
12-13 April 2021

Magnetism 2021

magnetism2021.iopconfs.org

Abstract Book

ONLINE
EVENT

Lorem ipsum



 
 

1 
 

Contents 

Plenary              2 

Wohlfarth lecture            3 

Public lecture             3 

Talk from NPG             3 

Topical materials for spintronics           4 

Theory and computational magnetism 1          6 

Thin films and nanomagnetism 1           10 

Correlated electron systems           13 

Magnetization dynamics and damping          15 

2D and carbon-based materials           17 

Antiferromagnet spin dynamics           19 

General topics in magnetism           20 

Thin films and nanomagnetism 2           24 

Theory and computational magnetism 2          27 

Spintronics             29 

Thin films and nanomagnetism 3          34 

Poster session 1             38 

Poster session 2             58 

Poster session 3             78 

 

 

 

 

  



 
 

2 
 

Plenary  

Magnetic Weyl Semimetals!   

Claudia Felser1, Kaustuv Manna1, Enke Lui1, and Yan Sun1 

1Max Planck Institute Chemical Physics of Solids, Dresden, Germany 

transdisciplinary topic in condensed matter physics, solid state chemistry and materials science. All 200 
000 inorganic materials were recently classified into trivial and topological materials: topological insulators, 
Dirac, Weyl and nodal-line semimetals, and topological metals [1]. Around 20% of all materials host 
topological bands. Currently, we have focussed also on magnetic materials, a fertile field for new since all 
crossings in the band structure of ferromagnets are Weyl nodes or nodal lines [2], as for example Co2MnGa 
and Co3Sn2S2. Beyond a single particle picture we identified recently antiferromagnetic topological materials 
[3].   

 

[1] Bradlyn et al., Nature 547 298, (2017), Vergniory, et al., Nature 566 480 (2019). 

[2] Belopolski, et al., Science 365, 1278 (2019), Liu, et al. Nature Physics 14, 1125 (2018), Guin, et 
al. Advanced Materials 31 (2019) 1806622, Liu, et al., Science 365, 1282 (2019), Morali, et al., 
Science 365, 1286 (2019) 

[3] Xu et al. Nature 586 (2020) 702. 
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Wohlfarth lecture 

Magnonics: Of Spins and Waves 

Volodymyr V. Kruglyak  

University of Exeter, UK  

Spin waves are actively explored as signal and data carriers within future devices of magnonics, spintronics 
and their spinouts across discipline boundaries. However, even bestlaid device schemes often go awry when 
faced with realities of physics of spin waves, such as the non-linearity and anisotropy of the magnonic 
dispersion relation, the non-locality and chirality of spin waves and their coupling fields, and the generic 
complexity of micromagnetics and associated graded magnonic landscapes. In my lecture, I will present 
some illustrations of such exotic wave phenomena observable in magnonics. I will also argue that, once 
understood, this awryness of spin waves could promise remarkable benefits for both existing and future 
device concepts within magnonics and beyond. 

Public lecture 

Designer Magnets 

Sarah Thompson 

University of York, UK 

Magnets are ubiquitous – but magnetic elements very rare. What makes something magnetic and can we 
control it? Find out about the attractions and challenges of using magnets in everything from fridge magnets 
and train tickets, to deafening loud speakers to inside a computer hard drive – and how to design magnets 
on the nanoscale to do exactly what we want. 

NPG talk 

How to write a great paper 

David Abergel 

Nature Physics, UK 

Writing a paper that communicates your results to the widest possible audience can be hard. We will share 
some tips on how to do this, and talk about what our editors look for when they assess a paper. We’ll also 
leave plenty of time for questions and discussion.  
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Topological materials for spintronics 

(IEEE Distinguished Lecture) Spins in Low-dimensional Materials Systems: Transport, Gate-control and 
Conversion 

Masashi Shiraishi 

Kyoto University, Japan 

Transport, control and conversion of spins in condensed matters have been pivotal concepts in spintronics. 
Spin transport is the most fundamental concept to realize spin-dependent phenomena, spin control mainly 
by gating enables information switching using a spin degree of freedom, and spin conversion allows 
detection of spins, a dissipative physical quantity. Whilst bulk metallic and semiconducting systems have 
been to date major material stages to realize the aforementioned concepts, low-dimensional materials 
systems such as atomically-flat two-dimensional materials [1-3], two-dimensional electron gases formed at 
an interface of a heterostructure [4,5], topologically-protected Dirac surface states in topological insulators 
[6,7] and ultrathin films [8] are becoming attractive materials stages to pursue novel spintronic concepts 
and phenomena. I will introduce the attractiveness of these new materials systems, cover an overview of the 
central achievements, and focus on recent investigation to pioneer novel spintronic physics in the low-
dimensional materials systems. 
 
[1]  B. Raes, S.O. Valenzuela et al., “Determination of the spin-lifetime anisotropy in graphene using 

oblique spin precession”, Nature Commun. 7, 11444 (2016). 
[2]  S. Dushenko, M. Shiraishi et al., “Gate-tunable spin-charge conversion and the role of spinorbit 

interaction in graphene”, Phys. Rev. Lett. 116, 166102 (2016). 
[3]  A.W. Cummings, S. Roche et al., “Giant spin lifetime anisotropy in graphene induced by proximity 

effects”, Phys. Rev. Lett. 119, 206601 (2017). 
[4]  R. Ohshima, M. Shiraishi et al., “Strong evidence for d-electron spin transport at room temperature 

at a LaAlO3/SrTiO3 interface”, Nature Mater. 16, 609 (2017). 
[5]  E. Lesne, M. Bibes et al., “Highly efficient and tunable spin-to-charge conversion through Rashba 

coupling at oxide interface”, Nature Mater. 15, 1261 (2016). 
[6]  Y. Shiomi, E. Saitoh et al., Spin-electricity conversion induced by spin injection into topological 

insulators”, Phys. Rev. Lett. 113, 196601 (2014). 
[7]  Yuichiro Ando, M. Shiraishi et al., “Electrical detection of the spin polarization due to charge flow in 

the surface state of the topological insulator Bi1.5Sb0.5Te1.7Se1.3”, Nano Lett. 14, 6226 (2014). 
[8]  S. Dushenko, M. Shiraishi et al., “Tunable inverse spin Hall effect in nanometer-thick platinum films 

by ionic gating”, Nature Commun. 9, 3118 (2018). 

  

https://www.iopconferences.org/iop/frontend/reg/presenterdetails.csp?presenterID=1161&eventID=1534
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Tunable anomalous Hall conductivity through volume-wise magnetic competition in a topological kagome 
magnet  

Zurab Guguchia1,2, J Verezhak1, D Gawryluk1, S S Tsirkin3, J-X Yin2, I Belopolski2, H Zhou4,5, G Simutis1, S-S 
Zhang2, T A Cochran2, G Chang2, E Pomjakushina1, L Keller1, Z Skrzeczkowska1,6, Q Wang7, H C Lei7, R 
Khasanov1, A Amato1, S Jia4,5, T Neupert3, H Luetkens1, and M.Z. Hasan2  

1Paul Scherrer Institute, Switzerland 2Princeton University, USA, 3University of Zurich, Switzerland, 4Peking 
University, China, 5University of Chinese Academy of Science, China, 6Warsaw University of Technology, 
Poland, 7Renmin University of China, China  

Magnetic topological phases of quantum matter are an emerging frontier in physics and material science. 
Along these lines, several kagome magnets have appeared as the most promising platforms [1]. However, 
the magnetic nature of these materials in the presence of topological state remains an unsolved issue. I will 
present our recent results on magnetic correlations in the kagome magnet Co3Sn2S2 [2]. Using muon spin-
rotation, we show the evidence for competing magnetic orders in the kagome lattice of this compound. The 
results reveal that while the sample exhibits an out-of-plane ferromagnetic ground state, an in-plane 
antiferromagnetic state appears at temperatures above 90 K (Fig. 1), eventually attaining a volume fraction 
of 80 % around 170 K, before reaching a nonmagnetic state. Strikingly, the reduction of the anomalous Hall 
conductivity (AHC) above 90 K linearly follows the disappearance of the volume fraction of the ferromagnetic 
state. We further show that the competition of these magnetic phases is tunable through applying either an 
external magnetic field or hydrostatic pressure. Our results taken together suggest the thermal and quantum 
tuning of Berry curvature induced AHC in Co3Sn2S2 via external tuning of magnetic order.  
 

 
Figure 1: Schematic magnetic phase diagram as a function of temperature and spin structures of Co3Sn2S2, 
i.e. the FM and the in-plane AFM structures. Arrows mark the critical temperatures TC1 and TC2 for FM and AFM 
components, respectively. 

[1]  J.-X. Yin et. al., Nature Physics 15, 443 (2019).  
[2]  Z. Guguchia et. al., Nature Communications 11, 559 (2020) 
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Theory and computational magnetism 1 

Control of Magnetic Domain Wall Type using Anisotropy Modulations  

Kévin J A Franke1, Colin Ophus2, Andreas K Schmid2, and Christopher Marrows1 

1University of Leeds, UK, 2E O Lawrence Berkeley National Laboratory, USA 

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].  

 
 
In a perpendiular 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). 

[1] A. Thiaville, et al., EPL (Europhysics Letters) 100, 57002 (2012).  
[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 Letters 18, 4871 (2018)  
[5] T. Koyama, et al., Science Advances 4 (2018)  
[6] K. J. A. Franke, et al., in preparation (2021)  
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[7] T. Maruyama, et al., Nat. Nanotech. 4, 158 (2009) 
[8] S.Li, et al., J, Appl. Phys. 117, 17D702 (2015) 

Neuromorphic computing with a single magnetic domain wall  

R V Ababei1, M O A Ellis1, I T Vidamour1, E Vasilaki1, D A Allwood1, and T J Hayward1 

1University of Sheffield, UK  

Classifying or predicting complex time-dependent signals (e.g., speech, financial data, the weather) is a 
challenging computational task. Reservoir computing (RC) is an efficient neuromorphic computing approach 
that is ideally suited to such tasks and is typically implemented in software using a recurrent neural network 
(RNN) with fixed synaptic weights (the reservoir) connected to a single, trainable readout layer. However, 
more efficient implementations of RC are possible if the software RNN reservoir is substituted with a physical 
system with the correct properties, such as non-linear response to input signals and inherent memory, 
leading to a readily deployable, hardware-based neuromorphic computing platform [1].  

In this work, we propose a novel approach to RC where the dynamics of a single magnetic domain wall (DW) 
trapped between two defect sites in a nanostrip acts as a hardware-based reservoir. We demonstrate how 
such a device, with dimensions smaller than 1 µm, is capable of performing complex data analysis tasks, 
such as speech recognition. We have modelled a Ni nanowire with two anti-notches (shown in the inset of 
Fig. 1(a)) using both a simple 1D model [2] and micromagnetic simulations. Both models show the DW 
exhibit complex oscillatory dynamics similar to the Duffing oscillator, thus giving highly nonlinear responses 
to applied magnetic fields (Fig. 1(a)).  

We exploit the DW dynamics for RC by using an applied field to inject time multiplexed input signals into the 
reservoir and show how this approach allows the device to perform classification tasks. We have explored 
how the regime of applied fields affects the accuracy of sine and square wave classification, showing that 
the best recognition rate is obtained at the edge of a chaotic regime of oscillation (Fig. 1(b)). We have also 
demonstrated that the same approach can used for more complex tasks, such as spoken digit recognition 
and handwritten digit recognition. Our work opens a new perspective for neuromorphic computing in 
nanomagnetic hardware. 

 

Figure 1: Simulations of Ni nanostrip at 500 MHz. Fig. (a) shows a typical bifurcation diagram computed with 
1D model at 500MHz and the inset of Fig. 1(a) illustrates the typical geometry of a Ni nano-strip with two 
anti-nothces separated by 350 nm. Figure (b) shows the recognition rate for the sine and square task 
computed with 1D model of a domain wall in a Ni nanostrip. The input field is oscillatory comprising two 
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terms: H-the constant offset of the field and ΔH-the amplitude of the stimulus. The inset shows a sequence 
of inputs and its corresponding output calculated during the classification process using 1D model.  

[1]  M. Riou et al., Phys. Review Applied, 2019  
[2]  Pivano and Dolocan, Phys. Review B, 2016 

Micromagnetic simulations of artificial spin ice lattices and vertices 

Lauren Connell1,2, Kane Esien1 and Solveig Felton1 

1Queens’ University Belfast, UK, 2University of Glasgow, UK 

Research into geometrical frustration over the past two decades has revealed fundamentally new exotic behavior [1]. 
The magnetic interactions of the structure, coupled with the specific geometry causes frustration in the system, 
referred to as artificial spin ices. Several geometries exist, but for the purpose of this research, the kagome 
arrangement was used. In general, the geometry of these frustrated systems follows the ice rule, that being two 
interacting moments point in while two point out. The kagome however follows the modified ice rule of two moments 
pointing in while one points out or vice versa. These systems appear as 2D analogues to the 3D structure and it is the 
lattice configuration along with the specific frustration created that causes these exotic behaviors. Presented here are 
the magnetoresistances obtained for kagome magnetically frustrated systems in a single vertex and lattice format. 
Both geometries are compared in a magnetically connected format and a magnetically disconnected format in order 
to observe the exchange and dipolar energies. The structures were simulated with parameters for permalloy, using 
BORIS [2], and dimensions of 1µm long, 100nm wide and 10nm thick. The aim was to evaluate the magneto 
resistance, which was done assuming the current density aligns with the long axis and a basic resistor network. By 
comparing the simulated data for the connected and disconnected single vertex with the measurements taken 
previously for a lattice, a greater understanding of the effect of the disconnected versus connected structures can be 
achieved. Measurements of the kagome lattice showed that the disconnected lattice had a change in 
magnetoresistance that was 2~3 times greater than the connected lattice, experimentally. The simulations of the 
single vertex’s magnetoresistance differ by approximately an order of magnitude to those of the experiments. While 
the simulations are not for the full lattice, they shed some light on the experimental results obtained and the single 
vertex interactions that occur within the lattice. The simulation of the hybrid vertex appears to mirror that of the 
experimental data obtained for the hybrid lattice while the simulation of the connected vertex appears to differ 
somewhat from the experimental data obtained for the connected lattice. This highlights the implications of the 
experimental work in that the connected kagome has more complex interactions throughout the lattice while the 
magnetically disconnected hybrid is rather a simplified system. The subtle difference in the geometries of the 
connected and disconnected lattices aids in the explanation of the effects and interplay of both the spin structures 
and the current density. The work demonstrates the potential for using simulations to expose magnetic interactions in 
a lattice type structure and other interesting geometries, along with the enhanced magnetoresistance signals that 
were obtained. 
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Figure 1: Simulated single vertex and experimental lattice for the magnetically disconnected, electronically 
connected (hybrid) kagome plotted against the applied magnetic field. Data shown is the positive part of a 
full sweep of the magnetic field i.e.  from a positive applied field through to the negative of the same applied 
field. 

[1] Nisoli, C., Moessner, R., & Schiffer, P. (2013). Colloquium: Artificial spin ice: Designing and imaging 
magnetic frustration. Reviews of Modern Physics, 85(4), 1473. 

[2] Lepadatu, Serban. (2019). Boris Computational Spintronics User Manual.  

Atomistic Spin Dynamics simulations of exchange bias in polygranular IrMn/CoFe bilayers and the origin of 
the athermal training effect 

Sarah Jenkins1, Roy W Chantrell1, and Richard F L Evans1  

1University of York, UK  

Exchange bias is essential to the operation of magnetic read sensors. Recently it has been discovered that in 
single grain Co/IrMn3 bilayers the exchange bias is caused by a small statistical imbalance in the number of 
Mn atoms in each sublattice [1]. In realistic devices the IrMn is split into multiple non interacting grains, 
each of which contributes separately to the exchange bias. Here, we have developed a model of a 
multigranular IrMn/CoFe bilayer using an atomistic spin model [2]. The properties of the disordered γ-IrMn3 
AFM are modelled including localized magnetocrystalline anisotropies and Heisenberg exchange, 
reproducing key experimental results including the Néel temperature and magnetic ground state. For an 
atomically flat interface the polygranular system qualitatively reproduces the experimentally observed 
temperature and grain size dependence of the exchange bias.  

A problem in maximising the exchange bias is the training effect. There are two known contributions to 
training: thermal and athermal. Thermal training arises due to the AFM spins undergoing thermally activated 
transitions during the magnetization reversal process of the FM layer [3]. However, the origin of athermal 
training is still a widely disputed problem due to the difficulty in experimentally probing the rearrangement of 
AFM spins. For an atomically flat interface no athermal training was found as the switching of the interfacial 
spins was found to be completely reversible. By increasing the intermixing between the ferromagnetic and 
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antiferromagnetic layers at the interface we found the appearance of athermal training due to metastable 
spin states in the interfacial Mn spins which reorient during the first hysteresis cycle. We find a strong 
dependence on the amount of training on the interface mixing as shown in Fig. 1. These results represent a 
significant step towards a full understanding of the exchange bias effect in nanoscale devices. 

 

Figure 1: The first three simulated hysteresis loops for different intermixing widths, showing an increase in 
athermal training.  

[1]  S. Jenkins, W. J. Fan, R. Gaina, R. Chantrell, T. Klemmer, and R.F.L. Evans. Uncovering the mystery 
of delocalised pinned interface spins responsible for exchange bias. arXiv:1610.08236  

[2]  R. F.L. Evans, et al, J Phys Cond. Matter, 26, (2014)  
[3]  X. P. Qiu et al, Phys. Rev. Lett., 101:147207 (2008). 

Thin films and nanomagnetism 1 

(Invited) Reconfigurable Magnonic Nanostructures 

Adekunle Adeyeye1, and Arabinda Haldar2 

1Durham University, UK, 2Indian Institute of Technology Hyderabad, India 

Information processing based on nanomagnetic networks is an emerging area of spintronics as the energy 
consumption and integration density of the current semiconductor technology is reaching its fundamental 
limit. Magnonic based devices promise to usher in an era of low power computing where information is 
carried by the precession of the electrons’ spin instead of dissipative translation of their charge. In the last 
few years, interest in magnonics has grown largely due to advances in nanotechnology which allows shapes 
of geometrically confined magnonic elements to be fabricated, the development of new advanced 
experimental techniques for studying high-frequency magnetization dynamics and the potential use of spin 
waves as information carriers in spintronic applications.  

The first part of this talk will focus on design and fabrication strategies for synthesizing reprogrammable 
magnonic structures and nanomagnetic networks with deterministic magnetic ground states. Reliable 
reconfiguration between ferromagnetic, antiferromagnetic and ferrimagnetic ground magnetic states will be 
shown in rhomboid nanomagnets which stabilize to unique ground states upon field initialized along their 
short axis. In the second part, a novel waveguide consisting of dipolar coupled rhombic shaped 
nanomagnetic chain that eliminate the requirement of a stand-by power during operation will be presented. 
It will be shown that our waveguide could be used to send spin wave signal around a corner without any 
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stand-by power. In our design, gating operation is demonstrated by switching the magnetization of 
single/multiple nanomagnets in the waveguides in order to manipulate the spin wave amplitude at the 
output. We observed a significant reduction of spin wave amplitude by switching the nanomagnets using 
microwave current through a coplanar waveguide. 

Magnonic Bending, Phase Shifting and Interferometry in a 2D Reconfigurable Nanodisk Crystal 

Kilian D Stenning1, Jack C Gartside1, Troy Dion1,2, Alexander Vanstone1, Daan M Arroo2, and Will R. Branford1 

1Imperial College London, UK, 2London Centre for Nanotechnology, University College London, UK 

Strongly-interacting nanomagnetic systems are pivotal in novel technologies such as reconfigurable 
magnonics[1,2] and neuromorphic computation[3]. Controlling both magnetisation state and local coupling 
of neighboring nanoelements allows vast reconfigurable functionality, a vital part of realising next generation 
devices. However, the extent of reconfigurability is often limited by a lack of local magnetisation control 
alongside an inability to redefine active and inactive elements in an array. Furthermore, shaping magnon 
pathways in two dimensions adds additional complexities in terms of power losses and changes in magnon 
frequency and phase[4]. 

A subset of nanomagnetic elements are circular-shaped nanomagnets (nanodisks) capable of supporting 
macrospin and vortex states[5] [Fig 1] offering higher a density compared to nanowire-based designs.  
Macrospin states comprise all spins aligning along a freely rotating macrospin axis resulting in a net 
magnetisation and large dipolar field enabling strong coupling between neighboring elements. Whereas 
vortex states comprise an independent in-plane chirality and out-of-plane polarity characterized by a low 
dipolar-field leakage due to the chiral flux-closure. Yet, means of complete state control on individual 
nanodisks in an array are lacking. 

To address these challenges, we propose a novel nanodisk-based magnonic crystal where leveraging the 
coupling behaviors of different nanodisk states is employed to attain reprogrammable waveguiding capable 
of bending and splitting magnons around a 2D network [Fig 2], amplitude gating and phase-shifting of 
magnons6. We then demonstrate the potential of nanodisk-based magnonics by the design of magnonic 
logic gates. This is achieved through state preparation via a high-moment magnetic force microscopy tip with 
controlled vortex chirality, polarity and macrospin axis.  

 

Figure 1: Magnetisation and power profiles demonstrating a) bending and b) splitting of magnons across a 
2D network. 

