
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 80.82.77.83

This content was downloaded on 21/08/2017 at 14:55

Please note that terms and conditions apply.

The 2017 Magnetism Roadmap

View the table of contents for this issue, or go to the journal homepage for more

2017 J. Phys. D: Appl. Phys. 50 363001

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0022-3727/50/36
http://iopscience.iop.org/0022-3727
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


1 © 2017 IOP Publishing Ltd Printed in the UK

Journal of Physics D: Applied Physics

The 2017 Magnetism Roadmap

D Sander1, S O Valenzuela2,3 , D Makarov4, C H Marrows5 , 
E E Fullerton6 , P Fischer7,8, J McCord9, P Vavassori10,11 , S Mangin12, 
P Pirro13, B Hillebrands13, A D Kent14, T Jungwirth15,16 , O Gut�eisch17 ,  
C G Kim18 and A Berger10

1 Max Planck Institute of Microstructure Physics, Halle, Germany
2 ICN2 Catalan Institute of Nanoscience and Nanotechnology, CSIC and The Barcelona Institute  

of Science and Technology (BIST), Campus UAB, Bellaterra, 08193 Barcelona, Spain
3 ICREA Institució Catalana de Recerca i Estudis Avançats, 08070 Barcelona, Spain
4 Helmholtz-Zentrum Dresden-Rossendorf e.V., Institute of Ion Beam Physics and Materials Research, 

Bautzner Landstrasse 400, 01328 Dresden, Germany
5 School of Physics and Astronomy, University of Leeds, Leeds LS2 9JT, United Kingdom
6 Center for Memory and Recording Research, University of California, San Diego, La Jolla,  

CA 92093-0401, United States of America
7 Materials Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720,  

United States of America
8 Physics Department, University of California, Santa Cruz, CA 94056, United States of America
9 Kiel University, Institute for Materials Science, Kaiserstr. 2, 24143 Kiel, Germany
10 CIC nanoGUNE, E-20018 Donostia-San Sebastian, Spain
11 IKERBASQUE, The Basque Foundation for Science, E-48013 Bilbao, Spain
12 Institut Jean Lamour, UMR 7198 CNRS-Université de Lorraine, France
13 Fachbereich Physik and Landesforschungszentrum OPTIMAS, Technische Universität Kaiserslautern, 

67663 Kaiserslautern, Germany
14 Department of Physics, New York University, New York 10003, United States of America
15 Institute of Physics, Czech Academy of Sciences, Czech Republic
16 University of Nottingham, Nottingham, United Kingdom
17 Material Science, TU Darmstadt, Darmstadt, Germany
18 Department of Emerging Materials Science, DGIST, Daegu, 42988, Republic of Korea

E-mail: sander@mpi-halle.mpg.de, SOV@icrea.cat, d.makarov@hzdr.de, C.H.Marrows@leeds.ac.uk, 

efullerton@ucsd.edu, pj�scher@lbl.gov, jmc@tf.uni-kiel.de, p.vavassori@nanogune.eu,  

stephane.mangin@univ-lorraine.fr, ppirro@physik.uni-kl.de, hilleb@physik.uni-kl.de, andy.kent@nyu.edu, 

jungw@fzu.cz, gut�eisch@fm.tu-darmstadt.de, cgkim@dgist.ac.kr and a.berger@nanogune.eu

Received 10 May 2017, revised 17 July 2017

Accepted for publication 24 July 2017

Published 21 August 2017

Abstract

Building upon the success and relevance of the 2014 Magnetism Roadmap, this 2017 

Magnetism Roadmap edition follows a similar general layout, even if its focus is naturally 

shifted, and a different group of experts and, thus, viewpoints are being collected and presented. 

More importantly, key developments have changed the research landscape in very relevant 

ways, so that a novel view onto some of the most crucial developments is warranted, and thus, 

this 2017 Magnetism Roadmap article is a timely endeavour. The change in landscape is hereby 

not exclusively scienti�c, but also re�ects the magnetism related industrial application portfolio. 

Speci�cally, Hard Disk Drive technology, which still dominates digital storage and will 

continue to do so for many years, if not decades, has now limited its footprint in the scienti�c 
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and research community, whereas signi�cantly growing interest in magnetism and magnetic 

materials in relation to energy applications is noticeable, and other technological �elds are 

emerging as well. Also, more and more work is occurring in which complex topologies of 

magnetically ordered states are being explored, hereby aiming at a technological utilization of 

the very theoretical concepts that were recognised by the 2016 Nobel Prize in Physics.

Given this somewhat shifted scenario, it seemed appropriate to select topics for this Roadmap 

article that represent the three core pillars of magnetism, namely magnetic materials, magnetic 

phenomena and associated characterization techniques, as well as applications of magnetism. 

While many of the contributions in this Roadmap have clearly overlapping relevance in all 

three �elds, their relative focus is mostly associated to one of the three pillars. In this way, the 

interconnecting roles of having suitable magnetic materials, understanding (and being able to 

characterize) the underlying physics of their behaviour and utilizing them for applications and 

devices is well illustrated, thus giving an accurate snapshot of the world of magnetism in 2017.

The article consists of 14 sections, each written by an expert in the �eld and addressing a 

speci�c subject on two pages. Evidently, the depth at which each contribution can describe 

the subject matter is limited and a full review of their statuses, advances, challenges and 

perspectives cannot be fully accomplished. Also, magnetism, as a vibrant research �eld, is 

too diverse, so that a number of areas will not be adequately represented here, leaving space 

for further Roadmap editions in the future. However, this 2017 Magnetism Roadmap article 

can provide a frame that will enable the reader to judge where each subject and magnetism 

research �eld stands overall today and which directions it might take in the foreseeable future.

The �rst material focused pillar of the 2017 Magnetism Roadmap contains �ve articles, 

which address the questions of atomic scale con�nement, 2D, curved and topological 

magnetic materials, as well as materials exhibiting unconventional magnetic phase transitions. 

The second pillar also has �ve contributions, which are devoted to advances in magnetic 

characterization, magneto-optics and magneto-plasmonics, ultrafast magnetization dynamics 

and magnonic transport. The �nal and application focused pillar has four contributions, which 

present non-volatile memory technology, antiferromagnetic spintronics, as well as magnet 

technology for energy and bio-related applications. As a whole, the 2017 Magnetism Roadmap 

article, just as with its 2014 predecessor, is intended to act as a reference point and guideline 

for emerging research directions in modern magnetism.

Keywords: magnetism, roadmap, magnetic materials, magneto-optics, spintronics, magnonics, 

magnetic memory

(Some �gures may appear in colour only in the online journal)

Contents

  1. Atomic scale con�nement effects in spin textures 3

  2. Two-dimensional materials 5

  3. Novel magnetic materials with curved geometries 7

  4. Skyrmions and topological defects in magnetic materials 9

  5. First-order magnetic phase transitions and nanoscale phase coexistence 11

  6. Advances in magnetic characterization 13

  7. Magneto-optics 15

  8. Magneto-plasmonics 17

  9. Ultrafast magnetisation dynamics (toward ultrafast spintronics) 19

10. Magnonic transport 21

11. Non-volatile memory and information storage 23

12. Antiferromagnetic spintronics 25

13. Magnets for energy applications 27

14. Magnetophoretic technology 29

References 31

J. Phys. D: Appl. Phys. 50 (2017) 363001



Topical Review

3

1. Atomic scale con�nement effects in spin textures

Dirk Sander1

1 Max Planck Institute of Microstructure Physics

Status. A common feature of the development of future 

devices in spintronic applications is the drive towards smaller 

dimensions. This ongoing trend of miniaturization has 

led to structure sizes in the nanometer regime, where �lm 

thicknesses may be even as low as a few atomic layers. Any 

device will have its functionalized layers spatially con�ned 

by boundary materials. Thus, inevitably, the proximity to 

interfaces with other materials with vastly different physi-

cal properties has the potential to impede the functionality 

of the nanoscale device. The 2014 Magnetism Roadmap 

[1] presented some insights how the interface and miniatur-

izing effects impact nanoscale single domain magnetic ele-

ments (Stamps), nanomagnetic logic (Breitkreutz), non-local 

based devices exploiting spin-charge conversion (Otani), 

heat-assisted magnetic recording (Thiele), domain wall 

based devices (Kläui) and magneto-resistive random access 

memories (Prejbeanu). The role of interfaces for magnetic 

anisotropy, spin-dependent transport, also in tunneling and 

spin-pumping, and the formation of a speci�c (non-collin-

ear) spin texture by spin–orbit interaction has been recently 

reviewed [2]. Skyrmions [3, 4] form a speci�c class of non-

collinear spin structures, reminiscent of magnetic vortices. 

They hold big promise for future spintronic applications, 

including racetrack memories and logic devices [5]. They are 

further discussed in section 4.

In view of the anticipated signi�cance of non-collinear 

spin structures, including skyrmions and domain-wall based 

structures, in future spintronic devices it remains to be inves-

tigated how interfaces between materials of different spin 

textures (see also section 6) in�uence the spin order of the 

system. An illustrative example is shown in �gure  1. The 

regular helical non-collinear spin structure (NCST) in a Fe 

bilayer, con�ned between a ferromagnet (FM) and vacuum 

(VAC), is distorted in the atomic scale proximity to the inter-

faces. These interface-induced distortions of NCST have 

the potential to compromise the device functionality, if not 

addressed properly. Speci�cally designed interfaces offer 

the possibility to tune the NCST. The thoughtful selection of 

interfaces is expected to play a signi�cant role with the view 

of shrinking spatial dimensions of the NCST bearing region, 

where interface-effects will impact a signi�cant fraction of 

the spin texture.

Current and future challenges. The vision to use non- 

collinear spin textures in future spintronic applications 

is innately linked to the preparation of spatially con�ned 

structures on the nanoscale. Lateral and vertical sample 

dimensions are con�ned on scales ranging from dozens of 

nanometers down to the atomic scale. The contact between 

the adjacent boundary materials and the �lm with its non-

collinear spin texture breaks the symmetry of the �lm, 

changes the layer relaxation, impacts the atomic structure 

of the �lm and gives rise to exchange coupling, induced 

spin-polarization, charge transfer and spin–orbit interac-

tion across the interfaces. Presently, it is not known a priori 

how these interface-driven con�nement effects impact the 

�lm magnetism and its non-collinear spin texture, as com-

pared to that of a thick layer of a laterally extended material 

with bulk-like properties. This terra incognita needs to be 

explored to provide novel experimental insights into the spin 

texture on the atomic scale across lateral interfaces and in 

systems of variable thickness of several atomic layers. It is 

expected that efforts to map the local magnetization orienta-

tion with atomic precision are of signi�cant importance for 

the successful realization of future spintronic devices, which 

are based on NCST.

The direct mapping of individual non-collinear spin tex-

tures with atomic precision is a formidable experimental 

challenge. Transmission electron microscopy with Lorentz 

imaging (Lorentz-TEM) of magnetic order [6], magnetic 

force microscopy (MFM) [7], secondary electron micros-

copy with polarization analysis (SEMPA) [8], photoemis-

sion electron microscopy (PEEM) [9], spin-polarized 

scanning tunneling microscopy (spin-STM) [3] and spin-

polarized low energy electron microscopy (SPLEEM) [10] 

are established, highly specialized experiments to tackle 

this task. Among these techniques only the �rst two could 

retrieve the magnetization information from a buried layer, 

whereas the high surface sensitivity of the last three tech-

niques renders them most useful for characterizing exposed 

magnetic structures under ultra-high vacuum conditions. 

Magneto-optical Kerr effect (MOKE) (see section  7) is a 

powerful technique to characterize the dynamics of non-col-

linear spin structures, including skyrmion formation [11].

A �rst principles based theoretical description with 

the predictive power of con�nement effects in magnetism 

requires expertise. Subtle details of the interface-induced 

atomic structure, structural relaxations, charge transfer and 

hybridization need to be considered to address the strong 

correlation between the atomic structure and spin-depend-

ent electronic properties. The resulting spin texture re�ects 

a subtle interplay between the exchange interaction and 

spin–orbit interaction. Given the lack of translational sym-

metry of distorted NCST, very large unit cells with dozens 

of atoms need to be considered, and this makes calcul-

ations demanding and time intensive. The prediction of a 

NCST from ab initio calculations alone is a challenging 

endeavour.

It is anticipated that both experimental imaging and  

ab initio based calculations of NCST will remain challenging 

throughout the next few years.

Advances in science and technology to meet 

 challenges. Recent theoretical work [12] has demonstrated 

an alternative to the above mentioned techniques to study 

con�ned NCST. The all-electrical detection mechanism 

exploits the fact that the microscopic magnetoresistance 

varies with the magnetization direction, and it is described 

as tunneling spin mixing magnetoresistance (TXMR).  

The concept is schematically illustrated in �gure  2. This 

J. Phys. D: Appl. Phys. 50 (2017) 363001



Topical Review

4

novel approach has the potential to detect NCST in con�ned 

and capped structures. At the same time, current �owing 

through the NCST can be used to modify NCST. Further 

progress in elucidating the physical understanding of con-

�nement effects in NCST will emerge from systematic stud-

ies of atomically engineered structures, which allow us to 

tune the interplay between the exchange interaction and 

spin–orbit-interactions over a wide range. It is expected 

that magnetic phase diagrams of magn etic materials can be 

tuned to obtain the required spin texture with suitable lateral 

dimensions in a con�ned system at room temperature even 

in the absence of external magnetic �elds.

Concluding remarks. Spatial con�nement of magnetic 

nanostructures between different materials impacts the spin 

texture through interface-driven changes of both atomic 

structure and spin-dependent electronic properties. Thus, 

well-established spin textures from bulk samples or laterally 

extended thick �lms may not be present for con�nement on 

the nanoscale. In view of the promising potential of NCST 

in future spintronic applications, a detailed electronic state 

understanding of the underlying principles which govern 

interface-induced modi�cations of magnetism and NCST is 

called for. It can be reached by a combined effort of comple-

mentary experimental probes in conjunction with state-of-

the-art theory.

Acknowledgment

DS gratefully acknowledges partial �nancial support by DFG 

SFB 762.

Figure 1. What are the underlying physical principles which 
drive the distortion on the atomic scale of a spatially con�ned 
non-collinear spin texture (NCST) in proximity to interfaces with 
a ferromagnet (FM) and vacuum (VAC)? Example: helical spin 
structure of wavelength 1.4 nm in a Fe bilayer (orange), con�ned 
between a Co bilayer (blue, left) and vacuum (grey, right) [5]. The 
helical spin texture (red arrows) with spin rotation of 45 degree 
between adjacent atomic sites is distorted in proximity (green) to 
the interfaces.

Figure 2. Schematic illustration of the detection of a capped 
NCST by the corresponding spatial variation of the TXMR 
in a current-perpendicular-to plane (CPP) geometry with a 
nonmagnetic tip (grey). The tunneling conductance at the distorted 
NCST (position 1) differs from that at the homogeneous NCST 
(positions 2, 3, 4), where it is spatially constant. The tip-cap layer 
distance is of the order 0.5 nm, a typical tunnel current at 1 V bias 
is of order 1 nA. The relative variation of the tunnel current due to 
TXMR is calculated to be of order 20% [12].

J. Phys. D: Appl. Phys. 50 (2017) 363001
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2. Two-dimensional materials

Sergio O Valenzuela1

1 ICN2 Catalan Institute of Nanoscience and Nanotechnology, 

CSIC and The Barcelona Institute of Science and Technology 

(BIST), and ICREA Institució Catalana de Recerca i Estudis 

Avançats

Status. Two-dimensional materials (2DMs) such as gra-

phene, phosphorene, bismuth chalcogenides and transition 

metal dichalcogenides (TMDs) could play a key role for spin-

tronics in a wide range of topics. They can transport spin infor-

mation over long distances, be used in ef�cient spin injectors 

and spin torque generators and be the key for the development 

of spin logics and novel devices based on optical orientation 

and coupled spin-valley dynamics. Furthermore, 2DMs open 

a path to subtle material engineering, where properties, such 

as magnetism or large spin–orbit coupling (SOC), could be 

borrowed from other materials in close proximity, translating 

into novel device concepts and applications (�gures 3 and 4).

Interest in 2DMs for spintronics was triggered by spin trans-

port experiments in graphene [13, 14]. State-of-the-art results 

demonstrate spin lifetimes τs in excess of 10 ns and spin relaxa-

tion lengths λs of about 30 µm at room temperature [15], which 

are already promising for transporting spin information in spin-

tronic circuits or for reprogrammable magnetologic devices 

[13]. Interest in TMDs (MX2 with M  =  Mo, W, … and X  =  S, 

Se, Te) is more recent. Semiconducting TMDs have a sizable 

band gap, and their crystal structure lacks an inversion centre, 

resulting in valence and conduction bands in nonequivalent val-

leys at the K and K′ points of the Brillouin zone. Because of the 

heavy atoms and outer d-orbitals, the SOC and associated spin 

splitting are large and the spin and valley degrees of freedom 

are strongly coupled, which can be used to control the valley 

polarization through spin injection or vice versa [16] (�gure 

4(a)). Optical excitation experiments have revealed long-lived 

and coherent spin dynamics in MoS2 and WS2 [17], and valley 

lifetimes of 40 ns in WSe2/MoSe2 heterostructures [18]. TMDs 

are also attractive for generating spin–orbit torques in a fer-

romagnet (FM). Similarly, bismuth chalcogenide (e.g. Bi2Se3, 

Bi2Te3) topological insulators (TIs) could be used in spin torque 

devices and to achieve unprecedented spin-charge conversion 

ef�ciency, due to spin-momentum locking [19].

