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Spin and Charge Transport in Antiferromagnets 

R. L. Seeger,1 O. Gladii,1 L. Frangou,1 G. Forestier,1 M. Leiviskä,1 A. Hallal,1 P. Noël,1 S. Auffret,1  
M. Rubio-Roy,1 I. Joumard,1 L. Vila,1 M. Chshiev,1 S. Gambarelli,2 A. I. Buzdin,3 M. Houzet 4  

and V. Baltz 1,* 
1 Univ. Grenoble Alpes, CNRS, CEA, Grenoble INP, IRIG-SPINTEC, F-38000 Grenoble, France 

2 Univ. Grenoble Alpes, CNRS, CEA, IRIG-SYMMES, F-38000 Grenoble, France 
3 Univ. Bordeaux, CNRS, LOMA, F-33400 Talence, France 

4 Univ. Grenoble Alpes, CEA, Grenoble INP, IRIG-PHELIQS, F-38000 Grenoble, France 
*vincent.baltz@cea.fr 

Antiferromagnets have attracted interest for use of their spin-dependent transport properties in 
electronic devices [1,2]. Towards this end, determining the characteristic lengths promoting spin 
dependent transport as well as understanding how antiferromagnetic spin structures [3,4] and spin 
textures [5,6] influence transport are some of the basic points that deserve to be investigated. 

In this talk, I will first discuss experiments of spin injection and propagation in antiferromagnets. 
I will show how we demonstrated experimentally [7] the theoretical prediction [8] of the interplay 
between linear spin fluctuations and the spin mixing conductance, therefore opening perspectives 
for studies of critical phenomena in thin films of antiferromagnets. 

In search for non-linear spin fluctuations [9], I will then detail how we found experimental 
evidence of an overlooked effect: self-induced spin-charge conversion in the ferromagnetic spin-
injector, corroborating the results of first-principle calculations [10]. 

Beyond spin currents, I will finally introduce a stimulating example of how antiferromagnets and 
superconductors [11] may envision a common future by showing how we inferred essential 
information using Cooper pair transport through antiferromagnets [12]. 

Acknowledgements: This study was partially supported by the French national research agency 
(ANR) [Grant Number ANR-15-CE24-0015-01], KAUST [Grant Number OSR-2015-CRG4-2626], 
and the CEA’s bottom-up exploratory program (Grant Number PE-18P31-ELSA). 
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Pt/Co/X Multilayers with Antiferromagnets and Strain 

Thomas A. Moore 
School of Physics & Astronomy, University of Leeds, UK 

Pt/Co/X multilayer thin films with perpendicular magnetic anisotropy where X = AlOx, Ir, for 
example, have been of interest for a number of years due to the fast domain wall motion [1], spin-
orbit torques [2], interfacial Dzyaloshinskii-Moriya interaction (DMI) [3] and skyrmions [4].  Here I 
present ways of manipulating Pt/Co/X multilayer properties with antiferromagnets (AF) and strain: 
(i) by using X = IrMn, (ii) by growing the multilayers on piezoelectric transducers, or on BaTiO3 
(BTO) substrates, or on BiFeO3 (BFO) thin films. 

The metal films in this study were grown by dc magnetron sputtering and the BFO films by pulsed 
laser deposition.  In the Pt(2.0nm)/Co(1.0nm)/IrMn(t) system, wide field Kerr microscopy was 
used to characterize the ferromagnetic (FM) Co domain morphology and domain wall pinning as a 
function of the IrMn thickness t, while the interfacial DMI was measured by Brillouin light scattering. 
At room temperature we found that, as t increases beyond 1.7 nm, AF-FM coupling develops [5] 
and correlates with an increase in the domain wall pinning site density.  

For Pt(2.5nm)/Co(1.0nm)/Pt(1.5nm) and Pt(4.0nm)/Co(0.6nm)/Ir(5.0nm) on piezoelectric 
transducers, the anisotropy induced by piezoelectric strain was measured via the anomalous Hall 
effect (AHE) in Hall bars at room temperature. Under 0.1% tensile out-of-plane strain, the 
perpendicular magnetic anisotropy decreases by approximately 10 kJ/m3 [6], while a similar strain 
in-plane can be used to generate an in-plane anisotropy.  

The domain morphology in Pt(2.3nm)/CoFeB(0.7nm)/Ir(0.5nm) multilayers deposited on BTO 
was imaged by wide field Kerr microscopy in the temperature range 9-330 K. Here, at room 
temperature, the demagnetized FM domain state is a maze domain pattern, but the “a” and “c” 
domains in the BTO introduce an in-plane strain that forces the FM domains into stripes with a 
particular orientation (Fig. 1).  

Finally, the hysteresis in Pt(1.5nm)/Co(0.8nm)/Pt(4.0nm) Hall bars grown on BFO was measured 
by AHE, and we found that perpendicular anisotropy develops in the Pt/Co/Pt as the BFO thickness 
increases from <20 nm (tetragonal phase) to >30 nm (mixed tetragonal and rhombohedral phase), 
thus demonstrating the influence of the BFO phase on the anisotropy of neighbouring FM 
multilayers. 

Acknowledgements: This study was partially 
supported by EPSRC (incl. EP/K003127/1, 
EP/M000923/1), EU ITN “WALL” Grant No. 
608031), the Henry Royce Institute, NIST 
(Boulder), EXTREMAG (Exeter), Al Jouf 
University (Saudi Arabia), SUSTech (China) 
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1161 (2018). 
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08:30~09:00 Monday, 7 June 

 

 
Fig. 1. Kerr microscope image at room 
temperature of domains in a Pt/CoFeB/Ir 
multilayer (~1 µm-scale stripes) grown on a 
BTO substrate (10-20 µm-scale stripes). 
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Anisotropy in Antiferromagnets 

G. Vallejo-Fernandez,1 A. Hirohata,2 M. Probert 1 and K. O’Grady 1 
1 Department of Physics, University of York, York, YO10 5DD, UK 

2 Department of Electronic Engineering, University of York, York, YO10 5DD, UK 

In 2014 it was announced that significant spintronic phenomena also occurred in metallic 
antiferromagnetic (AF) materials [1]. The phenomena that have been observed in AF materials are 
an unexpected spin-Hall effect and critically the ability to manipulate the orientation of the AF axes 
using a spin polarised current pulse. This latter phenomenon is of great importance as it has been 
shown that an AF material has a relaxation time limited by the Arrhenius behaviour observed, which 
is a factor of 1000 times faster than in a typical ferromagnetic device [2]. Hence, in principle, the 
switching time and the long term stability of an AF based storage or switching device would be 
capable of being many times faster than a conventional MRAM device which itself switches faster 
than CMOS. Such systems would require significantly lower power and any resulting orientation 
would not be subject to the normal demagnetising field effect that limits the performance of a 
ferromagnetic device. Because of these potential major advantages and the new physics involved 
in manipulating an AF material, the level of worldwide research in AF materials has burgeoned. 
For both potential storage and switching applications, the anisotropy of AF materials will be a 
critical parameter whose origin(s) are not yet understood. 

We have recently been awarded a 4 year EPSRC grant to try and address this via an integrated 
theoretical and experimental study. The theoretical programme will focus on DFT modelling which 
requires no assumptions regarding, for example, crystal structure. This is important for the widely 
used system IrMnx where the AF anisotropy KAF increases for the non-stoichiometric (x>3) 
composition. The experimental programme will focus on the measurement of KAF using a technique 
developed by our group which is based on the exchange bias effect [3].  

There are two cubic AF alloys with high anisotropy used in devices. These are PtMn and the 
complex alloy IrMn. The former is a simple L10 fcc alloy with spin ordering along (111) planes. A 
simple fcc L10 alloy such as PtMn is an ideal starting point to examine those factors which affect 
the anisotropy due to its simplicity. This will enable those key parameters to be assessed such as 
compositional variations, variations in the lattice parameter, defects, etc. The modelling of the alloy 
IrMnx is more complex. However, the basic computational requirements will be the same as those 
for PtMn. In principle the composition to be studied is IrMn3. However, in practice, this composition 
does not give rise to a large exchange bias when coupled to a standard F layer such as Fe60Co40. 
The optimum exchange bias for this widely used system is found to occur around the composition 
IrMn4 while the optimal thermal stability, i.e. KAF, is found to be closer to IrMn5. These compositions 
will be disordered as compared with the stoichiometric alloy and hence the degree of order and 
the stoichiometry are influencing the anisotropy in complex ways.  

Information gained in the earlier parts of the project will be used to validate our approach and 
conduct a search for new AF materials: if we search for AFs that contain both Fe and Mn, do we 
find the known γ-FeMn alloy? This is a non-trivial challenge as it involves searching a wide range 
of structures and possible stoichiometries. Once validated, we can then search X-Mn binary 
compounds to see what new AF materials are possible and evaluate their properties. In particular 
we will focus our attention on the equiatomic alloy MnN. In this talk I will present some preliminary 
data and give an overview of the project. 

Acknowledgements: This study was partially supported by the UK [EPSRC(GB)] (No. 
EP/M02458X/1). G.V.F. also acknowledges financial support from the Royal Society (No. 
INF\R1\180070). The new study will be supported by the UK [EPSRC(GB)] (No. EP/V047779/1). 
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Atomistic Modelling of Antiferromagnets 

Joseph Barker and Sean Stansill 
School of Physics and Astronomy, University of Leeds, United Kingdom 

Antiferromagnetic spintronics is a rapidly growing 
field. With magnetic moments ordered antiparallel 
on an atomic scale, atomistic formalisms are the 
ideal tool to model these materials. In this talk we 
introduce various atomistic methods such as spin 
dynamics, quantum thermostats [1] and 
constrained Monte Carlo [2] which we use to model 
antiferromagnets. We will present results from our 
models of Cr2O3 – the prototypical uniaxial 
antiferromagnet and NiO – the prototypical easy 
plane antiferromagnet. Theoretical models used to 
understand experiments make strong assumptions 
for example that the anisotropy of these 
antiferromagnets is a local magneto crystalline 
anisotropy. In fact, the dominant anisotropy is a 
dipole anisotropy. Our calculations show that the 
temperature dependence of this anisotropy can be 
very different from naïve assumptions due to the 
dipolar origin. This has repercussions for the spin-
flop fields and closing of the magnon gap which are 
important for spin transport through antiferromagnets. 