[1] Grundler, D., Nature Physics, 11(6), pp.438-441. (2015) 
[2]  Chumak, A.V., Vasyuchka, V.I., Serga, et. al. Nature Physics, 11(6), pp.453-461. (2015) 
[3]  Grollier, J., Querlioz, D., Camsari, et. al. Nature Electronics, pp.1-11. (2020) 
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[4]  Haldar, A., Kumar, D. and Adeyeye, A.O., Nature nanotechnology, 11(5), pp.437-443. (2016) 
[5]  Cowburn, R.P., Koltsov, D.K., Adeyeye, A.O., et. al. Physical Review Letters, 83(5), p.1042. (1999) 
[6]  Stenning, K. D., J. C. Gartside, T. Dion, A. Vanstone, D. M. Arroo, and W. R. Branford. ACS Nano 

(2020). DOI: 10.1021/acsnano.0c06894 

Magnetically tunable resonant acoustic transmission in phononic crystals 

O. S. Latcham, Y. Au, A. V. Shytov, and V. V. Kruglyak 

University of Exeter, UK 

We have studied analytically magneto-acoustic metamaterials formed by periodic arrays of magneto-elastic 
(ME) resonators (Fig.1(a)).  In such arrays, the propagation of acoustic waves can be controlled 
magnetically, while the effect of the ubiquitous magnetic damping is reduced by keeping the magnetic 
resonators small [1]. Reflection from individual resonators has an asymmetric frequency dependence, a 
Fano resonance, which is tunable but typically weak. For arrays of ME resonators, we find that the slower 
acoustic group velocity at frequencies approaching phononic band gaps enhances the ME response, making 
it observable even at realistic damping values. At phononic band edges, we identify a magneto-acoustic 
version of the Borrmann effect in absorption. At frequencies inside phononic band gaps, the ME coupling 
leads to a passband localized around the magnetic resonance, resulting in a magnetically induced 
transparency (MIT) (Fig.1(b)). In this passband, evanescent phonons link the magnetic modes in adjacent 
resonators, essentially ‘hopping’ the energy through the array. The MIT passband acts like a decoupled 
(phononic) band, with oscillations from the back-scattered waves. This is also supplemented by both a non-
zero structure factor [2]. The phenomena explored here will be useful when constructing tunable magneto-
acoustic actuators, sensors and filters. The MIT identified here may be particularly useful when filtering 
magnetic-acoustic waves.  
 
The research leading to these results has received funding from the EPSRC of the UK (Projects 
EP/L019876/1 and EP/T016574/1).   
 

 

 

 

 

 

(a) (b) 

Figure 1: a) The magneto-acoustic array. b) Transmission through an array of 81 resonators showing both 
magneto-elastically coupled (B≠0) and uncoupled (B=0) waves. 
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[1]  O. S. Latcham, Y. I. Gusieva, A. V. Shytov, O. Y. Gorobets, and V. V. Kruglyak, “Controlling acoustic 
waves using magneto-elastic Fano resonances,” Appl. Phys. Lett. 115, 082403 (2019) 

[2]  O. S. Latcham, Y. I. Gusieva, A. V. Shytov, O. Y. Gorobets, and V. V. Kruglyak, “Hybrid Magneto-
acoustic metamaterials for ultrasound control,” Appl. Phys. Lett. 117, 102402 (2020) 

Correlated electron systems 

Monopole density and magnetoresistance in spin-ice iridates 

Attila Szabó1, Matthew J. Pearce2, Kathrin Götze2, Tycho Sikkenk1,3, Martin R Lees2, Andrew T. Boothroyd4, 
Dharmalingam Prabhakaran4, Claudio Castelnovo1, and Paul A. Goddard2 

1University of Cambridge, UK, 2University of Warwick, UK, 3Utrecht University, The Netherlands, 4University of 
Oxford, UK 

Magnetic pyrochlore oxides have attracted significant interest due to their geometrically frustrated lattice, 
which acts to suppress long range magnetic order and leads to a variety of unusual magnetic ground states 
and exotic excitations. Some of the most studied pyrochlores are the spin ices Ho2Ti2O7 and Dy2Ti2O7, 
where the ferromagnetically frustrated rare earth ions result in magnetic monopole quasiparticles. Despite 
extensive work on spin ices, a reliable experimental indicator of the density of magnetic monopoles in spin-
ice systems is yet to be found. 

In this talk, we present magnetisation and resistivity measurements [1] on new single crystals of the 
pyrochlore iridate Ho2Ir2O7, where the low-temperature holmium spin ice is coupled to 
antiferromagnetically ordered itinerant iridium moments. Our experiments demonstrate a strong and 
correlated hysteresis in both the magnetisation and the magnetoresistance. Using dipolar Monte Carlo 
simulations of the rare earth moments using an effective representation of the Ir moments as local fields [2], 
we show that the magnetoresistance is highly sensitive to the density of monopoles in a way that holds 
promise to quantitatively measure it in experiments. We argue that this is due to iridium conduction 
electrons scattering off the Coulombic magnetic and dipolar electric [3] field of the monopoles. Our result 
provides a powerful and versatile new tool for the study of spin-ice systems. We further explain the hysteretic 
behaviour through an effective coupling of the external field to the antiferromagnetically ordered iridium ions 
via the large holmium moments, which results in plastic movements of the iridium domain walls. 

*This project has received funding from the European Research Council (grant no. 681260) and the EPSRC. 

[1]   To appear on the arXiv shortly 
[2]  E. Lefrançois, V. Cathelin, E. Lhotel, J. Robert, P. Lejay, C. V. Colin, B. Canals, F. Damay, J. Ollivier, 

B. Fåk, L. C. Chapon, R. Ballou, and V. Simonet, Fragmentation in spin ice from magnetic charge 
injection. Nat. Commun. 8, 209 (2017).  

[3]  D. I. Khomskii, Electric dipoles on magnetic monopoles in spin ice. Nat. Commun. 3, 904 (2012).  
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Evolution of electronic and magnetic properties in a series of iridate double perovskites Pr2−xSrxMgIrO6 (x = 0, 
0.5, 1.0)  

Abhisek Bandyopadhyay1, I Carlomagno2, L. Simonelli3, M. Moretti Sala4,5, A. Efimenko4, C. Meneghini2, and 
S. Ray1 

1Indian Association for the Cultivation of Science, India, 2Universitá Roma Tre, Italy, 3ALBA Synchrotron Light 
Source, Spain, 4ESRF–The European Synchrotron, France, 5Politecnico di Milano, Italy  

Spin-orbit coupling (SOC) plays a crucial role in magnetic and electronic properties of 5d iridates. In this 
paper we have experimentally investigated the structural and physical properties of a series of Ir-based 
double perovskite compounds Pr2−xSrxMgIrO6(x = 0, 0.5, 1; hereafter abbreviated as PMIO, PSMIO1505, and 
PSMIO). Interestingly, these compounds have recently been proposed to undergo a transition from the spin-
orbit-coupled Mott insulating phase at x = 0 to the elusive half-metallic antiferromagnetic (HMAFM) state 
with Sr doping at x = 1. However, our detailed magnetic and electrical measurements refute any kind of 
HMAFM possibility in either of the doped samples. In addition, we establish that within these Pr2−xSrxMgIrO6 
double perovskites, changes in Ir-oxidation states (4+ for PMIO to 5+ for PSMIO via mixed 4+/5+ for 
PSMIO1505) lead to markedly different magnetic behaviors. While SOC on Ir is at the root of the observed 
insulating behaviors for all three samples, the correlated magnetic properties of these three compounds 
develop entirely due to the contribution from local Ir moments. Additionally, the magnetic Pr3+ (4 f 2) ions, 
instead of showing any kind of ordering, only contribute to the total paramagnetic moment. It is seen that 
the PrSrMgIrO6 sample does not order down to 2 K despite antiferromagnetic interactions. But, the d5 iridate 
Pr2MgIrO6 shows a sharp antiferromagnetic (AFM) transition at around 14 K, and in the mixed valent 
Pr1.5Sr0.5MgIrO6 sample the AFM transition is shifted to a much lower temperature (~ 6 K) due to weakening 
of the AFM exchange. The cross over from a long-range magnetically ordered state to a correlated disordered 
magnetic ground state upon increasing Sr-doping could be attributed to the development of strong 
geometrical frustration within the Ir-triangular network of the investigated double perovskite lattices.  

[1] A. Bandyopadhyay et al., Phys. Rev. B 100, 064416 (2019). 

(Invited) From magnetic order to quantum disorder: A study of the Zn-barlowite series of S = ½ kagomé 
antiferromagnets 

Kate Tustain1, Brendan Ward-O’Brien1, Fabrice Bert2, Tianheng Han3, Hubertus Luetkens4, Tom Lancaster5, 
Benjamin M. Huddart5, Peter J. Baker6 and Lucy Clark7 

1University of Liverpool, UK, 2Université Paris-Saclay, France, 3Argonne National Laboratory, USA, 4Paul 
Scherrer Institute, Switzerland, 5Durham University, UK, 6ISIS Facility, Rutherford Appleton Laboratory, UK, 
7University of Birmingham, UK 

Materials constructed from kagomé networks of corner-sharing triangles of S = ½ magnetic moments 
combine geometrical frustration with quantum fluctuations, making them the perfect candidates for the 
elusive quantum spin liquid (QSL) [1]. One kagomé material that has garnered considerable attention 
recently is a mineral named barlowite, Cu4(OH)6FBr, which is formed from kagomé layers of Cu2+ and 
separated by a second Cu site [2]. It has been shown that substituting the interlayer Cu site with 
diamagnetic Zn2+, resulting in the series ZnxCu4-x(OH)6FBr, suppresses magnetic ordering and may be a 
realisation of a QSL [3]. However, our understanding of the evolution of the magnetic ground state across the 
series is still largely unexplored. We present a comprehensive muon spin relaxation and rotation study 
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supported by DFT muon-site calculations [4]. We demonstrate that the parent compound (x = 0) displays 
static long-range magnetic order below TN = 15 K, which manifests itself in the form of spontaneous 
oscillations in the time-dependent muon asymmetry signal consistent with the dipolar fields expected from 
the calculated muon stopping sites and the previously determined magnetic structure of barlowite [5]. 
Meanwhile, upon Zn-substitution we find that the x ≈ 0.5 composition marks a critical point above which 
dynamic magnetic moment correlations persist down to the lowest measurable temperatures, indicating that 
Zn-barlowite is robust to the interlayer exchange interactions which will inevitably be mediated through Cu2+ 
ions which lay between the kagomé planes. 
 
[1]  C. Broholm et al., Science 367, eaay0668 (2020) 
[2]  T.-H. Han et al., Phys. Rev. Lett. 113, 227203 (2014) 
[3]  R. W. Smaha et al, npj Quantum Materials 5, 23 (2020) 
[4]  K. Tustain et al, npj Quantum Materials 5, 74 (2020) 
[5]  K. Tustain et al., Phys. Rev. Mat. 2, 111405 (2018) 

Magnetization dynamics and damping 

Layer resolved dynamics of magnetic multilayers  

D M Burn1, G van der Laan1, and T Hesjedal2  

1Magnetic Spectroscopy Lab, Diamond Light Source, UK 2University of Oxford, UK 

The understanding and ability to manipulate magnetization dynamics in magnetic multilayered structures 
offers great potential for the development of novel devices. Until recently, macroscopic understanding of the 
dynamic magnetization behavior in such materials was obtained through ferromagnetic resonance (FMR) 
measurements where micromagnetic simulations and theoretical modelling were used to predict the 
microscopic behavior. Here we present our recently developed synchrotron-based x-ray technique with the 
ability to uniquely resolve the dynamic magnetization behavior as a function of depth through magnetic 
multilayered systems [1-3]. Reflectometry ferromagnetic resonance (RFMR) brings together the power of two 
synchrotron x-ray based techniques: Firstly, x-ray detected ferromagnetic resonance (XFMR) provides a 
element-specific and time-resolved probe to explore the magnetization dynamics [4,5]. Secondly, soft x-ray 
reflectivity provides a measure of the depth dependence to both the chemical and magnetic structure 
through multilayered systems. In combination, RFMR reveals new and unique insights into the magnetization 
dynamics exhibited in layers beneath the surface in multilayered structures. We will present new 
understanding gained from such layer resolved measurements of the magnetization dynamics in a 
[CoFeB/MgO/Ta]4 multilayer structure. As expected, each of the magnetic layers exhibit a ferromagnetic 
resonance behavior. However, in contrast to a single magnetic thin film, additional coupling between the 
layers results in a phase lag relationship between the dynamics in adjacent layers [1].  

[1]  D.M. Burn et al. Phys. Rev. Lett. 125, 137201 (2020).  
[2]  D.M. Burn et al. Nano Lett. 20, 345 (2020). 
[3]  D.M. Burn et al. AIP Advances 11, 015327 (2021).  
[4]  G. van der Laan, J. of Electron Spectrosc. Relat. Phenom. 220, 137 (2017).  
[5]  C. Klewe et al. Sync. Rad. News 33, 12 (2020). 
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Figure 1: (a) Experimental RFMR schematic where x-ray reflectivity from magnetic multilayers is probed whilst 
excited by an RF field from a coplanar waveguide. (b) Typical data showing the variation of the dynamic 
signal with the momentum transfer QZ. 

(IEEE Distinguished Lecture) Magnetization Dynamics and Damping  

Tim Mewes 

University of Alabama, USA 

The dynamics and the damping of magnetization are of paramount importance to understand and predict 
the properties of magnetic materials used in a variety of applications. For example, spin-transfer torque 
magnetic random-access memory cells (STT-MRAM) are expected to switch fast, reliably, and with low power 
consumption, which requires low damping materials. The Landau-Lifshitz-Gilbert equation of motion [1] and 
extensions thereof have been extremely successful in enabling predictions of the magnetization dynamics of 
materials both analytically and using micromagnetic simulations. Experimentally, magnetization dynamics 
can be elegantly probed in the frequency domain using ferromagnetic resonance (FMR). Recent progress in 
broadband ferromagnetic resonance techniques have provided valuable new insights in the magnetization 
dynamics and the damping mechanisms of magnetic materials.   

In this lecture, I will introduce the fundamentals of magnetization dynamics and damping. I will discuss their 
importance for many applications, including hard disk drive read heads, spin-transfer torque magnetic 
random-access memories and new skyrmions based devices. I will talk about various mechanisms that can 
contribute to the damping of the magnetization in thin films including spin-orbit relaxation, spin pumping, 
and two-magnon scattering. The presentation will show how recent developments in broadband 
ferromagnetic resonance enable precise measurements of the dynamics and damping in thin magnetic films 
and multilayers especially when combined with angle and temperature dependent measurements [2]. This 
will include a discussion of the recently discovered anisotropic damping in exchange biased films [3, 4].  
 
[1] T. L. Gilbert, "A Lagrangian formulation of the gyromagnetic equation of the magnetization fields 

(abstract only)," Phys. Rev., vol. 100, p. 1243, 1955. 
[2] B. Khodadadi, A. Rai, A. Sapkota et al., "Conductivity-Like Gilbert Damping due to Intraband Scattering 

in Epitaxial Iron," arXiv preprint arXiv:1906.10326, 2019. 
[3] T. Mewes, R. L. Stamps, H. Lee et al., "Unidirectional Magnetization Relaxation in Exchange-Biased 

Films," Magnetics Letters, IEEE, vol. 1, pp. 3500204-3500204, 2010. 
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[4] J. Beik Mohammadi, J. M. Jones, S. Paul et al., "Broadband ferromagnetic resonance characterization 
of anisotropies and relaxation in exchange-biased IrMn/CoFe bilayers," Physical Review B, vol. 95, no. 
6, p. 064414, 02/15/ 2017. 

2D and carbon-based materials 

(Invited) Microscopic magnetism of van der Waals materials  

Wenqing Liu  

Royal Holloway University of London, UK 

Magnetic van der Waals materials have become one of the most exciting new classes of systems due to the 
wealth of exceptional physical properties that occur when charge, spin and heat transport are confined to a 
plane. Historically the spin arrangement has long been investigated within the context of conventional 
ferromagnetic metals and their alloys, while the study of spin generation, relaxation, and spin-orbit coupling 
in non-magnetic materials has taken off rather recently with the advent of spintronics, and it is here that 
many 2D systems can find their greatest potentials in both science and technology. Here we present our 
latest research on a selection of 2D van der Waals materials. This includes magnetic topological insulators 
(TIs) and epitaxial 2D heterostructures and superlattices.  

Exploring the limits of magnetism in two-dimensional materials  

Elton J G Santos  

The University of Edinburgh, UK  

The family of 2D compounds has grown almost exponentially since the discovery of graphene and so too the 
rapid exploration of their vast range of electronic properties. Some family members include superconductors, 
Mott insulators with charge-density waves, semimetals with topological properties, and transition metal 
dichalcogenides with spin-valley coupling. Among several compounds, the realization of long-range 
ferromagnetic order in van der Waals (vdW) layered materials has been elusive till very recently. Long 
searched but only now discovered 2D magnets are one of the select group of materials that retain or impart 
strongly spin correlated properties at the limit of atomic layer thickness. In this presentation I will discuss 
how different layered compounds (e.g. CrX3 (X=F, Cl, Br, I), VI3, MnPS3, Fe3GeTe2, FePS3, CrGeTe3) can 
provide new playgrounds for exploration of spin correlations involving quantum-effects, topological spin-
excitations and higher-order exchange interactions. I will show that this new generation of vdW magnets can 
help to revolutionize several technological applications from sensing to data storage, which can lead to new 
magnetic, magnetoelectric and magneto-optic applications in industry. Moreover, I will discuss some 
challenges at the forefront of 2D vdW magnets and new opportunities to understand fundamental problems. 
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Higher order exchange interactions and dynamics of 2D Van der Waals magnets  

Mathias Augustin1, Dina Abdul Wahab1, Alexey Kartsev1, Sarah Jenkins2, Richard F L Evans2, Kostya S 
Novoselov3,4, and Elton J G Santos5 

1Queen’s University, UK 2The University of York, UK 3National University of Singapore, Singapore 4Chongqing 
2D Materials Institute, China 5The University of Edinburgh, UK  

Two dimensional (2D) magnetic materials present an exciting new frontier in magnetic materials, with a wide 
range of complex magnetic properties. Previously it was believed that 2D magnets were unable to possess 
magnetic order at finite temperature due to the Mermin-Wagner theorem, but recent experiments in 
monolayer CrI3 have shown that uniaxial magnetic anisotropy provides symmetry breaking that circumvents 
the theorem. First principles calculations [1] have revealed the existence of complex magnetic interactions in 
2D materials leading to two-ion anisotropy and higher order biquadratic exchange interactions. Through 
Monte Carlo simulations using the VAMPIRE software package [2], we find that these higher order 
interactions enable quantitative predictions of the Curie and Néel temperatures of a wide range of 2D 
magnets. 

In this presentation we outline atomistic simulations of 2D materials describing the fundamental magnetic 
interactions in these systems. We will show that the 2D Heisenberg model is able to quantitatively describe 
the behaviour of 2D magnets at the nanoscale, shown in Fig. 1(a). We find that the critical scaling exponent 
β depends on the parameters of the Hamiltonian and is not a universal property of a model class such as 
Ising, 3D Heisenberg or mean field models as usually assumed [3]. We find that 2D materials possess 
exceptionally narrow domain walls [3] with a width of only 4 nm, much more typical of permanent magnets. 
Further analysis reveals the coexistence of Bloch, Néel and hybrid domain walls that are metastable in time. 
We explore the dynamics of 2D magnetic CrX3 materials with atomistic spin dynamics and find a diverse 
range of behaviour at elevated temperatures including metastable domain structures in nanoscale flakes [3], 
bimeron magnetic textures [4], and ultrafast current and field driven domain wall dynamics in 2D strips. 
These diverse range of magnetic behaviours present a zoo of magnetic properties which are only beginning to 
be explored and could have potential applications in novel magnetic reservoir computers and information 
storage. 

 

 

Figure 1: Magnetic properties of 2D magnets. (a) Temperature dependent magnetisation of monolayer CrI3. 
(b) Snapshot of the spin configuration of CrBr3 showing the existence of metastable merons and antimerons. 

[1]  A. Kartsev et al, npj Computational Materials 6 150 (2020)  
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[2]  R. F. L. Evans et al, J. Phys. Condens. Matter 26, 103202 (2014)  
[3]  Dina Abdul Wahab et al, Adv. Mater. 2020, 2004138 (2020)  
[4]  M Augustin et al, Nature Communications 12 185 (2021) 

Antiferromagnet spin dynamics 

(Invited) Terahertz magnonics in antiferromagnets: all-coherent spin switching and propagation of spin 
waves 

Rostislav V Mikhaylovskiy 

Lancaster University, UK 

The magnetically ordered materials belong to two main classes: ferromagnets and antiferromagnets. In 
ferromagnets their constituent spins are collinear and form a net magnetization. Using coupling between the 
latter and external magnetic field, we can write and read magnetic information on ferromagnets. 
Antiferromagnets have antiparallel spin alignment with no net magnetization and thus until recently have 
been considered as practically useless. During last decade, however, the unique functionalities of 
antiferromagnets triggered a flurry of research activities on antiferromagnetic spintronics and magnonics 
aiming, in particular, to understand how fast an antiferromagnet can be manipulated and switched. 

Recently, the freely propagating terahertz electromagnetic radiation has been suggested as the most direct 
interface to the antiferromagnets, able to detect and control spin motion in them. In my talk I will discuss the 
new nonlinear mechanism for THz-driven spin control, which is based on interplay between rare-earth 
orbitals and transition metal spins in antiferromagnetic oxides. Particularly, by resonant pumping low-energy 
rare-earth orbitals in an archetypical antiferromagnet TmFeO3 one can manipulate magnetic anisotropy, 
which in turn can efficiently drive spin motion in nonlinear regime [1]. The strength of the THz-driven 
anisotropy torque can exceed the Zeeman torque exerted by the magnetic field by at least one order of 
magnitude. By further increasing the anisotropy torque with the help of plasmonic THz antennae, we 
achieved the first demonstration of THz-driven spin switching. This latest work is a major milestone in the 
worldwide research effort towards ultrafast control of spins by light alone [2].  

I will argue that due to the strong coupling of the propagating THz electromagnetic fields with magnons, the 
hybrid magnon-polariton modes start to play a significant role. For instance, by measuring the terahertz 
emission and transmission of TmFeO3 we found a clear beating between the frequencies just below and 
above the frequency of antiferromagnetic resonance in this crystal [3]. Our theoretical analysis indicates that 
the beating arises due to the energy exchange between the higher and lower polariton branches formed in 
vicinity of the antiferromagnetic magnon frequency.  

Finally, I will draw future directions towards generation and detection of propagating exchange spin waves in 
antiferromagnets by light.  

[1]  S. Baierl, M. Hohenleutner, T. Kampfrath, A. K. Zvezdin, A. V. Kimel, R. Huber, and R. V. 
Mikhaylovskiy. Nonlinear spin control by terahertz driven anisotropy fields. Nature Photonics 10, 
715 (2016).  

[2]  S. Schlauderer, C. Lange, S. Baierl, T. Ebnet, C. P. Schmid, D. C. Valovcin, A. K. Zvezdin, A. V. Kimel, 
R. V. Mikhaylovskiy and R. Huber. Temporal and spectral fingerprints of ultrafast all-coherent spin 
switching. Nature 569, 383 (2019).  

https://www.iopconferences.org/iop/frontend/reg/presenterdetails.csp?presenterID=1174&eventID=1534&eventID=1534
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[3]  K. Grishunin, T. Huisman, G. Li, E. Mishina, Th. Rasing, A. V. Kimel, K. Zhang, Z. Jin, S. Cao, W. Ren, 
G.-H. Ma and R. V. Mikhaylovskiy. Terahertz magnon-polaritons in TmFeO3. ACS Photonics 5, 1375 
(2018).  