A wealth of opportunities arises when several 2D crystals are 

combined in a stack or when speci�c adatoms, magnetic and/

or heavy materials are put in contact with them [14]. For exam-

ple, spin current generation and detection by the spin Hall effect 

(SHE) and its inverse (ISHE), respectively, are ubiquitous in the 

�eld of spintronics [20]. The SHE is expected to be weak in pris-

tine graphene, due to its low intrinsic SOC [14, 20], but it could 

be enhanced via contact with a TMD, TI or with adatoms (�gure 

4(b)). The proximity to graphene of a 2DM with strong SOC has 

also been used to implement a switch based on spin absorption 

[21], whereas an insulating FM (e.g. EuS, YIG) could induce 

room-temperature ferromagnetism in both graphene [14] and TIs 

[22]. Graphene could also act as an ef�cient spin �lter in magn-

etic tunnel junctions, and enhance the perpendicular magnetic 

anisotropy (PMA) of a FM for memory applications (section 11).

Current and future challenges. Despite recent progress in 

2DM spintronics, there are still many remaining challenges and 

unexplored opportunities. Re�nements in device fabrication 

have yielded steady improvements in graphene’s spin proper-

ties; however, τs remains orders of magnitude lower than origi-

nally predicted [13]. Novel spin relaxation mechanisms, such 

as resonant scattering by magnetic centres and spin-pseudospin 

coupling, can explain the experimental features but it has proven 

dif�cult to identify which mechanism is valid [13, 14]. This 

is a key question that needs to be answered in order to attain 

full control of the spin dynamics. Studying the spin relaxation 

anisotropy, determined by the lifetimes of spins oriented in and 

out of the graphene plane, can help achieve this goal [23].

Graphene functionalized with adatoms (e.g. H, Au, Cu) or 

molecules, or modi�ed by proximity to a TMD could induce 

a SHE with strength comparable to that observed in heavy 

metals [14, 20], but recent studies have yielded contradictory 

results. Experiments have been based on the H-geometry, 

where spins are injected with the SHE and then detected 

with the ISHE [20]. However, this approach is unable to dis-

criminate a variety of other effects that are not spin-related, 

demanding alternative ways to detect the SHE [24]. Moreover, 

the results are at odds with weak (anti)localization measure-

ments in TMD/Graphene (Gr) stacks for which the extracted 

τs is an order of magnitude shorter. Similar discrepancies are 

observed in proximity induced magnetism, where the theor-

etical and experimental exchange �elds can differ by orders 

of magnitude [14, 25]. Details of the materials interface and 

limitations in the experimental analysis can explain the spread 

in the results. For example, ab initio calculations show that the 

spin–orbit splitting induced in graphene varies dramatically 

with the interlayer distance.

Graphene on Ir enhances the PMA in thin Co �lms [26], which 

could stabilize high-density spin torque devices and reduce the 

currents needed for magnetization switching. A large PMA is 

predicted in Co/Gr bilayers (without Ir), which would be domi-

nated by the �rst three interfacial layers of Co and would increase 

in multilayer heterostructures (�gure 4(c)). Furthermore, multi-

layer graphene can act as a spin �lter between FMs, in particular 

across Ni(1 1 1)/Gr and Co(0 0 0 2)/Gr interfaces. Experimental 

magnetoresistance values are still low (⩽10% at room temper-

ature) but there is room for improvement in the material synthe-

sis, interface quality and device design.

The reduced crystal symmetry and high SOC of semimetal 

WTe2 was recently used to achieve antidamping torques out of 

the device plane, which could eventually drive magnetic reversal 

in devices with PMA (section 11) [27]. Large spin torque was 

reported in a TI/FM structure at room temperature, and magnet-

ization switching was demonstrated in a TI heterostructure at 

cryogenic temperatures, but the experiments are not well under-

stood, in particular due to the unknown current distribution and 

possible thermoelectric effects. Strong Dzyaloshinskii–Moriya 

interaction in FM/TMD and FM/TIs systems can also lead to 

the formation of skyrmions (sections 1 and 4).

Advances in science and technology to meet chal-

lenges. The key challenge of any technology based on 

2DMs is their reliable large-scale production and subse-

quent integration into existing technologies. Currently most 

J. Phys. D: Appl. Phys. 50 (2017) 363001
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research on 2D heterostructures is performed using mechani-

cally assembled stacks fabricated from individual �akes 

(�gure 3(a)), a cumbersome process with low device yield. 

One-step growth methods and techniques to transfer large 

area crystals (cm-scale for graphene) are being developed, 

with the growth carried out by chemical vapour deposition 

(CVD) or physical epitaxy. Signi�cant progress has been 

achieved in growing and handling graphene, but there is still 

a long way to go before reaching the standards required by 

industry. In comparison, one-step growth of most TMDs and 

2D heterostructures (�gure 3(b)) is in its infancy. TIs suffer 

from the presence of defects that mask their exotic proper-

ties at room temperature. Their growth by molecular beam 

epitaxy is progressing, fully eliminating the presence of twins 

and other structural defects. However, thin-�lm processing 

and their integration with other materials need further devel-

opment as patterned structures are doped compared to the 

pristine crystals.

The interface between the components of a 2D stack and 

between a 2DM and 3D materials must be better character-

ized and controlled, demanding further experimental and 

theoretical inspection. Spin injection into graphene with 

effective polarizations of 10–30% is routinely obtained using 

Co in combination with a resistive tunnel barrier (MgO, TiOx, 

AlOx, amorphous carbon, hBN) [13, 14]. Depending on the 

barrier and device complexity, the device yield is rather low, 

typically 75% or less. Electrical spin injection into semicon-

ducting TMDs has yet to be demonstrated. This will require 

the implementation of spin-dependent tunnel barriers based 

on insulators or a Schottky barrier, or the use of a suitable 

semiconducting FM. Proximity-induced ferromagnetism or a 

large SHE could help overcome this hurdle, and would also 

enable valley manipulation by means of electrical spin injec-

tion. Magnetism in 2D van der Waals crystals [28, 29] may 

allow the electric and magnetic �eld control of the magnetic 

anisotropy and novel magneto-optic devices.

Finally, it is important to explore new device concepts, 

beyond conventional memory or logic architectures, that take 

advantage of the rich spin and valley dynamics of 2DMs. They 

could include all-electrical or hybrid optoelectronic devices (�g-

ure 4(d)) [30, 31] or involve magneto-plasmonics (section 8) or 

novel skyrmionic structures (even in curved 2DMs, section 3).

Concluding remarks. The �eld of 2DM spintronics is rap-

idly growing. Even though the �eld is in its initial stages, it 

is quickly diversifying and there is much potential for both 

established spintronic technologies and novel concepts.

Acknowledgment

SOV acknowledges funding by ERC (308023 SPINBOUND), 

EU Horizon 2020 programme (grant 696656) and MINECO 

(MAT2016-75952-R and SEV-2013-0295).

Figure 4. (a) Valley and optical transition selection rules in a TMD. 
Speci�c valley states can be addressed using circularly polarized 
light (σ+,−); ω1 and ω2 are the transition frequencies from the two 
split valence band maxima to the conduction band minima. Photo 
carriers with speci�c valley and spin indices can be excited. (b) 
SOC induced in graphene (black) via proximity of a TMD (blue 
and yellow) or adatoms (red). A current (purple arrow) applied into 
an enhanced SOC region induces a spin current (blue arrow) in the 
graphene, which reaches the second enhanced SOC region where a 
transverse voltage is generated via the ISHE. (c) Co-graphene (Gr) 
heterostructure predicted to have a strong PMA [26]. (d) Optical 
spin injection into graphene, facilitated by a TMD. Circularly 
polarized light (green) excites spin-polarized electrons in the TMD, 
following selection rules in (a), which are then transferred to the 
graphene (blue arrow).

Figure 3. Fabrication of van der Waals heterostructures. (a) 
Mechanically-assembled 2DM stacks using individual �akes. From 
bottom to top, the example represents hBN, graphene, TMD and 
hBN. Some layers can be pre-patterned before assembling the stack 
(e.g. graphene) to create contacts, split-gates, etc. (b) Large-scale 
CVD or physical epitaxy growth of 2D stacks.
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3. Novel magnetic materials with curved 

geometries

Denys Makarov1

1 Helmholtz-Zentrum Dresden-Rossendorf e.V.

Status. Considering the recent success of commercialized 

magnetic random access memory (MRAM) and domain wall 

based multi-turn sensors, research in magnetism in upcoming 

years will undoubtedly be driven by the hunt for prospective 

energy ef�cient and scalable memory and logic devices (sec-

tion 11). To advance in this �eld, there is a clear need for novel 

materials, as well as material combinations, which—depend-

ing on the application—could provide a large degree of spin 

polarization, strong anisotropies, low to no magnetization and 

ensure ef�cient conversion between spin and charge currents. 

In this respect, materials which are and will be intensively 

explored are asymmetrically sandwiched ultrathin ferromagn-

etic metals [19], Heusler alloys [32], Weyl semimetals [33] 

and magnetoelectric materials [34] to name just a few. These 

materials form the heart of novel concepts for antiferromagn-

etic spintronics (section 12), spin-orbitronics and oxitronics. 

There is one aspect which is common to the majority of funda-

mentally appealing and technologically relevant novel magn-

etic materials, namely their non-collinear magnetic textures, 

like spin spirals, chiral domain walls or skyrmions (section 4). 

Generally, there are two routes to achieve this: (i) asymmetric 

exchange via spin–orbit coupling (the Dzyaloshinskii–Moriya 

interaction [35], DMI), which is present in certain acentric, 

i.e. gyrotropic magnetic crystals. (ii) The other mechanism is 

driven by the exchange frustration leading to the formation of 

handed spin-states like short-range helices [36]. Very recently, 

it was demonstrated that non-collinear spin textures can be 

obtained not only relying on the intrinsic properties of the 

materials. By engineering the three dimensional (3D) shape 

and local curvatures, the intrinsic magnetic couplings can be 

modi�ed, allowing us to create chiral magnetic states in a con-

trolled manner.

In the following chapter, the focus will be on this novel 

material class where the fundamental properties are deter-

mined by the geometry [37]. Although they are 3D objects, 

they are neither bulk nor nanostructures, but rather extended 

thin �lms, which are either conformally transformed into 

tubes, Swiss rolls, helices or applied to curved templates, 

e.g. spheres or cylinders (�gure 5). Extending 2D structures 

into the 3D space has become a general trend in multiple dis-

ciplines, including electronics, photonics, plasmonics and 

magnetics. This approach provides a means to modify the 

conventional or launch novel functionalities by tailoring cur-

vature and 3D shape.

In a generic electronic system, the curvature results in the 

appearance of scalar and vector geometric potentials, induc-

ing anisotropic and chiral effects [38]. In the speci�c case of 

magnetism, even in the simplest case of a curved anisotropic 

Heisenberg magnet, curvilinear geometry brings about two 

exchange driven interactions, namely effective anisotropy and 

antisymmetric vector exchange, i.e. effective DMI [39]. These 

effects do not rely on any speci�c modi�cation of the intrinsic 

magnetic material properties, but are always present.

The emergent curvature-induced anisotropy and an effec-

tive DMI are characteristic for bent and curved wires and 

surfaces, leading to curvature-driven magnetochiral effects 

and topologically induced magnetization patterning, includ-

ing increased domain wall velocities in hollow tubes, chiral 

symmetry breaking and Cherenkov-like effects for magnons. 

Furthermore, it was recently demonstrated that magnetic 

skyrmions can be stabilized on a spherical shell by curvature 

effects only, even when the intrinsic DMI is absent [40].

Current and future challenges. On the theory side, it is 

important to address the dynamics of magnetic textures in 

curved objects. First insights are already obtained, especially 

for the case of tubular nanoarchitectures, relying on advanced 

micromagnetic modelling. In contrast to simulations, not 

much is done to describe the dynamic responses analytically. 

In this respect, the general expression for the gyrocoupling 

vector for an arbitrary curvilinear surface is already derived 

[40]. This expression is necessary for any further collective 

variable description of the dynamics of solitonic states, like 

domain walls and skyrmions on curved surfaces. Therefore, 

there is hope for rapid progress in this direction.

Furthermore, the existing theories describe the curvature 

effects in ferromagnetic materials. Other types of magnetic 

ordering, e.g. antiferromagnetic, are not addressed yet. This 

is a very promising research direction, especially considering 

the strong application relevance of antiferromagnets, due to 

their low dipolar stray �elds and high resonance frequencies 

(section 12). The topic of exchange frustration in 3D curved 

magnetic materials is not explored either. Another crucial 

aspect is to address the switching processes between topologi-

cally different states that require consideration of topologi-

cal defects, in contrast to smooth textures. The understanding 

of e.g. hedgehogs, Bloch points, Feldtkeller singularities and 

vortices in noncollinear antiferromagnets requires precise 

consideration of microscopic properties beyond continuum 

approximations.

Among the key experimental challenges are: (i) the fabrica-

tion of high-quality curved nanoobjects, where the physics is 

governed by the exchange interaction, (ii) the characterization 

of the physical properties, especially the dynamic responses 

of 3D curved magnetic ultrathin �lms and multilayers, (iii) the 

development of magnetic microscopy methods (sections 1, 6 

and 7) for curved 3D nanoobjects with enhanced resolution 

and vector capabilities, both for the detection of magnetiza-

tion and magnetic stray �elds, as well as qualitatively new 

microscopies for antiferromagnets, (iv) investigation of the 

impact of the geometrical phase (the Berry phase), emergent 

in curved magnetic objects on the electron transport and mag-

netooptical properties.

Advances in science and technology to meet challenges.

Fabrication of the curved objects. In addition to the well-

established methods to prepare curved magnetic architectures, 

e.g. anodization (for nanotubes), glancing angle deposition 
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(for nanohelices) or non-magnetic curvature templates (for 

nanocaps), there is an urgent need for approaches enabling the 

integration of curved architectures on a chip in a complemen-

tary metal-oxide-semiconductor (CMOS) compatible way. 

One of the promising platforms is strain engineering, which 

allows the fabrication of 3D-shaped objects, including tubes, 

Swiss rolls, pyramids, torus, cubes, helices out of extended 

thin �lms or patterned structures. The most explored shape 

is a Swiss roll (a rolled-up tube). The possibility to perform 

assembly after the fabrication offers an important �exibil-

ity in obtaining structures with complex magnetic textures. 

For instance, radially magnetized tubular architectures can 

be realized by rolling up a magnetic stack possessing strong 

perpend icular magnetic anisotropy.

Rolled-up tubes with diameters down to a few nanometers 

can be fabricated using strained epitaxial In(Ga)As/GaAs sem-

iconductor bilayers. However, magnetic rolled-up tubes with a 

diameter in the range of 100 nm are still out of reach. What is 

very promising seems to be the use of the binary intermetallic 

Fe3Si from the family of Heusler alloys, as they can be grown 

at a nearly perfect lattice match with GaAs. Initial experi-

ments revealed that tubes with a diameter down to 1 µm can 

be achieved with a potential for further downscaling.

The possibility to fabricate more complex magnetic shapes 

at the nanoscale based on strain engineering has not been 

explored yet.

Characterization of 3D-shaped magnetic objects. The study 

of magnetic and structural properties of novel 3D architec-

tures requires vector tomographic imaging, e.g. magnetic 

neutron tomography, electron holography, vector �eld elec-

tron tomography and magnetic soft x-ray tomography. These 

methods are applied to investigate the static magnetic proper-

ties of curved thin �lms. However, dynamic aspects, which are 

hardly addressed experimentally, promise even richer physics. 

For these studies, several techniques can be identi�ed, e.g. 

ferromagnetic resonance relying on micro-resonators, Brill-

ouin light scattering (BLS), especially the micro-BLS tech-

nique, as well as high-resolution soft x-ray microscopies. At 

the moment, time-resolved x-ray microscopy studies are per-

formed only on planar samples. Extending these experiments 

to investigate the evolution of magnetic textures in 3D curved 

architectures is crucial for understanding the technologically 

relevant dynamic responses in this novel class of magnetic 

nanomaterials.

Concluding remarks. Although it is still challenging to 

experimentally address the appealing theoretical predictions 

of curvature-induced effects, it is remarkable that those 3D 

architectures have already proven to be application-relevant 

for life sciences, targeted delivery and the realization of 3D 

spin-wave �lters, to name just a few. The initially fundamen-

tal topic of the magnetism in curved geometries strongly ben-

e�ted from the input of the application-oriented community, 

which, among others, explores the shapeability of curved 

magnetic thin �lms. These activities resulted in the develop-

ment of a family of shapeable magnetoelectronics [45], which 

already includes �exible, stretchable, printable and even 

imperceptible magnetic �eld sensorics.