Acknowledgement: This study was supported by the Royal Society 

References:  
[1] J. Barker and G.E.W. Bauer, Phys. Rev. B 100, 140401 (2019). 
[2] P. Asselin et al., Phys. Rev. B 82, 054415 (2010). 
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Fig. 1 Temperature dependence of magnetic 
anisotropy in Cr2O3 showing the dipole 
anisotropy increases with temperature, 
different from the naïve assumption of 
reducing proportional to m(T)2. 
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Laser-induced magnetization dynamics in synthetic antiferromagnets 

Shigemi Mizukami 1,2,3 and S Iihama 1,4 
1 WPI AIMR, Tohoku Univ., Sendai 980-8577, Japan 

2 CSRN, Tohoku Univ., Sendai 980-8577, Japan 
3 CSIS (CRC), Tohoku Univ., Sendai 980-8577, Japan 

4 FRIS, Tohoku Univ., Sendai 980-8577, Japan 

There is renewed interest in antiferromagnets [1-4]. One fundamental issue is to understand 
how we can manipulate and utilize Neel vector of antiferromagnets. Another interest is to explore 
rich physics originating from antiferromagnetic dynamics. Here we focus synthetic 
antiferromagnets (SyAFs). SyAFs are layered structures of ferromagnet/ nonmagnet/ 
ferromagnets with interlayer antiferromagnetic coupling. One can easily tune properties of SyAFs 
with optimizing materials and stacking; thus SyAFs are well suited to explore spin physics unique 
to antiferromagnetism [2]. So far, we studied magnon dynamics in SyAFs using various techniques 
utilizing microwave, spin-orbit torque, and ultrashort laser pulse [5-8]. In this talk, we discuss 
magnon dynamics in SyAFs observed by an all-optical pulse laser technique. We demonstrated 
that two eigen modes, namely acoustic ferromagnetic and optical antiferromagnetic magnon 
modes, can be excited and probed by ultrashort laser pulses, which enabled us to observe the 
damping enhanced by the mutual spin pumping [5]. Furthermore, we found nonlinear magnon 
dynamics in SyAF, the so-called parametric amplification of magnons due to the coupling of 
ferromagnetic magnon and antiferromagnetic magnon in SyAFs [6]. We will also discuss 
manipulation of magnon using light helicity [9]. 

Acknowledgements: This study was partially supported by KAKENHI (No. 21H04648) and 
CSRN. 
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044036 (2020). 
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118, 032403 (2021). 
[9] S. Iihama, K. Ishibashi, and S. Mizukami, Nanophotonics 10, 1169 (2021). 
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Spin-Orbit Torque MRAM: Fundamentals, Technology Integration, Perspectives 

Kevin Garello 
Spintec – Univ. Grenoble Alpes, CEA/CNRS, F-38000 Grenoble, France 

Microelectronics industry is facing major challenges related to the volatility of cache memory 
elements (usually SRAM and eDRAM). Indeed, due to decreasing devices size, leakage current 
in standby mode are now dominating the power dissipation, and the increased density lead to heat 
dissipation and reliability issues. Consequently, the introduction of non-volatility (NV) at cache level 
holds great promises for advance logic nodes as it would lead to improved performances and 
largely decrease the power consumption of microprocessors. Among NV memory technologies, 
magnetic random-access memory (MRAM) technology [1], has gained a lot of attention due to its 
scalability, low power and relatively low access times, as well as a compatibility with scaled CMOS 
processes and voltages. In fact, past years have seen major foundries and tool suppliers investing 
significant R&D resources into embedded Spin-Transfer-Torque (STT)-MRAM, and they recently 
started producing chips using beyond 28 nm technology node. Despite all these advantages, STT-
MRAM also faces several challenges: i. the write process is still relatively inefficient and long 
compared to SRAM, ii. speed gain requires to increase current flowing through the bit cell – the 
magnetic tunnel junction (MTJ) –, which imposes a severe stress and leads to a reduced 
endurance of the MTJ and increased error rates. Today, this mostly limits the use of STT-MRAM 
for slow SRAMs and eFlash replacements in caches memories. 

Spin-Orbit Torque (SOT) is an alternative MRAM writing mechanism originating from the spin-
orbit interaction and mediated by Spin Hall and Rashba effects [2]. SOT distinguishes by offering 
the possibility to switch magnetization using in-plane currents, unlike STT that requires a current 
flow in the perpendicular direction through MTJ. Derived memory concept, SOT-MRAM [3], 
promises to mitigate some of the above issues as the three terminal geometry allows isolating the 
read and the write path. Indeed, it results in significant improvement of the read stability, the write 
speed and the endurance of the device; therefore opening the path to address SRAM replacement 
in lowest cache level by MRAM. 

Across this presentation, I will cover the different challenges to take up SOT-MRAM from material 
and stack optimization to technology large-scale integration and circuit design. I will describe 
typical full-scale integration process of perpendicular magnetized SOT-MRAM devices on 300mm 
wafers, using manufacturable field free methods and CMOS compatible processes [4,5]. Finally, I 
will discuss progress challenges in material development, as well as cell and architecture design 
required to bring SOT-MRAM toward industrial maturity. I will conclude on some opportunities to 
diverse its application spectra, notably in the field of machine learning. 

References:  
[1] B. Dieny et al., Opportunities and challenges for spintronics in the microelectronics industry, 
Nat. Electron. 3, 446 (2020). 
[2] A. Manchon et al., Current-induced spin-orbit torques in ferromagnetic and antiferromagnetic 
systems, Rev. Mod. Phys. 91, 035004 (2019). 
[3] G. Prenat et al., Ultra-fast and high-reliability SOT-MRAM: From cache replacement to normally-
off computing, IEEE Trans. Multi-Scale Comput. Syst. 2 (1), 49-60 (2015). 
[4] K. Garello et al., SOT-MRAM 300mm integration for low power and ultrafast embedded 
memories, IEEE Symposium on VLSI Circuit 81-82 (2018). 
[5] K. Garello et al., Manufacturable 300mm platform solution for Field-Free Switching SOT-MRAM, 
IEEE Symposium on VLSI Circuit 194-T195 (2019). 
  

 
10:40~11:10 Monday, 7 June 

 

Session 2 
D

ay 1  



 – 9 – 

Nanosecond Probabilistic Bit with Stochastic Magnetic Tunnel Junction 

Shunsuke Fukami 1-5 
1 Research Institute of Electrical Communication, Tohoku University, Japan 
2 WPI-Advanced Institute for Materials Research, Tohoku University, Japan 

3 Center for Science and Innovation in Spintronics, Tohoku University, Japan 
4 Center for Science and Innovation in Spintronics, Tohoku University, Japan 

5 Center for Innovative Integrated Electronic Systems, Tohoku University, Japan 

Probabilistic, or stochastic, behavior has been usually a cause of trouble in the conventional 
magnetics and spintronics. Basic understanding of the probabilistic behavior of nanomagnet was 
established by Néel [1] and Brown [2] about a half a century ago and since then most of the efforts 
have been devoted to suppressing the stochasticity of nanomagnets and making them stable 
against thermal fluctuation. In 1981, Feynman gave a suggestion of an unconventional computing 
scheme, so-called the probabilistic computing, where computation is based on the probabilistic 
behavior of physical systems [3]. Probabilistic bit (p-bit), having a functional compatibility with 
quantum bits used in quantum computers, is a fundamental unit of the probabilistic computer, 
whose output fluctuating in time between 0 and 1 can be controlled by external input. Recent 
studies have revealed that spintronics has a great potential to realize the p-bit. 

In this presentation, I will first describe a proof-of-concept demonstration of the probabilistic 
computing based on a spintronics technology [4]. Stochastic magnetic tunnel junction (MTJ) with 
a perpendicular easy axis is designed to constitute the p-bit. Then, the eight p-bits are implemented 
into a rudimentary probabilistic computer and integer factorization is performed as an illustrative 
example of combinatorial optimization problems. Integers up to 945 are confirmed to be 
successfully factorized. 

In the next, I will discuss the device physics and technology of the stochastic MTJ to show faster 
fluctuation [5,6], which is necessary to address large-scale problems with a reasonable time and 
accuracy. According to the conventional understanding, fast fluctuation could be achieved by 
lowering the height of the energy barrier between the bistable states. However, we find that this is 
not sufficient, and the inverse of attempt frequency is more dominant to reduce the relaxation time. 
Also, we reveal that in-plane easy-axis MTJ allows one to control the energy barrier and attempt 
frequency almost independently due to its three inequivalent anisotropy axes [5]. Following this 
insight, we fabricate in-plane stochastic MTJ and achieve the relaxation time down to 8 ns at 
negligible [6]. 

Acknowledgements: This study have been carried out in collaboration with H. Ohno, S. Kanai, 
W. A. Borders, K. Hayakawa, K. Y. Camsari, and S. Datta, and was partially supported by JSPS 
KAKENHI No. 19H05622, and JST-CREST No. JPMJCR19K3. 
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Approaches to Overcome the Challenge of Low Power MRAM 

R. Carpenter,1 W. Kim,1 S. Rao,1 K. Sankaran,1 Y. C. Wu,2 D. Costa,1 S. Mertens,1 S. Kundu,1  
L. Souriau,1 S. Van Beek,1 A. Trovato,1 N. Jossart,1 S. Houshmand Sarifi,1 F. Yasin,1 K. Garello,3  

J. Swerts,1 S. Couet,1 D. Crotti 1 and G. Sankar Kar 1 
1 imec – MRAM Team, Leuven, Belgium 

2 TSMC – Taiwan 
3Spintec – Grenoble, France 

Rapid advancements in embedded memory technologies have opened the market to a wide 
variety of applications ranging from MCUs to data-centric artificial intelligence (AI) applications. 
Vast amounts of data are generated in the AI space with its continuous transfer to the server being 
both time and energy prohibitive, requiring fast, high density memories. Edge computing, where 
data is stored and processed close to the application, has been proposed as a solution. STT-
MRAM technology is an attractive candidate for edge computing memory owing to its high 
endurance (> 1012 cycles), negligible leakage and non-volatility [1-2]. To enable adoption of 
eMRAM in low power applications, a further reduction is needed in the active (write) power 
consumption. 

In this presentation, the challenges for low-power switching for standard STT-MRAM will be 
reviewed in the context of the requirements of the targeted applications. A review of proposed 
solutions will be covered, with a particular focus on 1) double-MTJ (D-MTJ) MRAM (fig.1) [3], 2) 
the Voltage Control of the Magnetic Anisotropy (VCMA) [4] and 3) a hybrid Spin-Orbit Torque and 
VCMA approach (fig.2). 