(Invited) Coherent transfer of spin angular momentum within antiferromagnetic epitaxial NiO layers  

Maciej Dąbrowski  

University of Exeter, UK 

Insulating antiferromagnetic (AFM) materials have been proven to be exceptionally efficient at transporting 
spin currents and they show outstanding promise for use in spintronics. Thin NiO films have received 
particular attention as they not only transmit – but can also enhance a pure spin current at room 
temperature [1, 2]. This unique property of NiO has been the subject of intense debate, and it has remained 
unclear how spin angular momentum can be amplified while passing through the AFM. So far experiments 
have been limited to the detection of dc spin current and mainly performed on polycrystalline NiO layers. In 
this work I will show how to probe directly the injection and transmission of ac spin current through epitaxial 
NiO(001) layers using element-specific and phaseresolved x-ray ferromagnetic resonance (XFMR) [3]. I will 
demonstrate that the ac spin current is enhanced for particular NiO thicknesses and that the spin transport 
can be explained by the excitation of evanescent GHz magnons within the NiO [4]. The results demonstrate 
that the phase of the ac spin current transmitted through NiO is a robust quantity that may be exploited in 
information processing.  

[1]  H. Wang et al. Phys. Rev. Lett. 113, 097202 (2014).  
[2]  C. Hahn et al. Europhys. Lett. 108, 57005 (2014).  
[3]  M. Dąbrowski et al. Phys. Rev. Lett. 124, 217201 (2020).  
[4]  R. Khymyn et al. Phys. Rev. B 93, 224421 (2016). 

General topics in magnetism 

Magnetic nanoparticles illuminated with small-angle neutron scattering 

Dirk Honecker 

STFC Rutherford Appleton Laboratory, UK 

Magnetic nanoparticles offer unique magnetic properties attractive for data storage, spintronics, and 
biomedical applications. Disorder effects are ubiquitous for nanostructured materials and they crucially 
influence relevant parameters, like the relaxation dynamics and magnetic hyperthermia performance. 
Despite the technological relevance, a quantitative interpretation of these perturbances of the spin structure 
remains a key challenge. 

Small-angle neutron scattering is a powerful technique to investigate the structure and dynamics of magnetic 
materials on length scales between about one − 100 nm [1]. Typical investigated systems cover bulk 
material like chiral magnets and skyrmion hosting materials, shape-memory alloys, Nd-Fe-B based 
permanent magnets. For magnetic nanocrystals in ferrofluidic dispersion or assembled in densely packed 
powders, SANS can help to resolve characteristic spin arrangements e.g. reveal the transition from a single-
domain to a multidomain state in nanoparticles [3].  
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In this contribution, I will demonstrate how magnetic-field-dependent SANS allows accessing more 
quantitative information on the spin structure of magnetic nanoparticles. With nm resolution and employing 
a micromagnetic description of the magnetic structure, neutrons allow distinguishing surface spin disorder 
from intra-particle disorder contributions in ferrite nanoparticles [4]. Analysis of the data indicates that the 
total magnetic moment of the particle is strongly field-dependent as the thickness of the magnetically 
disordered shell reduces with magnetic field. 

 
 
Representation of the structure (vertical cut) and magnetic (horizontal) morphology of Co ferrite NP [4]. Blue 
arrows indicate surface spin disorder.  
 
[1]  S. Mühlbauer, D. Honecker, E. A. Périgo, F. Bergner, S. Disch, A. Heinemann, S. Erokhin, D. Berkov, 

C. Leighton, M. Eskildsen, A. Michels, Rev. Mod. Phys. 91, 015004 (2019). 
[3]  L. G. Vivas, R. Yanes, D. Berkov, S. Erokhin, M. Bersweiler, D. Honecker, P. Bender, and A. Michels, 

PRL 125, 117201 (2020). 
[4]  D. Zákutná, D. Nižňanský, L.C. Barnsley, E. Babcock, Z. Salhi, A. Feoktystov, D. Honecker, S. Disch, 

PRX 10, 031019 (2020). 

Temperature Dependant Spin Seebeck Measurements Across the Verwey Transition 

G Venkat1,2, C Cox1, A Sola3, V Basso3, and K. Morrison1 

1Loughborough University, UK, 2Sheffield University, UK, 3Istituto Nazionale di Ricerca Metrologica, Italy 

The spin Seebeck effect (SSE) [1] is defined as the generation of a pure spin current (Js) when a magnetised 
material (such as Co2MnSi, YIG, or Fe3O4[2],[3],[4]) is subjected to a temperature gradient (ΔT). To detect it, 
a thin non-magnetic [NM] layer such as Pt, is deposited on top of the material of interest. This converts Js 
into an observable thermoelectric voltage (VSSE) by way of the Inverse Spin Hall Effect (ISHE) [5]. We are 
interested in how this phenomenon might be applied to harvesting waste heat (thermoelectric generators) or 
spintronics applications (spin current source). 

There are two mechanisms that could drive generation of a spin current: the spin dependant Seebeck effect 
[6], which relies on conduction electrons (and so relevant only for metallic magnets), and spin Seebeck 
effect, which relies on magnons [7]. Investigating the thermomagnetic voltage VSSE as a function of 
temperature can enable separation of these contributions – particularly in non-insulating materials such as 
Fe3O4 which undergoes a semiconductor-insulator phase transition at approximately 120 K [4],[8].  
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We have developed a measurement of VSSE as a function of temperature using the heat flux method [3],[9]. 
Not only will this enable accurate measurement of thin film samples but will be insensitive to changes in the 
thermal conductivity as a function of temperature. We will show how this technique can be used to 
investigate subtle changes in the SSE as a function of temperature. In particular, across the Verwey 
transition of Fe3O4 thin films of various thicknesses. The results of this work will be shown to demonstrate 
that the magnon driven SSE is the dominant contribution to the measured signal in these samples. 

[1]  K. Uchida et al., Nature, 455, 778 (2008) 
[2]  C.D.W. Cox et al., J Phys D: Appl. Phys., 53, 035005 (2019) 
[3]  G Venkat et al., EPL, 126, 37001 (2019) 
[4]  A. Caruana et al., Phys. Status Solidi: RRL, 10, 613-617 (2016) 
[5]  K. Uchida et al., J. Phys. Condens. Matter, 26, 343202 (2014) 
[6]  G.E.W. Bauer et al., Nat. Mat., 11, 391 (2012) 
[7]  J. Xiao et al., Phys. Rev. B, 81, 214418 (2010) 
[8]  E. J. W. Verwey, Nature, 144, 327 (1939) 
[9]  A. Sola et al., IEEE T. Instrum. Meas., 68, 1765 (2018) 

Parametric prediction of magnetic saturation in multiple component alloy systems through simulated 
annealing 

1Zhaoyuan Leong, 1Richard M Rowan-Robinson, 1Russell Goodall, and 1Nicola Morley 

1University of Sheffield, UK 

The new alloy systems high entropy alloys (HEAs) and complex concentrated alloys (CCAs) are subsets of 
multiple principal components alloys (>4 alloying elements). HEAs possess solid-solution phases while 
CCAs may have a mixture of ordered intermetallic phases and solid-solution phases. Precise stoichiometric 
and thermomechanical control can be used to tune magnetic properties. It allows the design of 
nanocomposite microstructures through which property enhancement can be achieved (e.g. Increased 
magnetic softness through FeCr nanoprecipitation in CoCr0.5FeNi0.5-Al [1]).  

Large configurational spaces of potential HEA/CCA stoichiometries are a design challenge; just limiting 
potential elements to 20 gives 15,504 potential equimolar 5-component compositions. Relaxing the 
stoichiometry would drastically increase this number. Semi-empirical predictive schemes are thus useful in 
predicting new HEA/CCA compositions. Although less accurate than ab-initio models, they remain relevant, 
enabling scoping studies which can be further optimised. Unfortunately, the models cannot be easily 
extended for magnetic properties due to relativistic effects. This is demonstrated in Fig. 1a [2] where the 
classical Bethe-Slater plot for 3d transition metals is shifted by Cr addition and atomic size changes in the 
HEA/CCA composition.  

A parametric model differentiating for spin polarisation from the mean 3d electrons and ground state energy 
is developed as a way to predict saturation magnetisation in HEA/CCA systems (cf. Fig. 1b). The model when 
compared against the literature and experimental data has an r2 value of ~0.7. It can be used to obtain a 
discrete problem to be maximised, although a very large configurational space must be traversed. Simulated 
annealing is an optimisation methodology that allows finding global optima (i.e. saturation magnetisation) in 
the presence of large numbers of local optima (cf. Fig. 1a: Multiple inflections are observed for each 
compositional type). Alloys which maximise saturation magnetisation can thus be predicted this way. Since 
the model is derived from common parameters (Mulliken electronegativity and d-electron count) the 
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predictive calculations can be obtained by using the rule-of-averages to determine the weighted mean of 
these parameters for various alloy systems. The results and characterisation of these predictions are 
presented here. 

 
 
Figure 1: (a) Saturation magnetisation plotted against the 4s:3d ratio calculated using Slater Rules. and (b) 
Parametric model prediction saturation magnetisation for these values *New results **Lit. experimental 
results, ***Lit. simulated results. 
 
[1] N.A. Morley, B. Lim, J. Xi, A. Quintana-Nedelcos, Z. Leong, Magnetic properties of the complex 

concentrated alloy system CoFeNi0.5Cr0.5Alx, Sci. Rep. 10 (2020) 14506. 
https://doi.org/10.1038/s41598-020-71463-3. 

[2] J.C. Slater, Atomic Shielding Constants, Phys. Rev. 36 (1930) 57–64. 
https://doi.org/10.1103/PhysRev.36.57. 

Co/Pt hydrogen evolution electrode probed by electrochemical magneto-optical Kerr effect set-up 

Olga Sambalova1,2, Oguz Yildirim1, Greta Patzke2, David Tilley2, and Andreas Borgschulte1.2 

1Empa, Swiss Federal Laboratories for Materials Science and Technology, Switzerland, 2University of Zürich, 
Switzerland 

External magnetic fields affect various electrochemical processes and can be used to enhance the efficiency 
of the electrochemical water splitting reaction. However, the overall impact of magnetic field on 
electrochemistry is poorly understood. One of the challenges lies in the incompatibility of the analytical 
requirements (e.g. bulk aqueous and extreme pH environment) with the available interface-sensitive 
techniques (e.g. XPS). Here, we present an electrochemical Kerr effect set-up that overcomes such 
challenges and allows probing a ferromagnetic electrode in an applied magnetic field, while simultaneously 
monitoring the hydrogen evolution reaction.  

We make use of the strong out-of-plane magnetisation of a Co/Pt superlattice to yield information on 
structural and chemical changes of the Pt-electrolyte interface under hydrogen evolution conditions. We 
report a 7% increase in the electrochemical current density under moderate applied bias (-0.15 V (vs RHE)) 
and magnetic field (250 mT). Within the defined parameters, the electrode remains structurally and 
chemically stable, and the effect is assigned to the changes within the electrochemical double layer. Our 
results indicate that applied external magnetic fields affect the concentration gradient of hydroxide ions in 

https://doi.org/10.1038/s41598-020-71463-3
https://doi.org/10.1103/PhysRev.36.57
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the vicinity of the electrode, changing the chemical composition of the electrochemical double layer and 
enhancing electrochemical hydrogen evolution. 

Thin films and nanomagnetism 2 

(Invited) Sub-THz Spin Pumping from an Insulating Antiferromagnet MnF2 to a Pt layer 

Sophie Morley 

Lawrence Berkeley Laboratory, USA 

The future of spintronics relies on phenomena such as the spin-Hall effect (SHE), spin-transfer torque (STT) 
and spin pumping, which allow for interconversion between charge and spin currents and the generation of 
magnetization dynamics that could lead to faster, denser, and more energy efficient, non-volatile memory 
and logic devices. Present STT-based devices rely on ferromagnetic (FM) materials as their active 
constituents where the ease of detection and manipulation due to their net magnetization and anisotropy 
also translates into limitations in terms of density (neighbouring elements can couple through stray fields), 
speed (frequencies are limited to the GHz range), and frequency tunability (external magnetic fields 
needed). Antiferromagnetic materials hold promise in overcoming some of these challenges in the field of 
spintronics. Due to the interatomic exchange interaction energies dominating the spin dynamics in 
antiferromagnets, they can be driven faster, towards THz as opposed to GHz, increasing their potential for 
ultrafast information processing and communication, with broadband frequency tunability without the need 
for external magnetic fields. 

We report the direct observation of spin pumping in an antiferromagnetic-based device. We demonstrate 
sub-terahertz spin pumping at the interface of uniaxial insulating antiferromagnet MnF2 and a platinum thin 
film. The measured ISHE voltage arising from spin-charge conversion in the platinum layer depends on the 
chirality of the dynamical modes of the antiferromagnet, which is selectively excited and modulated by the 
handedness of the circularly polarized subterahertz irradiation. Our results pave the way to controlled 
generation of coherent, pure spin currents at terahertz frequencies. 

Optically detected spin-orbit torque ferromagnetic resonance in an in-plane magnetized ellipse  

Konstantinos Chatzimpaloglou1, Paul S. Keatley1, Takashi Manago2, Petros Androvitsaneas1, Tom H. J. 
Loughran1, Robert J. Hicken1, Goran Mihajlović3, Lei Wan3, Young-suk Choi3, and Jordan A. Katine3 

1University of Exeter, UK 2Fukuoka University, Fukuoka, Japan,3San Jose Research Center, HGST, a Western 
Digital Company, USA  

Spin-orbit torque (SOT) is being intensely studied for efficient switching of magnetic memory elements[1], 
driving spin Hall nano-oscillators (SHNOs)[2], and manipulation of chiral magnetic textures [3] in logic 
devices. Device operation is underpinned by the spin Hall effect, in which a spin current can be efficiently 
generated at the interface between a ferromagnetic metal (FM) and a current carrying heavy metal (HM) 
underlayer due to strong spin-orbit coupling in the HM. The spin current injected into the FM may then exert 
a SOT that excites the dynamics central to device function.  

SOTs can exhibit a spatial dependence [2] due to the current distribution within a device. Alternatively 
nanoscale ferromagnetic elements can support non-uniform equilibrium states [4] resulting in a spatially 
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dependent SOT. At the same time the Oersted (Oe) field associated with DC and RF currents (IDC, IRF) in the 
device can also contribute to a non-uniform excitation of the magnetization. Therefore, to explore the 
influence of non-uniform SOTs at the nanoscale, a spatially resolved probe of the resulting magnetization 
dynamics is required. In this work time-resolved scanning Kerr microscopy (TRSKM) with spatial resolution of 
~400 nm was used to acquire timeresolved SOT ferromagnetic resonance (FMR) spectra from an in-plane 
magnetized Co40Fe40B20(2 nm) ellipse of size 2×0.8 µm2 positioned at the centre of a Pt(6 nm) Hall 
cross[5]. Combined DC and RF currents were passed through the 2 µm wide Pt lead perpendicular to the 
long axis of the ellipse, such that the resulting spin polarisation (σ(t)) and Oe-fields (h(t)) were parallel to 
the long axis of the ellipse, Figure 1(a). Time-resolved polar Kerr images, Figs. 1(b) and 1(c) revealed the 
centre-localised mode of the ellipse with weaker signal at the edges. SOT-FMR spectra were acquired by 
probing the center-localised mode for a range of magnetic field HB angles θH with IDC= 10 mA and fRF = 
3.2 GHz. The measured spectra revealed a marked asymmetry in both amplitude and linewidth when the 
bias field was applied 30° to either side of the HA. These observations were reproduced by macrospin 
calculations, allowing values of α = 0.025 and ST = (6.75±0.75)×10-7 Oe A-1 cm2 to be determined for 
the damping parameter and strength of the in-plane SOT respectively.  

This work paves the way for spatially resolved characterization of SOT devices, by probing individual spatially 
localised modes, for greater understanding of SOT-induced dynamics at the nanoscale.  

 

Figure 1: (a) A reflectivity image of the device acquired by the TRSKM where the ellipse is centered within the 
dashed region. (b) and (c) Polar Kerr images acquired from the dashed region in (a) at opposite antinodes of 
precession for the ellipse at resonance. 

[1]  G. Mihajlović, Applied Physics Letters, Vol. 109, p. 192404 (2016)  
[2]  T. M. Spicer, Physical Review B, Vol. 98, p. 214438 (2018)  
[3]  K. Zeissler, Nature Communications, Vol. 11, p. 428 (2020)  
[4]  P. S. Keatley, Physical Review B, Vol. 78, p. 214412 (2008)  
[5]  P. S. Keatley, K. Chatzimpaloglou, T. Manago, et al., Under review, (2021)  
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Dynamic fingerprinting of artificial spin ice: Probing microstates via spin wave response  

Alex Vanstone1, Jack C. Gartside1, Troy Dion1,2, Kilian D. Stenning1, Daan M. Arroo2, Hide Kurebayshi1, and 
Will R. Branford1 

1Imperial College London, UK, 2University College London, UK 

Artificial spin ices (ASIs) are magnetic metamaterials composed of interacting magnetic nanoislands placed 
in a geometric arrangement. Originally these systems were used to mimic the frustrated magnetism found in 
rare-earth pyrochlores [1]. Recently, there has been significant interest in applying ASI as functional 
materials, such as magnonic crystals [2], [3] and neuromorphic computing [4], [5]. The GHz-regime 
magnetisation dynamics of ASI have been investigated as a potent method of realising these devices. 
However, the studies have focused on measuring the spin wave spectra as a function of field without 
separating out contributions from the local dipolar field of the surrounding microstate [6], [7].  

Here we investigate the properties of square ASI at remanence in order to determine how the system’s 
microstate imprints a unique fingerprint on the spin-wave spectra via highly-textured dipolar field 
landscapes. These fingerprints may be exploited for rapid state readout of ASI and related strongly-
interacting nanomagnetics systems. By varying the microstate preparation field before measuring spectra at 
remanence we separate the spectral effects of local dipolar interactions from globally-applied field and 
demonstrate a powerful approach to microstate probing. Operating at a fraction of the time of MFM or 
PEEM/XMCD and providing locally-sensitive information unavailable via MOKE or VSM. The broad range of 
state fingerprints may also be harnessed for functional magnonic applications including filtering, 
multiplexing and frequency-dependent power switching. 

 

Figure 1: Remanence FMR measurement of Square Artificial Spin ice. (a) SEM image of square lattice, (b) 
Differential broadband FMR measured at remanence through reversal after applying a field 20-30mT, (c) 
MOKE hysteresis loops showing a major (blue) and minor (red) loops with the remanence magnetisation 
marked, (d) Differential FMR heatmap with the position of the resonance frequency of the central bulk mode 
overlayed.  

[1]  R. F. Wang et al., ‘Artificial “spin ice” in a geometrically frustrated lattice of nanoscale ferromagnetic 
islands’, Nature, vol. 439, no. 7074. Jan. 2006  
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[2]  S. Gliga, E. Iacocca, and O. G. Heinonen, ‘Dynamics of reconfigurable artificial spin ice: towards 
magnonic functional materials’, APL Mater., vol. 8, no. 4. Apr. 2020  

[3]  J. C. Gartside et al., ‘Reconfigurable magnonic mode-hybridisation and spectral control in a 
bicomponent artificial spin ice’, ArXiv210107767. Jan. 2021  

[4]  J. H. Jensen and G. Tufte, ‘Reservoir Computing in Artificial Spin Ice’, in The 2020 Conference on 
Artificial Life, Online. 2020  

[5]  F. Caravelli and C. Nisoli, ‘Logical Gate Embedding in Artificial Spin Ice’, New J. Phys. Oct. 2020  
[6]  M. B. Jungfleisch et al., ‘Dynamic response of an artificial square spin ice’, Phys. Rev. B, vol. 93, no. 
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The Influence of Finite-size Effects on the Curie Temperature of L10-FePt  

Nguyen Thanh Binh1, Sergiu Ruta1, Ondrej Hovorka2, Richard F L Evans1, and Roy W Chantrell1 

1University of York, UK, 2University of Southampton, UK  

Iron Platinum in the L10-phase (L10-FePt) has been widely studied for application in Heat Assisted Magnetic 
Recording (HAMR) [1]. An important aspect for successful HAMR media is controlling the Curie temperature 
dispersion, which for L10-FePt a strong but not well characterised dependence on finite-size effects has been 
reported [2]. This is problematic since the inevitable grain size distribution in the medium would lead to a 
Curie temperature dispersion which potentially limits recording density. Hence, the precise dependence of 
the Curie temperature dispersion of L10-FePt on finite-size effects needs to be investigated.  

We constructed an atomistic model based on the VAMPIRE code [3] to study the impact of finite-size effects 
in L10-FePt using nearest-neighbour Heisenberg Hamiltonian exchange. Our parallelepiped L10-FePt grains, 
with a constant height of 10nm and variable base sizes between 1 and 10nm, were specifically built to allow 
the extraction of magnetic properties of each atomistic layer along any specific dimension. We hypothesised 
a correlation between the Curie temperature dispersion and the percentage of atomistic bond loss on the 
grain surface as a function of grain size. Our results establish the existence of a size threshold at 3.5nm 
below which the impact of finite-size effects starts to permeate into the grain bulk and amplify the overall 
loss of the grain magnetisation. This phenomenon can be quantified by a modified finite-size scaling fit 
which incorporates a correlation strength factor accounting for the percentage of bond loss on the grain 
surface and a propagation term measuring the extent of surface disorder propagating into the grain bulk. 
Furthermore, a 1D layer-resolved magnetisation profile of the grains [Fig.1] displays a universal pattern in 
which the magnetisation drops rapidly on surface layers before saturating in the bulk layers. In larger grains, 
surface disorder penetrates only up to a few first atomistic layers whilst in smaller grains it propagates fully 
into the entire grain. The transition between large and small size regimes is again seen to occur at the 3.5nm 
size threshold. Our findings are supported by semi-analytical mean-field calculations and we demonstrate 
that our model could be extended beyond the strictly fct L10-FePt to be applicable to different crystal 
structures. 
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Figure 1: The 1D layer-resolved magnetisation profile for L10-FePt grains of selected sizes at 550K showing 
that in smaller grains (fewer atomistic layers) the magnetisation drop on the surface contributes more to the 
overall loss of the grain magnetisation. 
 