Intensive fundamental and applied inputs stimulate fur-

ther development of new theoretical methods, as well as 

novel fabrication and characterization techniques. The syn-

ergy will de�nitely enable the magnetism community to sur-

pass the exploratory research and will pave the way towards 

novel device concepts, where the geometry of a magnetic 

thin �lm will play a decisive role in determining the device 

performance.

Figure 5. Curved magnetic objects of various shapes are already 
under study including Möbius bands, tubular and spherical shells, 
rolled-up tubes and nanohelices. Möbius band: reproduced from 
[41]. CC BY 3.0. Tubular shell: adapted with permission from 
[42]. Copyrighted by the American Physical Society. Spherical 
shell: reprinted �gure with permission from [40]. Copyright 2016 
by the American Physical Society. Rolled-up tube: [43] [© 2015 
The Authors. Published by WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim] Nanohelix: reprinted with permission from [44]. 
Copyright 2014 American Chemical Society.
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4. Skyrmions and topological defects in magnetic 

materials

Christopher H Marrows1

1 University of Leeds

Status. Magnetism is an ordered state of matter, and as 

such we may follow Sethna’s prescription for treating it 

within a Landau picture [46]: one must identify the broken 

symmetry of that state, de�ne an order parameter, examine 

the elementary excitations and then classify the topological 

defects. This part of the Magnetism Roadmap concerns cur-

rent and future efforts in the �eld of magnetism to address 

this last point.

Topology is important in studying many aspects of 

magnetism, as reviewed by Braun [47]. The uniformly 

magnetised state is topologically trivial, but it is possible 

to stabilise a variety of different topologically non-trivial 

defects within it. Examples are shown in �gure 6. To under-

stand the present status of research in this �eld, it is instruc-

tive to classify these spin textures in the magnetisation �eld 

M(r) in terms of winding numbers and homotopy groups. 

Two con�gurations of the �eld are said to be topologically 

(in)equivalent if they can(not) be continuously deformed 

into one another smoothly. Topologically equivalent �elds 

are said to form a homotopy class, which can be collected 

into homotopy groups denoted by πn(Sm). Here Sm is the 

m-sphere in spin space and n is the number of real space 

dimensions. Topological defects exist whenever πn(Sm)  ≠  0. 

The nth homotopy group of the n-sphere is isomorphic to 

the set of integers, i.e. πn(Sn)  ≅  Z.

These integers are the winding number w. For instance, the 

uniform state is w  =  0, a winding pair of domain walls in a 1D 

spin chain (see e.g. section 1) has w  =  ±1 in the homotopy 

group π1(S
1) and a skyrmion has w  =  −1 in the homotopy 

group π2(S
2).

Domain walls in in-plane magnetised nanowires can have 

complex in-plane structures with internal degrees of freedom 

(and concomitant fractional topological components to their 

spin texture), and can be manipulated with volume spin-

transfer torques [48]. Simpler, narrower domain walls exist 

in perpendicularly magnetised nanowires. Magnetostatic con-

siderations alone would lead to a Bloch wall structure, but the 

presence of an interfacial Dzyaloshinskii–Moriya interaction 

(DMI) leads to chiral Néel walls that respond to interfacial 

spin–orbit torques [49]. In a 2D ribbon-like nanowire, vortex 

walls are common, in which the vortex core points out of the 

�lm plane into the third dimension. This possibility does not 

exist for a vortex wall in a 3D cylindrical nanowire (see �g-

ure 6(a)), where the vortex core becomes a Bloch point [50].

Magnetic skyrmions were the subject of a recent topical 

review in this journal [51]. They are chiral objects stabilised 

by a DMI (see �gure  6(b)) [52], and were �rst discovered 

in materials where the inversion symmetry of the lattice is 

broken (e.g. B20-ordered MnSi). Inversion symmetry is also 

broken at an interface and so a DMI is generated where a fer-

romagnet is in contact with a heavy (high spin–orbit) metal, 

which can also stabilise skyrmions. The �rst examples were 

observed using spin-polarised scanning tunnelling micros-

copy, but there are now several examples of skyrmion bubbles 

that are stable under ambient conditions in sputtered multi-

layers of the sort used for spintronic devices. The non-trivial 

topology of a skyrmion leads to Berry phase accumulation 

by conduction electrons that give rise to the topological Hall 

effect as part of an emergent electrodynamics that includes 

emergent magnetic monopoles needed to fuse and split skyr-

mion tubes [53].

Current and future challenges. To date, most experiments on 

domain walls concerned a single magnetic layer that is sub-

divided into domains. A new aspect of research in this area is 

the use of coupled pairs of walls in synthetic antiferromagnets, 

which give rise to very high DW velocity [54] or depinning at 

low current density [55]. The wider area of coupled pairs of 

topological defects is ripe for further exploration. For instance, 

con�guring two skyrmion-bearing layers in this way (see �g-

ure 7) is predicted to give control over the skyrmion Hall angle 

[56]. Indeed, skyrmion motion under current has been studied 

very little in comparison to the wide range of micromagnetic 

simulations that have been carried out. Where experiments do 

exist, motion is often very stochastic and critical current densi-

ties for the onset of motion are higher than expectations based 

on results from B20 systems [57]. Both of these issues point to 

the role of pinning in real systems, due to the inevitable inho-

mogeneities in the real materials from which they are built.

This leads us to the potential technological applications 

of these topological defects. Whilst the topological protec-

tion is not strong in the ideal sense discussed above, they are 

nevertheless well-suited to situations where bits of data need 

to be stored in a reliable manner. Whilst a domain wall hori-

zontal racetrack memory has been demonstrated, memories 

at high density (especially in 3D) are still largely at a concep-

tual level. There are also several designs for skyrmion based 

racetrack memories and also for logic devices [51]. One of the 

more intriguing concepts that has been simulated is to perform 

logic operations by colliding objects from different homotopy 

groups [58]. Whilst it is clear from the foregoing that micro-

magnetic simulation leads the experiment in many areas, there 

are challenges to meet in the simulation and the underlying 

theories that it embodies. Examples are the proper description 

of a Bloch point (see �gure 6(c)) [50] and multiphysics simu-

lations that include e.g. magnetotransport effects and current-

driven torques in a self-consistent way.

Advances in science and technology to meet challenges.  

The imaging of the static structure (at ever �ner length scales, 

towards sub-nm) and dynamics (at ever shorter timescales, 

towards sub-ps) of these non-trivial magnetic topological 

objects will continue to present instrumentation challenges 

(see sections  1 and 6). New nanofabrication processes (see 

section 3) are needed both to realise novel topological objects 

(such as the Bloch point wall in a cylindrical wire [50]) as well 

as to make technological advances (such as densely packed 

vertical racetracks). Advances in materials (such as �nding 

heavy metals that combine large spin Hall angles with strong 
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DMI) and materials processing (so as to reduce stochastic pin-

ning and/or bring it under control) are needed. New theoretical 

methods capable of dealing with disorder are required. There 

is also very little work on other topologically non-trivial spin 

textures, such as merons [59], quasiparticles which are frac-

tionalised skyrmions. The discovery and study of new topo-

logical defects that occupy other homotopy groups is likely to 

prove fruitful.

Concluding remarks. The topology of the physical structure, 

electronic structure (recognised by the 2016 Nobel Prize in 

Physics), and (here) spin structure all affect the physical prop-

erties of a condensed matter system. Novel topological spin 

structures present technological opportunities, such as sky-

rmion racetracks or logic gates [51]. As is often the case, mag-

netism also provides model systems where phenomena can be 

studied in depth before being generalised to other systems: for 

instance skyrmion concepts, having come from high-energy 

physics, are found in the physics of classical liquids, liquid 

crystals, Bose–Einstein condensates and quantum Hall mag-

nets. New developments in the topology of magnetism will 

have an impact beyond this immediate �eld.

Figure 6. Topologically non-trivial spin textures. (a) A vortex domain wall in a solid cylindrical ferromagnetic wire contains a Bloch point, 
at which the magnetisation direction cannot be de�ned. Reproduced from [50]. © IOP Publishing Ltd. All rights reserved. (b) A Bloch 
skyrmion and its mirror image, on to which it cannot be superimposed. It is thus a chiral object. Reproduced from [52]. © 2015 Chinese 
Physical Society and IOP Publishing Ltd. All rights reserved. (c) Spin structure of a meron-like state with opposite chiralities in a pair of 
coupled magnetic discs. Adapted with permission from [58]. Copyrighted by the American Physical Society.

Figure 7. A pair of skyrmions in an antiferromagnetically-coupled 
bilayer nanodisk, both as a perspective view (top) and a side view 
(bottom). Reproduced from [56]. CC BY 4.0.
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5. First-order magnetic phase transitions and 

nanoscale phase coexistence

Eric E Fullerton1

1 Center for Memory and Recording Research, University of 

California, San Diego

Status. There is increasing interest in understanding and 

exploiting materials that undergo �rst-order magnetic phase 

transitions and exhibit an interplay between the electronic, struc-

tural and magnetic degrees of freedom [60–71]. Two important 

examples are colossal magnetoresistance [60] and giant mag-

neto-caloric effect [61] materials, whose functional responses 

are associated with �rst-order magnetic phase transitions. A 

proto typical materials system is the equi-atomic ordered phase 

of FeRh that exhibits a �rst-order hysteretic metamagnetic phase 

transition from the low temperature antiferromagnetic (AFM) to 

the high-temperature ferromagnetic (FM) phase (see �gure 8) 

[62–65]. In FeRh, there is no crystal symmetry change through 

the transition, but the unit cell volume expands by ~1%, demon-

strating a signi�cant coupling between the magnetism and struc-

ture (�gure 8(b)). Commensurate with this trans ition is a large 

change in electrical resistivity (�gure 8(a)) and entropy. Because 

of its relatively simple structure and high trans ition temper-

ature FeRh has become a test-bed for exploring the interplay of 

structural, magnetic and electronic phase transitions in metallic 

systems. In �lms, the phase transition is both hysteretic and rela-

tively broad in temper ature, as seen in �gure 8, where there is a 

co-existence of the AFM and FM phases in the transition region. 

This co-existence can be seen by x-ray nano-diffraction imaging 

(�gure 8(c)) during the phase transition which shows a hetero-

geneous transition in both warming and cooling. In FeRh, the 

phase inhomogeneity is at least partly associated with disorder 

where local regions undergo the transitions at different temper-

atures and the domain sizes are typically sub-micron. This type 

of heterogeneous transition is a general response of this class of 

materials [60].

Another example of �rst-order magnetic transitions in 

metallic systems are alloys exhibiting martensitic phase trans-

itions from a high-temperature cubic austenite phase to a low-

temperature martensite phase with lower symmetry [66]. With 

appropriate doping there is an interplay between the structure, 

magnetism and electronic properties across the martensitic 

transformation. The complexity of these systems can be seen 

in off-stoichiometric alloys of full Heusler compounds, such 

as Ni2MnZ (Z  =  Sn, In, Ga, etc). When Co-doped and off-

stoichiometric (e.g. Ni2−xCoxMn1+yZ1−y), these alloys can 

exhibit reversible martensitic phase transformations, mul-

tiferroicity and phase competition that leads to spontaneous 

nanoscale magnetic inhomogeneity as seen in neutron small-

angle scattering [66].

More generally, the interactions within strongly correlated 

electron systems and symmetry breaking often lead to ordered 

and/or coexisting states, such as charge ordering, supercon-

ductivity, antiferro-, ferri- and ferro-magnetic order, ferroe-

lectricity and magneto-electronic phase separation [60, 67]. 

A historically important example is magnetite, Fe3O4. At the 

Verwey transition (TV  =  123 K), Fe3O4 undergoes a metal-

insulator transition with a lattice transformation from cubic 

to monoclinic structure with charge and orbital ordering. The 

phase transition proceeds by phase separation into coexisting 

and �uctuating metallic and insulating domains [66]. Such 

complex behaviour is ubiquitous in transition-metal oxides 

[60, 67–69], which often transition from an isotropic metallic 

FM state to an insulating AFM state upon charge and orbital 

ordering.

Beyond the fundamental interest in complex materials, there 

are opportunities in exploiting these highly active materials (as 

described for energy applications in section 13). The nature of 

the phase transition can be tuned by strain, pressure, chemical 

doping and temperature, as well as magnetic and electric �elds. 

Because of the cross coupling of the order parameters, these 

materials are generally multiferroic. An understanding of new 

properties at the nanoscale in complex heterostructures [64], 

and their relationship to function, will lead to new applications 

in diverse areas, such as magnetic sensors and actuators, new 

classes of magnetic memory and recording (see section 11), 

magnetic refrigeration and energy storage (see section 13), as 

well as magnetic shape memory and barocaloric effects [61, 

64, 67, 75]. A recent intriguing example is the demonstration 

of a large reversible caloric effect in FeRh thin �lms via a dual-

stimulus multicaloric cycle in FeRh/BaTiO3 heterostructures 

[64]. By this approach, it is possible to overcome the irrevers-

ibility in magnetocaloric cycles expected from the large hyster-

esis of the FeRh phase transition (�gure 8).

Current and future challenges. As highlighted above, the 

�rst-order phase transitions are generally characterized by 

hysteresis and it is common to see phase separation that can be 

both spontaneous and/or results from local disorder [60] lead-

ing to a coexistence of various magnetic/structural/electronic 

phases on the micro- or nano-meter scale (�gure 8). Progress 

in both the science and technological applications of materials 

requires a quantitative understanding of the phase coexistence 

in various classes of materials. Further, it is important to under-

stand the nature of the boundary between the phases where 

competing orders may stabilize new phases or enable new 

properties, as seen in the paramagnetic metal to AFM insulator 

transition in V2O3. An intermediate electronic state is observed 

that is linked to the strain accommodation from coexistent 

structural phases [69]. Understanding such complex phase 

behaviour will require close coupling of synthesis, including 

studying mesoscale structures, theory and characterization of 

materials at the appropriate spatial and temporal scales. There 

are numerous examples where the phase separation is intrin-

sic to the system [60, 66–69], spontaneously appearing as a 

result of competing interactions and can be a dynamic precur-

sor of the phase transition. A current and future challenge is to 

understand the nature of the phase separation, both spatially 

and temporally, and the degree to which the phase separation is 

linked or possibly controlled by local structural variations (i.e. 

intrinsic versus extrinsic mechanisms).

Most studies of phase separation have been on bulk or 

extended �lm materials. A fascinating question is how these 

materials respond when the dimensionality of the material is 
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reduced, particularly to the scale of the phase heterogeneity 

[63, 70]. For FeRh �lms patterned into wires (�gure  9(a)), 

whose widths are the same scale of the phase separation seen in 

�gure 8, the measured �rst-order transition becomes strongly 

asymmetric [63] as seen in �gure 9(b). For warming from the 

AFM to FM phase, the transition remains nearly continuous 

over a broad temperature range with small jumps in the resist-

ance as local regions undergo the AFM-FM transition (similar 

to �gure 8(a)). However, for cooling, there is a pronounced 

supercooling and an avalanche-like abrupt transition from the 

FM to the AFM phase. It is argued that this results from the 

robustness of the FM exchange to local strain and disorder in 

�lms when compared to the AFM exchange correlations and 

highlights additional complexity when the sample dimensions 

are reduced [63, 70]. The interplay of structural and magnetic 

correlations/disorder can dramatically alter their response for 

reduced dimensions and is not well understood or predictive at 

this time. This will be particularly important for many appli-

cations where meso- or nano-scale devices are needed [64, 70] 

and as discussed in sections 11 and 12.

Advances in science and technology to meet challenges.  

Progress both in the science and technological potential 

of materials with coupled �rst-order transitions requires a 

quanti tative understanding of the phase transition and coexis-

tence. This is not an easy task in that you would like to locally 

probe the structure, electronic and magnetic properties and it 

would be preferable to study this on the same sample. There 

are a broad range of techniques that have been applied to these 

problems including scanning probe microscopy, spatially 

resolved synchrotron-based scanning x-ray nano-diffraction 

(see �gure 8(c)) and spectro-microscopy techniques, neutron 

scattering and transmission electron microscopy to name a 

few (see chapter 1 of [7] and section 6). These techniques are 

supplemented by recent developments of various nano-plas-

monics approaches that allow enhancement and local control 

of optical �elds down to the nanoscale (as highlighted in sec-

tion 5) for optics-based spectroscopy and imaging techniques 

(e.g. see [64]). It will be of particular importance to develop 

techniques that can combine both high spatial and temporal 

resolution, such as x-ray photon correlation spectroscopy or 

various pump-probe techniques. Further information will be 

gained by moving into the ultra-fast regimes [65, 67], where 

phase transitions can be studied far from thermal equilibrium, 

and into investigating ultrafast dynamics, including different 

elementary interactions between spins, electrons and lattice 

(as highlighted in section  9). While ultrafast optical pump-

probe techniques have been available for the last twenty years 

that can study the average temporal response of the magnetic/

electron order, there are increasing opportunities to explore 

the spatial distribution of magnetic/electron/structural order 

in the sub-ps time scales [65]. This will dramatically increase 

with the development of new femtosecond hard and soft x-ray 

scattering with x-ray free electron lasers and novel fs electron 

diffraction and imaging techniques [71].