Acknowledgements: This work is supported by imec’s Industrial Affiliation Program on STT-
MRAM devices. The authors would also like to acknowledge the support of imec’s fab, line, MCA 
and hardware teams. 
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Fig. 2 (a) Illustration of the VGSOT 
writing scheme. (b) Multi-pillar 
VGSOT cell structure with targeted 
4MTJ on a SOT track [5]. 

 
Fig. 1 (a) Schematic of a standard single MTJ (S-MTJ), 
(b) a table summarising the key metrics with a 
comparison of the dependencies with respect to the S- 
and D- MTJ, (c) Schematic of a D-MTJ and (d)/(e) the 
respective cross-section TEM images. 
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Fig 2. Table with accompanying schematics, highlighting the differences between the Double-MgO BP and Double-MTJ STT-MRAM 
designs and the associated trade-offs.
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Superparamagnetic Tunnel Junctions 

Sara A. Majetich, Brad Parks and Hao Chen 
Physics Department, Carnegie Mellon University, USA 

Interacting nanomagnets with low thermal stability have been proposed for probabilistic 
computing, which has potential uses in low power sensing and logic, encryption and decryption, 
and integer factorization [1]. The similarities and differences between superparamagnetic 
nanoparticles and electronically controlled superparamagnetic tunnel junctions will be reviewed, 
including a comparison of the Stoner-Wohlfarth asteroid and its tunnel junction equivalent. Next 
the differences between deterministic and probabilistic logic will be discussed. Boltzmann 
machines based on interacting spins, and how they achieve the lowest energy states with greatest 
statistical probability are described. By controlling the interaction strengths, probabilistic logic gates 
can be realized. Superparamagnetic tunnel junctions (SP-MTJs) are an ideal type of nanomagnet 
because their time-averaged magnetization of the free layer can be programmed with a voltage or 
current [2, 3]. Fabrication of hard-wired magnetic tunnel junctions (MTJs) and incorporation in 
hybrid CMOS circuits are described. Experimental results for two example logic gates will be 
discussed: first the simple NOT gate formed from two coupled MTJs, and then a more complex 
AND gate made from three coupled MTJs. The feedback for the NOT gate leads to very high anti-
correlations (~95%) and is nearly deterministic in behavior. With the AND gate, we start with a 
theoretical discussion of the feedback weightings, and corresponding Boltzmann factors for the 
probabilities of different microstates. The effect of pinning the output on invertibility of the logic 
gates is shown in terms of energy levels and probabilities. A metric based on pairwise comparison 
of microstate probabilities is proposed to quantify the performance of hardware-based probabilistic 
logic gates. This metric is applied to experimental results for our AND gate, and the impact of 
variations in MTJ performance is discussed. 
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[1] K. Y. Camsari et al., Phys. Rev. X 7, 031014 (2017). 
[2] M. Bapna and S. A. Majetich, Appl. Phys. Lett. 111, 243107 (2017). 
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THz Spintronic Emitters 

P. W. Nutter,1 C. Bull,1,2 S. Hewett,2 R. Ji,2 C-H. Lin,2 M.T. Hibberd,2,3 T. Thomson 1 
and D. M. Graham 2,3 

1 Department of Computer Science, University of Manchester, UK 
2 Photon Science Institute, Department of Physics & Astronomy, University of Manchester, UK 

3 The Cockcroft Institute, Sci-Tech Daresbury, UK 

Pulses of terahertz (THz) radiation are used in a variety of applications, from medical imaging 
[1] to explosives detection [2], due to their ability to probe fundamental resonances in materials, 
including that of picosecond switching in ferrimagnets and antiferromagnets [3]. There are a range 
of diverse THz sources available, which offer different characteristics, such as a high THz electric-
field strength or a broad spectral bandwidth. However, no one source covers all the desirable 
characteristics. More recently, a new type of emitter has been discovered, based on the use of 
ferromagnetic/non-magnetic metallic bilayers, which when exposed to femtosecond pulses of laser 
light will emit THz pulses of radiation with high electric field strength and, more significantly, a large, 
gap-less THz bandwidth up to 30 THz [4, 5]. These “spintronic” emitters are simple to use and 
inexpensive to produce. 

The THz pulse emitted from a spintronic source is polarized perpendicular to the direction of the 
magnetic moment of the ferromagnetic layer. This dependency offers a unique opportunity to tailor 
THz polarization profiles by manipulating the magnetization profile across the ferromagnetic layer. 
Generation of a focused THz beam with a strong on-axis longitudinal polarization component is 
useful for a range of applications including particle acceleration and imaging. We show that by 
placing the plane of a NiFe/Pt heterostructure between the opposing fields of two magnets, a 
quadrupole-like polarization profile (see Fig. 1) [6] is produced, which, when focused, produces a 
THz pulse with the required longitudinal component but without complex optical components. 

We have also explored the THz emission from CoFeB/Pt bilayer structures, a material 
combination that has been shown to produce pulses of THz radiation with high electric field 
amplitudes of up to 300 kV/cm [5]. In particular, the impact that changes in the microstructural 
properties of these heterostructures have on THz emission after post-deposition annealing have 
been explored. Results show that annealing of these films up to 300°C leads to a slight increase 
in THz emission (see Fig. 2), which could be attributed to B diffusion into the Pt layer at the 
interface. Further annealing at 400°C, results in alloying of Fe and Pt at the interface and a drop 
in the THz emission. The intrinsic uniaxial anisotropy of CoFeB films is shown to be replicated in 
the resulting THz emission, indicating that careful consideration of the alignment of the easy axis 
is important when using CoFeB in THz spintronic emitters. 

 

Acknowledgement: This study was supported by EPSRC, EP/S033688/1. 
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 Inverse-Design Magnonics 

Andrii Chumak,1 Qi Wang 1 and Philipp Pirro 2 
1 Faculty of Physics, University of Vienna, Vienna, Austria  

2 Fachbereich Physik and Landesforschungszentrum OPTIMAS, Technische Universität 

Kaiserslautern, Kaiserslautern, Germany 

Spin waves, and their quanta magnons, are of 
great interest as potential data carriers in future 
low-energy computing devices [1]. The phase of a 
spin wave provides an additional degree of 
freedom, while the scalability of structures and 
wavelengths down to the nanometer regime [2] are 
further advantages. Recently, a set of magnonic 
data processing units was demonstrated. 
However, the development of each of them 
requires specialized investigations and, usually, 
one device design is suitable for one function only. 
Moreover, an integrated all-magnonic circuit, 
which is suitable for the cascading of multiple 
magnonic units, has not yet been demonstrated. 

In the first half of my talk, I will present briefly the 
experimental realization of a nanoscale magnonic 
directional coupler, which consists of two 
separated single-mode waveguides with a width of 
350 nm as shown in Fig. 1a [3]. A U-shaped 
antenna is used to excite spin waves, and space-
resolved Brillouin Light Scattering (BLS) 
spectroscopy is exploited for detection. It is shown 
that the data is coded into the spin-wave amplitude 
is guided towards one of its two outputs depending 
on the signal frequency, magnitude, and magnetic 
field. Using micromagnetic simulations, we also propose an integrated magnonic half-adder that 
consists of two directional couplers, and we investigate its functionality for information processing 
within the magnon domain. 

In the second part of the talk, I will present the method of inverse-design magnonics, in which 
any functionality can be specified first, and a feedback-based computational algorithm is used to 
obtain the device design [4]. Our proof-of-concept prototype is based on a rectangular 
ferromagnetic area which can be patterned using square-shaped voids, as shown in Fig. 1b. To 
demonstrate the universality of this approach, we explore linear, nonlinear and nonreciprocal 
magnonic functionalities and use the same algorithm to create a magnonic (de-)multiplexer (see 
Fig. 1), a nonlinear switch and a circulator. Thus, inverse-design magnonics can be used to develop 
highly efficient rf applications as well as Boolean and neuromorphic computing building blocks. 

Acknowledgements: The project is funded by the European Research Council (ERC) Starting 
Grant 678309 MagnonCircuits, the Austrian Science Fund (FWF, Grant No. I 4917-N, MagFunc). 
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Fig. 1. Working principle of inverse-
designed magnonic demultiplexer. The 
normalized spin-wave amplitude map. The 
guiding of the waves of different frequency 
towards different outputs is clearly visible.  
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Superconducting Spintronics 

Nathan Satchell and Gavin Burnell 
School of Physics and Astronomy, University of Leeds, Leeds LS2 9JT, United Kingdom 

The dissipation of heat in traditional silicon (CMOS) based electronics is a major source of 
inefficiency and environmental impact. Superconductors are, by nature, dissipationless. 
Traditionally considered competing phenomena, when artificially juxtaposed a wealth of new 
physics at the interface between superconductors and ferromagnets emerges [1]. By combining 
ferromagnetism with the dissipationless property of superconductivity, superconducting spintronic 
memory and logic devices have potential to be both fast and highly energy efficient [2]. 

Here, I will present our recent results combining superconducting circuits with magnetic memory 
elements, such as spin-valves [3],[4]. Fig. 1 shows a pseudospin-valve Josephson junction where 
the information is encoded into the magnetic state of the device, but read-out is achieved by the 
superconducting elements of the circuit for maximum energy efficiency and compatibility with the 
rest of the computer. In the device, shown schematically in Fig. 1 (a), the magnetic Co and CoB 
layers have perpendicular magnetic anisotropy and independent switching fields, allowing the 
device to be configured into parallel and antiparallel magnetic configurations. By tuning the 
magnetic configuration, we measure in Fig. 1 (b) a difference in critical supercurrent in the device 
of 60%.  
 