[1] D. Weller et al., Journal of Vacuum Science & Technology B, 34, 060801 (2016)  
[2] O. Hovorka et al., Applied Physics Letters, vol. 101, no. 5, p. 052406 (2012).  
[3] R. F. L. Evans et al., Journal of Physics: Condensed Matter, 26, 103202 (2014). More information 

about VAMPIRE can be found at: http://vampire.york.ac.uk/features/ 

First-principles studies of the magnetocaloric effect on FeRh 

Rafael Vieira1,2, Olle Eriksson1,3, Torbjörn Björkman2, and Heike C. Herpera 

1Uppsala University, Sweden, 2Åbo Akademi, Finland, 3Örebro University, Sweden 

The rising interest in the application of magnetocaloric (MCE) materials for magnetic refrigeration devices 
has led to an intensive search for new materials with a more attractive performance to cost ratio. Yet, many 
magnetocaloric materials display complex behaviours, which are not fully comprehended. The study of such 
phenomena helps to understand the relevant features that enhance the magnetocaloric effect in existing 
materials. Furthermore, based on the gained knowledge it is possible develop strategies to identify new MCE 
materials. FeRh, the leading material in view of magnetocaloric performance, goes through a metamagnetic 
transition from an antiferromagnetic to ferromagnetic phase around room temperature. For its metamagnetic 
nature, this transition has captured the interest of the academia, and it has been subjected to multiple 
studies. In this work, electronic, structural and magnetic properties of both phases have been studied from 
first principles aiming to find a reliable non-tailored approach to determine the entropy variation of the 
magnetocaloric effect [1] being obtained good agreement with experimental results for the total entropy [2].  

 

http://vampire.york.ac.uk/features/
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Figure 1: Total entropy variation and respective components estimated for the AFM → FM transition on FeRh 
[1]. 

For FeRh, the electronic (Sele), lattice (Slat), and magnetic (Smag) entropy contributions have approximately the 
same order of magnitude and the same sign, as can be seen Fig 1. The entropy peak of Smag around the 
transition temperature suggests that the transition is mainly driven by magnetic subsystem. This result is 
obtained using adiabatic magnon models, which suggests that small magnetic fluctuations play an important 
role for the metamagnetic transition.  In addition, it is found for FeRh that the Debye model fails to predict Slat, 
both in sign and magnitude, due to the existence of soft vibrational modes on the phonon spectra.  

[1] Martinho Vieira, R., Eriksson, O., Bergman, A., & Herper, H. C. (2020) Journal of Alloys and 
Compounds, 157811. 

[2] Cooke, D. W., Hellman, F., Baldasseroni, C., Bordel, C., Moyerman, S., & Fullerton, E. E. (2012) 
Physical Review Letters, 109(25), 255901. 

(Invited) Spin fluctuations from the time-dependent density functional perturbation theory, implemented 
using plane-waves and pseudopotentials 

Kun Cao  

Sun Yat-sen University, China 

Time-dependent density functional perturbation theory(TDDFPT) is a powerful tool to calculate spin 
fluctuations from first principles. It starts from applying a perturbation of magnetic field directly to the Kohn-
Sham Hamiltonian, thus can capture the interaction of Stoner excitations and magnons. I will talk about my 
implementation of TDDFPT for spin fluctuations using plane-waves and pseudopotentials based on QE and 
its application to typical transition metals, with the emphasis on the comparison between theoretical results 
and experiments. 

Spintronics 

Parity controlled spin wave excitations in synthetic antiferromagnets  

Aakanksha Sud1, Yuya Koike2, Satoshi Iihama2, Christoph W. Zollitsch1, Shigemi Mizukami2, and Hidekazu 
Kurebayashi1 

1University College London, UK, 2Tohoku University, Japan 

Synthetic antiferromagnets (SyAFs) are an excellent platform to explore novel spintronic and magnonic 
concepts with coupled magnetic moments[1]. Unlike a homogeneously magnetised single-layer 
ferromagnet, coupled magnetic layers are able to offer rich magnetic states where the competition between 
interlayer exchange coupling, external-field-induced Zeeman interaction as well as other magnetic anisotropy 
terms plays a role. This can expand into their dynamic regimes as the coupled moment nature inherently 
provides two eigenmodes, acoustic and optical modes[2-3], where time-dependent components of two 
coupled moments are oscillating in-phase (acoustic) and out-of-phase (optical)in a spin-flop (canted) 
regime.  
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We report in this work the current-induced-torque excitation of acoustic and optical modes in 
Ta/NiFe/Ru/NiFe/Ta SyAF stacks grown on SiO2/Si substrates(Fig 1(a)). The two Ta layers serve as spin 
torque sources with the opposite polarisations both in spin currents and Oersted fields acting on their 
adjacent NiFe layers. This can create the odd symmetry of spatial spin torque distribution across the growth 
direction, allowing us to observe different spinwave excitation efficiency from synthetic antiferromagnets 
excited by homogeneous torques. We analyse the torque symmetry by in-plane angular dependence of 
symmetric and antisymmetric lineshape amplitudes for their resonance (as shown in Fig 2(a-b)) and confirm 
that the parallel (perpendicular) pumping nature for the acoustic (optical) modes in our devices. The terms 
parallel (perpendicular) pumping here signify that the torque (hence spin-wave excitation efficiency) is 
maximised when the oscillating fields and dc magnetic field are collinear(perpendicular) to each other 
respectively. This is evident from Fig 2(c-d) that strongly suggests the torque symmetry for the 
acoustic(optical) mode excitation being of form sin ϕ (cos ϕ). We also generalize macrospin model for this 
particular spin-torque excitation geometry, which excellently supports our experimental observation. Our 
results offer capability of controlling spin-wave excitations by local spin-torque sources and we can explore 
further spinwave control schemes based on this concept. 

 

Figure 1: (a) A schematic of the sample geometry 
used for STT-FMR measurements in our study. (b) V 
obtained at different frequencies for acoustic and 
optical modes in our device for ϕ = 55◦ (c) A 2D 
colorplot of V as a function of applied field and 
frequency, measured for ϕ = 55◦ . (d) Numerical 
simulation results 

Figure 2: (a-b) Angular dependence of symmetric 
(Vsym) and antisymmetric (Vasy) components for 
(a) acoustic mode (b) optical mode measured at 
8.5 GHz. (c-d) The symmetry of torques obtained 
by dividing the Voltage by (c) sin 2ϕ for acoustic 
mode and (d) cos 2ϕ for optical mode. 

[1]  R. A. Duine, K.-J. Lee, S. S. P. Parkin, and M. D. Stiles, Nat. Phys. 14, 217 (2018).  
[2]  F. Keffer and C. Kittel, Phys. Rev. 85, 329 (1952).  
[3]  A. Sud, Y. Koike, S. Iihama, C. Zollitsch, S. Mizukami and H. Kurebayashi, Appl. Phys. Lett. 118, 

032403 (2021) 
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Spin accumulation induced via skew scattering in metallic thin films  

Ming-Hung Wu, Hugo Rossignol, and Martin Gradhand  

University of Bristol, UK  

Across spintronics, spin-orbit induced generation of spin currents and spin accumulation has turned into a 
standard tool in a variety of applications. While the theoretical descriptions have been successful in 
describing the spin conductivities reasonably well, in experimental configurations it is often the spin 
accumulation at interfaces and surfaces which plays the dominant role [1, 2]. In particular, for magnetic 
multilayer systems the physics at the interface such as proximity of heavy, large spin-orbit coupling (SOC), 
and ferromagnetic materials promises interesting emergent behavior [3–5]. In order to shed light on the 
complex physics, we focus on the spin accumulation in thin film systems, evaluating the spin galvanic and 
spin Hall effects both relevant in applications. We present first-principle calculations based on the relativistic 
Korringa-Kohn-Rostoker Green’s function method for the spin accumulation in several slab systems, varying 
the electronic structure as well as the strength of the spinorbit coupling. Moreover, we will explore the effect 
of impurities inducing skew scattering and symmetry breaking. Specifically we will analyse the position 
dependence of the spin accumulation comparing surface impurities to buried atoms in the centre of the thin 
film.  

[1]  G. Géranton et al., Phys. Rev. B 93, 224420 (2016).  
[2]  O. Gueckstock et al., Advanced Materials 123, 2006281 (2021).  
[3]  F. Wilhelm et al., Phys. Rev. B 76, 024425 (2007).  
[4]  R. Springell et al., Phys. Rev. B 78, 193403 (2008).  
[5]  F. Hellman et al., Rev. Mod. Phys. 89, 025006 (2017). 

Emission of THz radiation from Co20Fe60B20/Pt spintronic thin films with varying microstructural properties 

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

University of Manchester, UK 

The ability to generate pulses of terahertz (THz) radiation has revolutionised a multitude of technologies, from 
medical imaging [1] to the detection of explosives [2] and has future application in the ultrafast control of 
electron spin states [3] and picosecond magnetisation switching in ferrimagnets and antiferromagnets [4]. 
To exploit the full potential of THz technology, emitters are required which can generate radiation over a 
spectral range of 1-10 THz [5]. Spintronic emitters, consisting of ferromagnetic (FM)/non-magnetic (NM) 
thin films, can produce THz pulses with large electric field amplitudes and gapless bandwidths of up to 30 
THz [6], demonstrating their potential as broadband sources of THz radiation. Whilst particular combinations 
of FM/NM materials, such as CoFeB/Pt, can generate high amplitude THz pulses (300 kV/cm) [6], the role 
that material properties contribute to the generation process has yet to be fully explored. In particular, post 
deposition annealing has been shown to enhance the THz radiation emitted from CoFeB/NM thin films by up 
to a factor of 3 [7,8], where this enhancement has been attributed to two possible effects: 1) diffusion of B 
into the NM layer, leading to increased scattering and reduced hot electron relaxation length [8]; or 2) local 
crystallisation of CoFeB leading to an increase in mean free path of hot electrons [7,8].  

To explore the THz electric field enhancement, we have investigated the role of defects in the NM layer and 
crystallisation of the FM/NM interface upon the emission of THz radiation from Co20Fe60B20 (2.5 nm)/Pt (3 
nm) thin films. Two series of films were grown onto fused silica substrates using magnetron sputtering. In 
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series 1, the DC sputtering power for Pt, PPt, was varied between 25 W and 100 W to control defects in the 
Pt layer. In series 2, the films were annealed post deposition between 200⁰C and 400⁰C to induce 
crystallisation at the CoFeB/Pt interface. The structural properties of the films were characterised by X-ray 
diffraction (Fig. 1) from which the crystalline ordering of the Pt is observed to vary with increasing PPt (series 
1) and annealing temperature (series 2). Atomic force microscopy measurements (series 2) reveal an 
increase in the surface roughness of the Pt layer with annealing from 0.81 nm (unannealed) to 2.06 nm (Tann 
= 400⁰C), and X-ray reflectivity analysis (series 2) shows a decrease in density of the Pt layer and increase 
in roughness of the CoFeB layer, indicating diffusion at the CoFeB/Pt interface with annealing above 200⁰C. 
We have used terahertz timedomain spectroscopy (THz-TDS) to measure the amplitude of the THz electric 
field (ETHz) (Fig. 2). Initial analysis shows that interdiffusion has a significant influence on ETHz. A full analysis 
of our results will be presented at the conference. 

 

 

Fig. 1: X-ray diffraction spectra for Co20Fe60B20/Pt 
films with increasing PPt (pink and green) and 
annealing temperature (black, red and blue). 

Fig. 2: ETHz generated from FS-CoFeB/Pt and 
FSPt/CoFeB thin films measured by THz-TDS. Inset 

 
[1]  R. Woodward et al., J. Biol. Phys. 29, 257, 2003 
[2]  K. Kawase et al., Opt. Express 11, 2549, 2003 
[3]  S. Baierl et al., Nat. Photonics 10, 715, 2016 
[4]  S. Wienholdt et al., Phys. Rev. Let. 108, 247207, 2012 
[5]  M. Hibberd et al., Appl. Phys. Let. 114, 031101, 2019 
[6]  T. Seifert et al., Nat. Photonics 10, 483, 2016 
[7]  Y. Sasaki et al., J. Phys. Soc. Jpn. 111, 102401, 2017 
[8]  Y. Gao et al., IRMMW-THz Paris, France, 1-3, 2019, DOI: 10.1109/IRMMW-THz.2019.8874416. 

Origin of the Magnetic Field Enhancement of the Spin Signal in Metallic Non-Local Spin Transport Devices  

A J Wright1, M. J. Erickson2, D. Bromley1, P. A. Crowell2, C. Leighton2, and L. O’Brien1 

1University of Liverpool, UK, 2University of Minnesota, USA  

The non-local spin valve (NLSV) is an important tool in spintronics, primarily due to its ability to isolate pure 
spin currents[1]. As such, NLSVs have been instrumental in spin transport measurements of a wide range of 
materials[2]. Yet, even in relatively simple systems, questions remain on the impact of interfaces, defects 
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and impurities[3–5]. Of particular interest is an increase in the “spin-signal”, 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, under large magnetic 
fields (up to 9 T) in all-metallic NLSVs[6], in stark contrast to the key tenet that 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is invariant under a 
magnetic field. This effect, which appears only for certain combinations of FM and normal metals, has been 
a long-standing mystery and, thus far, has been a challenge to describe with existing models. Our earlier 
works on similar materials have shown that a low temperature upturn in spin-relaxation rate, 1/𝜏𝜏𝑠𝑠 , 
originates from magnetic impurity (MI) scattering near the NLSV interfaces[5,7], underlining the importance 
of the Kondo effect in determining spin-relaxation, particularly in Cu devices. In this study we demonstrate 
MI scattering as the mechanism behind the field enhancement of 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, and we provide a theoretical 
framework.  

By correlating the magnitude of the field enhancement, 𝛿𝛿𝑅𝑅𝑁𝑁𝑁𝑁, with the NLSV material pairings, we ascertain 
that 𝛿𝛿𝑅𝑅𝑁𝑁𝑁𝑁 is only present in those materials that can host MI moments (Fig. 1(a)). Next, focusing on Cu/Fe 
NLSVs, we extract spin-transport parameters from the field-enhanced 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠. Under zero-field, we observe the 
same increase in 1/𝜏𝜏𝑠𝑠 at low temperatures (Fig. 1(b)), due to Kondo scattering from MIs, in agreement with 
our previous work[5]. Importantly, we show that this mechanism is quenched by a magnetic field and we 
successfully model the data using a magnetic-field-modified Kondo expression[8]. This work not only 
highlights a systematic overestimation of 1/𝜏𝜏𝑠𝑠 in materials containing MIs, including a clear impact on 
Hanle spin relaxation measurements, but also provides a simple means to quantify and suppress this 
scattering mechanism. 

 

 
Figure 1(a) Magnetic field response of 𝛿𝛿𝑅𝑅𝑁𝑁𝑁𝑁, for different material combinations at 5 K, normalised to the 
zero-field 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠. (b) Spin-flip scattering rate as a function of temperature, for different magnetic fields. The 
dashed line indicates the estimated response in the absence of Kondo scattering.  
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Thin films and nanomagnetism 3 

Machine Learning with Stochastic Magnetic Domain Wall Synapses  

M O A Ellis, A Welbourne, S J Kyle, T J Hayward, D A Allwood, and E Vasilaki 

1The University of Sheffield, UK 

Magnetic materials are already widely used for long-term data storage, but ongoing work seeks to make use 
of their potential as both working memory and computing architectures[1]. Particularly, devices based on 
magnetic domain walls (DWs) can perform logic operations and can readily store information [2]. However, 
the stochasticity of DW pinning limits the feasibility of creating technologically viable devices. Here, we 
demonstrate how stochasticity can be used as an integral property of machine learning algorithms that could 
be used in specialised neuromorphic devices.  

We first present experimental measurements that demonstrate the feasibility of tuning stochastic processes 
by applying external stimuli. Focused magneto-optic Kerr effect measurements were used to probe the 
pinning of DWs at notch-shaped defect sites in 400 nm wide Permalloy nanowires. DWs were injected into 
the nanowires and propagated to the defect sites using a field parallel to the nanowire (Hx). The probability 
of the DWs being pinned at the defect sites was found to depend sigmoidally on the magnitude of a field 
transverse to the nanowires length (Hy), Fig. 1.(a).  

Next we show that this stochastic behaviour can be used as stochastic synapses in a feed forward network, 
where the pinning behaviour is based on the experimental results. These synapses are individually random 
but the output can be improved by repeatedly sampling the network. We have developed both mean and 
stochastic based learning methods, where for low repeats of the synapse the stochastic learning is seen to 
outperform the mean based method. It is found that for a single cycle of the network it can be trained to 
recognise handwritten digits with error rate of 17%. Repeated sampling of the network decreased the error 
rate to 8% for 128 cycles - close to mean field performance, Fig. 1.(b). We have also used our learning 
methods to train multi-layer networks which increases the classification accuracy. Our work illustrates how 
the intrinsic stochasticity of DW devices can be harnessed to provide tunable bespoke hardware for machine 
learning tasks. 

 

Figure 1: (a) Schematic of a notched magnetic nanowire synapse with a driving field (Hx) and a tunable 
depinning field (Hy), which gives the measured pinning probability. (b) The test error rate of classifying 
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handwritten digits using a stochastic single layer network for varying repeats of the synapses. 
 
[1] J. Grollier et al. Nat Electron 3, 360–370 (2020) 
[2]  D. A. Allwood et al ., Science 309 (5741), 1688–1692 (2005). 

Tuneable, Perpendicular Ni, Pt, Ir and Co Synthetic Ferrimagnets  

Jade N Scott1, William R Hendren1, Robert Bowman1, Robert J Hicken2, Maciej Dabrowski2, David Burn3, 
Andreas Frisk3, Gerrit van der Laan3, and Alpha N’Diaye4 

1Queen's University Belfast, UK, 2University of Exeter, UK, 3Diamond Light Source Ltd, UK, 4Advanced Light 
Source, USA 

Synthetic ferrimagnets (SFM) two ferromagnetic layers with different magnetic moments, exchange-coupled 
via the RKKY interaction across a non-magnetic spacer layer, are of particular interest as a feasible media for 
all optical magnetic switching. Design of the magnetic properties of these SFM structures requires knowledge 
and control of the magnetisation, M(T), and anisotropy, K(T), of each ferromagnetic layer, and the strength of 
the exchange coupling between them, Jij(T).  

We have shown it is possible to engineer the magnetic properties of series of compensating Ni3Pt/Ir/Co 
SFMs, fabricated by magnetron sputtering and exhibiting perpendicular magnetic anisotropy. The tuneability 
of this structure (through variation of the Ni3Pt deposition temperature and the thickness of each layer) 
provides an ideal system with which to investigate the effect of M(T), K(T) and Jij(T) on reversal mechanisms 
within SFMs, with the additional benefit of distinct magnetic species allowing for element and layer specific 
characterisation.  

Initial pump/probe experiments reveal that it is possible to switch these SFMs by application of optical laser 
pulses under only a small applied field. Full optical switching requires stronger antiferromagnetic exchange 
coupling than can currently be achieved in Ni3Pt/Ir/Co SFMs, as a result of the elevated deposition 
temperatures necessary for PMA in Ni3Pt. A possible solution is to replace the Ni3Pt layer with a Ni/Pt 
multilayer, in which PMA can be achieved by careful choice of layer thickness. This gives scope for improving 
the exchange coupling by removing the cooling step during deposition, while also maintaining element 
specificity and tuneability of the magnetic properties.  

 

Figure 1: Remanent magnetisation as a function of 
temperature of a Ni3Pt(7nm)/Ir(0.4nm)/Co(1nm) 
SFM with arrows depicting this sample’s layer 
alignment, Co (green) and Ni3Pt (red, solid), and 
noting the positions of the magnetisation 

Figure 2: Element specific XMCD hysteresis loops 
of a Ni3Pt(8.5nm)/Ir(0.5nm)/Co(1nm) SFM 
recorded at temperatures T < T-MR (~200K), T ~ TMR 
(~220K) and T > T-MR (~250K), with Co (blue) 
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compensation point, Tcomp and T-MR, the onset 
temperature of negative remanent magnetisation. 
The multilayer sample, 4x[Ni(0.6nm)/Pt(0.4nm)] 
/Ni(0.6nm)/Ir(0.4nm)/Co(1nm), shows the same 
temperature dependent behaviour. 

loops shown on top and Ni (red) shown below. 
Arrows show the direction of the field sweep. 

[1]  S. Mangin et al, Nature Materials 13, 286 (2014) 
[2]  R. F. L. Evans et al, Appl. Phys. Lett. 104, 082410 (2014) 

Proximity induced magnetism in Pt layered with rare-earth:transition metal ferrimagnetic alloys  

C. Swindells1, B Nicholson1, O. Inyang1, Y. Choi2, T. Hase3, and D. Atkinson1 

1Durham University, UK, 2Argonne National Laboratory, USA, 3University of Warwick, UK  

Interfacial phenomena in magnetic thin film systems are key to future spintronic applications. For materials 
close to the Stoner criterion, such as Pt, electronic hybridisation at the interface with a magnetic material 
results in a proximity induced moment (PIM), with debate ongoing regarding the role of the induced moment 
with regards to interfacial spin transport [1,2]. Recently, rare-earth:transition metal (RE:TM) ferrimagnetic 
alloys have shown promise in spintronic applications, due to the net zero magnetisation at the compensation 
point of the two competing magnetic sub-lattices. This compensation, which occurs as a function of both 
temperature and alloy composition, enhances domain wall motion [3], thermal switching [4] and leads to 
vanishing skyrmion Hall angles [5]. However, in multilayered systems, it has not been experimentally shown 
whether the induced moment in a Pt at the interface with a RE:TM ferrimagnet will align with the net moment, 
or one of the magnetic sublattices.  

Here we present the results of a recently published study [6] investigating the magnetic moments in 
ferrimagnetic / Pt systems, using Co77Gd23 and (Co50Fe50)77Gd23 ferrimagnetic alloys to vary the dominant 
magnetic sublattice. Temperature dependent SQUID measurements, combined with element specific 
resonant x-ray measurements at the APS, Argonne Lab on the Pt and Gd L3 edges, allowed for the 
determination of the alignment of the Gd moments and induced Pt moments on either side of the 
compensation transition. In both cases, the PIM was found to be parallel to the TM sublattice rather than the 
RE or the net moment. Our results highlight the prominence of the d−d mediated interactions between the Pt 
and the constituents of the ferrimagnetic RE:TM alloys over the net macroscopic moment.  