Concluding remarks. The study of complex materials, such 

as FeRh, manganites and Heusler compounds [60–65] that 

undergo �rst-order phase transitions, provide exciting oppor-

tunities for gaining an improved understanding of magne-

tism and magnetic phase transitions. The interplay between 

multiple degrees of freedom and competing interactions can 

drive the system into complex mixed phases that further can 

be manipulated by con�nement of the system. Understanding 

how the coupling of ferroic properties leads to highly non-

linear responses to external perturbation should make a broad 

range of new applications possible.
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Figure 9. Image of a patterned FeRh stripe (scale bar is 5 µm). 
The inset shows discrete steps in the order parameter upon heating 
corresponding to the transition in uncorrelated regions of the 
sample. Upon cooling, the transition proceeds primarily through a 
single event. Reproduced from [63]. CC BY 4.0.

Figure 8. Magnetic, transport and structural properties of FeRh 
thin �lms. (a) Net magnetic moment versus temperature of a �lm 
and resistance versus temperature of a 1.1 µm wide stripe patterned 
from the same �lm. (b) X-ray diffraction results for the FeRh 
(002) diffraction peak on warming showing the transition from 
the AFM to FM phase as highlighted by the dashed box. (c) X-ray 
nano-diffraction warming and cooling cycles. The image area is 
4  ×  4 µm2 and blue corresponds to the AFM phase and red the FM 
phase. (a) Reproduced from [63]. CC BY 4.0. (b), (c) are courtesy 
of Martin Holt, Yong Choi, Jong-Woo Kim, Philip Ryan and David 
Keavney at the Advanced Photon Source (APS), Argonne National 
Laboratory. The data in (c) was acquired at beamline 26-ID at the 
APS.
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6. Advances in magnetic characterization

Peter Fischer1

1 Lawrence Berkeley National Laboratory and University of 

California, Santa Cruz

Status. The primary goal of magnetism research and technol-

ogy is to understand, discover and tailor the static properties 

and the dynamic behavior of spin textures that can �nd appli-

cations with advanced magnetic materials in devices showing 

novel functionalities [72]. To achieve those goals, the scien-

ti�c topics that need to be addressed are intimately related to 

spin textures (section 4) spanning multiple length and time 

scales, and the excitations of spins and their interactions 

across various energy scales. The phenomena to be studied 

result from the competition of various magnetic interactions; 

the most prominent being the symmetric and antisymmetric 

exchange, anisotropy and dipolar interactions. Novel and 

unexpected magnetic properties, behaviors and functionalities 

can arise speci�cally at interfaces between various phases and 

components, as a result of con�nement down to the nanoscale 

where quantum behavior dominates, and in the dynamics of 

spin textures [2]. Broken symmetries at magnetic interfaces 

(section 1), quantum matter features and spin dynamics are 

therefore primary targets for guiding future directions in 

advanced magn etic characterization. The open questions and 

the associated experimental and theoretical challenges are 

manifold. For example, how can we understand, manipu-

late and design the complexity that comes with interfaces or 

an increased dimensionality, i.e. with spin textures in three 

dimensions? How can we combine experimentally and theor-

etically the ultrafast and ultrasmall magnetism world, e.g. the 

�ow of spin currents through interfaces?

A vast amount of numerous and powerful methodologies 

to characterize magnetic materials is available nowadays 

[73], enabling us to increase our fundamental understanding 

of magnetic phenomena and their utilization in novel tech-

nologies. Some examples that testify to the achievements 

are: the spin of a single electron can be detected in a single 

Si transistor with single electron spin resonance [74]; Spin-

polarized scanning tunneling microscopies allow us to image 

and manipulate individual spins with atomic spatial resolution 

[75]; the unexpected discovery of demagnetization in ferro-

magnetic nickel on a fs time scale (section 9) has progressed 

towards the feasibility of all-optical spin manipulation in THz 

spintronic devices [76]; and x-ray dichroism effects in magn-

etic systems allow us to measure quantitatively ground state 

spin and orbital magnetic moments with elemental speci�city 

and high sensitivity [77].

Current and future challenge. Manipulating the spin, and its 

associated spin currents, can be achieved in many ways, which 

can impact the requirements for advanced characterization 

techniques. Applying external magnetic �elds so as to force 

the magnetic moment to align with the �eld direction is still 

the primary concept used e.g. in magnetic information storage 

technologies (section 11). However, the limitations with scal-

ing and the energetic inef�ciencies, due to running electri-

cal currents for generating magnetic �elds, are fueling active 

research in �nding different ways of controlling magnetism. 

Using electric �elds to switch magnetization in multiferroic 

materials, utilizing pure spin currents or at least spin polarized 

currents in spin-orbitronics, and ultimately all-optical control 

of magnetism are the most prominent research directions today 

(section 9). The challenges for characterization are the ability 

to study with high spatial and temporal resolution, ultimately 

down to the nm and fs regimes, respectively, and in–operando 

as a function of applied external parameters, including elec-

tric and heat currents, electric and magnetic �elds, ultrashort 

optical pulses, the statics and dynamics of the underlying 

microscopic spin textures. A detailed, i.e. highly spatial, and 

temporal resolution characterization of spin textures at buried 

interfaces and speci�cally the spin dynamics at such interfaces, 

or more generally, the behavior of spins in 3D nanoscale sys-

tems, is still elusive. Whereas, independently, fundamental 

time and spatial scales for magnetic systems can be studied, 

a combined spatio-temporal characterization at atomic length 

and ultrafast (fs) time scale or ultimately a full multimodal/

multidimensional (space, time, polarization, external param-

eters) methodology remains a future challenge. Although not 

generically a characterization tool (see �gure 10, for instance), 

advanced computational approaches to investigate spin tex-

tures across multiple length and time scales can provide guid-

ance towards reaching those ultimate experimental limits.

Advances in science and technology to meet challenges.  

In the following, we will present some selected examples of 

current research showing both the current state-of-the-art and 

the ongoing developments in magnetic metrologies. Imaging 

magnetic microstructures provides an insight into fundamental 

processes in magnetic materials. Albeit magneto-optical effects, 

such as the Kerr or Faraday effects, provide magnetic contrast 

and laser pulses are in the fs regime (section 7), the wavelengths 

of visible light pose severe limitations to address the nanoscale. 

X-rays, speci�cally polarized soft x-rays using x-ray dichro-

ism effects as magnetic contrast (see above), can overcome this 

limitation. Whereas, x-ray optics have demonstrated the abil-

ity to push magnetic x-ray microscopy into the ten nm regime, 

recent developments with x-ray imaging in reciprocal space, 

speci�cally harnessing the increased transversal (and longitu-

dinal) coherence at next generation x-ray light sources, such 

as x-ray free electron lasers or diffraction limited storage rings, 

have the potential to not only push the spatial resolution into the 

single digit nm regime, but to provide, at the same time, snap-

shot images of fs spin dynamics, and with inherent elemental 

sensitivity and quantitative information.

A recent study with soft x-ray ptychography [78] has dem-

onstrated a spatial resolution around 10 nm for imaging the 

domain pattern in a SmCo5 thin �lm. In addition, the analysis 

of the heavily oversampled data allows us to retrieve informa-

tion of both the magnetic x-ray amplitude and the magnetic 

x-ray phase (�gure 11).
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Detecting the magnetic x-ray phase could open signi�cant 

advantages in the future. A large magnetic phase contrast 

appears below the x-ray absorption edge that signi�cantly 

reduces radiation damage at x-ray free electron laser (XFEL) 

experiments. Further, the magnetic sensitivity could be sub-

stantially increased if combined with x-ray interferometric 

measurement setups, which will become feasible again at the 

next generation x-ray sources with full coherence.

Those sources will also enable the study of collec-

tive dynamics, e.g. by x-ray photocorrelation spectroscopy 

(XPCS) and the observation of �uctuating speckle patterns, 

which are directly correlated to �uctuations of relevant order 

parameters in real space [79]. Correlating the charge, spin and 

orbital orders, across a wide range of length and time scales 

that XPCS can address, will provide insight into the energy 

landscape and the interactions in magnetic materials.

Magnetic Fourier transform x-ray holography is another 

promising tool that has the potential to combine the ultrasmall 

and the ultrafast regime of nanomagnetism investigations. 

Recently, a �rst experiment has demonstrated a so-called 

two-color setup, where the magnetic response of two different 

components in a complex heterostructure was recorded simul-

taneously at an XFEL source [80].

One of the frontiers in magnetic characterization is the 

fundamental understanding of spin currents, and speci�cally 

their fast dynamics. The ultimate goal is to study spin current 

as they locally transverse an interface. However, this requires 

high spatial resolution and a high sensitivity to detect small 

signals and at buried interfaces. A signi�cant increase in sen-

sitivity was recently accomplished through the implementa-

tion of a long term synchronization of a pump-probe setup 

between the clock frequency of the x-ray pulses from a syn-

chrotron and the detection of the local XMCD response with a 

scanning transmission x-ray microscope [81].

Access to buried interfaces is related to the ability to char-

acterize spin textures in three dimensions with nanoscale spa-

tial resolution (sections 1 and 3). Interface sensitivity can also 

be achieved in certain re�ection geometries or via the use of 

moving x-ray standing waves through the interface of interest 

[78]. Very interesting new directions in magnetic metrology 

open with probes that contain large orbital angular momentum. 

This can be achieved with electrons, e.g. in a TEM [82] but 

also with x-ray vortex beams [83]. Novel magnetic spectro-

microscopies reaching directly into highly excited states, or 

novel ways to manipulate spins on the atomic scale (magnetic 

nanotweezers), can be envisioned.

A very promising characterization tool with high potential 

are nitrogen vacancy (NV) center scanning probe microsco-

pies, which provide quantitative and highly sensitive measure-

ments of the stray magnetic �eld emanating from a nanoscale 

spin texture. Ultimately, the spatial resolution with NV center 

microscopies is only limited by the atomic size of the probe 

[84].

Concluding remarks. Advances in magnetic metrology are 

key to gain insight into magnetism down to the fundamental 

length and time scales, but also to enable applications towards 

novel technological applications. New opportunities will arise, 

taking into account non-uniform, aperiodic spatial and tempo-

ral spin structures across multiple scales, broken symmetries 

at interfaces and the complementarity of spins and magnons 

(section 10) resembling fermionic versus bosonic behavior.
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Figure 11. Reconstructed soft x-ray ptychography magnetic 
amplitude (top row) and phase (bottom row) images of the domain 
pattern in a SmCo5 thin �lm recorded with left circularly polarized 
x-rays at various photon energies around the Co L3 absorption edge. 
Reprinted from [78], with the permission of AIP Publishing.

Figure 10. Characterization is at the nexus between discovery and 
understanding, and application of magnetic materials and their 
underlying spin textures.
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7. Magneto-optics
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Status. Since the discovery of the interaction of light and 

materials, which are subjected to magnetic �elds, by Michael 

Faraday in 1845, magneto-optical effects and magneto-optical 

materials have led to several advances in physics and tech-

nological applications, magneto-optical recording being the 

most prominent example for the latter. In magneto-optics, the 

presence of magnetically polarized material alters the disper-

sion curves of the optical absorption coef�cients, resulting 

in the appearance or the alteration of optical induced activ-

ity. Thus, the magneto-optical effects lead to a change in the 

polarization and the intensity of light. The weak effects are 

connected to spin–orbit coupling in magnetic materials, hence 

offering a lever to probe magnetic effects related to spin–orbit 

interaction.

The magneto-optical phenomena (�gure 12) are classi�ed 

according to the orientation of the electromagnetic wave vec-

tor of light emission k relative to the magnetization M [85]. 

The magneto-optical Faraday effect (k ‖ M) and the related 

magneto-optical Kerr effect, which are odd in magnetization, 

are based on the magnetic circular birefringence and dichro-

ism. The magneto-optical Voigt effect (k  ⊥  M), which is even 

in magnetization, is based on the magnetic linear birefrin-

gence and dichroism. Both magneto-optical effects are highly 

relevant in research for the investigation of today’s magnetic 

materials. Using pulsed lasers, magneto-optics allow for the 

characterization of magnetic materials with, so far unattained, 

temporal resolution [86]. This, together with the possibility 

of highly sensitive magnetometry and of obtaining lateral 

images of magnetic domain activity, as well as the possi-

bilities of spectroscopic or ellipsometric characterization 

of magnetic materials and magnetic states, has made mag-

neto-optics one of the central tools for the investigation of 

magnetic phenomena (section 6) on various time and length 

scales. This includes spin phenomena in ferromagnetic met-

als, ferrimagnetic ceramics and magnetic semiconductors, as 

well as antiferromagnetic materials for tomorrow’s spintron-

ics. The latter are accessible by the second order magneto-

optical Voigt effect. In addition, non-linear magneto-optical 

effects based on second harmonic generation [87] of light, 

induced at the interfaces of magnetic materials, provide a 

sensitive way of probing interfacial magnetic effects, espe-

cially in magnetic thin �lms. An additional key application, 

related to magneto-optics, is Brillouin light scattering spectr-

oscopy, which has become an indispensable instrument for 

the study of dynamics for envisioned magnonic applications 

[1] (section 10).

Magneto-optics contribute new applications from 

temper ature sensing [88] to magneto-optically controlled 

laser light generation [89]. Due to their high versatility, 

magneto-optics play a key role in the �eld of physics, mat-

erials science and electronics related to magnetism. At pre-

sent, magneto-optical methods and materials experience a 

revival in science.

Current and future challenges. Despite the past and recent 

progress in magneto-optics, several obstacles need to be over-

come to keep magneto-optics operational for future invest-

igations in magnetism. In the following, the most crucial 

points are speci�ed. Despite being listed here separately, the 

manifold challenges related to temporal and spatial resolution, 

as well as the use of higher order magneto-optical effects, are 

highly interconnected.

 • Limitations of applications of magneto-optics in terms 

of temporal resolution. These days, commercial laser 

sources possess pulse widths of about several tens of 

femtoseconds. In various pump probe experiments, 

such laser systems are used for the investigation of, for 

instance, ultrafast magnetisation dynamics (section 9) 

and antiferromagnetic spintronics (section 12). They 

reach limitations for magnetisation processes, taking 

place at lower picosecond time-scales. The integration of 

high-harmonic generation light sources techniques, pro-

viding femtosecond extreme ultraviolet pulses, improves 

the time resolution and also enables element speci�city 

in laboratory magneto-optical experiments [90]. Given 

the evolving �eld of magnetism, the continual incorpora-

tion of faster and improved laser setups is a prerequisite 

for probing ultrafast magnetisation dynamics in the THz 

frequency regime with suf�cient sampling frequency.

 • Limitations of magneto-optical imaging in terms of 

spatial resolution. The spatial resolution in standard 

magneto-optical microscopy is mainly restricted by the 

optical diffraction limit [86]. Yet, the characterisation 

of isolated magnetic nanostructures below that limit is 

attainable. With the current direction of research dealing 

with nanostructures getting progressively smaller, 

magneto-optical imaging is reaching its limit for many 

applications. Until now, the imaging of details inside 

submicrometre structures is hardly achievable with 

magneto-optical methods. The same is true for, as a prime 

example, the magneto-optical imaging of the various 

aspects of skyrmion formation, so far only achieved for 

skyrmion bubbles [11] (�gure 13(a)). Despite superior 

temporal resolution, to signi�cantly improve the spatial 

resolution of magneto-optical methods is one of the 

biggest challenges magneto-optical imaging has to face 

nowadays.

 • Extending the use of higher order magneto-optics to cur-

rent and future problems in magnetism. The application 

of different magneto-optical effects to the investigation 

of zero net magnetisation antiferromagnetic materials 

[90] (�gure 13(d) and section 12) and topological insu-

lators [91] has increased lately. Magneto-optics have 

been used to probe effects like the spin-Hall effect [92] 

and to quanti tatively measure components of spin–orbit 

torque [93, 94] (�gure 13(c)). Further developing these 

techniques would open the possibility to obtain indis-

pensable information on the rich phenomena observed in 

condensed matter systems like Dzyaloshinskii–Moriya 

interaction, Rashba interfaces and topological surface 

states [19]. Despite being challenging, if applied in com-

bination with imaging, novel opportunities will emerge.
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Advances in science and technology to meet chal-

lenges. From a technical point of view, temporal resolution 

in magneto-optics can be improved by the incorporation of 

further improved pulsed laser systems with sub-femtosec-

ond resolution in laboratory experiments. This will require 

the integration of special stabilization systems and possible 

pulse compression technologies into the experimental setups 

to ensure length and phase stability of the pulses. Further 

advancements in the generation of extreme ultraviolet har-

monics are needed to provide the base for further develop-

ments in the capturing of ultradynamics in magnetic materials 

with elemental sensitivity. Yet, rarely used in experiments, 

improved ultrafast photodetector schemes offer an alternative 

approach for achieving high temporal resolution in magneto-

optical experiments.

The extension of the spatial resolution of magneto-opti-

cal experiments in order to meet the challenges is devious. 