Acknowledgements: This project received funding from the European Union Horizon 2020 
research and innovation programme under the Marie Skłodowska-Curie Grant Agreement No. 
743791 (SUPERSPIN). 
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Fig. 1 (a) Schematic cross section of the pseudospin-valve Josephson junction device with layer 
thickness in (nm). (b) Current-voltage characteristic of the device measured at 0 applied field 
at 1.5 K. A difference in critical current of 60% can be achieved by tuning between parallel or 
antiparallel magnetic configuration. Adapted from [3]. 
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Microwave-Assisted Magnetic Recording Technologies 

Naoyuki Narita,1 Masayuki Takagishi,1 Gaku Koizumi,2 Akihiko Takeo 2 and Tomoyuki Maeda 1 
1 Corporate Research and Development Center, Toshiba Corporation, Japan 

2 Toshiba Electric Devices & Storage Corporation, Japan 

Hard disk drives (HDDs) are one of the most important storage devices supporting today’s 
information society. Recording density of HDD has been annually improved 30-70 % by the 
realization of TMR sensor etc. and recently reached at 1 Tera-bits/inch2. However, recording 
density growth on a conventional recording method is approaching the limit due to the 
manifestation of “Tri-lemma issue”. For keeping quality of signal even in a high recording density 
state, magnetic grain size of a granular medium has to be miniaturized (high-resolution). On the 
other hands, Information retention reliability is degraded due to the increase of the thermal 
fluctuation by reducing volume of a magnetic grain (thermal stability). For ensuring the reliability, 
use of high anisotropy material for a medium is effective, while magnetization switching becomes 
harder in such a high anisotropy material using a recording head with the fine tip structure (Write-
ability). To solve “Tri-lemma issue” is essential for realizing HDDs with much higher recording 
density in the near future. 

Microwave-assisted magnetic recording (MAMR) is well known as a breakthrough of Tri-lemma 
by improving write-ability. Toshiba has been developing two types of MAMR technologies, “MAS-
MAMR” and “FC-MAMR”. In general, effective coercive field of a medium is reduced by using 
ferromagnetic resonance (FMR) phenomena in MAMR. This effect is referred to as microwave-
assisted switching effect (MAS-effect). Magnetic field of a few tens of GHz is generated from a spin 
torque oscillator (STO) driven by spin transfer torque. Also, STO has a quasi-static field 
modification effect dependent of its magnetization direction. This effect is called flux control effect 
(FC-effect). MAS-effect and FC-effect dominant recording technologies are named “MAS-MAMR” 
and “FC-MAMR”, respectively. Figs. 1(a) and (b) 
shows schematic views of heads for each technology 
Both heads have similar structures. STO is located in 
a write-gap, and DC current is supplied via pole to it. 
In MAS-MAMR, magnetization in STO rotates in-
plane direction. This rotated magnetization generates 
high frequency field which induces FMR of medium 
magnetization. MAS-MAMR can be expected to 
obtain significant large recording density gain, but 
medium design is very complicated for maximizing 
resolution performance. In FC-MAMR, magnetization 
of STO is reversed in the opposite direction of a field 
applied between the poles (Gap field), which modifies 
the magnetic flux flow locally near the device. A 
portion of the flux is controlled to be applied to the 
medium, which can enhance the recording field 
strength and resolution. FC-MAMR technology has 
been put to practical use as shown in the reference 
[3], and it is the first realization of a new generation 
recording technology with assist effect in the world. 

In my talk on this symposium, I will explain about 
the overview of MAMR technologies for high 
recording density HDDs and its development status 
in Toshiba. 
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Fig.1 Schematic views of  

(a)MAS- (b)FC- MAMR heads. 
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(b) FC-MAMR 

 
09:20~09:50 Tuesday, 8 June 

 

Session 4 
D

ay 2 



 – 17 – 

Current status and future prospects in heat-assisted magnetic recording 
media 

Y. K. Takahashi 
National Institute for Materials Science, Japan 

With rapid increase in the digital information in the world, the development of storage devices 
with high areal density is strongly required. Hard Disk Drive (HDD) is one of the important storage 
devices due to its low cost, large capacity and nonvolatility. Heat-assisted magnetic recording 
(HAMR), which has just commercialized in the last December by Seagate, is the most promising 
recording technology for achieving 4 Tbit/in2.  

L10-ordered FePt is currently used as HAMR media. In order to realize 4 Tbit/in2 in HAMR-media, 
there are several issues to solve, i.e. refinement of microstructure with a pitch distance < 6 nm and 
high degree of order, narrow distribution of the grain size, switching field and Curie temperature, 
suitable damping for high efficient magnetization switching at elevated temperature.  

After the first development of FePt-C granular film with quite uniform microstructure and average 
grain size of 6 nm in 2008 [1], we have been developing the fine microstructure by searching new 
segregant and new underlayer, optimize the sputtering condition, etc. By applying three-step 
deposition method which includes nucleation, initial and main layers, we successfully achieved the 
grain density of ~14Tgrains/in2 in FePt-C system as shown in Fig. 1. This is equivalent to the media 
of 2 Tbit/in2 [2]. It shows relatively high coercivity of 2.7 T, too. In order to achieve 4 Tbit/in2, the 
grain density of ~24 Tgrain/in2 is required. Among various kinds of segregant, we have found that 
Cr-O showed fine microstructure with ~24 Tgrains/in2 as shown in Fig. 2. The average grain size 
and the pitch distance are 3.7 nm and 5.2 nm. It shows nice columnar structure. However, the 
magnetic properties of this media are poor due to the low degree of order in FePt grains. Although 
several segregant also showed fine microstructure which is in the level of 4 Tbit/in2, the problem 
of poor magnetic properties always occur. I will review the recent research works of FePt HAMR 
media in the presentation. In addition to the development of microstructure, I will present the 
estimation of damping parameter of FePt. 

 
Acknowledgements: This study was partially supported by Advanced Storage Research 
Consortium (ASRC), Grant-in-Aid for Scientific Research (A) (JP18H03787) from JSPS KAKENHI, 
Japan. 
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Fig. 1 In-plane and cross-sectional TEM 
images and magnetization curves of FePt-C 
granular film. 

 
Fig. 2 In-plane and cross-sectional TEM 
images and magnetization curves of FePt-
Cr2O3 granular film. 
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A Hybrid Metal Oxide-Molecular Magneto-Optic Memory 
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The long-term future of information storage and computing requires the use of sustainable 
materials in architectures operating at high frequencies. Molecular interfaces can play a key role 
via emergent functionalities and interactions that break from conventional operation methods [1-
4]. Here, we will discuss how we can combine spin currents and optical excitations in molecular-
oxide hybrid magneto-capacitive devices. MnOx/C60/Co heterojunctions are photovoltaic, with a 
photocurrent dependent on the relative alignment of the light polarisation with the magnetisation 
of the ferromagnet. Hybridization at the carbon-metal oxide interface leads to spin-polarized charge 
trapping after an applied voltage or when being exposed to visible light. Strong electronic structure 
changes, including a 1 eV energy shift and spin-polarization in the C60 lowest unoccupied 
molecular orbital (LUMO), are then revealed by X-ray absorption spectroscopy, in agreement with 
Density Functional Theory (DFT) simulations. The spin-polarised charge generated can be 
reversibly stored at the interface, leading to the formation of a magnetised interface (Fig. 1a-b).[5] 
This effect is due to the trapping and accumulation of spin-polarised charges at the fullerene-oxide 
interface after characteristic times of 2 and 10 ps (Fig. 1c). X-ray magnetic linear dichroism shows 
an anisotropic molecular hybridisation as possible origin of the spin polarised dipole at the 
interface. Muon spin spectroscopy and time-resolved ferromagnetic resonance measurements 
give further independent evidence of local spin ordering and magnetic moments 
optically/electronically stored at the heterojunctions. These spin-polarized states dissipate when 
shorting the electrodes. We suggest that these structures may have the potential to act as hybrid 
memories with low power consumption, eco-friendly materials and ps writing times. 

Acknowledgements: This work 
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Fig. 1 (a) Bottom: NEXAFS at the carbon K-edge in a 
Co(30)/Al2O3(1.6)/C60(15)/MnOx(2.5) junction - film 
thickness in nm. After a bias, the LUMO broadens and 
shifts to 283 eV. Top: p* LUMO states in the charged state 
show spin-polarization. (b) Changes in magnetic 
susceptibility due to spin polarized trapped charge at the 
C60/MnOx interface (15.3 keV) are absent in the bulk C60 
film (10.4 keV). (c) Change ratio for the optical density of a 
junction at 460 nm (excitation of free carriers) when 
magnetised in plane (ODǁ) vs. remanence (OD⊥).  
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The discoveries of symmetry-protected topological materials have been one of the hot topics in 
material science and condensed-matter physics. These novel materials with an insulating nature 
in bulk and a conducting Dirac-cone state at the surface or edge are called as topological insulators 
(TI) [1]. Recently, the breaking of time-reversal symmetry in surface Dirac-cone states in three-
dimensional TI by intrinsic and/or extrinsic effects is regarded as a challenging for inducing exotic 
topological phenomena such as quantum anomalous Hall effect (QAHE), topological 
magnetoelectric effect, and magnetic monopole. Fabricating a hybrid of ferromagnetic insulator 
and TI is expected to be an effective approach for opening an energy gap at the Dirac point (Dirac 
gap) due to the time-reversal symmetry breaking at the interface and for realizing novel quantum 
phenomena. However, it is unclear whether this method is useful for achieving large Dirac gap for 
realizing QAHE, since the QAHE that utilizes the magnetic proximity effect has been observed only 
at very low temperature [2].  

In this study, we have used molecular-beam-epitaxy technique to fabricate Bi2Se3 thin films on 
van der Waals ferromagnet Cr2Ge2Te6 (TC = 64.7 K [3]) as shown in Fig.1(a), and investigated their 
electronic structure by high-resolution angle-resolved photoemission spectroscopy (ARPES). 

Figure 1(b) displays the plot of near-EF ARPES intensity for 2 quintuple-layer (QL) Bi2Se3 grown 
on Cr2Ge2Te6 measured at 80 K (above TC). While the ARPES intensity shows the Dirac-cone-like 
dispersive band, we found a finite gap 
opening resulting from the hybridization 
between top surface and bottom 
surface states, same as our previous 
work [4]. 

In this presentation, we show 
temperature dependence of band 
structure for pristine Cr2Ge2Te6 and 
Bi2Se3/Cr2Ge2Te6 heterostructure, and 
discuss the influence of ferromagnetic 
substrate to the electronic structures in 
TI thin films. 
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[4] T. Kato et al., Phys. Rev. Mater. 4, 
084202 (2020). 
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Fig. 1 (a) Heterostructure consisting of Bi2Se3 
 (top) and Cr2Ge2Te6 (bottom). (b) Near-
 EF ARPES intensity plots around the Γ" 
 point for 2QL-Bi2Se3/CGT measured with 
 hν = 60 eV at 80 K. 
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Imaging the Ultrafast Spin Carrier Dynamics of Low Dimensional Hybrid 
Structures in Energy, Momentum Space and Time  

Benjamin Stadtmüller 
Department of Physics and Research Center OPTIMAS, University of Kaiserslautern, 67663 

Kaiserslautern, Germany 

Engineering the spin-dependent band structure of low dimensional materials and their 
heterostructures offers the intriguing possibility to optimize spin and charge carrier functionalities 
for the next generation of information technology applications with superior performance. This, 
however, requires a comprehensive understanding of the fundamental mechanisms determining 
the spin-dependent band structure of such multi-compound materials.  