[1]  M. Caminale, et al., Phys. Rev. B, 94 014414 (2016)  
[2]  L. J. Zhu, D. C. Ralph, and R. A. Buhrman, Phys. Rev. B, 98, 164406 (2018)  
[3]  K. Kim et al., Nat. Mater. 16 1187 (2017)  
[4]  R. Evans et al., Appl. Phys. Lett 104 082410 (2014)  
[5]  Y. Hirata et al., Nat. Nanotechnol 14 232 (2019)  
[6]  C. Swindells et al., Phys. Rev. Res 2 033280 (2020) 
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Fig 1: Element specific hysteresis loops taken at the Pt and Gd L3 edges for CoGd/Pt (Gd dominated) and 
CoFeGd/Pt (CoFe dominated). 

Controlling magnetic anisotropy in magnetic exchange springs  

Andreas Frisk1, David G. Newman2, Ryuji Fujita3, Maciej Dąbrowski2, Gerrit van der Laan1, Robert J. Hicken2, 
and Thorsten Hesjedal3 

1Diamond Light Source, Didcot, UK 2University of Exeter, UK 3University of Oxford, UK  

Of the various magnetic thin film properties, the magnetic anisotropy is notoriously difficult to engineer. 
Often the simplest and most effective way is to grow an epitaxial film and take advantage of the 
magnetocrystalline anisotropy [1]. However, epitaxial growth is often prohibited by the necessity to work with 
a specific underlayer or substrate, or it can be restricted to certain crystallographic directions. In those 
cases, doping, composition gradients [2] or oblique deposition are possible options. For a high quench-rate 
deposition technique such as sputtering, it is possible to sculpture the microstructure of the film using so 
called glancing-angle deposition (GLAD) [3]. Here, we used GLAD to create a thin film texture with tilted 
elongated columns. The shape anisotropy of the columns determines the magnetic anisotropy, which can 
now be controlled freely within the parameter space defined by the film thickness and deposition angle [4]. 

Our ultimate goal was to create a FePt/Py/Co magnetic exchange spring in which the Co layer anisotropy is 
controlled using GLAD, and the FePt layer anisotropy is controlled through epitaxy, selecting their easy axes 
to be separated by 90° (see Fig. 1). Vibrating sample magnetometry (VSM) data showed the expected 
overall four-fold magnetic anisotropy and a high saturation field. To confirm the existence of the synthetic 
spin spiral, polarised neutron reflectivity (PNR) with polarisation analysis was performed. Due to the high 
saturation magnetisation, which was beyond the maximum field achievable in the PNR setup, the reflectivity 
data was recorded in a minor-loop state. This severely complicates the fitting of the data, and we have so far 
not been able to unambiguously confirm the existence of a 90° spring based on PNR alone. Element-
specific magnetisation loops were recorded using x-ray magnetic circular dichroism (XMCD). These loops 
generally agree with the loops obtained from micromagnetic simulations of a FePt/Py/Co structure with 90° 
separated easy axes. Nevertheless, it is also possible that our chosen GLAD parameters lie right on the 
boundary at which the imprinted anisotropy direction switches from perpendicular to parallel to the growth 
direction [4], a possibility that will be further explored in the near future. 
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Figure 1: Left: Schematic of a 90° exchange spring. Right: XMCD (orange) and VSM (green) hysteresis loops, 
along with micromagnetic simulation results (blue). 

[1]  T. Seki et al., Nat. Commun. 4, 1726 (2013).  
[2]  A. Frisk, et al., Phys. Rev. Mater., 3, 074403 (2019).  
[3]  M. Hawkeye and M.J. Brett, J. Vac. Sci. Technol. A 25, 1317 (2007).  
[4]  J.M. Alameda, et al., J. Magn. Magn. Mater. 154, 249 (1996). 

Poster Session 1 

Optical generation and detection of propagating magnons in an antiferromagnet  

R. A. Leenders, and R. V. Mikhaylovskiy 

Lancaster University, UK 

Magnons, waves of spin precession, have recently gained a lot of interest owing to their potential 
applications in data storage and information processing without Joule heating. The possibility to control 
magnons all-optically, combined with their low dissipations, could make magnons a future alternative to 
electric currents. Particularly, magnons in antiferromagnets are interesting due to their high resonance 
frequencies in the THz regime, allowing for faster processing times than conventional ferromagnets [1].  

In this work, we model how antiferromagnetically coupled spins precess after excitation by an ultrashort laser 
pulse [2]. To this end we solve the equation of motion of antiferromagnetic spins [3]. We find that the 
strongly confined laser excitation, achieved by illuminating the surface of a highly absorbing 
antiferromagnetic insulator, generates a propagating wavepacket of magnons escaping the excited region. 
The pump laser pulse is absorbed in the medium, such that the excitation profile follows an exponential 
decay with a penetration depth of d~10-100 nm (figure 1a). We compare results for various excitation time-
shapes, material parameters and boundary conditions and find that an experimentally realistic laser pulse 
may be appropriately modelled as an impulsive excitation, infinitesimally short in the time domain.  

In addition, we model the detection of the generated wavepacket, shown in figure 1b) using the Magneto 
Optical Kerr Effect (MOKE). We derive an expression that shows that the probe pulse imposes a selectivity on 
the detected magnon wavevector, in the form of a Bragg condition. We find that the detected oscillation 
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frequency in MOKE experiments blue shifts with increasing probe photon energy (figure 1c). Also, we note 
that the detected signal is significantly different for the free and pinned spins boundary conditions, implying 
that the boundary conditions can be experimentally determined, possibly providing further insight in 
magnetic properties of materials such as the surface anisotropy. 

 

Figure 1: a) Illustration of the model. An effective magnetic field of a laser pulse h(x,t) excites dynamics of 
spin deflection φ(x,t) in an antiferromagnet. b) Simulation of spin deflection profile for an impulsive 
excitation, assuming antiferromagnetic resonance frequency f0=0.3 THz; magnon velocity limit c =2 km/s, 
penetration depth d=50 nm, and pinned spin boundary condition. c) Predicted spectrum and time domain 
signal (inset) in a MOKE experiment for various probe wavelengths.  

[1] Zakeri, K., Terahertz magnonics: Feasibility of using terahertz magnons for information processing. 
Physica C-Superconductivity and Its Applications, 2018. 549: p. 164-170.  

[2] Kimel, A.V., et al., Ultrafast non-thermal control of magnetization by instantaneous photomagnetic 
pulses. Nature, 2005. 435(7042): p. 655-657.  

[3] Zvezdin, A.K., Dynamics of Domain-Walls in Weak Ferromagnets. Jetp Letters, 1979. 29(10): p. 
553-557. 

Non-reciprocal attenuation of magneto-acoustic surface waves in magnetic nanorod arrays  

Y Au, O S Latcham, A V Shytov, and V V Kruglyak  

University of Exeter, UK 

Magneto-acoustic surface waves hold the key for adding the magnetic configurability to the next generation 
phononic integrated circuits [1]. We have investigated numerically how the propagation of surface acoustic 
waves in modulated magneto-elastic waveguides is affected by the orientation of the bias magnetic field. We 
discover a giant non-reciprocity in the attenuation of Love surface waves along the interface between LiNbO3 
and an array of nickel nanorods embedded in an aluminium matrix (Fig. 1a). At zero bias field, the 
attenuation of the wave at the magnetic resonance frequency is nearly zero in one direction, while a strong 
attenuation of 0.9 dB/µm is achieved in the opposite direction of propagation at resonance frequency equal 
8 GHz (Fig. 1b). The non-reciprocity results from the chirality of both the magnetic precession and the 
effective magneto-elastic field of the Love wave. The square cross-section (with size of 50x50 nm2) of the 
nickel rods leads to a perfectly circular polarization of the magnetization precession, with the chirality 
determined by the orientation of the static magnetization. The chirality of the Love wave is momentum 
locked, i.e., it is switched by reversing the propagation direction. The wave is attenuated when the two 
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chiralities match and is the strongest when the wave’s frequency matches that of the magnetic resonance. 
The phenomenon could be utilized in magneto-acoustic wave valves, diodes and isolators. The main 
advantages of such devices would be their magnetic reprogrammability, operation at zero bias magnetic 
field, and small size. Hence, such components would be important building blocks for the emerging field of 
phononic integrated circuits. The research leading to these results has received funding from the EPRSC of 
the UK (Project EP/L019876/1 and EP/T016574/1). 

 

Figure 1: (a) The magnetic nanorod array (d=50 nm) covers LiNbO3 substrate and hosts a Love mode 
propagating along the ±x direction and polarised along the ±y direction. The rods are magnetised along the 
+y direction. (b) Transmission of Love waves through an 8 µm long nickel nanorod array region travelling in -x 
and +x direction, respectively. 

[1] “Phononic integrated circuitry and spin-orbit interaction of phonons” W. Fu, Z. Shen, Y. Xu, C.L. Zou, 
R. Cheng, X. Han and H. X. Tang, Nature Comm. 10, 2743 (2019) 

Reconfigurable magnonic mode-hybridisation and spectral control in a bicomponent artificial spin ice Jack 

J C Gartside1, Alex Vanstone1, Troy Dion1,2, Kilian D. Stenning1, Daan M. Arroo2, Hide Kurebayashi2, and Will 
R Branford1 

1Imperial College London, UK, 2University College London, UK 

Strongly-interacting nanomagnetic arrays are finding increasing use as model host systems for 
reconfigurable magnonics. The strong inter-element coupling allows for stark spectral differences across a 
broad microstate space due to shifts in the dipolar field landscape. While these systems have yielded 
impressive initial results, developing rapid, scaleable means to access a broad range of spectrally-distinct 
microstates is an open research problem.We present a scheme whereby square artificial spin ice is modified 
by widening a 'staircase' subset of bars relative to the rest of the array, allowing preparation of any ordered 
vertex state via simple global-field protocols. Available microstates range from the system ground-state to 
high-energy 'monopole' states, with rich and distinct microstate-specific magnon spectra observed. 
Microstate-dependent mode-hybridisation and anticrossings are observed at both remanence and in-field 
with dynamic coupling strength tunable via microstate-selection. Experimental coupling strengths are found 
up to g / 2π = 0.15 GHz. Microstate control allows fine mode-frequency shifting, gap creation and closing, 
and active mode number selection. 
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a-d) Microstate dependent FMR spectra measured while sweeping in the negative field direction.  
e-h) MFM images of microstates 1-4 prepared using only globally-applied field.  
k-n) Magnetic charge dumbell schematics of microstates 1-4. 

Skyrmion rotational and breathing modes in a synthetic antiferromagnet  

C. E. A. Barker1,2, E. Haltz1, T. A. Moore1, and C. H. Marrows1 

1University of Leeds, UK, 2National Physical Laboratory, UK 

Skyrmions are topologically protected vortex-like spin structures that have been observed in magnetic 
multilayers [1] among other systems. Recent experimental work has demonstrated the existence of 
skyrmions in synthetic antiferromagnets (SAFs) [2] where two magnetic layers are coupled together 
antiferromagnetically. Skyrmions in SAFs have been predicted to be smaller than their ferromagnetic 
equivalents making them an attractive candidate for applications. While skyrmions have been proposed as 
information carriers in a new generation of racetrack memory devices [3], their high frequency excitations 
also bear interest. Skyrmions have been shown to possess rotational and breathing modes excited by GHz 
frequencies [4]. Such modes have been demonstrated to propogate along a chain of skyrmions [5] and so 
could represent a novel alternative to the proposed current driven racetracks. SAFs also present an 
interesting system to study the behaviour of these excitations as the coupling between the skyrmions adds a 
degree of freedom [6]. In this poster we present the results of micromagnetic simulations of the excitation 
modes of skyrmions in simple ferromagnetic systems and explore the benefits of translating this study to SAF 
systems. 



 
 

42 
 

 

Figure 1: (a). Power Spectral Density (PSD) as a function of frequency and out-of-plane magnetic field in a 
FM system. Lowest mode is evidence of skyrmion breathing. (b). Frequency response in a SAF at zero field.  

[1]  W. Jiang et al., Physics Reports, 704 1 (2017).  
[2]  W. Legrand et al., Nature Materials, 19 34 (2019).  
[3] S. S. Parkin et al., Science, 320(5873) 190 (2008). 
[4]  M. Lonsky et al., APL Materials, 8(10) 100903 (2020).  
[5]  Z. V. Gareeva et al., Journal of Physics Communications, 2(3) 35009 (2018).  
[6]  M. Lonsky et al., Physical Review B, 102(10) 104403 (2020). 

Magnetisation Dynamics in Synthetic Ferromagnetic Thin Films  

Harry J. Waring, Yu Li, Ivan J. Vera-Marun, and Tom Thomson 

University of Manchester, UK 

Synthetic Ferromagnets (SFMs) have the same ferromagnetic(FM)/non-magnetic(NM)/FM structure as the 
widely studied Synthetic Antiferromagnet (SAF) [1], but describe the case where the magnetisation of the 
two FM layers are aligned in parallel. The structure of a SFM and its resonant dynamics is shown in Fig.1a. It 
is known that the formation of a double resonance consisting of an Acoustic Mode (AM) and an Optic Mode 
(OM) requires a difference in layer magnetisation (Δm) and a FM interlayer exchange coupling (JIEC) [2] [3] 
though a comprehensive description of the impacts of varying these parameters is lacking. Here, we 
investigate experimentally and via numerical simulations the hitherto uncharted dependence of the double 
resonance on Δm and JIEC [4]. An example of the double resonance exhibited by SFM structures is 
presented in Fig.1b. The samples were fabricated using magnetron sputtering and characterized by X-ray 
Reflectivity (XRR) to measure layer thickness, vector Vibrating Sample Magnetometry (VSM) to verify 
ferromagnetic coupling and a Vector Network Analyser – Ferromagnetic Resonance (VNA-FMR) setup which 
allows fundamental dynamic properties to be explored. These SFMs exhibited a JIEC consistent with coupling 
on the 1st FM RKKY coupling peak and have structure Ta(2 nm)/CoFeB(5 nm)/Ru(tRu)/CoFeB(5 nm)/Pt(4 
nm) where tRu is the thickness of the ruthenium layer, acting as the NM spacer layer. Our simulations, 
performed using mumax3 [5], show that the two resonant modes have orthogonal dependencies on Δm and 
JIEC. We further demonstrate that the conventional understanding of the phases of these modes, described 
as possessing an in-phase or out-of-phase nature for the AM and OM respectively, does not capture fully the 
intricacy of the resonant dynamics. Comparison between experimental and simulated data allows Δm, JIEC 
and the resonant phases of each mode to be accurately determined. These findings are directly applicable 
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to the creation of tailored SFMs for spintronic devices with applications in STT/SOT-MRAM where control of 
these parameters is paramount [3] 

Figure 1: a) The resonant dynamics of a synthetic ferromagnetic (SFM) system with a 
ferromagnetic(FM1)/non-magnetic(NM)/FM2 structure and a FM interlayer exchange coupling JIEC. An optic 
mode is seen in addition to the acoustic mode only in cases where the layer magnetisation of FM1 (Ms,1) 
and FM2 (Ms,2) are different. b) 2D map of the resonant spectra of a SFM when the NM spacer layer, 
consisting of Ru, possesses thickness tRu = 1.10nm.  

[1]  H. J. Waring et al., Phys. Rev. Appl., 13, 034035 (2020  
[2]  B. Heinrich et al., Adv. Phys., 42, 523–639,(1993)  
[3]  T. McKinnon et al., J. Appl. Phys., 123, 223903 (2018)  
[4]  H. J. Waring et al., Phys. Rev. Lett. (Submitted)  
[5]  Vansteenkiste, A. et al., AIP advances, 4, 107133 (2014) 

Ferromagnetic Resonance Study of Deposition Conditions in NixFe100-x Thin Films for Shielding 
Applications 

Matthew R. McMaster, William R. Hendren, Jade N. Scott, and Robert M. Bowman 

Queen’s University Belfast, UK  

Tailoring and control of electromagnetic properties of synthetic magnetic structures is advantageous for high 
frequency applications, such as shielding materials in magnetic recording, where characterisation in the 
gigahertz frequency range is necessary to determine parameters for simulations and aid component design. 
In such applications it is desirable to have a high saturation magnetisation, low coercivity, high permeability 
and close to zero magnetostriction. Meeting almost all these requirements, NiFe is the material of choice for 
many high frequency applications. We present a systematic study of the effects of deposition conditions and 
composition on the ferromagnetic resonance (FMR) and spin wave properties of NixFe100-x alloy thin films and 
multilayers fabricated by magnetron sputtering and investigated using a coplanar waveguide and VNA [1], 
vibrating sample magnetometer and x-ray diffraction with the aim to determine any relation between 
microstructure and the static and dynamic magnetic properties.  

The effects of substrate temperature and of adding N2 and O2 to the sputtering gas show that FMR is highly 
sensitive to microstructural and chemical changes in the films. Proper choice of seed/diffusion barrier layer 
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is particularly important for depositions at elevated temperatures where there is evidence of substrate 
influence.  

[1]  Y. Ding et al. J. Appl. Phys. 96. (2004); [2] C. Kittel, Phys Rev 73, 2. (1948) 

 

 

Figure 1: FMR of Ta(5nm)/ Ni80Fe20(100nm)/ 
Ta(5nm) with N2 flow rate in 5sccm of Ar sputtering 
gas. H = 250 Oe. XRD measurements are inset. 

Figure 2: FMR of Ta(5nm)/ Ni80Fe20(100nm)/ 
Ta(5nm) with deposition temperature rate. H = 250 
Oe. XRD measurements are inset. 

 
 
Determination of the existence and magnitude of spin-current and exchange coupling in MgO-based 
magnetic tunnel junctions  

Ł. Gladczuk1,2, L. Gladczuk3, P. Dluzewski3, K. Lasek3, P. Aleshkevych3, D. M. Burn2, G. van der Laan2, and T. 
Hesjedal1  

1University of Oxford, UK 2Diamond Light Source, UK 3Polish Academy of Science, Poland  

Heterostructures composed of ferromagnetic layers that are mutually interacting through a non-magnetic 
spacer are at the core of magnetic sensor and memory devices. Such devices can exhibit different types of 
coupling between magnetic layers, such as: exchange coupling and spin-current mediated coupling. The 
latter is often rather weak and difficult to observe. We used the technique of x-ray detected ferromagnetic 
resonance (XFMR) [1] to study the dynamics of a Co/MgO/Permalloy magnetic tunnel junction (MTJ). The 
experimental results were quantitatively compared to the Landau-Lifshitz-Gilbert-Slonczewski model, and an 
indepth statistical analysis based on a likelihood ratio test was employed to determine the presence of spin-
current mediated coupling between the two magnetic layers [2]. A strong proof of the existence of spin-
current-like coupling was obtained and the contribution of exchange and spin-current coupling to the overall 
interaction between magnetic layers was quantified (Fig. 1) 
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Figure 1: (a) XFMR of the MTJ’s Co layer at 80 K measured for the indicated field values at an angle θH = 
10º. The data points in panels (b) and (c) show the amplitude and phase, respectively, extracted from the 
XFMR signal as a function of magnetic field strength at θH = 20 º (Co - orange, Py - blue). The experimental 
results are compared with a model with only exchange coupling (dashed lines) and a model with both 
exchange and spin-current coupling (full lines). Panel (d) shows the combined information about the phase 
and amplitude on a single plot, where the green and red arrows for Co and Py, respectively, indicate the 
values of the X and Y parameters used in the likelihood ratio test at a magnetic field of 63.5 mT.  

[1]  G. van der Laan, J. Electron Spectrosc. Relat. Phenom. 220, 137 (2017).  
[2]  Ł. Gladczuk et al., Phys. Rev. B (issue February 2021) and arXiv:2101.08157. 

Strong magnon-photon coupling in YIG integrated with superconducting devices 

Paul G. Baity1, Dmytro A. Bozhko2, William Smith1, Rair Macedo1, Rory C. Holland1, Sergey Danilin1, 
Valentino Seferai1, Jharna Paul1, Stephen McVitie1, Alessandro Casaburi1, Robert Hadfield1, and Martin 
Weides1 

1University of Glasgow, UK 2University of Colorado, USA 

Integrating spin-wave and superconducting technologies is a promising method for creating novel hybrid 
devices for future information processing technologies to store, manipulate, or convert data in both classical 
and quantum regimes. Such hybrid devices can also exhibit interesting properties such as new resonance 
spectra features induced by the interchange between superconducting microwave lines and ferromagnetic 
resonance dynamics of yttrium iron garnet (Y3Fe5O12, YIG) films [1]. However, at low temperatures, where 
superconducting quantum circuits operate, the gadolinium gallium garnet (Gd3Ga5O12, GGG) substrate, on 
which YIG is typically grown, leads to enhanced magnon linewidths and decreased magnon-photon 
cooperativity [2]. Alternatively, bulk YIG has magnon linewidths less than 1 MHz, demonstrating its superior 
quality for resonant coupling experiments [3]. To overcome the linewidth enhancement caused by GGG, we 
have integrated substrate-free YIG on-chip with superconducting microwave devices using Plasma Focused 
Ion Beam (PFIB) technology (example shown in Fig. 1), taking advantage of precision placement down to the 
micron-scale. Ferromagnetic resonance has been measured at millikelvin temperatures on PFIB-processed 
YIG samples using planar microwave circuits. We also demonstrate strong coupling between a 
superconducting resonator and ferromagnetic resonance modes. This achievement of strong coupling on-
chip is a crucial step toward fabrication of functional hybrid quantum devices that advantage from spin-wave 
and superconducting components. 
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Figure 1: Scanning electron microscope image of YIG samples on superconducting NbN lumped-element 
resonators. The YIG samples are placed at the position of the resonators’ magnetic antinode and fixed in 
place by Pt deposition along the edges of the YIG. Strong coupling between spin waves and microwave 
photons has been demonstrated by measuring the transmission spectrum of the resonator-YIG devices as a 
function of applied external field. 

[1]  I. A. Golovchanskiy et al., Interplay of magnetization dynamics with microwave waveguide at 
cryogenic temperatures, Phys. Rev. Applied 11, 044076 (2019). 

[2]  S. Kosen et al., Microwave magnon damping in YIG films at millikelvin temperatures, APL Mater. 7, 
101120 (2019). 