By using deep UV optics and using advanced illumination 

schemes, taking advantage of the full numerical aperture in 

illumination, an improvement of spatial resolution well below 

100 nm could be achieved. Integrating magneto-optical dif-

fraction effects for the investigation of magnetic nanostruc-

tures should be able to add invaluable information to local 

magnetic behaviour. Further major improvements are not dis-

cernible at present and would ask for completely new imaging 

schemes. Near-�eld optical imaging techniques, which were 

already explored in the past, �rst come to mind. Alternatively, 

magneto-optical imaging schemes based on detection layers 

[86], for instance, based on the magneto-optical response of 

an array of point defect spins in diamond [95] (�gure 13(b)), 

might constitute improvements in terms of resolution to mas-

ter the imminent challenges. Related to this, an adaption of 

super-resolution imaging techniques, like in �uorescence 

microscopy with spatial resolutions below the diffraction 

limit, could lead to the ultimate resolution in magneto-optical 

imaging techniques. Lensless nanometre coherent diffraction 

imaging schemes with high harmonics illumination sources 

are also very promising in that aspect [96], once suf�cient 

laser power is obtained. In general, for magneto-optical imag-

ing, advances in continuous wave and pulsed laser illumina-

tions will enable high sensitivity and single shot imaging of 

fast magnetization processes so far only brie�y explored.

Great potential for advances in magneto-optics lies in the 

use of non-traditional higher order magneto-optical effects 

or second harmonic generation for the investigation of next 

generation spintronic devices. Especially the combination of 

multiple magneto-optical effects will provide complementary 

information on various spin phenomena with high temporal 

and spatial resolution.

Concluding remarks. Advances in magnetic materials 

research and applications depend critically on the under-

standing of the fundamental limits of magnetic phenomena. 

Accessing the fundamental length and time scales for magn-

etic phenomena is strongly relying on magneto-optics. There-

fore, magneto-optical effects, magneto-optical methods and 

magneto-optical materials will continue to be a vibrant �eld of 

research. Continuing progress in the �eld is needed to meet the 

impending scienti�c challenges. Complementary to soft x-ray 

methods, current and upcoming magneto-optical approaches 

will be indispensable for the analysis of novel and exotic mat-

erials, as well as effects in the laboratory. The development and 

use of magneto-optics has not come to an end.

Figure 13. (a) Magneto-optical Kerr effect imaging of current-
induced nucleation and subsequent motion of skyrmions. From 
[11]. Reprinted with permission from AAAS. (b) Quantitative 
magnetic imaging of the magnetic �ux distribution of a recording 
disc with a diamond detection layer based on negatively charged 
nitrogen-vacancy (NV) centres. Reproduced from [95]. CC BY 
4.0. (c) Differential magneto-optical Kerr effect signal of YIG/
Pt �lm with the magnetic �eld and the polarization of the incident 
light aligned parallel to the electrical current. The anti-damping 
�eld drives the out-of-plane oscillation of magnetization related 
to the spin–orbit torque. Reproduced from [94]. CC BY 4.0. (d) 
Experimental observation of pump-induced change in the magneto-
optical Voigt signal for determination of the direction of uniaxial 
magnetic anisotropy alignment in an antiferromagnetic CuMnAs 
�lm. Reprinted by permission from Macmillan Publishers Ltd: 
Nature Photonics [93], Copyright 2017.

Figure 12. Simpli�ed schemes of time-resolved magneto-optical 
measurement set-ups using the magneto-optical Faraday and 
Voigt effect for the determination of the ferro- or ferrimagnetic 
spin respectively the antiferromagnetic spin alignment. Linearly 
polarized laser light (polarization ‖ E) passes through a sample 
at normal incidence. After transmission, the polarization plane is 
rotated due to the Faraday or Voigt effect, which is proportional 
to the net magnetization M, respectively to MA  +  MB of the 
antiferromagnet’s alternating spin moments in the magnetic 
sublattices A and B. Adapted by permission from Macmillan 
Publishers Ltd: Nature Photonics [93], Copyright 2017.
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Status. There is an enormous interest in the study of the opti-

cal properties of metallic nanostructured surfaces, due to their 

super ior ability to control and manipulate light at the nanoscale 

[97]. This proli�c research �eld is denoted as plasmonics, since 

it relies on the manipulation of electromagnetic signals by coher-

ent coupling of photons to surface plasmon resonances, which are 

free electron-like oscillations at the interface between a conductor 

and a dielectric. Surface plasmon resonances can be classi�ed in 

two main modes: localized surface plasmons (LPs) are those sus-

tained by nanoparticles, and surface plasmon polaritons (SPPs) 

that are wave-like excitons propagating at an interface between 

a conductor and a dielectric in extended �lm-like structures. Sur-

face plasmons can con�ne the electro magnetic �eld in nanoscopic 

volumes de�ned only by the size, shape and arrangement of the 

nanostructures and thus, even well below the diffraction limit (lat-

eral con�nement down to a few tens of nm is achievable, irrespec-

tive of the wavelength of the electro magnetic radiation), which 

makes them suited for the development of nanophotonic devices 

[97]. They are highly sensitive to the optical properties (refrac-

tive index) of surrounding dielectric media, making sensing one of 

the main and better-established applications of SPPs [98]. Surface 

plasmons can couple to quantum emitters and experience quantum 

phenomena, such as entanglement, allowing their use in quantum 

applications [99]. These properties, together with the easy inte-

gration of plasmonic architectures with silicon photonics, have 

already enabled the successful implementation of plasmonics to 

a number of key technologies: optoelectronics, Raman spectr-

oscopy, ultrasensitive detection for life sciences and security, and 

enhanced energy harvesting and conversion in photovoltaics.

Despite the signi�cant developments in the �eld, the tunabil-

ity of the plasmonic components developed up until now is static 

in nature: once designed, plasmonic properties are �xed. A true 

impact on applications requires the active control of plasmonic 

signals and/or effects via external stimuli. The search for systems 

that ful�l this requirement led to the development of magneto-

plasmonics, which merges concepts from plasmonics and mag-

netism to achieve active manipulation of light at the nanoscale, 

as well as possibly the manipulation of magnetism through light. 

The latter achievement would enable and boost future potential 

applications, such as all-optical manipulation of information at 

the nanoscale (see section 9), as well as photonic injection and 

control of spin-currents in spintronic devices (see sections  2 

and 12). Virtually any nearly-free-electron metal would support 

such resonances and it is thus not surprising that concepts from 

plasmonics increasingly spill over to the research of magnetism. 

Indeed, ferromagnetic nanostructures (called nanoantennas) and 

nanostructured �lms support surface plasmon resonances (LPs 

or SPPs) and exhibit magneto-optical (MO) activity [100, 101]. 

Moreover, several investigations indicate that magneto-plas-

monic (MP) nanomaterials made of pure ferromagnetic metals 

(FMs) or hybrid structures, combining ferromagnetic and noble 

metals (NMs), can exploit and improve the interaction between 

magnetism and electromagnetic radiation via excitation of LPs 

or SPPs in the NM, leading to electromagnetic �eld enhance-

ment and concentration in the adjacent MO-active FM. Magnetic 

�eld-dependent modulation of the polarization of light re�ected/

transmitted (magneto-optic Kerr/Faraday effects), owing to the 

intertwined plasmonic and MO properties, has been reported 

in Au/Co multilayered [100] and Ni nanoantennas [101, 102] 

and nano-perforated/nano-corrugated FM and FM/NM �lms 

(MP crystals) [103]. A schematic of the current understanding 

of the underlying physics of MP nanostructures supporting LPs 

is summarized in �gure 14. Similar physics, although involving 

SPPs instead of LPs, are responsible for the optical properties of 

MP crystals [103].

Current and future challenges. For applications to photonics 

technology, light polarization rotators and non-reciprocal optical 

isolators are essential building blocks. MP nanoantennas and crys-

tals enable the magnetic control of the non-reciprocal light propa-

gation and thus offer a promising route to bring these devices to 

the nanoscale. However, the magnetic �eld-induced modulation 

of light polarization achieved so far is only in the order of a frac-

tion of degree, which is insuf�cient for any practical purposes. 

When using conventional FMs, the main obstacles are the exi-

guity of MO activity arising from the spin–orbit (SO) coupling 

and the rather inef�cient plasmons excitation and/or propagation, 

due their high dissipative losses. A remarkable exception is their 

application to label-free molecular detection. In this case, despite 

the smallness of MO activity and large losses, MP crystals and 

nanoantennas were found to enable a radically improved sensi-

tivity, clearly outperforming conventional plasmon based sensors 

[104]. The key challenge is to increase the strength of SO cou-

pling without increasing the plasmon damping, due to dissipative 

losses. The main strategies currently pursued with conventional 

FMs, namely without increasing the intrinsic SO coupling, are 

illustrated in �gure 15 and include the design and fabrication of: 

periodic arrangements of MP nanoantennas [105]; 3D pure FM 

and composite FM/NM and FM/D/NM nanostructures [106]; 

and ‘meta-atoms’, i.e. heterogeneous units comprising of mul-

tiple nanoantennas placed in proximity to enable their near-�eld 

interaction. Initial investigations have shown that a polarization 

rotation enhancement by one order of magnitude can indeed be 

achieved following these strategies. In periodic arrangements, 

MO enhancement is also accompanied by a marked suppression 

(up to a 50% [105]) of dissipation owing to interference effects 

that reduces the radiative contribution to losses. These results are 

very encouraging, since the utilization of materials that display 

larger MO effects and/or low intrinsic losses, e.g. magnetic insu-

lators, like iron garnets or 2D topological mat erials ([107], see 

also section 2), including graphene [108], should enable a fur-

ther increase of the plasmon-assisted magnetic �eld modulation 

of polarization by an order of magnitude. A larger SO coupling 

should also enable the active control of plasmonic properties, 

namely the tuning of wavelength of SPPs and resonance fre-

quency of LPs, by magnetic �elds, a long-sought functionality 

required to realize nanophotonics devices and circuits [109]. 

A large MO activity may also lead to the exploitation of the 

inverse effect, i.e. plasmon induced modi�cation of magnetiza-

tion, another key functionality for the emergent �eld of ultrafast 

and all-optical magnetic recording and spintronics ([110] and 
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section 9). Other research directions currently pursued look for 

novel magnetic materials (e.g. materials showing non-collinear 

magnetic textures and magnetoelectric materials (section 3) and 

a possible synergic interaction of LPs and SPPs with magnons 

(section 10) and phonons [111]. The issue in the latter case is that 

the energy of plasmons, magnons and phonons are, in general, 

widely disparate and thus the coupling is weak.

Advances in science and technology to meet challenges.  

From one side, research in magneto-plasmonics is focusing on 

the search for materials displaying large SO coupling, i.e. MO 

activity, and low dissipative losses. As mentioned above, among 

the potential candidates that have been individuated so far, there 

are magnetic insulators, graphene and 2D topological materials 

(e.g. hyperbolic materials like hexagonal boron nitride) [107]. 

They can be used alone or in combination with NMs or FMs. The 

challenges here arise from their integration in devices, including 

their nanostructurisation, which is also required to make them 

operational in the visible/near-infrared spectral range. In many 

cases, the growth of these materials requires speci�c substrates 

that are not suitable for their integration. In the case of graphene 

and 2D materials, good quality structures require complicated 

processes like exfoliation, transfer on to the functional substrate 

and often a �nal chemical etching. Intense efforts are directed to 

the development of alternative growth processes, like chemical 

vapour deposition, although so far materials deposited in this way 

are of a much worse quality. The other challenge is the precise 

nanostructurisation of the materials. The achievement of quasi-

ideal 2D and 3D geometries and arrangements depicted in �g-

ure 15 requires approaches that make use of different advanced 

lithographic techniques with a control over edges roughness, 

shape geometry and inter-elements separation substantially 

below 10 nm. This is a formidable task, although it seems within 

reach, given the outstanding and continuous development that 

nanofabrication technology has experienced in recent years. 

Scienti�cally, the utilization of new 2D materials, as well as 

the reduction in size/inter-element distance, requires advancing 

theory and modelling by including quantum electrodynamics 

effects, whilst, until now, modelling was based almost entirely 

on classical electrodynamics. The utilization of 3D geometries 

requires advances in the understanding of optics and magnetism 

in complex and even curved geometries (see section 3).

Concluding remarks. In recent years, research in the emerg-

ing �eld of magneto-plasmonics has clearly demonstrated the 

active magnetic manipulation of light at the nanoscale. Impact 

on real life applications has been so far hindered by the weakness 

of the coupling between magnetism and electromagnetic radia-

tion and the high dissipative losses in the materials employed. 

Several strategies, the most promising of which are reviewed in 

this paper, have been identi�ed to overcome these limitations. 

Thereby, this rapidly developing �eld holds great promise to pro-

vide a smart toolbox for actively tuneable optical materials and 

devices for disruptive future applications to a variety of emerging 

technologies, such as nanophotonics, ultrasensitive detection, all-

optical and quantum information technologies and spintronics.
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Figure 15. Examples of strategies to increase the MO response of 
MP materials. (a) Arrangement of MP nanoantennas in ordered arrays 
to exploit their mutual interaction in the far �eld [105]; (b) realization 
of 3D MP nanostructures of different and precisely controlled 
size and shape [106], made of various materials; (c) design of unit 
blocks comprising closely-packed multiple materials (high-index 
dielectrics supporting Mie resonances, NMs and FMs) nanoantennas 
to pro�t from their near-�eld interaction; (d) combination of MP 
nanostructures with 2D materials and magnetic insulators (MI). 
Typical size of the MP nanoantennas shown is in the order of 
100 nm. (a) Reprinted with permission from [105]. Copyright (2016) 
American Chemical Society. (b) Reprinted with permission from 
[106]. Copyright (2014) American Chemical Society. 

Figure 14. Examples of MP nanoantennas. They can be made of pure 
FMs, FM-NM alloys, NM/FM multilayers or multilayers comprising a 
dielectric material (D). For illustration purposes, the MP nanoantenna 
can be thought of as a superposition of two antennas with plasmonic 
and a MO functionalities. The local electromagnetic �eld enhancement 
associated with the LP directly excited by the incident light induces a 
second orthogonal LP (MO-LP). This process arises from the inherent 
spin  −  orbit coupling (SO) in the FM and is activated by applying a 
magnetic �eld H. The polarization of transmitted and re�ected light is 
thereby modi�ed and controlled by H [102].
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Status. The dynamic response of magnetic order to an ultra-

fast excitation is a fascinating issue of modern magnetism. 

This dynamic can now be studied down to the femtosecond 

time scale. Indeed, magnetization out of equilibrium excited 

by an ultrafast and intense optical and/or electronic excita-

tion can be resolved with femtosecond time resolution using 

optical probe techniques, like the magneto-optical Kerr effect 

(MOKE) (see also section  7). Using this method, in 1996, 

Beaurepaire et al [112] observed for the �rst time the ultra-

fast (sub-picosecond) demagnetization of a Ni thin �lm, when 

excited by a femtosecond laser beam. Since then, various 

studies have contributed to the understanding of the funda-

mental interactions between spins, electrons and lattices, and 

their characteristic timescales. Furthermore, such experiments 

explore the underlying physics of novel approaches developed 

for technological applications, such as heat-assisted magnetic 

recording (HAMR) but also ultrafast spintronics for memo-

ries, logic and oscillators (sections 11 and 12).

Various theoretical models have been proposed to elucidate 

the microscopic origin of ultrafast magnetization dynamics. 

The demagnetization process was �rst explained by a phe-

nomenological model called the ‘three-temperature model’ 
[112], which is based on the interactions between three dif-

ferent baths; namely the electrons, the lattice and the spins. 

In such a model, each bath is a reservoir for energy, and the 

absorption of the laser intensity by the electron bath induces 

heat transfer between the three-coupled baths. However, most 

models reported in the literature do not fully address the phys-

ics of the ultrafast demagnetization, since the conservation 

of angular momentum is not taken into account. In addition, 

these simple models do not capture the effects of the initial 

non-thermal distribution, which is believed to be a key ele-

ment for the observed ultrafast magnetization dynamics [113].

In 2007, an intriguing discovery related to ultrafast mag-

netization dynamics was observed by the group of T Rasing, 

of deterministic magnetization switching in ferrimagnetic 

GdFeCo alloy �lms using solely circularly polarized fem-

tosecond laser pulses [114]. Later, this all-optical switching 

(AOS) of magnetization in GdFeCo alloy �lms was shown 

to be purely thermal (in other words, independent of the 

helicity) and ultrafast, occurring on a picosecond timescale 

[115]. The switching mechanism is attributed to the distinct 

magn etic dynamics of Gd and FeCo sublattices. AOS was 

thus only expected in systems with multiple magnetic sublat-

tices, such as ferrimagnetic rare-earth transition-metal alloys 

[116]. However, recent experiments have shown that AOS 

is a much more general phenomenon found in a wide range 

of materials classes [117, 118]. To elucidate the underlying 

physics of this switching process, the integration of all-optical 

switching in spintronic devices [119, 120] was investigated. 