In this contribution, I will introduce momentum microscopy as a novel approach for imaging the 
spin-dependent band structure and the optically-induced spin and charge carrier dynamics of low 
dimensional heterostructures in the steady-state as well as on ultrafast timescales, see Fig. 1. 

First, I will focus on the spin-dependent valence band structure of surface alloys consisting of 
noble metals and lanthanide atoms. For a DyAg2 surface alloy, I will show that spin-resolved 
momentum microscopy is the ideal tool to disentangle spin-polarized states of surface alloys from 
the manifold of substrate bands. In this way, we can demonstrate the existence of a highly spin 
polarized surface state that is consistent with an RKKY-like exchange coupling between the 
strongly localized 4f electrons of the Dy atoms as expected for ferromagnetic surface alloys. 

Subsequently, I will turn to the excited state dynamics of charge and spin carriers in low 
heterostructures. For such system, time-resolved momentum microscopy provides a unique view 
onto the momentum-dependent change and spin carrier dynamics in an exceptionally large part of 
momentum space [1]. This allows us to determine the isotropic nature of the interband scattering 
of carriers in a Pb quantum well system [2] and to uncover the formation of interlayer excitons at a 
low dimensional semiconductor heterostructure. The latter is responsible for the transient 
renormalization of the spin-dependent valence band structure of this 2D material heterostructure. 

Acknowledgements: This study was supported by the Deutsche Forschungsgemeinschaft (DFG, 
German Research Foundation) - TRR 173-268565370, Spin+X. 

References:  
[1] F. Haag et al., Rev. Sci. Instr. 90, 103104 (2019). 
[2] F. Haag et al., arXiv: 2101.03567 (2021). 
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Fig. 1: (a) Schematic sketch of the time-resolved momentum microscopy experiment for imaging 
the dynamics of charge and spin carriers in low dimensional materials. (b) Exemplary spin-
resolved momentum microscopy data of the DyAg2 surface alloy.    
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From Spin-Orbitronic Effects to Transistors 

Ivan J. Vera Marun 
Department of Physics and Astronomy, University of Manchester, UK 

One of the major goals of spintronics is the efficient generation and manipulation of the spin 
degree of freedom, to be ultimately harnessed within a spin-based transistor. This principle of 
operation has the potential to implement nonvolatile memory and enable low-power programmable 
electronics. Here I will summarize two recent results where we have explored the use of spin-orbit 
orbit interaction to contribute towards this goal. 

The first result involves the ferrimagnetic insulator Yttrium Iron Garnet (Y3Fe5O12, YIG), where 
the transport of spin information occurs via magnons. The magnons are electrically excited and 
detected using electronic spin currents in a common ferromagnetic metal (permalloy, Py), via the 
spin Hall effect (SHE) and the anomalous spin Hall effect (ASHE), as well as excited thermally via 
the spin Seebeck effect (SSE) [1]. The use of a nonlocal device geometry allows us to demonstrate 
a modulation of up to 18% in the magnon spin transport in the YIG channel, via using the 
ferromagnetic metal Py as a magnetic control gate [2]. The Py gate electrode, placed between two 
Pt injector and detector electrodes, acts as a magnetic gate in our prototypical magnon transistor 
device. By manipulating the magnetization direction of Py with respect to that of YIG, and therefore 
the transmission of magnons through the Py|YIG interface, we modulation the non-equilibrium 
magnon density in the YIG channel. 

The second result focuses on 2D graphene as a spin transport channel [3]. Here we address 
two fundamental aspects: one is the achievement of efficient spin injection in graphene which is 
relevant for ultra-thin (<1 nm) tunnel barriers, while the other is the introduction of sp3 
functionalization in the graphene lattice which is expected to enhance spin-orbit interaction. We 
address both aspects via functionalizing graphene with phenyl radicals. The functionalization is 
achieved by using a laser beam to catalyse a photochemical reaction in benzoyl peroxide, with 
sub-micron spatial resolution, which is monitored via Raman spectroscopy. Atomic force 
microscopy showed smooth ultrathin tunnel barrier enabled by the functionalization, leading to an 
order of magnitude increase in the spin valve response [4]. 

Acknowledgements: These works were the result of collaborations with Prof. Bart van Wees at 
the University of Groningen for the YIG/Py structures, and with Prof. Irina Grigorieva at the 
University of Manchester for the graphene transistors. Further work in Manchester in the area of 
high-frequency synthetic antiferromagnetic spintronics will be covered by Prof. Tom Thomson. 

References:  
[1] K. S. Das et al., Nano Lett. 18 (9), 5633-5639 (2018). 
[2] K. S. Das et al., Phys. Rev. B 101, 054436 (2020). 
[3] A. Avsar et al., Rev. Mod. Phys. 92, 021003 (2020). 
[4] J. C. Toscano-Figueroa et al., Phys. Rev. Appl. 15, 054018 (2021).  
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Fig. 1 Schematic illustration of the systems studied. (a) Device for demonstrating a magnon-
valve effect transistor and (b) Graphene spin channel with molecular functionalization. 
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Spin-Filtering Effects at Chiral Metal-Organic Interfaces 

C. B. Viswanatha,1 J. Stöckl,1 B. Arnoldi,1 S. Becker,1,2 M. Aeschlimann 1 and B. Stadtmüller 1 
1 Department of Physics and Research Center OPTIMAS, University of Kaiserslautern, Germany 

2 Department of Chemistry, University of Kaiserslautern, Germany 

Chiral organic molecules on surfaces play an essential role in many chemical processes and are 
studied extensively for heterogeneous catalysis. However, the potential of chirality in molecular 
materials and metal-molecular interfaces for technological applications is still not fully explored [1]. 
In this context, the most interesting spin functionality of such systems is the chiral-induced spin 
selectivity (CISS) effect. It is responsible for a spin-selective transmission of electrons at interfaces 
between helical organic molecules and surfaces. In these systems, the spin sensitivity axis is 
defined by the orientation of the molecular helix, which is typically oriented perpendicular to the 
interface.  

In this study, we investigated the CISS effect of chiral, but non-helical, 3-Methylcyclohexanone 
(3-MCHO) enantiomers on a naturally chiral Cu(643) surface shown in Figure 1(a) using spin- and 
angle-resolved photoemission (SR-ARPES). Previous studies revealed the enantiospecific 
adsorption and ordering of 3-MCHO enantiomers on Cu(643) surfaces at room temperatures [2,3].  

For such systems, we find a spin selective transmission of electrons with their spin component 
oriented parallel or antiparallel to the terraces of the substrate, i.e., we find a spin selectivity within 
the surface plane. Thereby, the polarity of the spin-polarization is reversed for the different 
enantiomers, as shown in Figure 1(b). Hence, our study demonstrates the existence of the CISS 
effect even for non-helical molecules with a chiral centre. The spin selectivity direction is thereby 
not solely defined by the shape of the molecule, but by the interaction between the molecule and 
the chiral surface. Our result hence implies that it is possible to design and control the CISS effect 
and the corresponding spin functionalities of chiral systems far beyond helical molecules when 
selecting chiral systems for technological applications. 

Acknowledgements: This study was supported by the Deutsche Forschungsgemeinschaft (DFG, 
German Research Foundation) - TRR 173-268565370, project B05. 

References: 
[1] Brandt, J et al., Nat Rev Chem 1, 0045 (2017). 
[2] X. Zhao et al., Journal of Molecular Catalysis A: Chemical 216, 257–262 (2004). 
[3] J D. Horvath et al., J. Phys. Chem. C 112, 7637–7643 (2008). 
  

 
Fig. 1 (a) A model depicting the ideal Cu(643) surface and the R,S enantiomers of 3-MCHO and 
(b) Spin polarization in the surface plane along the direction of the terraces for the R,S 
enantiomers adsorbed on the Cu(643) surface (hν=5.9 eV, p-polarized). 
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Spintronics Research at Manchester 

Thomas Thomson 
Nano Engineering & Spintronics Technologies group – School of Engineering, University of 

Manchester, UK 

This presentation will provide an overview of our work in spintronics and magnetic thin films at 
the University of Manchester, fig.1. During this presentation the focus will on our research in the 
following areas: 

• High frequency dynamics - FMR 
• High anisotropy L10 alloys – MnAl and FePt 
• Rare earth – Transition metal alloys - FeGd 
• Magnetic tunnel junction structures 

noting that our work on Skyrmions (Moutafis), THz spintronics (Nutter), FeRh (Griggs) and spin-
orbit effects (vera Marun) are covered by colleagues in other presentations. 

Recent results from these activities will be reported [1-5] with a focus on ferromagnetic 
resonance studies on synthetic antiferromagnets (SAFs) and their ferromagnetic counterparts 
(SFMs). Here we have demonstrated that optic mode resonant frequencies of > 20 GHz can be 
obtained without the need for an applied magnetic field [2]. Our work has also showed that 
combining FMR experiments with micromagnetic simulation allows both the nature (amplitude and 
phase) of the resonance modes to be explored and provides a clear methodology to determine the 
value of exchange coupling at interfaces [5].  

This presentation will also briefly summarise our recent collaborative work with groups in PSI 
Switzerland, Exeter and NIMS, Japan to enhance our understanding of anisotropy and 
magnetization reversal in the prototype 
rare earth – transition (RE-TM) metal 
alloy FeGd [1]. Here, by combining a 
range of advanced characterisation 
techniques and modelling we show an 
ability to tune the competition between 
the in-plane and out-of-plane orientation 
of magnetization provides a means to 
construct thermal sensors with a sharp 
spin reorientation transition at specific 
temperatures. The nature of the spin 
reorientation transition in FeGd can be 
fully explained by a nonequilibrium, 
nanoscale modulation of the chemical 
composition of the films.  

Our current activities in understanding 
the physical nature of the L10 alloy MnAl 
and depositing magnetic tunnel junctions 
will be briefly mentioned.  