[3]  M. Pfirrmann et al., Magnons at low excitations: Observation of incoherent coupling to a bath of two-
level-systems, Phys. Rev. Research 1, 032023(R) (2019) 
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Growth, strain and spin-orbit torque in epitaxial NiMnSb on GaAs 

N. Zhao, A. Sud, H. Sukegawa, S. Komori, K. Rogdakis, K. Yamanoi, J. Patchett, J. W. A. Robinson, C. 
Ciccarelli, and H. Kurebayashi 

University College London, UK 

In crystals with inversion broken symmetry, a non-equilibrium spin polarisation can be generated by an 
electric current, this is termed the Edelstein effect. Study shows manipulation of magnetic moments in non-
centrosymmetric magnetic crystals and also in low-symmetry interfaces can be achieved by this current-
induced non-equilibrium spin polarisation. Similar to the Edelstein effect where an electric current generates 
uniform spin polarisation across the entire sample, the spin-Hall effect (SHE) can generate spin currents 
from electric currents. This mechanism can be exploited to exert magnetic torques within multi-layers 
comprising of ferromagnetic and heavy high spin-orbit metals [1].  

Although metallic multi-layers are much more common in the study of spin-orbit torques, non-
centrosymmetric magnetic crystals can play a pivotal role in advancing the research field [2]. In this talk, we 
present our characterisations of spin-orbit torques in NiMnSb thin films. NiMnSb is a room temperature 



 
 

47 
 

ferromagnet and is one of half-Heusler compounds. Ciccarelli et al. [3] recently discovered the presence of 
spin-orbit torques in epitaxially-grown NiMnSb on a lattice-matched InGaAs buffer layer which was tailor-
made in a specific III-V molecular beam epitaxy chamber. In our study, we used a commercially available 
epi-ready GaAs wafer as a substrate to grow epitaxial NiMnSb thin-films. Spin-orbit torques arising from the 
strain-induced spin-orbit Hamiltonian were clearly present in our samples. We confirmed this by two current-
induced ferromagnetic resonance (FMR) methods, microwave and field modulation FMR techniques, in 
contrast to work by Ciccarelli et al., we observed strong anti-damping components in our NiMnSb films and 
we present below the measurement and analytical procedures of both techniques.   
 
 
 
 
 
 
 
 
 
 
 
Figure 1: a, Schematic of the measurement set-up. b, Typical FMR voltages measured by microwave pulsed 
modulation techniques. c, FMR field Hres and Vdc as a function of the in-plane crystallographic angle. 
 
[1]  Manchon et al., Rev. Mod. Phys. 91, 035004. 
[2]  Chernyshov et al., Nat. Phys. 5, 656 (2009).  
[3]  Ciccarelli et al., Nat. Phys. 12, 855 (2016). 

Ferromagnetic resonance induced by spin-Hall effect within aluminium-doped tungsten 

J. Brierley, A. Sud, N. Zhao, T. Seki, K. Takanashi, S. Langridge, N. J. Steinke, and H. Kurebayashi 

University College London, UK 

In order to improve the power consumption of future spintronic memories, such as spin random access 
memories, it is important to explore material systems that can produce high spin torques in a given current 
density. The spin-Hall effect [1] has been actively studied with a wide variety of materials, in a view of using 
it for magnetization switching applications. Heavy metals such as Pt and W, are often considered as a best 
material due to their high-spin orbit coupling nature. The origin of the driving mechanisms, i.e. intrinsic and 
extrinsic, in each material is still under debate, but some experimental evidence that the sign of the spin-Hall 
angle tends to follow their intrinsic mechanism [2] in 4d/5d transition metals. In addition, the extrinsic 
mechanism has been actively exploited to enhance the strength of spin-Hall effect. For example, Niimi et al. 
shows a significant spin-Hall effect present in heavy-metal-doped Cu [3]. This demonstration is explained by 
the spin-dependent scattering caused by heavy-element impurities. In our study, we attempt to answer if 
scattering caused by light metal impurities in a heavy metal can also exhibit similar spin-Hall effect 
enhancement due to the extrinsic origin. If this attempt is successful, we can further enhance the spin-Hall 
effect even inside of heavy metals. 
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We grow Al-doped W with different doping ratios in ultra-high-vacuum sputtering chamber. Co-sputtering of 
individual Al and W targets allows us to control the growth rates, hence the composition of this alloy thin-
film, on sapphire substrates. We further grow a CoFeB layer for each of Al-W films, followed by AlOx capping 
layer growth. We then pattern each multi-layer sample into micro-bars by standard lithography/milling 
techniques for spin-transfer-torque (STT) ferromagnetic resonance (FMR) experiments. Microwave currents 
are inserted into the micro-bars to measure and characterise rectification voltages across the bars. Clear 
FMR peaks with both symmetric and antisymmetric Lorentzian lineshapes (Fig. 1(b)) have been measured, 
from which magnetic properties as well as the spin-Hall angle have been characterised. In the poster, we will 
present the doping density dependence of spin-Hall angles as well as other experimental results. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: a, Schematic of the Al-W/CoFeB FMR setup. b, Room temperature FMR spectra with fitting curves 
for Al1.2W98.8/CoFeB at a frequency of f = 8 GHz. The applied field was oriented in-plane at an angle of θ = 
135° relative to the current. c, Amplitudes of symmetric and antisymmetric components of the 
Al1.2W98.8/CoFeB FMR spectra fitted with theory. 

[1]  Sinova et al., Rev. Mod. Phys., 87, 1213–1260 (2015).  
[2] Morota et al., Phys. Rev. B 83, 174405 (2011).  
[3]  Niimi et al., Phys. Rev. Lett. 109, 156602 (2012). 

Magnetic skyrmion interactions in the micromagnetic framework  

R. Brearton1,2, G. van der Laan2, and T. Hesjedal1 

1University of Oxford, UK 2Diamond Light Source, UK  

Magnetic skyrmions (skyrmions hereafter) have recently been the subject of great interest due both to their 
emerging physical effects and potential for applications. Skyrmionic devices promise exceptional electrical 
efficiency – skyrmions can be directly driven by ultra-low current densities, and even controlled in the 
absence of current by static magnetic field gradients [1]. Their small size and unusual dynamics allow for 
their utilization in conventional computers, which has prompted a wide study of skyrmionic re-
implementations of arithmetic logic units and memory storage devices. Additionally, recent studies suggest 
that skyrmions could find use in exotic devices such as stochastic and reservoir computers [2].  

In order to study such devices, one commonly employs the theory of computational micromagnetism. This 
involves the numerical integration of the Landau-Lifshitz-Gilbert equation, which can quickly become 
computationally infeasible when systems containing a large number of skyrmions are of interest. Another 
approach to studying skyrmion dynamics involves solving Thiele’s equation, which can be integrated directly 
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to yield the position of a skyrmion as a function of time. This powerful technique suffers from the prerequisite 
that one must have a priori knowledge of the functional form of the interaction between a skyrmion and all 
other magnetic structures in its environment. 

Here we attempt to alleviate this problem by presenting a simple analytic expression which can generate 
arbitrary repulsive interaction potentials from the micromagnetic Hamiltonian. Using this new technique, we 
sketch the derivation of the wellknown skyrmion-skyrmion interaction potential and provide a significant 
correction to the interaction potential between a skyrmion and the boundary of its host material. This opens 
the door to the efficient simulation of confined skyrmion systems, which is of great interest to researchers 
studying the behaviour and stability of large-scale skyrmionic devices. Fits (of constants of proportionality) 
of the derived interaction potentials to micromagnetically calculated interaction potentials are presented in 
Fig. 1 – full details of the calculations can be found in Ref. [3]. 

 
 
Figure 1: (a) Fit of derived skyrmion-skyrmion interaction potential to a micromagnetic calculation. (b) Fit of 
derived skyrmion-boundary interaction to micromagnetic calculation – a comparison with the theory provided 
in previous work is provided in blue [4].  

[1]  S. L. Zhang et al. Manipulation of skyrmion motion by magnetic field gradients. Nat. Commun., 
9:2115, 2018.  

[2]  D Pinna et al. Skyrmion gas manipulation for probabilistic computing. Phys. Rev. Applied, 
9(6):064018, 2018.  

[3]  Richard Brearton, Gerrit van der Laan, and Thorsten Hesjedal. Magnetic skyrmion interactions in the 
micromagnetic framework. Phys. Rev. B, 101(13):134422, 2020.  

[4]  SA Meynell et al. Surface twist instabilities and skyrmion states in chiral ferromagnets. Phys. Rev. B, 
90(1):014406, 2014. 

 
Mode coupling and spin-wave dissipation in synthetic antiferromagnetic multi-layers  

Aakanksha Sud1, Christoph Zollitsch1, Akira Kamimaki2, Satoshi Iihama2, Shigemi Mizukami2, and Hidekazu 
Kurebayashi1  

1University College London, UK, 2Tohoku University, Japan,  

Diverse capabilities manifested by antiferromagnetic (AF) materials make them suitable for a wide range of 
future spintronic applications[1], owing to the robustness to external fields and their high switching 
frequencies in THz regimes. Recent studies on synthetic antiferromagnets (SyAF) have aroused great 
interests due to the controllable interlayer exchange coupling by growth. In addition, the size of the coupling 
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strength is a few orders smaller than those typically observed antiferromagnetic crystals and this brings the 
energy scale of spin-wave modes down to electrically accessible GHz regimes. This makes SyAF as a test 
bed for spintronic uses of antiferromagnetic dynamics without needing THz techniques which are not widely 
available.  

SyAF consists of two ferromagnets(FM) with antiferromagnetic interlayer exchange coupling separated by a 
non-magnetic spacer (NM). By changing the thickness of the NM layer, the interaction between two FM 
layers can be tuned thus allowing for easy manipulation of AF order. The two precession modes of SyAF 
referred as optical and acoustic modes (See Fig.1(a)) exhibit an out-of-phase and in-phase precession 
characteristic respectively[2]. The direction of magnetization precession influences the linewidth and hence 
Gilbert Damping of the two modes[3]. The interaction of these two modes is rich and we aim to investigate 
parameters of magnetic dynamics while they are interacting.  

In this work we study the magnetization dynamics in CoFeB/Ru/CoFeB, using microwave spectroscopy at 
room temperature. Two distinct modes of resonance are clearly observed with different magnetic field 
dependencies (Fig.1(b)&(c)). The two modes can be hybridised when the moments are tilted along the out-
of-plane direction as shown in Fig. (d). The mode coupling parameter and spin-wave dissipation have been 
systematically studied for different field angles, which were analysed by spin-pumping theory and 
eigenmode equations. This study could shed light on SyAF as anti-ferromagnets for studying and controlling 
magnon-magnon coherent coupling at room temperature. 

 

Fig. 1(a) Schematic of acoustic and optical modes in SyAFs. Two moments (m1,m2) are coupled 
antiferromagnetically. Under microwave irradiation, they precess at different angular frequencies ωac and 
ωop, respectively.(b) Microwave absorption spectrum for θB =90° measured at 13.4 GHz. Two magnetic field 
directions (B|| and B⊥) are defined as per the inset (c-d) Microwave transmission as a function of 
frequency and applied field for (c) θB =90° and (d) θB =25° . 

[1]  For example, T. Kosub, et al., Nat. Comm. 8, 13985(2017).  
[2]  A. Sud, C. W. Zollitsch, A. Kamimaki, T. Dion, S. Khan, S. Iihama, S. Mizukami, and H. Kurebayashi, 

Phys. Rev. B 102, 100403(R) (2020).  
[3]  T. Taniguchi and H. Imamura, Phys Review B 76,092402 (2007) 
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The role of proximity induced magnetism on s pin transport in multilayered systems  

C. Swindells1, H. Głowiński2, Y. Choi3, T. Hase4, P. Kuświk2, and D. Atkinson1 

1Durham University, UK 2Institute of Molecular Physics, Polish Academy of Sciences, Poland 3Argonne 
National Laboratory, USA 4University of Warwick, UK  

Spin transport across interfaces is fundamental to many spintronic devices. To fully exploit interfacial 
phenomena, such as spin-orbit torques and spin-pumping, in ferromagnetic (FM) and heavy metal systems 
(HM) the properties of both the HM layer and the interface must be considered, particularly in the case of 
perpendicularly magnetised systems [1]. Previously we showed the evolution of spin transport as a function 
of FM and HM thicknesses [2] and the role of insulating layers [3]. Debates remains regarding the physical 
basis of interfacial spin transport and the role of proximity polarisation of the HM layer [4]. A notional ‘spin 
memory loss’ term is often used to represent an interfacial contribution, while for Pt in particular, a magnetic 
polarisation arises in proximity (PIM) to a ferromagnetic material, opens a question about the role that PIM 
has upon interfacial spin phenomena, with contradictory reports that it has either a profound effect [5] or no 
effect [6] on spin transport.  

Here we present the results of a detailed systematic spin transport and PIM study in the same FM/HM 
samples. Structures with either a constant Pt thickness and a spacer layer thickness wedge, or a constant 
spacer layer and a Pt wedge were deposited. A combination of dynamic and static magnetic measurements, 
along with element specific resonant x-ray measurements at the APS, Argonne Lab, were used to address 
both the interfacial scattering contribution and the role of PIM in Pt on spin transport and to determine their 
relative contributions. Figs. 1 and 2 show damping and PIM data, with a persisting Pt moment with a 3nm Au 
layer, and a clear trend observed between the PIM and dynamic behaviour. These results highlighting the 
role of the d-d orbital hybridisation and the induced moment for efficient interfacial transport, which is key 
for many spintronic applications.  

[1]  P. Kuświk, H. Głowiński et al., J. Phys.: Condens. Matter 29 (2017)  
[2]  C. Swindells, A. Hindmarch, A. Gallant and D. Atkinson, Phys. Rev. B, 99, 064406 (2019)  
[3]  C. Swindells, A. Hindmarch, A. Gallant and D. Atkinson, Appl. Phys. Lett. 116 (2020)  
[4]  R. Rowan-Robinson et al., Sci. Rep. 7 16835 (2017)  
[5]  M. Caminale, et al., Phys. Rev. B, 94 014414 (2016) 
[6]  L. J. Zhu, D. C. Ralph, and R. A. Buhrman, Phys. Rev. B, 98, 164406 (2018) 
 

 
Fig 1: Measured XMCD as a function of Au spacer 
thickness at both the Pt (blue) and Au (orange) L3 
edges for NiFe (7 nm)/ Au / Pt (4 nm). 

Fig 2: Damping and Pt XMCD for CoFe/Au/Pt and 
NiFe/Au/Pt. Dotted lines indicate bulk damping 
contributions. 
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Temperature dependent properties and domain wall dynamics of the antiferromagnet Mn2Au  

Sarah Jenkins1, Ricardo Rama-Eiroa2,3, Andrew Naden1, Unai Atxitia4, Oksana Chubykalo-Fensenko5, Rubén 
M.Otxoa6,2, Roy W. Chantrell1, and Richard F. L. Evans1 

1University of York, UK 2Donostia International Physics Center, Spain 3University of the Basque Country, 
Spain 4Dahlem Center for Complex Quantum Systems and Fachbereich Physik Freie Universitat Berlin, 
Germany 5Instituto de Ciencia de Materiales de Madrid, Spain 6Hitachi Cambridge Laboratory, UK  

Antiferromagnetic spintronic devices have the potential to greatly outperform their current ferromagnetic 
counterparts due to their robustness to external fields, ultrafast dynamics and potential for high data density 
storage. Mn2Au is one of the most promising materials for antiferromagnetic spintronics due to its very high 
Néel temperature, moderate in-plane anisotropy and layered two sublattice spin structure [1]. Here we 
present atomistic spin simulations that allow us to estimate the temperature dependent magnetic properties 
of Mn2Au single crystals. We introduce a thermodynamically consistent spin Hamiltonian guided by previous 
ab-initio calculations [3], which includes easy plane and rotational anisotropy terms. The crystal structure is 
shown in Fig. 1 (a) showing two distinct Mn sites with a 180 degree relative orientation. Our model provides 
a critical temperature (Neel) of 1256 K from the ab initio values of the exchange interactions. 

 

Figure 1: (a) Magnetic unit cell of Mn2Au. The Mn atoms (atoms with arrows) form two anti-parallel 
sublaBces aligned along the [110] and [-1-10] crystal directions. The gold coloured atoms represent Gold. 
(b) 90 degree and 180 degree domain wall profiles.  

Due to the presence of four easy directions, the domain wall structure of 90 degrees and 180 degrees are 
stable in Mn2Au. We find a narrow domain wall width of 23.13 +/- 0.085 nm at zero temperature in both 
cases as shown in Fig. 1 (b). Applying thermal spin fluctua$ons yields a domain wall width that increases 
with temperature, up to 25 +/- 2 at 300K and to 53 +/- 18 nm at 800K, matching well with experimental 
results of Sapozhnik et al[5]. In the case of a 180 degree wall the two separate 90 degree walls are weakly 
bound and separate at high temperatures. The atomistic spin model [6] used here to compute thermal 
properties of Mn2Au provide new insights on the temperature dependent magnetic properties – magnetic 
order and anisotropies and domain wall widths in Mn2Au. The understanding of the macroscopic parameters 
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is necessary for the developments of multiscale models of Mn2Au that could greatly help to the development 
of novel antiferromagnetic spintronic devices.  

[1]  V. Barthem et al Nature comminucations 4 (2013)  
[2] L Rózsa, S Selzer, T Birk, U Atxitia, U Nowak Physical Review B 100, 064422 (2019)  
[3]  A. B. Shick et al. Phys. Rev. B 81, 212409 (2010)  
[4] R.F.L. Evans et al. Phys. Rev. B 102, 020412 (2020)  
[5]  A. A. Sapozhnik, Phys. Rev. B 97, 134429 (2018)  
[6]  R. F.L. Evans, et al, J Phys Cond. Maier, 26, (2014) 

Spin Current Induction Via Surface Plasmon Polariton  

Theodorus Wijaya1, Daigo Oue2,3, Mamoru Matsuo3, Yasutoshi Ito4, Kelvin Elphick5, David Lloyd5, Hironaga 
Uchida4, Mitsuteru Inoue4, and Atsufumi Hirohata5 

1University of Tokyo, Japan 2Imperial College London, UK 3University of Chinese Academy of Sciences, P. R. 
China 4Toyohashi University of Technology, Japan 5University of York, UK 

Spintronics is a major area of academic research and it is a foregone conclusion that this technology will be 
the next mainstay of the microelectronics industry. As such the demand for spintronic devices that meet the 
practical demands of ever evolving technology is a current concern for materials scientists. Specifically, a 
cost-effective and efficient means of spin current generation is needed. Photoexcitation, using circularly 
polarised light to generate a spin polarised electrical current, is a promising avenue in this regard. To expand 
the useful frequency range of light for photoexcitation, a mechanism of angular momentum conversion from 
transverse spin in surface plasmon polaritons (SPPs) to conduction electron spin has very recently been 
proposed [1].  

SPPs are electromagnetic waves localised at a metal-insulator interface and have been known to be excited 
optically with an Otto or Kretschman-Raether type arrangement [2]. SPP can generate a transversely 
spinning electric field at a frequency of a few PHz, according to the Drude-Lorentz model. Conduction 
electrons in the metal couple to the SPP field, augmenting their orbital motion resulting in a spin polarised 
current.  

In this work, we used a number of simple bilayer structures consisting of non-magnetic metals (Ag, Pt and W) 
to experimentally demonstrate the generation of SPP-induced spin currents at room temperature. The spin 
current was induced using a simple optical setup with a laser (633 nm) and measured using the inverse spin 
Hall effect. We successfully measured SPP induced spin currents with a conversion ratio of up to 7%, which 
can be further improved by optimising the device dimensions. Our findings prove unambiguously that 
angular momenta are interconverted between the propagating SPP and the conduction electrons in the 
metal layer. The simple setup used here, with a single non-magnetic metal, indicate the potential for future 
opto-spintronic devices. Such devices would allow optical signals to be used as input for spintronic 
processing and storage devices.  

[1] D. Oue and M. Matsuo, New J. Phys. 22, 033040 (2020).  
[2]  D. Barchiesi and A. Otto, La Rivista del Nuovo Cimento. 173-209 (2013) 
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Electron Beam Evaporation as a Viable Growth Method for Superconducting Devices Containing Ultra-thin 
Perpendicular Magnetic Anisotropy  

D Bromley, A J Wright, R Batty, and L O’Brien  

University of Liverpool, UK 

Superconductor(S)/ferromagnet(F) heterostructures have revealed numerous phenomena such as spin-
triplet production[1] and supercurrents with tuneable macroscopic phase differences[2]. When 
perpendicular magnetic anisotropy (PMA) is integrated within the F layer, a prime candidate for cryogenic 
memory emerges[3]. Nevertheless, opportunities exist in improving both the critical temperatures of, for 
example, superconducting Nb layers, as well as the overall device purity and thickness, when fabricating thin 
Nb/Pt/Co layers[4], which both manifest PMA and permit supercurrents that are mostly uninhibited by 
platinum’s large spin orbit coupling and S/N (normal metal) proximity effect[5].  

In this work we investigate deposition of S/F heterostructures via electron beam evaporation (EBE). Nb thin 
films (5 to 30 nm thick), were shown to possess reliably high superconducting critical temperatures (𝑇𝑇𝑇𝑇), 
which correlate well with the residual resistivity ratio (RRR) of the film (Fig. 1(a)), as expected[6]. 
Subsequently, Pt/Co/Pt trilayers were deposited on Nb and topped with Cu, to yield S/F/N structured 
devices. In limiting the Pt and Co thicknesses to the ultra-thin limit (≤ 1.5 nm), we were able to tune the 
overall magnetic anisotropy to lie in the out of plane (OOP) direction. This feature was still observable for Pt 
of thicknesses as low as 0.8 nm (Fig. 1(b)). Finally, we evidence combining such layers with in-plane 
anisotropy NiFe films, to produce mixed anisotropy spin valves. The properties of the mixed anisotropy valve, 
including potential triplet suppression is discussed.  

This study establishes EBE as a viable method for the fabrication of extremely low thickness S/F devices. 
Furthermore, we have illustrated EBE grown Nb to be a suitable seed layer for PMA at room temperature. As 
EBE is amenable to thin films and line of sight deposition, this affords the opportunity to better study 
interfaces, tunnelling effects and patterned devices (including 3D glancing angle deposition coating for 3D 
superspintronics). Despite the prevalence for sputtered PMA heterostructures and superconducting 
spintronic devices, here we demonstrate that EBE is a useful technique in generating low-thickness, high 
quality superspintronic multilayers. 