Through a time-dependent electrical invest igation of the mag-

netization in 5 micrometer wide Hall crosses via the anoma-

lous Hall effect, two types of AOS mechanisms were clearly 

distinguished, as shown in �gure  16. The �rst type for fer-

rimagnetic GdFeCo alloy �lms is the single-pulse all-optical 

helicity-independent switching (AO-HIS), demonstrated in 

�gure  16(b). In accordance with the previous study [115], 

each laser pulse leads to a magnetization switching. The 

second type is a two-regime multiple-pulse all optical heli-

city-dependent switching (AO-HDS) for both ferromagnetic 

TbCo alloys and ferromagn etic Co/Pt multilayers, as seen in 

�gures 16(c) and (d) [119]. The latter mechanism consists of 

a helicity-independent multi-domain formation regime fol-

lowed by a helicity-dependent remagnetization regime. In 

those cases, the �nal orientation of the magnetization is set by 

the helicity of the light used and multiple pulses are needed. 

AO-HDS has been reported for a large variety of materials, 

such as ferri- and ferro-magnetic thin �lms and granular 

recording media, which helps pave the way for new potential 

applications [118, 119].

Nevertheless, the theoretical models explaining the 

AO-HIS in GdFeCo alloys �lms do not apply in other mat-

erials, thus challenging the understanding of the AO-HDS 

process. An investigation of the magnetic parameters govern-

ing AOS demonstrated that its observation requires the forma-

tion of magnetic domains larger than the laser spot size during 

the cooling process [120]. This large domain size criterion is 

common for both ferrimagnetic and ferromagnetic materials 

and applies for both AO-HIS and AO-HDS.

Furthermore, optical control of the exchange bias �eld using 

circularly polarized femtosecond laser pulses on IrMn/[Co/

Pt]N antiferromagnetic/ferromagnetic heterostructures was 

also demonstrated [121], thus proving that the magnetic con-

�guration of the antiferromagnetic layer at the interface can be 

modi�ed through the exchange interaction using femtosecond 

laser pulses. Similarly, ultrafast control of the exchange bias 

in GdFeCo/[Co/Pt] ferri-magnetic/ferro-magnetic heterostruc-

tures via single linearly polarized laser pulses has also been 

recently demonstrated [122], allowing an ultrafast manipula-

tion of the magnetization in the ferromagn etic layer. These 

studies open new applications in spintronic devices, where the 

exchange bias phenomenon is routinely used to �x the mag-

netization orientation of a magnetic layer in one direction.

Current and future challenges. Ultrafast magnetization 

switching is interesting for future applications but to be 

compatible with spintronic device concepts, magnetization 

manipulation should be obtained using electron pulses instead 

of light. Very recent studies have concentrated exactly on this 

aspect. For instance, engineered multilayer structures, such 

as Pt/Cu(t)/[Co/Pt] (with t ranging from 0 to 300 nm), aiming 

to generate hot electrons using light, have been investigated. 

Indeed, hot electrons are being generated by shining femtosec-

ond laser pulses on the Pt layer. These hot electrons are shown 

to travel into the Cu layer before interacting with the mag-

netization of the [Co/Pt] multilayer. It is then demonstrated 

that hot electrons alone can very ef�ciently induce ultrafast 

demagnetization [123]. More importantly, simulations based 
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on hot electron ballistic transport, implemented within a 

microscopic model that accounts for the local dissipation 

of angular momentum, nicely reproduce the experimental 

results, ruling out the contribution of pure thermal transport 

[123]. Moreover, by replacing the [Co/Pt] layer by a GdFeCo 

layer, GdFeCo magnetization switching using ultrafast hot 

electron pulses and without direct light interaction was dem-

onstrated [124]. These �ndings con�rm the work reported by 

Wilson et al [125]. Therefore, switching the magnetization at 

the picosecond timescale with a single electronic pulse repre-

sents a major step towards the future developments of ultrafast 

spintronic. Besides, single femtosecond hot-electron pulses 

are found to be very ef�cient in switching the magnetization. 

Performing time resolved magneto-optical measurements 

reveals that the magnetization reversal takes place within 5 ps 

for both ultrafast hot electron and light pulses.

Advances in science and technology to meet chal-

lenges. Going towards fully integrated ultrafast spintronics 

will be very challenging and demands a better understanding 

of the physics behind ultrafast switching. A recent work from 

Yang et al [126] demonstrated ultrafast switching of GdFeCo 

islands with pure picosecond electrical pulses delivered via 

a transmission line. Surprisingly, after the estimation of the 

energy delivered to the load, the projection of the energy con-

sumption for switching a (20 nm)3 volume was of only 4 fJ. 

The estimate is thus a very encouraging prediction when com-

pared with the 100 fJ per bit needed for STT-MRAM. The 

authors then propose a new type of MRAM memory based on 

this ultrafast mechanism, which would be extremely appeal-

ing, as it could directly compete with conventional SRAM in 

speed, all while remaining much more energy ef�cient, partly 

due to the non-volatility of the magnet. Moreover, 5 ps ring 

oscillators out of 45 nm CMOS transistors have already been 

demonstrated, meaning that circuitry delivering picosecond 

electrical pulses is already possible. Integration of such pico-

second pulse generating circuitry by fast CMOS will lead to 

fully electrical on-chip ultrafast spintronics, making ultrafast 

magnetic applications fully integratable with conventional 

processors.

Concluding remarks. The �eld of ultrafast manipulation of 

magnetic order rose rapidly since the �rst observation of ultra-

fast demagnetization in Ni thin �lms by Beaurepaire et al 20 

years ago [112]. The discovery of all-optical magnetization 

switching in a broad range of ferrimagnetic, as well as fer-

romagnetic thin �lms, triggered huge interest in the scienti�c 

community [116, 117], due to the prospect of understand-

ing new physical mechanisms and the impacting application 

�elds. Moreover, integrating all-optical switching into spin-

tronic devices [118, 120] will help pave the way to a new �eld 

combining both ultra-fast optics and spintronics. Ef�cient 

polarized spin to polarized electron conversion and vice versa 

will be of prime importance for an ultrafast writing, reading 

and travelling of the information. The above devices will then 

have to be associated with semiconductor spintronic devices, 

such as spin light emitting diodes (spin-LEDs), spin lasers and 

spin transistors.
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Figure 16. (a) Experimental set-up schematic of the all-optical 
switching measurement in a 5 µm-wide Hall cross. An off-centered 
beam on the x axis at a �xed position about 40 µm from the center 
of the Hall cross, while the anomalous Hall voltage is measured 
along the y direction. (b) Electrical measurement of magnetization 
reversal of the patterned Gd28Fe48Co24 Hall cross under the action 
of ten consecutive pulses as marked with the blue pulses in the 
upper row, with initial net magnetization ‘MT’ saturated up with 
σ-polarization and a repetition rate of 5 kHz. The evolution of 
VHall corresponds to the FeCo sublattice magnetization change. 
Each of the ten laser pulses illuminates the same region of the Hall 
cross and reverses the magnetization within it [119]. (c), (d) Time 
evolution of the anomalous Hall voltage of a 5 µm-wide Pt(4.5 nm)/
Co(0.6 nm)/Pt(4.5 nm) Hall cross, initially saturated up, under 
the action of a 35 fs laser beam with a 5 kHz repetition rate and a 
�uence of 10 mJ cm−2. The corresponding number of laser pulses 
is shown in the upper row. The helicity-dependent switching of 
the Hall cross is governed by a two-step process on two different 
timescales. The experimental temporal resolution of the experiment 
is 1 µs [119]. (b)–(d) Reprinted �gure with permission from [119], 
Copyright 2016 by the American Physical Society.
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10. Magnonic transport
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Status. Spin waves (SW), the elementary low energy exci-

tations of an ordered spin system, and their bosonic quanta, 

magnons, carry energy and angular momentum in the form of 

spin. In units of the reduced Planck constant, every magnon 

can be associated with an energy proportional to its frequency 

ω and a spin of the order of 1. Thus, in terms of transport, 

a magnon current constitutes a combined �ow of energy 

and angular momentum. Due to its collective wave nature, a 

magnonic current can propagate in any kind of magn etically 

ordered material. An example is the electrical insulator yttrium 

iron garnet (YIG), where magnonic spin currents can have a 

mean free path within the centimetre range. Contributions 

to the magnon energy include, among others, the exchange, 

dipolar, Zeeman and anisotropy energies. These lead to com-

plex dispersion relations, as shown in �gure 17, and an abun-

dance of transport phenomena, depending on the energies of 

the involved magnons.

One intensively studied category of magnon transport is 

the ballistic regime (see �gure 18(a)), where the wave nature 

of the magnon is apparent. This regime is realized by a local 

excitation of spin waves with a coherent source, such as the 

magnetic �eld of a microwave current, within a frequency 

range up to several tens of GHz. Since the frequency, wave-

length and phase of the magnon are well de�ned, informa-

tion carried by the magnon current can be encoded in the 

amplitude and phase [1]. This way, interference phenomena 

can be utilized on a scale �ve orders of magnitude smaller 

than the free-space electro magnetic wave, which renders mag-

nons promising for information processing and logic [127]. 

Also, at suf�ciently low magnon densities, where nonlinear 

magnon–magnon interactions are negligible, frequency multi-

plexing—the simultaneous transport of information by waves 

with different frequencies within one waveguide—is possible. 

Since the guiding and combining of magnon currents are of 

vast importance for the creation of magnon devices, transport 

in con�ned magnetic structures has attracted a lot of interest 

and the device dimensions have been successfully downsized 

from the centimetre to the sub-micrometre scale.

Another interesting area of magnon transport is the diffu-

sive transport regime (see �gure  18(b)), where temperature 

and magnon density gradients are the driving mechanism of 

the magnon current. At cryogenic temperatures, the magnon 

contribution to the heat conductivity can be dominant but 

at higher temperatures, it is usually masked by the phonon 

contrib ution. However, since less than a decade ago, the dif-

fusive regime has regained a lot of momentum, due to the 

discovery of the (magnon driven) spin Seebeck effect (SSE) 

[128]. The SSE refers to the creation of a magnon spin cur-

rent as a result of a (magnon) temperature gradient in the mat-

erial. It is prototypically investigated in magnetic insulator/

paramagnetic heavy metal bilayers like YIG/Pt, because of the 

absence of any thermo-electric effects. The magnon current is 

transformed into a DC voltage in the paramagnetic metal by 

way of thermal spin pumping and the inverse spin Hall effect. 

Since this transport and detection scheme is based on the spin 

degree of freedom, it is not masked by phonons and can be 

conveniently observed at room temperature.

Current and future challenges. Magnon transport is an 

important aspect of many emergent research �elds. The fol-

lowing non-exhaustive list should point out in which future 

directions developments might be directed:

 1. Magnon transport based on spin injection: Recently the 

long-range magnon spin transport over tens of microme-

tres by a gradient in the magnon chemical potential was 

reported in non-local measurements [129]. In the linear 

case of weak spin injection, non-equilibrium magnons 

with room temperature energies (compare �gure 17) are 

predicted to make the largest contribution to the transport. 

In this regime, the compensation of the decay of ballistic 

magnons can also be realized. In the non-linear case of 

strong spin injection, the low frequency, dipolar-exchange 

magnons are driven into auto-oscillations, which can 

serve as novel magnon sources.

 2. Detection of short wavelength/high frequency magnons: 

The frequency range for ballistic transport is usually 

limited to the dipole-exchange regime, due to the lack of 

appropriate (local) magnon sources and detection schemes 

at high frequencies (>50 GHz) or low wavelengths. Spin 

orbit interaction (SOI) at the interfaces provides novel 

ways to a frequency-independent detection of magnons 

via SW recti�cation effects that do not scale with the 

wavelength, as is the case with conventional inductive 

methods. With the use of parallel parametric ampli�ca-

tion, the magnon phase can also be recovered [130].

 3. Non-reciprocal transport and magnon topology: Magnon 

modes without time-reversal symmetry exist, e.g. due 

to dipole-dipole or Dzyaloshinskii–Moriya interaction 

(DMI). Using these non-reciprocal excitations, these 

modes can be used for unidirectional heat conveyers 

[131]. If the inversion symmetry of a multilayer system 

is broken, the dispersion relation of the magnons may 

become non-reciprocal, which allows for back-scattering 

protected diode-like magnon transport. Also, the topology 

of a magnonic dispersion relation is of much interest, 

since its analysis provides a general way to predict the 

existence of (chiral) edge modes, which could be used for 

topologically protected transport [132] (section 4).

 4. Transport in macroscopic quantum states/condensed 

magnon systems: Since magnons are bosons, they can 

form a Bose–Einstein condensate (BEC) described by 

a single, coherent wavefunction. It was recently shown 

[133] that in such a BEC, magnon transport occurs also 

by a supercurrent, which is driven by the phase gradient 

of the BEC wave function. Also the magnon Josephson 

effect and phase-driven, persistent currents are theor-

etically predicted to occur in the condensed magnon state 

[134].
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 5. Antiferromagnetic (AFM) magnon spintronics: Spin 

dynamics and magnon dispersions in AFM and FM 

differ signi�cantly: the strong exchange coupling 

between different magnetic sublattices of an AFM leads 

to an ‘exchange enhancement’ which pushes magnetic 

resonance frequencies into the THz regime and increases 

spin wave velocities [135], (section 12). In addition, the 

inherent inertial nature of the dynamics in AFM leads 

to hysteretic effects of the dynamics. The intriguing 

dynamics of AFM have been studied with increasing 

intensity, but experiments dealing with the magnon trans-

port in AFM are still to come.

 6. Non-collinear magnetic ground states: Using non-col-

linear magnetic con�gurations, spintronic functionality 

can be directly patterned into the magnetisation (sections 

1 and 3). In a ferromagnet, for example, magnons can 

be con�ned on the nanometre length scale, given by the 

width of a domain wall, which can serve as a recon�gur-

able nanochannel [136]. The non-collinear ground states, 

such as spin helices and skyrmions induced by volume 

and interfacial Dzyaloshinskii–Moriya interactions 

(DMIs), are also of high interest and can lead to magne-

tochiral non-reciprocity of magnon transport [137].

 7. Hybrid transport: Magnons can hybridize with other 

quasi-particles like phonons, creating a hybridized par-

ticle with new properties, such as decreased damping and 

increased group velocity. These magneto-elastic modes 

play a role for diffusive transport, SSE and the energy 

�ow during the thermalisation of low energy magnons, 

but they can also be used to further improve the distances, 

as well as the excitation and detection schemes of bal-

listic transport [138].

 8. Nonlinear transport phenomena: Multimagnon pro-

cesses and the nonlinear Schrödinger equation ef�ciently 

describe the intrinsic nonlinearity of the spin system. 

Nonlinear transport phenomena have been extensively 

studied in YIG �lms with thicknesses within the 

micrometre range, where solitons and bullet modes are 

observed [139]. Current research in this �eld addresses, 

inter alia, the nonlinearity of (topological) edge modes 

and non-diffractive caustic beams [140], as well as non-

linear effects in micro- and nanostructures.

Advances in science and technology to meet challenges. For 

the future of magnonic transport, materials with ultra-low 

damping and low �lm thickness are important, since they 

simultaneously allow for a large magnon lifetimes and an 

ef�cient use of emerging phenomena, like interfacial DMI 

and SOI. Also, the search for systems with increased magn-

etic ordering temperature is of high interest, since many 

interesting transport phenomena, e.g. in non-collinear ground 

states and antiferromagnets, have only been observed at low 

temperatures.

Concluding remarks. Progress in the realization and under-

standing of magnonic transport has been signi�cantly pushed 

by the concept of magnon spintronics [141], whose aim is the 

use of magnons for logic and signal processing applications. 

A further, prosperous development can be envisaged, since 

magnon currents constitute a channel for the �ow of energy 

and angular momentum with unique capabilities for the design 

of transport properties and interfacing to other systems.
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Figure 17. Schematic of the dispersion relation for magnons in a 
thin �lm ferromagnet (300 nm thickness, saturation magnetization 
140 kA m−1, exchange constant 3.5 pJ m−1) for magnons 
propagation along the direction of the magnetization (lower 
dispersion branch) and perpendicular to it (upper dispersion 
branch). On the lower branch, a Bose–Einstein condensate (BEC) 
can be realized in the local frequency minimum that is formed due 
to the interplay between the dipole and exchange interaction.

Figure 18. (a) Ballistic transport by coherent magnons and (b) 
diffusive transport by a multitude of magnon modes, schematically 
shown in the particle and wave picture.
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11. Non-volatile memory and information storage
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Status. The �rst commercial applications of spin-transfer 

torque magnetic random access memories (STT-MRAM) are 

in sight, with many semiconductor companies and foundries 

having active research and development efforts. While the 

conceptual ideas for STT-MRAM and even device prototypes 

have been around for a decade, signi�cant advances in mat-

erials, device characterization, micromagnetic modelling and, 

importantly, the availability of 300 mm processing and manu-

facturing tools have been required to get to this stage [141]. 