Acknowledgements: The whole of the NEST group. We are pleased to acknowledge the benefit 
of our funders: EPSRC (EP/V007211/1, EP/S033688/1, EP/V028189/1, EP/L01548X/1, 
EP/S019367/1, EP/P025021/1). 
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[2] H. J. Waring et al.. Phys. Rev. Applied 13 034035 (2020). 
[3] J. L. Warren et al., Scientific Reports 10 4030 (2020). 
[4] C. Bull et al., APL Materials 7 101117 (2019). 
[5] H. J. Waring et al., Phys. Rev. B (accepted) 
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Fig. 1 Summary of Spintronics activities in 
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Magnetic Insulators for Spintronic and Photonic Devices 

Caroline A Ross 
Dept. Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge MA 

USA 

Ferromagnetic insulator thin films provide unique functionality in spintronic, magnonic, and 
magnetooptical devices such as magnetic memory, magnetic logic, and photonic integrated 
circuits. Yttrium iron garnet has very low magnetic damping, and substitution of rare earth ions and 
nonmagnetic species allows the anisotropy, magnetostriction, compensation temperature and 
optical properties to be tuned. We use pulsed laser deposition to produce single crystal films of 
rare earth garnets down to a thickness of 2.5 nm, about 2 unit cells. We show intriguing magnetic 
behavior in garnet/heavy metal bilayers including spin orbit torque-driven domain wall motion at 
room temperature at velocities exceeding 4 km/s, electrically switching the magnetic state. Iron 
garnets also exhibit magnetooptical activity and high transparency in the infrared, and we show 
how garnets grown on silicon can be used in integrated magnetooptical isolators to control the flow 
of light in photonic circuits. Finally, we will describe some recent results on developing a new class 
of multiferroic perovskites where ferroelectricity is introduced using antisite defects. 

Acknowledgements: Support of NSF, DARPA, the Micron Foundation and SMART, an nCORE 
Center of the SRC, is gratefully acknowledged. 

References: Nature Commun. 11, 1090 (2020), Nature Nanotech. 14, 561 (2019), Optica 6, 473 
(2019), ACS Photonics 5, 5010 (2018), Phys. Rev. Mater. 2, 094405 (2018), Nature Materials 16, 
309–314 (2017), Adv. Electron. Mater. 3, 1600376 (2017). 
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Exchange Spin Waves as Probe and Tool  

Tobias Böttcher and Philipp Pirro 
Department of Physics and Landesforschungszentrum OPTIMAS, TU Kaiserslautern, Germany 

Spin waves, the collective excitations of the spin lattice of a magnetic material and their quanta, 
magnons, show a large variety of linear and nonlinear phenomena which makes them an 
interesting data carrier for novel computing concepts [1]. They constitute a flow of spin angular 
momentum which opens a new research direction: magnon spintronics, a sub-field of spintronics, 
in which information is transferred and processed using magnons. 

Two important key parameters of an efficient magnonic logic are the speed of information 
processing and the footprint of the device. For both, the use of short-waved spin waves dominated 
by the exchange interaction is of paramount importance since they offer high group velocities and 
a scalability of the devices to the nanoscale.  

However, the measurement of the exchange constant 𝐴!" is still a challenge in ultrathin films. 
In my presentation, I will first address how to extract the exchange stiffness 𝐷 = 2𝐴!"/𝑀 and the 
resulting group velocity 𝑣 ∝ 𝐷  from Brillouin light scattering spectroscopy measurements of 
thermal spin-wave spectra in a series of ultrathin ferromagnetic films with adjacent heavy metals. 
We compare our results to measurements of the exchange constant using Bloch’s law. Our 
analysis shows that the traditional Bloch law 𝑀(𝑇) ∝ 𝑇#/% is not valid anymore due to the two-
dimensional character of the spin-wave band structure. By using appropriate 2D formulations [2], 
we illustrate the influence of the changed dimensionality on the magnetization 𝑀(𝑇) and the 
resulting impact on the evaluation of the exchange constant 𝐴!"  via temperature dependent 
measurements. 

In a second part, I will discuss how the exchange stiffness 𝐷 can be increased to create novel 
systems with faster exchange spin waves. 
For this purpose, I present measurements 
of spin-wave dispersion relations in different 
insulating ferrimagnets including 
Gadolinium and substituted Yttrium Iron 
Garnets. We could show that the exchange 
stiffness in ferrimagnets close to 
compensation significantly exceeds the 
values obtained in metallic ferromagnets. In 
addition, we found first evidence of 
additional interfacial exchange contributions 
in insulator-heavy metal bilayers which 
further increase the exchange stiffness and 
with this also the speed of the hosted spin 
waves. 

 
 
 
 
 
 

Acknowledgements: This study was partially supported by the Deutsche Forschungs-
gemeinschaft (DFG, German Research Foundation) TRR-173 – 268565370 (Collaborative 
Research Center SFB/TRR-173 ‘Spin+X’, project B01) and the Priority Programme “SPP2137 
Skyrmionics”.  

References:  
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[2] I. A. Yastremsky et al., Physical Review Applied 12, 064038 (2019).  
  

Fig. 1: Exchange stiffness and spin-wave 
group velocity in Gadolinium Iron Garnet as 
a function of temperature. Close to the 
compensation point, the exchange stiffness 
significantly exceeds the values obtained in 
metallic ferromagnets.        
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Three-Dimensional Magnetization Textures 

M. Schöbitz,1 J. Hurst,1 A. De Riz,1 L. Alvaro-Gomez,1 D. Tiwari,1 Ch. Thirion,2 A. Masseboeuf,1  
J-C. Toussaint,2 O. Fruchart 1 and D. Gusakova 1 

1 Univ. Grenoble Alpes, CNRS, CEA, Spintec, 38054 Grenoble, France 
2 Univ. Grenoble Alpes, CNRS, Institut Neel, 38042 Grenoble, France 

Magnetization textures in three-dimensional objects promise to exhibit new properties, related 
to curvature, topology and an increased number of degrees of freedom. The continuous 
development of simulation codes, synthesis and imaging techniques, are currently allowing to push 
the frontiers forward in this field.  

In our group, we are exploring the specific case of magnetic nanowires and nanotubes, as one-
dimensional conduits providing an ideal playground to investigate the fundamentals of domain-wall 
motion and spin-wave propagation. While simulations have been dominating for two decades, the 
first experiments are only emerging. Here we highlight phenomena specific to the cylindrical shape 
of these nanostructures, related the OErsted field arising from a charge current, and its interplay 
with azimuthal magnetization textures (Figs. 1[a] and 1[b]). We have shown experimentally that 
the OErsted field is crucial for stabilizing the current-induced motion of Bloch-point walls, also 
selecting a circulation opposite to the one believed to result from the chirality of the LLG equation, 
while the OErsted field had been largely disregarded so far[ 1,2] (Fig.1[c]). Using simulations we 
confirm this picture quantitatively, and draw a comprehensive panorama of the phenomenon [3] 
(Fig.1[d]). We have also drawn the panorama of the impact of the OErsted field on wall motion in 
tubes with azimuthal domains, pointing at curiosities such as opposite directions of motion below 
and above the Walker current, and dramatic contrast between Néel and Bloch walls [4]. 

Current frontiers include exploring the curiosities of Bloch points and their interplay with real 
materials, pushing theory and magnetic imaging at its limits, and the development of spintronics 
building blocks in tubes, based on core-shell type stacks.  
 

Fig. 1 [a] Cylindrical wire with Bloch-point wall under applied current. [b] Thin-shell tube with 
azimuthal domains. [c] Magnetic contrast obtained with XCMD PEEM technique. [d] Modeling of 
cylindrical nanowires and tubes. 
 
Acknowledgements: This study was partially supported by French National Research Agency 
(Grant No. JCJC MATEMAC-3D) and LANEF in Grenoble (No. ANR-10-LABX-51-01). 
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Switching between Magnetic Bloch and Néel Domain Walls  
with Anisotropy Modulations 

Kevin J. A. Franke,1 Colin Ophus,2 Andreas K. Schmid 2 and Christopher H. Marrows 1 
1 School of Physics and Astronomy, University of Leeds, Leeds, United Kingdom  

2 National Center for Electron Microscopy, Molecular Foundry, E O Lawrence Berkeley National 

Laboratory, Berkeley, CA, United States 

The presence of a Dzyaloshinskii-Moriya interaction (DMI) in perpendicular magnetized thin films 
stabilizes Néel type domain walls of fixed chirality, as opposed to the Bloch walls that are formed 
in the absence of a DMI [1]. Néel walls of fixed chirality have been shown to be driven efficiently in 
the same direction by electric currents through spin-orbit torques [2,3]. Later, a large tuning of the 
DMI with an applied voltage was demonstrated [4], which can be used for example for electric field 
control of magnetic domain wall motion via the modulation of the DMI [5]. 

Here, we demonstrate an alternative mechanism for the control of domain wall type: using 
micromagnetic simulations and analytical modeling, we show that the presence of a uniaxial in-
plane magnetic anisotropy can also lead to the formation of Néel walls in the absence of a DMI. It 
is possible to abruptly switch between Bloch and Néel walls via a small modulation of both the in-
plane, but also the perpendicular magnetic anisotropy [6]. This opens up a route towards efficient 
electric field control of the domain wall type with tiny applied voltages, as the magnetic anisotropy 
can be modulated via the direct voltage controlled magnetic anisotropy (VCMA) mechanism [7], or 
via magnetoelastic anisotropy induced through coupling to a piezoelectric element [8]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
References:  
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[2] K.-S. Ryu et al., Nat. Nanotech. 8, 527–533 (2013). 
[3] S. Emori et al., Nat. Mater. 12, 611–616 (2013). 
[4] T. Srivastava et al., Nano Lett. 18, 4871 (2018). 
[5] T. Koyama et al., Sci. Adv. 4 (2018). 
[6] K. J. A. Franke et al., in preparation (2021). 
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[8] S. Li et al., J, Appl. Phys. 117, 17D702 (2015). 
  