 

Figure 1: (a) Tc correlation with RRR for Nb thicknesses ranging between 5 and 30 nm. Different marker 
styles denote different growths. Blue (red) markers depict an Al (MgO) cap. The dashed orange line is a 
guide to the eye. (b) OOP hysteresis loops measured using MOKE at room temperature. All samples shown 
have a structure of Nb(15)/F/Cu(5)/MgO(3), where F is the Pt/Co/Pt trilayers as seen in the legend. All 
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thickness values are in nm. All samples exhibit PMA. The sample with the lowest overall Pt thickness (red) 
yielded a 𝑇𝑇𝑇𝑇 ≈ 2.84 K.  
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Influence of a Mn ‘spy layer’ on the static and dynamic properties of a FePt/NiFe bilayer 

David G. Newman1, Andreas Frisk2, David M. Burn2, Maciej Dąbrowski1, Gerrit van der Laan2, Thorsten 
Hesjedal3, and Robert J. Hicken1 

1University of Exeter, UK, 2Diamond Light Source, UK, 3University of Oxford, UK 

Magnetic hard/soft bilayers are known to exhibit exchange spring states1, which are promising candidates 
for use in next generation magnetic data storage devices2. The dependence of the magnetic behaviour of Mn 
ions on their local magnetic environment has been well documented3. Therefore, a thin Mn layer inserted 
into the soft layer of a hard-soft bilayer can act as a probe of the soft layer magnetisation at a certain depth 
without disrupting the magnetic state4. Consequently, we have studied the influence of the Mn thickness on 
the static and dynamic magnetisation properties of L10 FePt/NiFe/Mn/NiFe thin films to find an ideal 
thickness for the Mn ‘spy layer’.   

A series of samples with nominal structure MgO(110)/ L10 FePt(110) (100Å)/ NiFe(200Å)/ Mn(𝑥𝑥 Å)/ 
NiFe(200Å) were fabricated by sputtering with 𝑥𝑥 = 0, 5 and 10Å. X-ray magnetic circular dichroism (XMCD) 
was used to obtain element-specific hysteresis loops in order to explore the switching of the individual 
constituent layers (see Fig. 1). For 𝑥𝑥 = 0 or 5Å, the entire multilayer switches as a single rigid magnet. When 
𝑥𝑥 = 10Å, the Mn layer appears to decouple the upper and lower NiFe layers. We explain the observed 
switching by attributing the Mn signal to two distinct Mn rich regions, each of which is strongly coupled to 

Figure 1: XMCD hysteresis loops for Mn (blue), Ni (black) and Fe (red) obtained from samples with Mn layers 
of different thickness as indicated. The loops were acquired with the magnetic field in the plane of the sample. 
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one of the NiFe layers. From VNA-FMR and XFMR measurements, we deduce that the upper NiFe layer 
resonance drives precession in one of the Mn rich regions as intended. 
 

[1] M. Dąbrowski et al., ACS Appl. Mater. Interfaces, 12 52116 (2020). 
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Antiferromagnetic domain control in spin-ice iridates  

Matthew J. Pearce1, Kathrin Götze1, Attila Szabó2, Tycho S. Sikkenk2,3, Martin R. Lees1, Andrew T. Boothroyd4, 
Dharmalingam Prabhakaran4, Claudio Castelnovo2, and Paul A. Goddard1 

1University of Warwick, UK 2University of Cambridge, UK 3Utrecht University, The Netherlands 4University of 
Oxford, UK  

The control of antiferromagnetic domains is a key goal in the design of next-generation spintronic devices as 
they do not produce stray magnetic fields and possess ultrafast spin dynamics [1]. However, their net zero 
magnetisation, and the staggered nature of the field required to interact with the alternating magnetic 
moments ensure this is a challenging task. Spin ices are a class of highly frustrated magnetic systems which, 
whilst famous for hosting magnetic monopoles, are perhaps not typically associated with the field of 
spintronics [2-5]. Nevertheless, using measurements on single crystals in combination with dipolar Monte 
Carlo simulations we show that the antiferromagnetic iridium domains in spin-ice iridates are manipulated in 
a highly reproducible and robust manner by a uniform external field, offering a set of ingredients from which 
new candidate spintronics materials may be designed [6].  

*This project has received funding from the European Research Council (grant no. 681260) and the EPSRC.  
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Chiral anomaly and anomalous Hall effect in Hexagonal-Mn3+δGe 
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Topological quantum materials have attracted enormous attention since their discovery due to the observed 
anomalous transport properties, which originate from the non-zero Berry curvature.  Mn3+δGe has gained 
special attention because of its large anomalous transport effects that persist starting from Néel temperature 
(365 K) down to 2 K [1]. Due to the specific mirror symmetry of the triangular antiferromagnetic structure, 
Anomalous transport effects are expected to be observed when magnetic field (B) is applied along the x or y 
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crystallographic axis [1]. Chiral anomaly, which is one of the prominent signatures of Weyl semimetals, has 
not been extensively investigated in the case of Mn3+δGe. We have performed planar Hall effect (PHE) and 
longitudinal magneto-resistance (LMR) measurements with varying angle, temperature, and magnetic field. 
In general, chiral anomaly effects should strengthen with the increase in magnetic field [2]. However, in the 
case of Mn3+δGe, chiral anomaly was observed to be suppressed in LMR and PHE measurements, when the 
magnetic field is increased at low temperature, which is surprising. Our single crystal neutron diffraction 
measurement did not show any anomaly in magnetic parameters below room temperature. However, X-Ray 
diffraction has shown maxima in lattice parameters near 235 K, below which change in electrical transport 
behavior was observed. Therefore, it can be argued that the chiral anomaly and position of Weyl points are 
much more sensitive to the change in lattice parameters, in comparison with magnetic parameters.  

[1]  A. K. Nayak, J. E. Fischer, Y. Sun, B. Yan, J. Karel, A. C. Komarek, C. Shekhar, N.  Kumar, W. 
Schnelle, J. Kübler, C. Felser, and S. S. P. Parkin, Sci. Adv. 2, e1501870 (2016) 
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Thermal and magnetic properties of the candidate Kitaev material RuCl3  

Amir Mehrnejat1, Guru Venkat2, Chris Cox1, Kelly Morrison1, and Fasil Dejene1  

1Loughborough University, UK 2The University of Sheffield, UK  

Materials comprised of heavier atoms of transition metals possess complex interactions among their 
electronic, spin, and orbital characteristics[1]. In these materials, spin-orbit coupling (SOC) could lead to the 
emergence of quantum properties as those observed in topological band insulators, Weyl semimetals, Mott 
insulators, and Kitaev spin-liquids. In Kitaev materials, due to the bond-directional exchange interactions on 
a honeycomb lattice, distinct magnetic and thermoelectric behaviours have been observed. One of such 
materials is the layered 2D material RuCl3 which is a candidate quantum spin liquid (QSL)[2,3]. In this 
material, a field-induced QSL ground state has been observed in which the 2D thermal Hall conductance 
exhibits a quantized value at a low temperature equal to precisely half of the 2D thermal Hall conductance of 
the integer quantum Hall effect[4], but there is a lack of sufficient studies corroborating this observation.  

To further shed light on these observations, we study heat-transport measurement of RuCl3. As RuCl3 is a 
two-dimensional (2D) layered material, it can be mechanically exfoliated down to a few atomic layers. In this 
poster, we first review the relevant physics of interest followed by the thermal conductivity characterization of 
a new thermal platform onto which the fragile bulk samples of RuCl3 can be mounted. This preliminary 
characterisation aims to prepare the platform for further investigations of thermal properties of RuCl3 and 
devised devices especially the ones composed of heterostructures in presence of the magnetic field. We also 
present bulk magnetic properties of RuCl3 and discuss initial results on the numerical simulation of heat 
transport of the platform.  
 
[1] Trebst, S. Kitaev Materials. 2017. 
[2] Do, S. et al. Majorana Fermions in the Kitaev Quantum Spin System α-RuCl Nature Phys. 2017. 
[3] Banerjee, A. et al. Proximate Kitaev Quantum Spin Liquid Behaviour in a Honeycomb Magnet. 

Nature Mater. 2016.  
[4] Kasahara, Y.et al. Majorana Quantization and Half-Integer Thermal Quantum Hall Effect in a Kitaev 

Spin Liquid. Nature 2018. 
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Poster Session 2 

Towards electric control of magnetism in thin films of FeRh on BaTiO3  

R.O. Aboljadayel1, P. Steadman1, R. Fan1, T. Moorsom2, J. Massey3,S. Fusil4, B. Dkhil5, and P. Bencok1 

1Diamond Light Source, UK, 2University of Leeds, UK 3Paul Scherrer Institut, Switzerland 4Unité Mixte de 
Physique, France 5Université Paris-Saclay, France  

Controlling and manipulating the magnetic properties of magnetoelectric materials using an electric-field has 
driven many scientific research studies, as it is considered a promising approach for realising low-power 
technology [1]. FeRh is a metamagnetic material which exhibits a first-order magnetic phase transition from 
an antiferromagnetic (AFM) state at low temperature (380 K). This transition is accompanied by a change in 
the resistivity and the out-of-plane lattice constant as a result of the strong coupling between the structural 
and magnetic properties of FeRh [2,3]. These properties make it an ideal material for heatassisted magnetic 
recording and future spintronics applications [1,3]. This transition can be induced by chemical doping, 
strain, a change in temperature and magnetic field. However, a full understanding of the origin of this phase 
transition is still missing [1]. Further complications arise since the BaTiO3 (BTO) experiences a first-order 
phase transition from a non-ferroelectric cubic phase to a ferroelectric tetragonal phase upon cooling from 
400 K, in which the latter is divided further into a1, a2 and c-domains in the presence and absence of 
voltage [3]. Although many studies have reported the electrical control of ferroelectrics, they have been 
limited to the paramagnetism-FM phase transition within a small range near the Curie temperature [3].  

We report the electric control of the magnetic properties of FeRh thin film grown on BTO substrate, as well as 
the voltage and temperature dependence of the strain induced by the BTO substrate during the FeRh AFM to 
FM phase transition using soft x-ray. Significant enhancement of the hysteresis of about 200 K with various 
abrupt transitions was observed in the magnetisation measurements of a FeRh thin film grown on a BTO 
substrate. We carried out specular and off-specular reflectivity scans using circularly polarised x-ray at the Fe 
L-edge (707.8 eV) at these sharp changes. The specular reflectivity measurements taken as the temperature 
decreases from 400 K to 250 K show multiple peaks which could correspond to the BTO tetragonal domains. 
Furthermore, the change in the number of peaks at 280 K is attributed to the first-order phase transition from 
the tetragonal phase to the orthorhombic phase in the BaTiO3 substrate.  

We will also present the additional measurements taken with different voltages applied across the thickness 
of the sample, discuss the possible interpretation of the results supported by complementary magnetic and 
structural characterisation measurements.  

[1]  Z. X. Feng, H. Yan, Z. Q. Liu, Adv. Electron. Mater. 5, 1800466 (2019).  
[2] J. Hong et al., Nanomater. 9(4), 574-574 (2019).  
[3]  L. C. Phillips, et al., Sci. Rep. 5, 10026 (2015). 
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Growth and characterisation of magnetic tunnel junction thin film structures  

Charlotte Bull, Paul Nutter, Meg Smith, and Tom Thomson 

University of Manchester, UK  

Spin-transfer-torque magnetoresistive random access memory (STT-MRAM) and Spin-orbittorque 
magnetoresistive random access memory (SOT-MRAM) have enormous potential as non-volatile data 
storage technology, due to their scalability, energy efficiency and fast read/write speed. However, the 
problem of the magnetic recording trilemma associated with HDD media remains and will emerge as an 
issue to overcome for the future development of ultra-high density STT/SOT-MRAM. In particular, the need to 
maintain thermal stability, whilst aiming to reduce the critical switching current of their key component the 
magnetic tunnel junction (MTJ) [1]. To fabricate magnetic tunnel junction structures, it is essential to 
optimise the individual layers. Smooth, pinhole-free MgO (~1 nm) tunnel barriers are important to achieving 
sufficiently high tunnelling magnetoresistance ratios [2]. Interfacial lattice matching is also needed between 
the MgO barrier and ultra-thin film (≤1.5 nm) CoFeB to obtain perpendicular magnetic anisotropy (PMA) in 
the MTJ structure [3]. Prototype MTJs with a structure of 
(Pd(3nm)/Co20Fe60B20(1.1nm)/MgO(1nm)/Co20Fe60B20(1nm)/Ta(5nm)) have been grown on Si/SiO2 

(290nm) substrates by optimising the sputter growth conditions of ultra-thin CoFeB and MgO. The layer 
thicknesses of MTJ films were found using X-ray reflectivity (XRR) (Fig.1.), and the magnetic properties have 
been investigated using vibrating sample magnetometry (VSM). The MTJs are annealed post-deposition at a 
range of temperatures between 300°C and 400°C in order to achieve PMA as shown by previous research, 
Fig.2. As optimisation and characterisation of MTJ films are essential for developing novel film structures for 
STT-MRAM and SOT-MRAM, we lithographically pattern point contacts in order to perform CIPT 
measurements on MTJ films [4-5]. The overall goal of this project is to study the magnetoresistance ratio 
dependence with annealing conditions. Based on the concept of exchange spring media [6], graded 
multilayers will also be investigated to optimise the MTJs further.

 

Figure 1: (a) XRR and (b) scattering length density figures for a 
prototype MTJ before annealing. 

Figure 2: Magnetic hysteresis 
loop for MTJ film measured by 
VSM, applying a 20kOe field 
perpendicular (black) and 
parallel (red) to the sample 
surface. 

[1]  D. Apalkov et al. Proc. IEEE 104,1796-1830 (2016).  
[2]  S. Ikeda et al. Appl. Phys. Lett. 93, 082508 (2008).  
[3]  X. Kozina et al. Appl. Phys. Lett. 96, 072105 (2010).  
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[4]  D. C. Worledge and P. L. Trouilloud, Appl. Phys. Lett. 83, 84 (2003).  
[5]  C-M. Lee et al. Journal of Magnetics, 16, 169-172 (2011).  
[6]  D. Suess, Appl. Phys. Lett. 89, 113105 (2006).  
[7]  C. Zha et al. Appl. Phys. Lett. 97, 182504 (2010). 

Influence of BiFeO3 phase on perpendicular magnetic anisotropy in Co/Pt 

Yanjiang Ji1,2, Philippa M. Shepley1, Zedong Xu2, Lang Chen2, and Thomas A. Moore1 

1University of Leeds, UK 2Southern University of Science and Technology, China 

Using LaAlO3 (100) substrates and a Ca0.96Ce0.04MnO3 (CCMO) buffer layer, we grew BiFeO3 (BFO) thin films 
with various thicknesses via pulsed laser deposition (PLD). X-Ray diffraction (XRD), Reciprocal Space 
Mapping (RSM) and Atomic Force Microscopy (AFM) techniques are employed to characterize the thickness, 
structure and surface morphology of the films. The large misfit of lattice constants between BFO and LAO 
exerts a large compressive strain on the BFO film, which initially stabilizes BFO in the tetragonal (T-) phase. A 
mixture of T-phase and rhombohedral (R-) phase emerges when the BFO thickness exceeds 20nm. As the 
BFO film thickness increases, the proportion of R-phase BFO increases as verified by AFM and XRD. Using DC 
magnetron sputtering, magnetic multilayers of Pt(4nm)/Co(0.8nm)/Pt(1.5nm) were deposited on top of 
these BFO films. Both Anomalous Hall Effect (AHE) and SQUID-VSM measurements reveal that the mixed-
phase BFO favours a perpendicular magnetic anisotropy (PMA) of the upper Pt/Co/Pt multilayers, while the 
pure T-phase BFO film with smaller thickness suppresses the PMA (Fig.a and Fig.b). Considering the R-phase 
BFO at the surface of the mixed-phase BFO film can change reversibly to T-phase BFO when applying electric 
field across BFO, our finding may provide a new route for realizing the electrical control of PMA in hybrid 
ferromagnetic-multiferroic structures. 

 
Figure 1: (a) Room temperature anomalous Hall resistance Rxy for Pt(4nm)/Co(0.8nm)/Pt(1.5nm) on 
BFO(44nm), BFO(23nm), and BFO(18nm). (b) Room temperature out-of-plane hysteresis curves for 
Pt(4nm)/Co(0.8nm)/Pt(1.5nm) on BFO(44nm), BFO(23nm), and BFO(18nm). 
 
[1]  Zuhuang Chen, et al., Phys. Rev. B 84, 094116 (2011). 
[2]  He, Q., et al., Nat Commun 2, 225 (2011). 
[3]  R. J. Zeches, et al., Science 326, 977-980 (2009) 
[4]  Huang, Y., et al., Nat Commun 11, 2836 (2020). 
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Skyrmionic Device Patterning Using Low-Energy Argon Ion Milling  

Cory Emmerson, Yuzhe Zang, Thomas Thomson, and Christoforos Moutafis  

University of Manchester, UK 

Magnetic systems which lack inversion symmetry promote the nucleation of topologicallystable spin textures 
known as magnetic skyrmions [1, 2]. Although such spin textures were discussed and researched at low 
temperatures in years prior, skyrmions were experimentally observed at room temperature in magnetic 
multilayers in 2016 [3, 4]. Due to their stability in magnetic multilayer thin films and manoeuvrability via 
spin-polarized currents, skyrmions have remained a strong candidate for information carriers in proposed 
magnetic data storage and neuromorphic devices. Preserving the atomically-abrupt interfacial boundaries 
between thinfilm layers (< 3 nm) is one of the most crucial aspects affecting the ability of a multilayer 
system to host skyrmions and other complex spin textures. As such, subsequent fabrication processes 
should simultaneously minimise magnetic degradation and interlayer mixing. This project focusses on 
developing and optimising low-energy (< 100 eV) argon ion milling with the purpose of fabricating nanowires 
and devices from magnetic multilayers with sensitive magnetic properties. Such lithographic structures retain 
their magnetic properties, have minimal interlayer mixing at structure edges, and their size is nominally 
accurate to the desired patterns. Devices fabricated from magnetic multilayers have been studied with 
Scanning Probe Microscopy (SPM), electrical detection methods (i.e., Hall probe experiments) and 
synchrotron techniques like Scanning Transmission X-ray Microscopy (STXM) [5, 6].

Figure 1: Scanning Probe Microscopy (SPM) study of a magnetic multilayer patterned into a notched 
nanowire using electron-beam lithography and argon ion milling. The nominal thickness of the nanowire is 
800nm, as intended in the design stage of the process. This nominal width was measured from both SPM 
and Scanning Electron Microscopy (SEM). a) Atomic Force Microscopy (AFM) height scan of the notched 
wire. b) the line profile of the nanowire. c) Magnetic Force Microscopy (MFM) phase scan of the notched wire 
showing the magnetic domain structure confined to the nanowire.  

[1]  S. S. P. Parkin, et al., Science, 320 (5873), 190-194, (2008)  
[2]  A. Fert, et al., Nature Nanotechnology, 8, 152–156, (2013)  
[3]  C. Moreau-Luchaire, et al., Nature Nanotechnology, 11, 444–448, (2016)  
[4]  O. Boulle, et al., Nature Nanotechnology, 11, 449–454, (2016)  
[5]  W. Legrand, et al., Nano Lett., 17 (4), 2703-2712, (2017)  
[6]  D. Maccariello, et al., Nature Nanotechnology, 13, 233–237, (2018) 
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Effect of Isothermal annealing on microstructure and magnetic property of sputter-deposited carbon thin film 

Balaram Thakur1,2, Nagar Venkataraman Chandra Shekar 1,3, and Sujay Chakravarty1* 

1UGC DAE Consortium for Scientific Research, India, 2University of Madras, India, 3Material Science Group, 
IGCAR, India 

In recent years, magnetism in carbon materials has been a topic of intense debate. We have recently 
studied superparamagnetic carbon thin films successfully grown on Si & quartz substrate by sputtering the 
carbon target with Ar ions using RF magnetron sputtering, keeping RF power at 150W. These films were 
investigated for isothermal annealing driven modification in film's microstructure and magnetic properties. 
The film was isothermally annealed at 250oC and 650oC, respectively, in a vacuum close to 1E-6 mbar for a 
fixed time interval of 2 hours each. Raman Spectroscopy is used to characterize the microstructure, while X-
ray reflectivity (XRR) is used to determine the change in density after annealing. The magnetic 
measurements were carried out using SQUID-VSM. 
 

 
Figure 1: Variation in room temperature magnetization of the film with annealing temperature. 
 
Figure 1 shows that with the increase in annealing temperature, the film's net saturation magnetization 
decreases drastically. The paramagnetic sites in as-deposited film generated due to the isolated spins get 
compensated, and the system becomes diamagnetic, with an increase in annealing temperature. The 
observed transformation in magnetic properties of carbon film with thermal annealing is well correlated with 
the change in sp2/sp3 fraction and density of the film. Increasing annealing temperature results in a 
decrease in density and an increase in sp2/sp3 fraction, which results in a decrease in the magnetization of 
the carbon film. 

The present study concluded that carbon film's magnetic properties depend on the microstructure & sp2/sp3 
fraction and can be manipulated by thermal annealing.  
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The anomalous Nernst effect in Co2MnSi thin film 

J. Harknett, C.D.W. Cox, M.T. Greenaway, and K. Morrison 

Loughborough University, UK 

The Anomalous Nernst Effect (ANE) in a magnetic material gives rise to an electric field (E) perpendicular to 
an applied temperature difference (ΔT), or heat flux (JQ), and magnetisation vector (M), (Figure 1). Recently 
a wide range of materials, from thin films to bulk single crystals, dilute magnetic semiconductors and 
topological insulators, have been shown to exhibit an enhanced ANE due to the topological properties of 
their band structures [1],[2]. In particular these materials exhibit Weyl-like transport phenomena and have 
large values of the Berry curvature around the Fermi level [3]. 

The Berry curvature enhances the transverse velocity of the electrons [4] in addition to the statistical force 
produced by the ΔT, thereby generating a large anomalous thermoelectric response. The family of Heusler 
alloys contain proposed (and confirmed) magnetic Weyl semimetals most notably Co2MnGa. However, 
another Heusler alloy which is of interest, particularly in the magnetic recording field is Co2MnSi, identified 
for its 100% spin polarisation [5] and high magnetisation and Curie temperature. 