The implementation of magnetic devices in mainstream semi-

conductor technology will mark a major milestone, which 

is likely to be even more signi�cant than the introduction of 

the giant and tunnel magnetoresistive sensors were for magn-

etic recording in the 1990s. This is because of a qualitative 

difference in the integration scale. Magnetic sensors require 

the production of large numbers of individual sensors with-

out large-scale integration with semiconductor technology. 

For example, a single 200 mm diameter silicon wafer can 

contain ~20 000 individual sensors, used in a similar number 

of products, such as hard disk drives, and the semiconductor 

processes are not at the state-of-the-art semiconductor node; 

also device yields of 90% are suf�cient. On the other hand, 

STT-MRAM requires billions of magnetic devices on a single 

chip, nearly perfect yield, and that the magnetic components 

be patterned at or close to the state-of-art node.

The industry is working towards magnetic tunnel junction 

devices with perpendicularly magnetized layers, in which data 

are written through the application of spin-transfer torques. 

The device concept requires two magnetic layers, one �xed 

and one free, to respond to the torque (�gure 19(a)). A current 

�ow through the device generates a spin-transfer torque on the 

free magnetic layer that can reverse its magnetization direc-

tion. Perpendicular magnetized layers are used because large 

magnetic anisotropy can be achieved, which enables the scal-

ing to small element size, reducing the switching energy while 

maintaining thermally stable magnetic states. Also, the magn-

etic bits can be patterned into circular shapes, which ease the 

constraints on the lithographic processes. The magnetic lay-

ers are etched to create ‘nanopillars’ that form the heart of 

the device. Device prototypes that are 11 nm in diameter have 

been demonstrated [142]. Applications require multilayer 

magnetic stacks to reduce the fringe magnetic �elds acting 

on the free layers. For example, the �xed layer is typically a 

synthetic antiferromagnet. The insulating barrier is MgO and 

must have a low resistance area product (~10 Ωµm2), with a 

breakdown voltage much higher than the write voltage used to 

generate the spin-transfer torque switching. The device read-

out is at lower voltage biases, much lower than the switching 

voltage.

Device physics models start by assuming that the magnetic 

element behaves as a single magnetic domain. However, the 

device response clearly indicates more complex behaviour 

with intermediate multi-domain states (illustrated schemati-

cally in �gure 19(b)), even in the switching of 50 nm diameter 

magnetic elements [143–145]. Further, thermal �uctuations 

play an important role in the dynamics, which can aid the 

switching process (e.g. leading to lower switching voltage for 

long current pulses), but can also lead to write and read errors. 

This is because, even though the thermal energy at the device 

operating conditions is typically small compared to the energy 

barrier to magnetization reversal U (U  >  60 kT), the writing 

and reading processes involve reducing the effective barrier 

with a bias voltage.

The scaling of this technology to smaller sizes requires 

increasing the thermal stability of the free layer at small diam-

eters (<10 nm diameters) while maintaining a low switching 

voltage for short pulses. To achieve this, the magnetic aniso-

tropy and exchange energy of the free layer materials must be 

increased. The expectation is that for very small sizes—in the 

macrospin or single domain limit—the energy barrier will be 

proportional to the volume of the magnetic element and, at 

larger sizes, there should be a crossover to a reverse domain 

expansion mediated reversal, in which the energy barrier scales 

with the element diameter times its thickness [144]. The length 

scale at which the crossover occurs depends on the exchange, 

anisotropy and magnetization of the elements. Thus far, STT-

MRAM devices are larger than this scale. Recent experiments 

on large arrays of very uniform magnetic bits have found that 

the energy barrier (for �xed element thickness) scales with the 

element diameter (not the diameter squared) [146], consistent 

with the predictions of a recent micromagnetic model [144] 

and the reversal mode pictured in �gure 19(b).

Current and future challenges. Current challenges relate to 

realizing highly uniform magnetic device arrays that meet 

metrics in terms of write voltage, time, energy and error rates. 

This must be achieved in layer stacks, in which the free layer 

has a large perpendicular magnetic anisotropy and exchange 

energy, while forming a large magnetoresistance magnetic 

tunnel junction. Magnetoresistance of up to 500% has been 

achieved in MTJ with large resistance area products [147]. 

Also, tool manufacturers have demonstrated over 200% 

magnetoresistance in junctions with resistance area products 

suitable for STT-MRAM. A future challenge is achieving 

even larger magnetoresistance, which involves a signi�cant 

research effort in thin �lm materials development. Examples 

of interesting materials include—but are not limited too—
fully spin-polarized Heusler alloys and crystalline tunnel bar-

rier materials, which can act as spin-�lters.

Device fabrication also remains a challenge, chie�y 

because the application of reactive ion etching processes has 

been limited. Ion beam etching is typically used to create 

device nanopillars and the redeposition of materials on the 

device sidewalls can be a signi�cant issue, requiring clean-up 

steps that etch pillars at an angle. However, in dense arrays, 

ion beam etching at an angle creates shadows, which is an 

issue with this approach.

Further challenges involve improving device performance, 

including reducing the switching energy and increasing the 

switching speed, while maintaining thermally stable magnetic 
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bits. There is a great deal of interest in harnessing spin–orbit 

torques to switch magnetization [148, 149]. In this approach, 

electrical currents need not �ow through the magnetic layers, 

enabling switching of the free layer of magnetic tunnel junc-

tions with less risk of voltage breakdown; these are 3-terminal 

devices with separate read and write contacts. Further, spin–
orbit torques can switch the magnetization direction of magn-

etic insulators [150], opening up a new set of materials for 

applications, which generally have lower magnetic damping, 

and thus the promise of lower energy operation.

Advances in science and technology to meet challenges. A 

major step forward would be devices that minimize the use 

of currents (as these dissipate energy through Joule heating) 

and instead use electrical �elds to switch magnetization. This 

requires the development of room temperature (and above 

room temperature) multiferroic materials and ferromagn ets, 

as well as antiferromagnets, that can be controlled with exter-

nal electric �elds. Antiferromagnetic materials offer the pos-

sibility of much faster dynamics than ferromagnets, as they 

have much higher intrinsic spin-wave resonance frequencies 

(section 12). A challenge is �nding robust methods to read 

out the state of the antiferromagnet’s Neel vector, but tun-

nel magnetoresistance with metallic antiferromagnets have 

already been demonstrated [151]. There are also very inter-

esting device concepts that make use of topological insula-

tor surface states for magnetization control [152] (section 

4). Advances in the growth of heterostructured samples and 

devices should enable their exploration. This requires �ex-

ibly combining materials, for example, oxides, selenides and 

transition metals. Capabilities for creating and studying these 

types of materials are available and being developed in many 

laboratories.

Concluding remarks. There is a research and development 

effort going on worldwide to meet the challenges of integrat-

ing perpendicular magnetized magnetic tunnel junction nano-

pillars with semiconductor devices. The material set that the 

industry is exploring is presently limited to transition metals, 

transition metal alloys and the tunnel barrier MgO. However, 

as noted above, the success in large-scale integration of magn-

etic devices with semiconductor devices will motivate the 

exploration and introduction of a wider range of materials and 

device concepts, including magnetic devices for logic [153]. 

Thus research exploring new device concepts and interfaces 

is essential to the continued advancement of magnetic infor-

mation storage and processing (section 1). This is an area in 

which there will likely continue to be fundamental advances 

with an important technological impact.
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Figure 19. (a) Schematic of a magnetic tunnel junction nanopillar. The basic device consists of a �xed and a free magnetic layer separated 
by a thin insulating barrier. A current pulse can reorient the magnetization of the free layer magnetization from parallel (P) to antiparallel 
(AP) to the �xed layer and vice-versa. (b) Reversal of the free layer occurs by reversed domain nucleation and expansion in junctions larger 
than a critical size. Reprinted with permission from [144], Copyright 2015 by the American Physical Society. (c) The response of a junction 
to a 20 ns voltage pulse. The current increases when the junction switches from the AP to P state as shown in the blue trace. The reversal 
occurs gradually over several ns indicating a reversed domain expansion mediated reversal. Data on P to AP switching are shown in [143]. 
Reprinted with permission from [143], Copyright 2016 by the American Physical Society.
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12. Antiferromagnetic spintronics
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Status. The �eld of spintronics is tightly related to magnetic 

recording (section 11). Hard drives with spintronic read-heads 

(Nobel Prize 2007) provide a major part of data storage space 

on the internet. Spintronic magnetic random access memories 

are among the leading candidates to complement CMOS in 

future information technology developments, following the 

�nal 2016 issue of the International Technology Roadmap for 

Semiconductors. There are two basic types of magnetic mat-

erials: ferromagnets that have been utilized so far in all magn-

etic memory technologies and antiferromagnets (Nobel Prize 

1970) conventionally considered as theoretically interesting, 

but without practical applications. The alternating directions 

of magnetic moments on individual atoms and the result-

ing zero net magnetization make the antiferromagn etic order 

notoriously dif�cult to control and utilize. This has recently 

changed with discoveries of optical and electrical means of 

controlling antiferromagnetic orders, which opens up the pos-

sibility to unlock a multitude of known and newly identi�ed 

unique features of antiferromagnets for spintronics [154]. 

Among these are the terahertz magnetic resonance frequencies 

in antiferromagnets, compared to the gigahertz frequencies in 

ferromagnets, and the corresponding ultra-high speed limit of 

operation of antiferromagnetic spintronic devices (section 9). 

The range of favorable characteristics of antiferromagnetic 

spintronics further includes non-volatility, radiation and magn-

etic-�eld hardness, no fringing stray �elds, multi-level neu-

ron-like memory-logic functionality, or ef�cient spin-current 

transmission. Materials with antiferromagnetic orders range 

from insulators, semiconductors and semimetals, to metals 

and superconductors (section 5). Apart from memory-logic 

devices, antiferromagnets have the potential to facilitate syner-

gies of spintronics with other highly active �elds of physics, 

such as Dirac quasiparticles (Nobel Prize 2010) and topologi-

cal phases (Nobel Prize 2016) in condensed matter (section 4).

Current and future challenges. Electrical writing of infor-

mation in antiferromagnets: The complete absence of electro-

magnets or reference permanent magnets in the most advanced 

relativistic spin–orbit torque schemes for writing information 

in ferromagnetic spintronic devices (section 11) has inspired 

the search for counterpart schemes of electrical control of 

antiferromagnetic moments. It has been recently proposed that 

when driving a macroscopic electrical current through antifer-

romagnetic crystals whose magnetic atoms occupy inversion-

partner lattice sites (e.g. CuMnAs, Mn2Au), a local relativistic 

�eld is generated, which points in the opposite direction on 

magnetic atoms with opposite magnetic moments. The result-

ing �eld-like Néel spin–orbit torque has been demonstrated to 

allow for a reversible switching of antiferromagnetic moments 

in microelectronic bit cells by electrical current pulses of a 

length ranging from milliseconds to picoseconds [155, 156]. 

The key challenge in the Néel spin–orbit torque switching is 

keeping the current density suf�ciently low when downscal-

ing the pulse-length in order to realize energy ef�cient, ultra-

fast electrical writing of information in antiferromagnets.

Electrical reading of information in antiferromagnets: The 

electrical switching in antiferromagnetic bit cells can be com-

bined with the electrical readout via ohmic anisotropic magne-

toresistance, which, in present devices, is of the order of ~1% 

[154–156]. Previously, ~100% magnetoresistance was demon-

strated in tunneling devices with antiferromagnetic electrodes 

and where the reorientation of antiferromagnetic moments was 

controlled by a magnetic �eld via an attached ferromagnet 

[154]. The challenge is a realization of devices requiring no 

external magnetic �eld, no auxiliary ferromagnets and show-

ing strong magnetoresistive signals that will allow for a large-

scale integration of antiferromagnetic bit cell and fast readout.

Memory and logic in antiferromagnets: Cross-shape 

four-point bit cells allow for applying writing pulses along 

two orthogonal current paths preferring antiferromagnetic 

domains with one or the other orthogonal Néel vector orienta-

tion [154–156]. When stable, these can represent logical 0 and 

1 (�gure 20). It has been also demonstrated that by sending 

successive writing pulses along one direction, multiple-stable 

states can be written in the bit cell. The states correspond to 

multiple domain recon�gurations, can be highly reproduc-

ible and the bit cells can count and store the resulting signal 

of thousands of pulses. Different applications are required to 

control the trade-off among the number of distinguishable 

multi-level states, errors in the readout signals and retention 

stability. The multi-level neuron-like characteristics allow 

for integrating memory and logic within a bit cell and for the 

development of arti�cial neural networks [156].

Antiferromagnetic terahertz- and opto-spintronics: Spin-

torque switching of antiferromgnetic moments by sending 

electrical current via ohmic contacts allowed us to downscale 

the writing pulse length to ~100 ps. Contact-free THz elec-

trical-radiation pulses allow us to reduce the length further 

to picoseconds, employing the same spin-torque switching 

mechanism in metallic antiferromagnets. THz and optical 

laser excitation of antiferromagnetic resonance, combined 

with a time-domain magneto-optical detection (section 7), 

were realized in NiO and other insulating antiferromagnets 

[157, 158] (�gure 21). The challenge is to realize ultra-fast 

and energy-ef�cient magnetic memory-logic components for 

both micro and opto-electronics.

Antiferromagnetic dynamics, spin-textures and nonostruc-

tures: Apart from the potentially orders of magnitude higher 

switching speeds in antiferromagnets compared to ferromag-

nets, the inter-sublattice-exchange driven dynamics in anti-

ferromagnets [159] offer a number of unique prospects for 

spintronic devices, including highly ef�cient transmission of 

spin-information [160]. Moreover, antiferromagnetic domain 

walls are predicted to move with exceptionally high speeds 

and theory also indicates that the speci�c topology of antifer-

romagnetic skyrmions eliminates the transverse de�ection that 
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hinders skyrmion motion in ferromagnets [161] (section 4).  

Control and utility of antiferromgnetic spin-textures and 

nanostructures in spintronic devices is among the major chal-

lenges in the �eld.

Antiferromagnetic materials for spintronics including   

ferrimagnets and synthetic antiferromagnets: Metallic 

CuMnAs and insulating NiO mentioned above are examples 

of the simplest, two-spin-sublattice collinear antiferromag-

nets. Mn3Ir or Mn3Sn are examples of non-collinear crystal 

antiferromagnets showing an anomalous Hall effect compa-

rable to ferromagnets [162]. Ferrimagnets are magnetic crys-

tals with non-equivalent spin sublattices, whose moments 

may or may not be compensated. Synthetic antiferromagnets 

comprise of ferromagnetic layers with alternating magnetic 

moment directions. The challenge in ferrimagnets and synth-

etic antiferromagnets [163] is the trade-off between, on one 

hand, the stronger readout signals they offer compared to the 

compensated crystal antiferromagnets and, on the other hand, 

the slower dynamics and only partially removed stray fringing 

�elds. Multiferroic materials combining antiferromagnetism 

and ferroalectricity (BiFeO3) [164] offer an alternative route 

to making electrically-controlled antiferromagnetic spintronic 

devices.

Interplay of antiferromagnetic and ferromagnetic spin-

tronics: Exchange coupling between adjacent ferromagnetic 

and antiferromagnetic �lms can be used to reorient antiferro-

magnetic moments by an indirect effect of an applied magn-

etic �eld via the exchange spring induced by the reoriented 

ferromagnetic moments [154]. A spin-polarized current 

injected from a ferromagnet was predicted to induce an ef�-

cient antidamping-like torque on the adjacent antiferromag-

net [154, 159, 165]. Vice versa, spin orbit torques induced by 

an exchange-coupled antiferromagnet can switch an adjacent 

ferromagnetic �lm and, moreover, impose multi-level neuron-

like charactaristics of such a bit cell [166].

Topological antiferromagnetic spintronics: Unlike fer-

romagnets, antiferromagnets can have a combined P(space-

inversion)-T(time-reversal)-crystal symmetry required for 

the formation of topological Dirac fermions [167, 168]. 

This allows for opening and closing Dirac band crossings by 

reorienting the Néel vector. The challenge is to demonstrate 

suitable material candidates and to utilize topological antifer-

romagnetic spintronics phenomena for new ef�cient means of 

writing and reading information.

Advances in science and technology to meet challenges.  

On the materials side, the key advance will be the identi-

�cation among new candidates or veri�cation among the 

presently explored materials of the ones that will allow us 

to combine energy ef�cient ultra-fast electrical or optical 

writing, strong readout signals, suf�cient retention stabil-

ity in multi-level non-volatile memory cells, radiation and 

magnetic-�eld hardness and compatibility with integrated 

circuit technologies. On the device side, the key advance 

will be the demonstration of integrated circuits compris-

ing of antiferromagnetic multi-level memory-logic bit 

cells, allowing for information processing and storage up 

to the THz range, combined with arti�cial neural network 

functionalities.

Concluding remarks. Antiferromagnetic spintronics is an 

emerging �eld in which some of the key basic science discov-

eries and proposals have been made only in the past few years. 