 
Fig. 1 In a perpendicular magnetized thin film, domain walls (DWs) are generally 
of Bloch type (bottom left). The presence of a DMI (top left) stabilises Néel walls. 
Alternatively, and in-plane magnetic anisotropy can also form Néel walls (bottom 
right). An increase in the perpendicular magnetic anisotropy switches the DW type 
back to Bloch (top right). 
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Depth Selective Magnetic Phase Coexistence in FeRh Thin Films Probed Using 
Polarized Neutron Reflectivity (PNR) 

W. Griggs,1 B. Eggert,2 M. O. Liedke,3 M. Butterling,3 A. Wagner,3 U. Kentsch,5  
E. Hirschmann,3 M. Grimes,1 A. J. Caruana,4 C. Kinane,4 H. Wende,2 R. Bali 5 and T. Thomson 1 

1 NEST Research Group, Department of Computer Science, The University of Manchester, 

Oxford Road, Manchester, M13 9PL, United Kingdom 
2 Faculty of Physics and Center for Nanointegration Duisburg-Essen (CENIDE), University of 

Duisburg-Essen, Lotharstr. 1, 47057 Duisburg, Germany 
3 Institute of Radiation Physics, Helmholtz-Zentrum Dresden – Rossendorf, Bautzner Landstr. 

400, 01328 Dresden, Germany 
4 ISIS, Harwell Science and Innovation Campus, Science and Technology Facilities Council, 

Rutherford Appleton Laboratory, Didcot, Oxon OX11 0QX, United Kingdom 
5 Institute of Ion Beam Physics and Materials Research, Helmholtz-Zentrum Dresden – 

Rossendorf, Bautzner Landstr. 400, 01328 Dresden, Germany 

The ability to engineer magnetic phase distributions at the nanoscale is invaluable in the 
development of next-generation spintronic and data storage devices. Equiatomic FeRh is a useful 
material for local manipulation of magnetic phases, owing to its unusual first-order metamagnetic 
phase transition (MPT) from antiferromagnetic (AF) to ferromagnetic (FM) ordering, which occurs 
at ~100 °C. The MPT is highly tunable, allowing the coupling between phases to be functionalised 
for a diverse range of applications such as for switching with enhanced stability [1] or ultrafast 
dynamics via spin pumping [2]. In addition to the thermally driven MPT, FeRh also exhibits a 
disorder-induced MPT from AF to FM ordering, and with further disordering a second MPT to PM 
behaviour can be induced [3]. Here we use a powerful combination of non-destructive experimental 
techniques and extensive simulations to demonstrate a direct correspondence between the type 
and concentration of induced defects and the resulting depth-dependent magnetic modifications 
in 40 nm FeRh thin films as the fluence of 25 keV Ne+ ion irradiation increases. 

Through variable-temperature polarised neutron 
reflectometry (PNR), conversion electron Mössbauer 
spectroscopy (CEMS), and positron annihilation lifetime 
spectroscopy (PALS) measurements, it is shown that the 
AF to FM and FM to PM disorder-induced MPTs are 
correlated with the emergence of dislocations and 
monovacancy defects respectively. By fitting the PNR 
data to simulations of the magnetic scattering length 
density (mSLD) profile, we demonstrate that it is 
possible to produce thermally stable and technologically 
useful magnetic phase configurations, such as a bilayer 
structure or a uniform magnetisation profile (Fig. 1).  

Acknowledgements: This study was partially 
supported by the Henry Royce Institute through EPSRC 
Grant Nos. EP/S019367/1 and EP/P025021/1. 
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Fig. 1. Nuclear (grey shading) and 
magnetic (coloured shading) scattering 
length density profiles from an FeRh thin 
film irradiated by 7.5 × 1013 ions cm-2. 
The mSLD profiles demonstrate a 
uniform magnetisation as a function of 
depth (z) at all temperatures.  
 

 
09:20~09:40 Wednesday, 9 June 

 

Session 6 
D

ay 3 



 – 29 – 

Spin Dynamics of Magnetic Devices 

Satoshi Okamoto 1,2,3 
1 IMRAM, Tohoku University, Japan 
2 CSRN, Tohoku University, Japan 

3 National Institute for Materials Science (NIMS), Japan 

Magnetization reversal and spin dynamics are the basic issue of all the magnetic devices utilized 
in our society, such as magnetic recording, permanent magnet, power converter, high frequency 
devices, and so on. However, our understandings on this issue are still very limited. In this talk, we 
will show our recent studies on the magnetization reversal and spin dynamics of the cutting-edge 
magnetic devices. First topic is the microwave-assisted magnetic recording, which has been 
expected to extend further the recording density of hard-disk drives [1]. Figure 1 shows the 
frequency dependence of coercivity of the magnetic granular media under the assistance of 
microwaves [2]. The coercivity Hc linearly decreases with increasing the microwave frequency frf. 
Although the slope of this Hc reduction against frf is expected to be a constant of -2p/|g| from the 
previous theory, where g is the gyromagnetic ratio, whereas the experimental one varies with the 
microwave amplitude hrf, and their values are smaller than the theoretical expectation. For this 
problem, we elaborately calculated the energy loss and gain during the magnetization precession 
under the presence of a large amplitude microwave field, and then the effective energy barrier for 
the microwave-assisted magnetization reversal was successfully obtained. Consequently, the 
experimental results shown in Fig. 1 are understood as the variation of the effective energy barrier 
as functions of frf and hrf [3]. This fact clearly shows that the large amplitude spin dynamics strongly 
affects the thermal activation behavior of the magnet. 

Second topic is the magnetization reversal of permanent magnets. The coercivity problem of 
permanent magnets, which is known as Brown’s paradox, has been still controversial. The difficulty 
of this problem is that the numerous events of magnetization reversal take place simultaneously 
in a bulk magnet. For this problem, we fabricate sub-micron Hall crass device using a Nd-Fe-B 
permanent magnet, and elemental reversal events of one or two grains are successfully detected 
as shown in Fig.2. By repeating the measurements, the thermal fluctuation of the elemental 
reversal event was analyzed. These experimental results were reasonably reproduced by the LLG 
simulation with simple two-grain model.  

Acknowledgements: This study was partially supported by ASRC and ESICMM. 

References: [1] S. Okamoto et al., J. Phys. D: Appl. Phys. 48, 353001 (2015). [2] N. Kikuchi et al., 
J. Appl. Phys. 126, 083908 (2019). [3] N. Kikuchi et al., submitted to Phys. Rev. B. [4] T. Yomogita 
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Fig. 1 Microwave-assisted magnetization 
reversal experimental result using a CoCrPt 
granular media. 

Fig. 2 Sub-micron Hall cross device of a Nd-
Fe-B magnet and anomalous Hall effect 
signal of elemental magnetization reversal 
event. 
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Structure-dependent Photoinduced Spin Couplings in Molecular 
Semiconductors 

S. Heutz,1 D. Lubert-Perquel,1 D. Kim,1 E. Salvadori,2,3 A. Zsumska,4 M. Azouzzi,4 M. Dyson,4  
P. Stavrinou,5 R. Montis,1 P. Robaschik,1 H. Nagashima,6 Y. Kobori,6 J. Nelson4  

and C. W. M. Kay 3,7  
1 Department of Materials/London Centre for Nanotechnology, Imperial College London, UK 
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4 Department of Physics and Centre for Processable Electronics, Imperial College London, UK 
5 Department of Engineering Science, Oxford University, UK 
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Polyaromatic molecules can act as semiconductors in optoelectronic applications such as 
organic light emitting devices and solar cells. This talk will explore how spin can be introduced and 
controlled in the purely organic material pentacene, an archetypal molecular semiconductor, 
through photoexcitation that generates triplet excitation. Using novel thin film growth 
methodologies that rely on the dilution of the pentacene in a wide bandgap matrix [1], the spins 
can be tuned to either decay via phosphoresence, or interact to undergo fission, a process that 
generates two singlet excitons and can be used to increase the efficiency in solar cells. Fission, 
and the interaction between the spins, relies on the precise arrangement of the molecules next to 
one another. Using electron paramagnetic resonance (EPR) spectroscopy, it was found that while 
this process is most efficient for parallel molecules, longer-lived triplet-triplet interaction through 
the formation of quintets is obtained in herringbone conformations, Fig. 1.[2, 3] Our findings provide 
new avenues for the introduction of spins in both organic and inorganic molecular structures, and 
highlights the potential of thin film crystal engineering for the development of flexible optoelectronic 
and spintronic applications. 

Fig. 1 Time-resolved EPR spectra of pentacene films diluted in a para-terphenyl matrix, with 
proposed scheme for triplet kinetics of different pentacene pairs, distinguishing parallel (½½) and 
herringbone (/\) species. 

Acknowledgements: Engineering and Physical Sciences Research Council (EPSRC) Centre for 
Doctoral Training for the Advanced Characterisation of Materials, EPSRC grants (EP/P005543/1, 
EP/F04139X/1 and EP/F039948/1), European Research Council (ERC) Synergy Program and 
Advanced Grant, Kobe University. 
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(2020).  

 
08:00~10:10 Session 7: Interfaces and Topology 
10:20~10:50 Wednesday, 9 June 

 



 – 31 – 

Disentangling the Spin-Orbit Torques in Platinum/Cobalt Bilayers in the 
Presence of Spin Hall Effect and Rashba-Edelstein Effect 
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3 Advanced Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan 
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It is crucial to understand the origin of current-induced spin-orbit torques (SOTs) in magnetic 
hetero-structures for the design and engineering of spintronic devices that take advantage of 
strong spin-orbit coupling. In heavy-metal/ferromagnet bilayers, the major effects that are 
responsible for the SOT generation are the spin Hall effect (SHE) and the Rashba-Edelstein effect 
(REE), with the former being a bulk effect and the latter an interface effect [1].  

Phenomenologically, the SOT can be decomposed into two orthogonal components: a (anti-
)dampinglike torque and a fieldlike torque. The dampinglike torque either enhances or reduces the 
magnetic damping in the ferromagnet and the fieldlike torque functions similar to the torque exerted 
from an external magnetic field. Conventionally, the SHE is considered to be the dominant 
mechanism for the dampinglike torque and REE to be the origin for the fieldlike torque [1]. 

On the other hand, recent theoretical studies suggested an entangling of SOTs in the heavy-
metal/ferromagnet bilayers. For instance, the dampinglike torque can stem from a combined action 
of Rashba splitting and the exchange interaction [2]; in addition, the SHE is predicted to generate 
a small fieldlike torque [3]. Thus, the dampinglike and fieldlike torques are entangled in heavy-
metal/ferromagnet bilayers, where both SHE and REE are expected to play a role in the respective 
torque generation. 

In this work, we disentangle the current-induced SOTs in prototypical heavy-metal/ferromagnet 
hetero-structures, the Pt/Co bilayers, where both SHE and REE are present. By performing 
systematic harmonic Hall measurements [4] and drift-diffusion model based analysis, we 
successfully disentangle and quantify the SOTs originating from the SHE in bulk Pt and from the 
REE at substrate (sub.)/Pt and Pt/Co interfaces. 

As a result, the saturated spin Hall torque efficiency scales with Pt resistivity, suggesting an 
intrinsic contribution to the SHE in bulk Pt. The fieldlike torque in our samples is originated from 
the REE, while both SHE and REE contribute to the dampinglike torque. The extracted REE-
induced fieldlike torque (and also dampinglike torque) efficiencies at sub./Pt and Pt/Co interfaces 
are in the same order of magnitude, but of opposite signs, consistent with the REE scenario. The 
spin transport characteristic lengths of SHE and REE are in the order of nanometers and 
angstroms, respectively. With both spin torque efficiency and transport characteristic length 
quantified in Pt bulk and at Pt interfaces, this work provides experimentally a unified picture for the 
current-induced SOTs in Pt/Co bilayers where both SHE and REE are present [5]. 

Acknowledgements: This study was partially supported by the Japanese Ministry of Education, 
Culture, Sports, Science, and Technology (MEXT) in Grant-in-aid for Scientific Research (Grant 
No. 15H05699) and the JSPS Core-to-Core program. 
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Intrinsic Magnetic Topological Insulators 

Michael Wissmann,1,2 Aoyu Tan 1,2 and Romain Giraud 1,2 
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2 Leibniz Institute for Solid State and Materials Research IFW Dresden, 01069 Dresden, 

Germany 

The new family of intrinsically magnetic van-der-Waals layered topological insulators with strong 
spin-orbit coupling is of great interest to investigate the interplay between topology and magnetic 
order in electronic band structures [1]. When introducing magnetism into a 3D topological insulator, 
the combination of an exchange gap and of a modified crystal symmetry can generate topological 
quantum states like the quantum anomalous Hall effect (QAH) or the axion insulator. The QAH 
generates dissipationless 1D spin-polarized edge currents, of high interest for ballistic spintronics, 
low-power interconnects or to realize Majorana fermions by proximity effect. It was first evidenced 
in diluted magnetic topological insulators (DMTIs), but only at very low temperatures, below 1K [2]. 

Recently, the MnBi2Te4-family, stacks of 2D ferromagnets with antiferromagnetic interlayer 
exchange interaction, was identified as a new platform to generate such topological quantum 
states, and control them by tuning their magnetization [3]. These intrinsic magnetic topological 
insulators (IMTIs) hold many promises, among which higher operating temperatures, and lead to 
the discovery of the first antiferromagnetic topological insulator [4]. Using magneto-transport 
measurements, we investigated the magnetic properties of two representative members of this 
family, MnBi2Te4 and MnBi4Te7. The latter has an additional Bi2Te3 layer that weakens the interlayer 
exchange interaction and leads to the formation of a meta-magnetic state [5] with a fully saturated 
remnant magnetization below 5K, of interest for the QAH in zero magnetic field. Our more recent 
studies also consider the MnSb2Te4-family, for which a true ferromagnetic state can be evidenced 
up to about 35K. 

Acknowledgements: This work was supported by the European Commission via the TOCHA 
project H2020-FETPRO ACT-01-2018 under Grant Agreement No. 824140 and by the SPINTEC-
IFW laboratory association “SPINMAT”. 
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Magnetic Skyrmions for Neuromorphic Computing 

Runze Chen,1 Chen Li,1 Yu Li,1 James J. Miles,1 Giacomo Indiveri,2 Steve Furber,1  
Vasilis F. Pavlidis 1 and Christoforos Moutafis 1 

1 School of Engineering, University of Manchester, UK 
2 Institute of Neuroinformatics, University of Zurich and ETH Zurich, Zurich, Switzerland 

Magnetic skyrmions are quasi-particle nanoscale magnetic spin configurations with a whirling 
vortex-like spin structure with distinct topological properties and intriguing dynamics [1,2]. 
Nanoscale magnetic skyrmions are promising candidates for future next generation energy-
efficient skyrmion-based devices with diverse functionality such as memory [2], Boolean computing 
[3], stochastic computing [4], reservoir computing [5], biomimetic and artificial neuronal and 
synaptic behavior e.g. [6-9] as well as interconnects [10]. We show here our recent numerical 
results on multilayer skyrmionic nanosynapses tailored for room temperature (RT) operation with 
optimal synaptic resolution. We demonstrate that, when embedding such multilayer skyrmionic 
synapses in a deep spiking neural network (SNN), a high classification accuracy is achieved in the 
MNIST handwritten data set. The results suggest that the proposed skyrmionic nanosynapses are 
relevant for future energy-efficient neuromorphic edge computing [9]. While skyrmionic on-site 
memory, nanocomputing, and neuromorphic components have increasingly been investigated by 
the community, interconnects have been largely missing. We also propose an all-magnetic 
skyrmion-based interconnect, shown in Fig. 1 [10]. We use systematic micromagnetics to evaluate 
the operational parameters (from ideal conditions (0 K) to RT) in a tailor-designed magnetic 
multilayer heterostructure in order to demonstrate the potential of a skyrmionic interconnect. 
Finally, we use strategically etched notches to introduce pipelining in order to achieve a superior 
throughput in multiplexing and demultiplexing signals. 
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Robust Formation of Nanoscale Magnetic Skyrmions in Easy-Plane Thin Film 
Multilayers with Low Damping 
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Magnetic skyrmions are attractive for data storage and processing via magnetic “racetracks” and 
logic gates. These chiral magnetic textures may also be used as neurotransmitters in artificial 
neural networks for non-conventional computing. For such applications, thin-film, all-metallic 
magnetic heterostructures with interfacial Dzyaloshinskii-Moriya interaction (iDMI) are well suited. 

Here, we investigate magnetic texture and spin dynamics of magnetic superlattices based on 
the low-damping and high saturation magnetization binary alloy Co25Fe75 (CoFe) [1,2]. We taylor 
the iDMI and interfacial perpendicular magnetic anisotropy by varying Pt, CoFe, and Ir layer 
thicknesses in Pt/CoFe/Ir heterostructures. For parameters where we the system has easy-plane 
anisotropy we detect skyrmion formation for a broad range of out-of-plane magnetic fields using 
magnetic force microscopy. We observe a qualitatively different skyrmion size vs. field behaviour 
compared to the established easy-axis Keff ≥ 0 systems [3]. We additionally measure the dynamic 
response of the multilayer system via broadband FMR and find comparably low damping for the 
all-metallic multilayer system in skyrmion and ferromagnetic phases [3]. 

Acknowledgements: We acknowledge financial support by the German research foundation 
(DFG) via projects WE 5386/4-1 and WE 5386/5-1. 
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Tailoring Spin-Orbit Phenomena at Interfaces: First-Principles Calculations and 
Beyond 

Fatima Ibrahim,1 Ali Hallal,1 Alan Kalitsov,2 Bernard Dieny 1 and Mairbek Chshiev 1,3 
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The perpendicular magnetic anisotropy (PMA) at magnetic transition metal/oxide interfaces is a 
key element in building out-of-plane magnetized magnetic tunnel junctions for spin-transfer-torque 
magnetic random-access memory (STT-MRAM) [1]. Using a multiscale approach based on first-
principles and atomistic calculations, we theoretically uncover several fundamental aspects of two 
important phenomena: (i) The voltage control of the magnetic anisotropy (VCMA) where reduction 
in energy dissipation by a factor of 100 is anticipated; (ii) temperature dependence of the PMA that 
is crucial for understanding the thermal stability of the storage layer magnetization. 

The mechanisms behind the VCMA, namely the charge-mediated [2] and ionic-migration [3] are 
revealed at Fe/MgO interfaces. The range of the VCMA efficiency is found to be of the order of 
tenths fJ/(V.m) in the charge-mediated case. However, the ionic-migration mediated VCMA can 
reach thousands of fJ/(V.m) consistent with the experimental observations, where a characteristic 
dependence of the effect on oxygen migration at Fe/MgO interfaces was revealed. Based on our 
findings, one can distinguish from the order of magnitude of the VCMA driving mechanism. 

To address the correlation between temperature dependence of magnetic anisotropy and 
magnetization in Fe/MgO based structures, the possible mechanisms behind the experimentally-
reported deviations from the Callen and Callen scaling power law are analysed [4]. We focus on 
exploring two macroscopic mechanisms that are commonly encountered in experiments, namely 
the presence of a magnetic dead layer and of spatial inhomogeneities in the interfacial PMA. We 
show that the presence of a dead layer simultaneously with scaling the anisotropy, which is 
interfacial, by the total magnetization of the sample rather than the magnetization of the interface 
itself leads to low scaling powers deviating from the Callen-Callen law. In the second mechanism, 
increasing the percentage of inhomogeneity in the interfacial perpendicular magnetic anisotropy is 
revealed to decrease the scaling power. We anticipate that those results help experimentalists to 
optimize VCMA effect and understand thermal effects in STT-MRAM. 
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Spintronics Research at York 

Keith McKenna 
Department of Physics, University of York, UK 

In the first part of this talk I will present a broad overview of the spintronics research at York, the 
key methodologies we employ and develop, and our facilities. 

In the second part of the talk I will present some work from my research group on first principles 
modelling of materials for spintronics. This will include research aimed at understanding the impact 
of thermal treatment and extended defects in MgO-based magnetic tunnel junction devices with 
relevance for non-volatile memory technology [1-5] and the impact of extended defects on the 
electronic and magnetic properties of Fe3O4 [6,7]. In each case links to complementary 
experimental transmission electron microscopy investigations will be highlighted. 
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Notes 

• This online meeting will use Zoom. The link will be sent only to the registered participants. 
Please do not share the link with anyone and encourage your colleagues to get registered at  
https://www-users.york.ac.uk/~ah566/symposium/registration.html 

• Please make sure you are muted during the meeting. If your internet connections are 
unstable, turning off your live video may help. Please turn on your video for the photograph 
to be taken at the end of Session 2 on the first day. 

• Please submit questions in a chat box you may have during/after each talk. The session chair 
will ask them to the speaker or will unmute you to ask your question to the speaker directly. 

• The Zoom online room will be left open up to 30 min. after the session closes each day, so 
that you can network with the other participants. We can create breakout rooms upon 
requests. 