The momentum in the �eld is, however, immense now, which 

makes it timely to start exploring not only the fundamental but 

also more applied routes of the utility of antiferromagnets in 

micro- and opto-electronics.
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Figure 20. Example of a bit cell fabricated on a chip of a metallic 
antiferromagnet CuMnAs grown on a III–V or Si substrate ((a) and 
(b)), placed on a standard printed circuit board and connected to 
a computer by a USB port (c). Writing spin-torque current pulses 
representing 1/0 are sent along two orthogonal direction. Readout is 
also electrical via anistropic magnetoresistance. Reproduced from 
[156]. CC BY 4.0.

Figure 21. Example of an excitation of an insulating 
antiferromagnet NiO by a short, ps-pulse of a THz �eld (a) 
demonstrating the THz-scale of antiferromagnetic resonance 
inferred from the optical time-domain detection (b). Reprinted by 
permission from Macmillan Publishers Ltd: Nature Photonics [157], 
Copyright 2010.

J. Phys. D: Appl. Phys. 50 (2017) 363001

https://creativecommons.org/licenses/by/4.0/


Topical Review

27

13. Magnets for energy applications

Oliver Gut�eisch1

1 Material Science, TU Darmstadt

Status. Hard and soft magnetic materials play an impor-

tant role in improving the performance of devices in electric 

power generation (wind turbines), conversion (transformers) 

and transportation (electro-mobility and levitation systems) 

[169]. They are key enablers for improved energy ef�ciency, 

reduced device volume and mass, smart and �exible design 

and reduced ecological impact already and will become much 

more important in the near future when also considering the 

ever increasing applications in ICT, sensors, actuators, auto-

mation and robotics in the industry and domestic contexts. 

Another emerging material class is magnetocaloric materials 

(see also section 5) as a future solid-state based refrigeration 

alternative to conventional gas-vapour compression tech-

nology. All of these technologies heavily rely on magnetic 

materials, which have to be available in bulk quantities and 

at low-cost, and have tailored magnetic hysteresis properties.

At the same time, magnetic materials are a (if not, the) 

prime example where the supply risk of strategic metals, here 

most importantly rare earth elements (REEs), make the devel-

opment of future energy ef�cient technologies vulnerable. A 

criticality assessment looks at the factors’ geological availabil-

ity, geopolitical situation, economic developments, recyclabil-

ity, substitutability, ecological impacts and critical competing 

technologies (in �gure 22, these factors are evaluated for a high 

performance NdFeB permanent magnet dominating the global 

market in value with a low cost-low performance hard ferrite 

dominating the market in mass). Resource criticality is under-

stood here as a concept to assess the potential and risks in using 

raw materials for certain technologies, particularly strategic 

metals and their functionality in emerging technologies [170].

Current and future challenges. The search for new thermo-

dynamically stable magnetic materials not only includes the 

modelling and characterisation of the chemical and physical 

properties of a given candidate material, but also—to be truly 

innovative—the validation of a low cost production on an indus-

trial scale, using non-toxic raw materials and processing routes 

with a low ecological footprint. Looking back across 50 years 

of RE permanent magnets [172], one can state that material 

breakthroughs were driven by speci�c technological demands 

and temporary resource constraints. AlNiCo, CoPt and SmCo 

all contain Co, which was a real problem in the end of the 1970s 

during the Co crisis caused by civil war in Zaire [171]. This 

triggered the discovery of NdFeB [173] and was later followed 

by the ‘rare-earth-crisis’; at its height, the prices of the individ-

ual elements were multiplied by an order of magnitude within a 

few months in 2010 and 2011, and, in the case of Dy, by a factor 

of 20. Despite numerous economical, technological and scien-

ti�c efforts, including large coordinated research programmes 

in various countries since 2011, the world continues to be 

entirely dependent on Chinese rare earth production and market 

policies. China’s internal demand for REEs for magnets alone 

is estimated to increase by 6–8% per year in the coming years; 

at the same time, it is expected that global demand for magnets 

will increase strongly as wind power and electric mobility will 

gain more importance (at the moment these applications actu-

ally only account for a small fraction of the used magnets). On 

the other hand, global resources of light rare earths are, in prin-

ciple, more than suf�cient to furnish these technologies, even 

when growing drastically, for centuries to come.

Magnetic hysteresis—and its inherent energy product—char-

acterises the performance of all magnetic materials. Different 

working conditions and applications require different magnetic 

materials with optimized key parameters, like magnetization, 

magnetic anisotropy and magnetic reversal mechanisms. The 

design of hysteresis for novel materials requires an expanded 

detailed knowledge on different length scales, as shown in �g-

ure 23 [174]. The smallest length scale involves the understand-

ing of the role of individual (e.g. substitutional) atoms/ions and 

their interatomic con�guration spheres for intrinsic magnetic 

anisotropy. The second step requires a detailed knowledge about 

the coupling of different magnetic phases across interfaces and 

grain boundaries on the nanoscale. The nano/microstructure is 

another important parameter that is determined by the process-

ing steps during materials synthesis. Only in some rare cases of 

permanent magnets obtained e.g. by thin �lm techniques could 

a coercivity exceeding 20–30 percent of the anisotropy �eld be 

achieved; the discrepancy is known as the ‘Brown’s paradox’ 
[175]. This reduction is principally attributed to microstruc-

tural effects or local magnetic softening by chemical, structural 

or geometrical irregularities. On the other hand, it is exactly 

this deviation from the ideal structure which is needed for an 

ef�cient magnetic hardening mech anism based on pinning or 

nucleation. It is the combination of advanced synthesis, char-

acterisation with atomistic resolution [176] (see also sections 1 

and 6) and modelling on density functional theory (DFT) and 

microscopic levels, which enhances the required understanding 

of local magnetisation reversal [177].

Another huge challenge is the development of RE free per-

manent magnets, which could �ll the above mentioned gap in 

Figure 22. Spider chart (0—no risk, 4—high risk) analysing the 
criticality factors of metals—here a qualitative comparison of 
high performance NdFeB permanent magnet with low cost-low 
performance hard ferrite. [171] 2016 © Springer-Verlag Berlin 
Heidelberg. With permission of Springer.
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performance between NdFeB and ferrites. Achieving a very 

strong magnetic anisotropy in a 3d material is a dif�cult, but 

not an impossible task [178]. It is dif�cult because there is no 

general recipe (necessary condition) for a strong anisotropy 

in a band magnet. The principle ways forward are (a) induced 

non-cubicity or interstitial or substitutional tetragonalisation, 

(b) volume expansion, (c) exploration of 3d–5d binaries and 

(d) the general search driven by combinatorial and theoretical 

methods for new compounds. There are also a number of com-

pounds [178, 179], which are currently revisited as modelling 

and characterisation tools, as well as processing methods, that 

are advancing quickly.

Another huge potential energy application for magnets is 

cooling. Emerging economies, such as China and India, are 

currently experiencing a ‘refrigeration revolution’. Energy 

spent for domestic cooling is expected to surpass that for 

heating worldwide over the course of the twenty-�rst century 

[180]. Gas-vapour compression technology for refrigera-

tion, heating, ventilation and air-conditioning has remained 

unchallenged for more than 150 years. Magnetic refrigeration 

could be that solid state alternative working without refriger-

ants with high global warming potential. The magnetocaloric 

effect is the reversible change of the thermodynamic varia-

bles of a sample—temperature T and entropy S—as a result 

of a variation of the applied magnetic �eld. When brought 

into a magn etic �eld, e.g. generated by a permanent magnet, 

the entropy decreases from the �eld-induced ordering of the 

magn etic moments. Magneto-, elasto-, baro- and electro-

caloric can be summarised under ferroic cooling. It is the 

simultaneous application of these different stimuli which is 

currently stimulating the most research [181]. Materials with 

a critical temper ature near room-temperature are the basis for 

the design of caloric refrigeration devices. Actively heating 

these caloric mat erials with ‘waste’ heat can produce elec-

tric power in a device. Implementation of such thermomagn-

etic power generation technology requires highly responsive 

materials with operation temperatures between room temper-

ature and 600 K.

Advances in science and technology to meet challenges. More 

powerful computers and codes will at some stage enhance the 

predictive power and enable more accurate screening of crys-

tal structures, thermodynamic stability and the intrinsic magn-

etic properties of complex and multi-element intermetallics at 

�nite temperatures. For the time being, the accuracy is limited 

and step by step concurrent validation with the experiment is 

needed. The highest resolution in time and space in operando 

analytical techniques are required to pinpoint, for example, the 

local nucleation of the critical magnetisation reversal process. 

Quanti�cation of local magnetization, anisotropy and coupling 

across interfaces correlated with (defect) structure and chemis-

try is needed; the spatial and angular correlation of nanoscale 

stoichiometry and structure to magnetism is required, and the 

quantitative extraction of the orbital—spin magnetic moment 

and the probing of the hysteretic properties of individual ele-

ments in a compound should ultimately be achieved. Needless 

to say that all of the above will be equally useful for all other 

material classes covered in this review.

Concluding remarks. Along the value chain, the research and 

development activities in magnets for energy applications should 

be driven by (a) the sustainable primary mining of REE deposits, 

(b) the reduction and elimination of critical REEs (Dy, Tb, Gd) 

by novel microstructures and processing routes, (c) the utilisa-

tion of excess REEs (Ce and La) for ‘rare-earth balance mag-

nets’, (d) the development of powerful REE-free magnets and 

(e) the ef�cient exploitation of the urban mine, the technosphere 

(recycling) to avoid dissipation of critical resources. Future mag-

net products and devices may be used in conditions which are 

not compatible with current magnet technology, such as smaller 

dimensions, in more complex shapes, higher integrated appli-

cations and extreme environmental/chemical conditions. On the 

micro/macroscale, modern additive manufacturing processes, 

such as 3D printing, allow, in principle, novel magnet designs 

[182, 183], but at this stage lack a detailed understanding of the 

correlation of the fabrication process and materials properties, as 

well as the validation of useful magnetic properties.

Figure 23. Hysteresis is related to the intrinsic and extrinsic origins listed and grouped in the �gure. Detailed investigations are needed to 
understand how to master the hysteresis problem on these different length scales. Reproduced with permission from [174].
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14. Magnetophoretic technology

CheolGi Kim1
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Status. Novel magnetophoretic technologies aiming towards 

bio-medical applications have tremendously advanced for bio-

molecule separation, gene delivery and transfection, disease 

diagnosis and therapy on an individual cell level [184, 185]. In 

particular, the versatility of magnetic shuttle technology has 

great potential in the logical manipulation of a speci�c cell 

selection, capture, transport and encapsulation with the sup-

port of superparamagnetic iron oxide nanoparticle (SPION) 

carriers within the magnetophoretic platform [186, 187], as 

depicted in �gure 24. Here, the shuttling performance relies 

on both magnetic energy and force tunability on the periphery 

of the micro-and nano-patterned magnetic structures, fabri-

cated by successive procedures of photolithography and mag-

netron sputtering deposition, and their logical manipulation is 

accomplished by the remote control of an external magnetic 

�eld [186, 188–190].

Various approaches have been developed for living cell 

shuttling along tracks composed of soft magnetic materials 

[186], and using current lines [191]. Separation of different 

species based on the carriers’ size or susceptibility has also 

been demonstrated by their non-linear dynamics, modulat-

ing the phase-locked and phase-slipping modes by tuning the 

applied �eld strength and frequency [192]. Drawing inspira-

tion from general circuit theory and magnetic bubble technol-

ogy, a class of integrated circuits was reported for executing 

sequential and parallel, timed operations on an ensemble of 

single particles and cells [186]. The integrated circuits consist 

of lithographically fabricated, overlaid patterns of magnetic 

film and current lines. The magnetic patterns allow us to con-

trol the cells, along with magnetophoretic passive elements 

analogous to the electrical circuit elements of conductors, 

diodes, capacitors, etc. The current lines can actively switch 

the cells between different tracks similar to gated electrical 

transistors. When being driven by a logic clock of magnetic 

field, these integrated circuits have general multiplexing func-

tions and enable the precise control of magnetizable carriers 

into multiple array rooms.

Current and future challenges. Magnetic carriers are utilized 

via the endocytosis of SPIONs in the cells, or the biochemi-

cal binding of nanoparticle embedded beads with cell surface 

proteins [184, 185]. With ~100 nm thick patterns, the gov-

erning force is more or less 10 pN, with the force equation, 

F =

µ0(χvV)
2

∇
(

H
2
)

. Here, the effective magnetic susceptibil-

ity, χv of a cell volume conjugated with 2  ×  104 particles is 

0.01–1.0 (SI), where the magnetic moment of a SPION bead 

particle is approximately 5  ×  10−15 emu. Even though local 

�eld caused from an approximately 100 nm thick �lm is lim-

ited to a small region of a few µm in height, compared with 

entire cell size, it is possible to generate speeds of ~100 µms−1 

for a few microns sized cell.

The developed single cell manipulation and trapping 

technology enables; (i) high throughput gene transfection, 

(ii) inter-cellar interaction, (iii) analysis of cellular biomol-

ecules, such as proteins and nucleic acids. Gene transfection 

based on micro-magnetic arrays overcomes the cell damage 

of electric �eld during the electroporation with regulated dos-

ages through the tiny pores in an array of micro-pores. Also 

magnetic patterned arrays equipped with a proper microscope 

can offer the opportunity for further analysis of invasive inter-

cellar interaction. However, further manipulation logic is 

required to extend the total number of cells beyond 105 for 

obtaining the ensemble-averaged information.

Moreover, for the analysis of cellular biomolecules, such as 

proteins and nucleic acids, it is still challenging to understand 

the molecular level of cell-to-cell variations, i.e. cell heteroge-

neity. Prior to performing single-cell analysis (cell heteroge-

neity), the following key technologies are required; (i) sorting 

of cells into subpopulations, (ii) shuttling and trapping of the 

cells into isolated array rooms, (iii) disruption of the mem-

brane leading to lysis and release of biological components, 

and (iv) molecular analysis using highly sensitive bioassays.

Advances in science and technology to meet challenges.  

Although there have been lots of advancements in magnetic 

shuttling technology, still no single magnetophoretic technique 

encompasses the scalability, �exibility and automation that 

will allow individual cell manipulation and cell analysis with 

the required integration level of computational circuitry logic 

[193]. In particular, there is an urgent need for tools to orga-

nize large arrays of single cells and cell-cell pairs, which afford 

to evaluate the temporal responses of individual cell and cell-

pair interactions over long durations, and retrieve specific cells 

from the array for follow-on analyses. The desired capabilities 

of single-cell arrays bear a strong resemblance to the magnetic 

random access memory (MRAM) computer chip logic (see 

�gure 25, for instance), including the ability to allocate single 

cells in speci�c locations of the chip (writing data), and retrieve 

them towards future time points (reading data) to query the 

biological informatics of specified cells for their heterogeneity 

analysis and new understanding of cellular activities.

The M  ×  N crossbar array used in a multiplexing architec-

ture is inspired by the ‘word’ line and ‘bit’ line architecture 

of static MRAM circuits. If the circuitry is further optimized,  

it is possible to estimate these arrays, which can store  >105 

cells cm−2 based on the 10 µm lower limit of a typical 

cell diameter [186]. Although this performance pales in 

compariso n with the speed of modern computer circuits, it 

is acceptable to increase the scale of operations by partition-

ing this circuit into a multicore processor format. This system 

is thus highly relevant to the burgeoning field of single-cell 

informatics that requires programmable systems to automate 

the separation of different cells either actively or passively, 

place single cells and single-cell pairs into large arrays, char-

acterize their non-invasive cellular interactions over long peri-

ods of time and selectively retrieve the single cells at future 

time points for invasive individual cells analyses using a mag-

netoresistive (MR) sensor.
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MR biosensor technology is an emerging method for the 

detection of speci�c biomolecules, due to its unique advan-

tages in detecting selective biomarkers through the local stray 

field of their magnetic labels, which are conjugated to the spe-

ci�c target molecules [194]. A few nanometer sized beads are 

considered as detection labels for cellular biomolecules, such 

as proteins and nucleic acids, where the magnetic moment 

of a 100 nm bead is estimated to be 10−13 emu. One mole-

cule in a cell volume of pL (~10 µm size) corresponds to a 

pico-molar (pM) concentration. The recently developed MR 

sensors have reached ~ fM resolution, where the minimum 

detectable label numbers are only a few hundred. Thus, it is 

reasonably acceptable to discriminate the molecular heteroge-

neity in a few hundred copies. However, it is challenging to 

detect a single molecule even though a planar Hall resistive 

sensor demonstrated magnetic moment resolution as low as 

10−13 emu [195].

Concluding remarks. The utilization of superparamagnetic 

particles as the force-transmitting carrier has been particularly 

promising, because the absence of remanence or coercivity 

in their magnetization loops at room temperature suppresses 

static forces and does not promote particle clustering in the 

absence of an external �eld. With the help of these carriers, 

large-scale cell multiplexing for a scale up to the centimeter 

size offers the prospective potential for a magnetophoretic 

platform that would offer attractive approaches for rapid 

sequential or parallel manipulation operations. The ability to 

manipulate individual cells with the precision and paralleliza-

tion logic of modern computer memory has profound applica-

tions, both for non-invasive inter-cellar interaction analysis in 

devices equipped with a proper microscope, and for invasive 

biochemical detection, gene sequencing of single cells by the 

integrated magnetoresistive sensors.
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