Here, we study the ANE and the anomalous Hall effect (AHE) in a series of polycrystalline Co2MnSi thin films 
where there is dependence of the lattice ordering upon annealing temperature (TAnn) (Figure 1)[6]. We find 
that the fully ordered L21 phase exhibits an ANE with a Seebeck coefficient of S = 0.114 µVK-1 but 
remarkably, for the disordered A2 phase we observe a ~6 times enhancement with S = 0.662 µVK-1. A 
similar trend with the disorder is seen in the anomalous Hall resistivity (which is expected to scale with the 
ANE).  

Whilst Co2MnSi in the L21 phase does not exhibit any form of non-trivial band structure, the increase in the 
ANE and AHE (in contrast to the decrease in magnetisation with increasing disorder) seen here suggests a 
topological origin arising from a subtle difference in the band structures. We compare our measurements 
with Density Functional Theory (DFT) calculations to reveal the role of band topology on the observed 
enhancement of the ANE. 

 

Figure 1: Figure 1: Left: Schematic of the ANE. Right: Dependence of ANE, magnetisation and anomalous Hall 
resistivity on the ordering of Co2MnSi thin films. 

[1] H. Reichlova, R. Schlitz, S. Beckert et. al., Appl. Phys. Lett. 113, 212405 (2018).  
[2]  S.N. Guin, P. Vir, Y. Zhang et. al., Adv. Mater. 31, 1806622 (2019).  
[3]   S.N. Guin et al., NPG Asia Mater 11, 16 (2019). 
[4]  D. Xiao et al., Rev. Mod. Phys. 82, 1959 (2010). 
[5]  M. Jourdan, J. Minár, J. Braun et al., Nat. Commun. 5, 3974 (2014).  
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Scanning Probe Microscopy Studies of FeRh  

Adrian Peasey1, Jack Warren1,2, Craig Barton1,3, and Thomas Thomson1 

1University of Manchester, UK. 2Now at Sagentia Limited, UK. 1Now at National Physical Laboratory, UK.  

Antiferromagnetic (AF) spintronic devices are an active area of study at present, and FeRh is one of the most 
promising materials for these devices. There is a need for stable, non-volatile devices to provide room 
temperature storage, and metamagnetic phase change materials present a possible solution in the form of 
antiferromagnetic anisotropic magnetoresistance (AF-AMR) memory[1]. The AF state produces no stray 
magnetic fields and is itself insensitive to externally applied fields, however in the ferromagnetic (FM) state 
the electron spins can be aligned by an external field due to the presence of a net magnetic moment in the 
lattice[1].  

Materials such as FeRh are able to be reversibly and reliably transitioned between the AF and FM states 
using controlled temperature changes[2]. This project aims to characterise FeRh devices by identifying local 
transition temperatures and comparing them with the topography of the device to determine any correlation. 
Both thin films and nanowires have been considered, with the wires expected to present increased 
asymmetry over films[3]. FeRh is an antiferromagnet at room temperature and transitions to a ferromagnet 
at around 370K, with the transition temperature approximately 10K higher during heating than cooling[4]. 

The phase does not change uniformly, with the FM state forming nucleations which expand to cover the 
whole device as it is heated[5]. The characteristics of the nucleation process are highly repeatable on 
subsequent heating cycles, implying that the local transition temperature is affected by the sample structure 
and topography in some manner.  

The transition has a secondary effect that the electrical resistivity of the sample is significantly different 
between the two phases[4], allowing the phase to be measured via electrical measurements. The local 
resistivity of a 60nm thick FeRh film was mapped out using TUNA while the sample was heated to a range of 
temperatures.  

[1]  X. Marti et al., Nat. Mater. 13, 367, (2014)  
[2]  M. Fallot and R. Hocart, Rev. Sci. 77, 498, (1939)  
[3]  J. Arregi et al., J. Phys. D: Appl. Phys. 51, 105001, (2018)  
[4] J. Kouvel and C. Hartelius, J. Appl. Phys. 33, 1343, (1962)  
[5]  C. Baldasseroni et al., Appl. Phys. Lett. 100, 262401, (2012) 
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XMCD-STXM Magnetic Imaging of Skyrmions with in-situ Hall Transport measurements in Pt/Co/Ir multilayer 
Hall discs  

A Huxtable1, S. Finizio2, K. Zeissler1, E. Darwin1, G. Burnell1, M. Rosamond1, E. Linfield1, J. Raabe2, C. H. 
Marrows1 

1University of Leeds, Leeds, UK 2Paul Scherrer Institut, Switzerland  

Transport measurements of skyrmions, and their interpretation by connection to the magnetic state at the 
time of measurement, are essential for their potential application in data storage. In-situ Hall transport 
measurements combined with XMCD-STXM imaging of the magnetic texture have been developed by Finizio 
et al. [1] and used in the investigation of the discrete hall resistivity contribution due to Néel skyrmions by 
Zeissler et al. [2]. Continued research into the skyrmion contribution to Hall resistivity is needed to explain 
the discrepancy in the size of the contribution observed in Ref. 2 compared to that predicted by theory [3, 
4]. The magnetisation in 800 nm and 1 µm diameter Hall discs has been measured using combined XMCD-
STXM imaging at the PolLux endstation at PSI [1]. The Hall devices are [Pt/Co/Ir]xN multilayers grown by DC 
magnetron sputtering on 200 nm Si3N4 membranes and patterned by electron beam lithography. The 
images were collected during in-situ Hall resistivity measurements in order to verify the texture of the 
magnetisation in the samples, yielding the images and Hall resistance data to be presented. The topology of 
the magnetisation of skyrmions is defined by the winding number, S, which takes an integer value 
dependent upon the number of topological ‘twists’ in magnetisation present in the multilayer disc. A major 
hysteresis loop for the saturated discs was measured allowing the out of plane magnetisation and Hall 
resistance of Skyrmions to be normalised. By performing the same measurements during minor hysteresis 
loops, in the presence of a skyrmion, one can plot RH/RHsat and Mz/Msat. We have shown that multilayer discs 
with three topologically equivalent (S=0) magnetisations have different overall Hall resistances (RH).  

[1]  S. Finizio, K. Zeissler, G. Burnell et al. ‘In-situ Electrical Transport Measurements Combined with 
Scanning Transmission X-ray Microscopy’, Microscopy and Microanalysis, 24(S2), 76-77 (2018)  

[2]  K. Zeissler, S.Finizio, K. Shahbazi et al. ‘Discrete Hall Resistivity contribution from Néel skyrmions in 
multilayer nanodiscs’, Nature Nanotechnology, 13, 1161 – 1166 (2018)  

[3]  D. Maccariello, W. Legrand, N. Reyren et al. ‘Electrical detection of single magnetic skyrmions in 
metallic multilayers at room temperature’, Nature Nanotechnology, 13, 233–237 (2018)  

[4]  M. Raju, A. Yagil, A. Soumyanarayanan et al. ‘The evolution of skyrmions in Ir/Fe/Co/Pt multilayers 
and their topological Hall signature’, Nature Communications, 10, 696 (2019) 

Optimisation of Ferromagnetic layer for tunnel anisotropic magnetoresistance (TAMR) readers’  

Benjamin W. Wilson, Jade N. Scott, William R. Hendren, and Robert M. Bowman 

Queen’s University Belfast, UK 

In order to meet the needs of today’s society and its ever-increasing data creation, the size of conventional 
tunnelling magnetoresistance (TMR) sensors must be reduced so that the areal density of hard disk drives 
(HDD) can be increased.  

A promising candidate is tunnel anisotropic magnetoresistance (TAMR) arising due to a change of density of 
states at the Fermi level when a magnetic sublattice rotates with respect to the crystal field. Most commonly 
found in materials which possess large spin-orbit (SO) interactions [1]. Very large TAMR signals have been 
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observed at low temperatures consisting of an IrMn based magnetic tunnel junction (MTJ) [2] which if 
optimised at room temperature would remove the requirement for a second ferromagnetic electrode and 
thus reduce the size of the sensor. With higher aerial density, the shield to shield spacing reduces and so a 
potential FM layer, NiFe can be enhanced by the addition of a thin layer of CoFe which is thought to increase 
the spin polarisation and coercive field, Hc.  

The open-source atomistic simulation package, VAMPIRE [3] is used in conjunction with vibrating sample 
magnetometry (VSM), x-ray diffraction (XRD) and ferromagnetic resonance (FMR) to investigate the bilayer 
system of Ni80Fe20/Co70Fe30 deposited via magnetron sputtering, in order to optimise the ferromagnetic layer 
of the MTJ. Simulation parameters are achieved directly from experiment and supplied to VAMPIRE. 
Integration of simulation and experiment in this manner can yield insight into the magnetisation dynamics 
on the atomic scale and guide experimental development. Initial simulations show enhancement of Hc with 
the inclusion of a thin layer of Co70Fe30 which can be seen in figure 1. Experimentally, Hc increases in an 
almost linear fashion for CoFe thickness above 1 nm for 8 nm of NiFe, which contrasts with almost no 
change for a thicker NiFe film (70 nm), figure 2.  

[1] Phys. Rev. Letts 100, 087204 (2008);  
[2]  Nature Mat. 10, 347 (2011);  
[3]  R. F. L. Evans et al., Appl. Phys. Lett. 104, 082410 (2014) 

  

Fig.1 VAMPIRE hysteresis loop 
Ni80Fe20(8)/Co70Fe30(X) of normalised 
magnetisation against applied field. Inset is the 
visual representation of the generated systems of 
total height, z. 

Fig.2 Coercive Field against CoFe thickness for a 
range of seed layers for the structure, 
Ni80Fe20(Y)/Co70Fe30(X). 
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Bismuth Ferrite Based Thin Films For Electric Control of Magnetism 

R. G. Hunt, P. M. Shepley, A. J. Bell, and T. A. Moore 

University of Leeds, UK 

Magnetoelectrics have attracted a lot of interest due to the ability to control the magnetic state and magnetic 
properties of a device through the simple application of voltage. One approach to developing these is to use 
multiferroics, materials that contain two or more kinds of ferroic order that couple to each other and allows 
the ferroelectric polarization state to control the magnetic state. The only room temperature multiferroic is 
bismuth ferrite, BiFeO3, which displays both ferroelectric and antiferromagnetic ordering at room 
temperature. Often an additional ferromagnetic layer is coupled to the antiferromagnetic order to study the 
magnetism of BiFeO3. 

However, the coupling between the ferromagnet and the BiFeO3 film is not fully understood and depends 
heavily on the ferroelectric domain state of the bismuth ferrite that introduces more nuanced effects than 
would be expected in usual antiferromagnet-ferromagnet coupling, with 109° domain wall angle states 
giving the usual exchange bias and 71° domain states giving a coercivity enhancement in ferromagnetic 
hysteresis loops.  

We use a thin film structure of SrTiO3/SrRuO3/BiFeO3/CoFeB/Pt, with strontium ruthenate acting to mediate 
the substrate strain and provide a back electrode. The bismuth ferrite is grown epitaxially, matching the 
substrate orientation which allows us to control the types of ferroelectric domain state available by growth on 
(100) and (111) substrates in turn. We have then characterized these films through SQUID magnetometry, 
Kerr microscopy and ferromagnetic resonance to understand how they differ. 

 

Figure 1: SQUID Loops of samples in the as-deposited state. Substrates in the (111) orientation show the 
largest change from samples grown on silicon. 
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Magnetostriction of amorphous Pt/Co(Fe)B/Ir thin films by voltage-induced strain  

K.N. Alshammari, M. Ali, and T. A. Moore  

University of Leeds, Leeds, UK 

 The magnetostrictive materials in the form of thin films have become increasingly vital in the development of 
actuators and sensors. Applying a strain to the magnetostrictive ferromagnet offers a degree of control over 
the material's magnetic anisotropy energy. In the recent past, there has been continued interest in having 
control of perpendicular magnetic anisotropy in the thin films through stain from piezoelectric material [1-4]. 
The induction of stain during the measurement allows the introduction of various strains. In addition, the 
measurement of the ensuing magnetic anisotropy changes permits an accurate calculation of 
magnetostriction. The magnetostriction constant λ is calculated from the changes of the magnetic anisotropy 
field induced by strain with applied stress.  

We report on our study of multilayers of Ta(3)/[Pt(2.3)/Co68Fe22B10(0.7)/Ir(0.5)]n/Pt(2.3) and 
Ta(3)/[Pt(2.3)/Co68B32(0.8)/Ir(0.5)]n/Pt(2.3) with perpendicular magnetic anisotropy deposited by dc 
magnetron sputtering onto a glass substrate. Here, the layer thicknesses are displayed in nm and ‘n’ is the 
number of Pt/CoFeB/Ir or Pt/CoB/Ir trilayer. The polar MOKE was used in the characterisation of all the 
samples to display perpendicular magnetic anisotropy due to a large interface contribution Fig.1.(a). Also, 
we measure the magnetic anisotropy using a technique based on the Anomalous Hall Effect. The anisotropy 
measurement was done under strain applied perpendicular to plane using a biaxial piezoelectric transducer. 
A voltage of 150 V applied to the transducer generates a maximum strain of ~0.1%. This results in a 
decrease of the perpendicular anisotropy field in the films up to 12 mT as shown in Fig.1.(b). The 
Pt/CoFeB/Ir and Pt/CoB/Ir magnetostriction constant is found from a leastsquares fit of the change in 
anisotropy field as shown in Fig 1.(c). 

 

Figure 1: (a) Polar MOKE measurement for [Pt/CoFeB/Ir]n and [Pt/CoB/Ir]n multilayers on glass substrates. 
(b) The change in the anisotropy field of Pt/CoFeB/Ir and Pt/CoB/Ir with different repeats due to out-of-
plane strain εz and the solid line is a fit of the data. (c) Magnetostriction constant of Pt/CoFeB/Ir and 
Pt/CoB/Ir with different repeats. 

[1]  Lee J-W et al., Appl. Phys. Lett. 82 2458 (2003).  
[2]  Kim J-H et al., Appl. Phys. Lett. 97 252508 (2010).  
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Voltage controlled, thermally driven superparamagnetic array for reservoir computing  

A. Welbourne1, A. Levy2, M.O.A. Ellis1, H. Chen1, E. Vasilaki1, D.A. Allwood1, and T.J. Hayward1 

1University of Sheffield, UK, 2École Polytechnique, France  

Reservoir computing has been gaining traction as a bio-inspired, machine-learning approach to solving 
computationally hard problems, such as speech recognition and prediction of chaotic time series, with 
novel-hardware based devices [1]. Magnetic systems are well positioned to fulfill the requirements on the 
reservoir, providing non-linearity, fading memory, and a reproducible response. In particular, magnetic 
devices subject to a temporal input sequence can perform the entire role of the reservoir, replacing complex 
networks of transistors [2]. This offers the potential for compact devices, with reduced energy costs for 
computation. Here, we propose superparamagnetic ensembles as an ideal candidate for an ultra-low-energy 
reservoir where thermal noise is utilised to drive the dynamics and control is provided by strain-mediated 
voltage inputs.  

Using an analytical model of the response of a superparamagnetic ensemble [3], we simulate the physical 
reservoir. Micromagnetic simulations confirm the behavior of individual nano-dots. By inputting a temporal 
sequence and training a single layer of weights from the output, we can perform standard machine learning 
benchmarks with competitive performance. Figure 1 presents (a) micromagnetic simulations of a 
superparamagnetic nanodot, (b) the non-linear response with fading memory of the ensemble to a temporal 
input sequence, (c) performance for spoken digit recognition (95 % accuracy), and (d) chaotic time series 
prediction (error comparable to current reservoir approaches). Robust performance on timescales from 
hundreds of nanoseconds up to seconds could allow such a reservoir to be tuned to provide computation in 
real time for a wide range of possible physical inputs, from decision-making in driverless cars (fast) up to 
speech recognition (slow). The low energy consumption expected for such a, voltage controlled and 
thermally driven, device makes it an ideal candidate for edge computing where high performance is needed 
at very low latency and power. 



 
 

70 
 

 

[1]  L. Appeltant, et al., Nat Commun 2, 468 (2011).  
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POLREF: Time of flight Polarised Reflectometer for Magnetism in Thin Films 

C Kinane, and A Caruana 

STFC, Rutherford Appleton Laboratory, UK 

Polarised Neutron Reflectometry (PNR) measures surfaces, buried interfaces and layers, yielding information 
about layer thicknesses, densities, surface/interface roughness and interdiffusion. Uniquely it can provide 
the magnetic equivalents of these quantities, including the total in-plane magnetisation [1,2]. A large variety 
of thin-film phenomena can be investigated using the POLREF beamline, including topological insulators, 
proximity-induced and fundamental magnetism, superconductivity and spintronic devices. Further-more, 
POLREF can perform off-specular PNR and specular Polarisation Analysis (PA) measurements. If the problem 
can be made flat and is in the right length scales (~1 nm – 200 nm) then it can be probed by PNR. The 
POLREF time of flight PNR beamline is located in the second target station at the ISIS Neutron and Muon 
source [3,4]. With a polarised wavelength band of 2-15Å (PEff~96%), low instrument backgrounds of I/I0 < 
10-7 and a resolution of dQ/Q better than 1%, QMAX = 0.25-0.3 Å-1 is routinely accessible for small (10x10 
mm) samples within reasonable count times. The POLREF beamline has gone through several recent 
upgrades. Upgrades of the spin flippers and analyser system have improved the capability of the beamline 
to measure samples with larger moments or weaker spin-flip signals when using the PNR and PA modes. The 
1D linear detector efficiency has also been upgraded and now is fully commissioned into the user program 
providing full off-specular capability in the NR and PNR (see Figure 1) modes and some off-specular PA 
capability (the maximum Qx being restricted by the analysing mirror). Here, we will present the current 
capabilities of the POLREF beamline, including science highlights and how to get access to the ISIS neutron 
facility and POLREF beamline. 
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Thermomagnetic characterization of Co50Fe50/Pt and Co20Fe60B20/Pt bilayers  

G. Venkat1, O. Inyang2, G. Awana3, C. D. W. Cox3, Z. Zhou3, A.T. Hindmarch2, F. K. Dejene3, and K. Morrison3 

1University of Sheffield, UK 2Durham University, UK 3Loughborough University, UK  

The spin Seebeck effect (SSE) is a recently discovered phenomena where a spin current, Js, arises when a 
thermal gradient is applied to a magnetic layer [1]. This spin polarised current results in a voltage via the 
inverse spin Hall effect (VISHE) if a paramagnetic contact with strong spin-orbit coupling, such as Pt is 
deposited on top of the magnetic layer [2]. The SSE is being investigated as a promising candidate for 
spintronic and energy harvesting applications [3]. However, when the magnetic layer is conducting, the 
anomalous Nernst effect (ANE) also contributes to the measured VISHE [4]. It is therefore essential to identify 
the different contributions to the measured VISHE so that we can investigate the impact of each of these on 
the potential applications of the SSE (such as thermoelectric efficiency of an energy harvesting device).  

In this study, we measure the thermomagnetic response of sputtered FM/Pt bi-layer thin films where 
FM=Co50Fe50, Co20Fe60B20 using a setup similar to Sola et. al. [5] and compare to previous work on 
Co20Fe60B20 [6]. This includes the most common coefficient S∇T (where VISHE is normalized by temperature 
gradient ∇T) and the heat flux coefficient SJQ (where VISHE is normalized by the heat flux JQ), which has been 
shown to be more reliable for thin films [5]. We identify and quantify contributions of the ANE and the SSE to 
the thermomagnetic responses and characterize these materials for prospective energy harvesting 
applications. In conjunction with ferromagnetic resonance measurements we show that the SSE is enhanced 
in Co20Fe60B20 compared to Co50Fe50 due to enhanced magnon propagation. A summary of these results is 
shown in Figure 1.  

[1]  K. Uchida et al., Proceedings of the IEEE 104, 1946, 2016  
[2]  S. Maekawa et al., Spin Current. Oxford University Press  
[3]  G Bauer et.al., Nature Materials, 11.5, 391, 2012  
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Figure 1: (Left): High resolution TEM showing the different layers in the Co20Fe60B20/Pt film grown on Si. The 
SiO2 layer is shown is a thin layer on top of the Si substrate. (Centre): Linear fits of the FMR linewidth with 
resonant frequencies were used to extract the magnon damping in these materials. Co20Fe60B20 has a lower 
damping than Co50Fe50. (Right): The raw SSE voltage as a function of magnetic field for different applied heat 
fluxes showing a maximum obtained voltage of ∼ 8 µV. The inset is a plot of the measured temperature 
difference as a function of applied heat flux and the linear variation indicates that heat losses are negligible. 

Research and Teaching Oxide MBE System at JCNS-2 Forschungszentrum Jülich 

Connie Bednarski-Meinke1, Patrick Schöffmann1, Annika Stellhorn1, Tanvi Bhatnagar-Schöffmann1, 
Emmanuel Kentzinger1, Sabine Pütter2, Frank Gossen1, Jörg Perßon1, and Thomas Brückel1 

1Jülich Centre for Neutron Science-2/Peter Grünberg Institut-4 (JCNS-2/PGI-4), Germany, 2Jülich Centre for 
Neutron Science (JCNS) at Heinz Maier-Leibnitz Zentrum (MLZ) Forschungszentrum Jülich GmbH, Germany 

The Jülich Centre for Neutron Science develops and uses scattering methods for research into structural and 
magnetic order of functional materials. The Oxide Molecular Beam Epitaxy (OMBE) laboratory at JCNS-2 
provides students and JCNS scientists with a powerful platform to study and realize the growth of thin film 
magnetic materials. Thin films grown in this system can then be analyzed using the scattering tools available 
at our institute or further afield at large scale neutron and x-ray synchrotron facilities. Our OMBE has 6 
effusion cells and 2 electron guns with 4 sources each for electron beam evaporation, as well as a plasma 
source for oxide growth. In-situ Reflection High Energy Electron Diffraction (RHEED) is available for surface 
structure and growth mode analysis. On a vacuum buffer line attached to the main chamber, we also are 
able to provide Low Energy Electron Diffraction (LEED) surface structure analysis of vacuum annealed 
substrates and as-grown films, as well as Auger Electron Spectroscopy (AES) for sample chemical analysis. 
For introduction to thin film growth methods, the OMBE is also used as a teaching tool for the RWTH Aachen 
as part of the JARA-FIT laboratory course. Students in 2020 had their first encounter with a complex oxide 
system through a virtual lab course. Doctoral students use the system to grow their own thin films for later 
analysis with x-ray and neutron facilities and to fundamentally understand the materials growth process. 
Students at the Forschungszentrum Jülich who use the neutron facilities at MLZ in Garching have the 
advantage that a sister MBE system is available there for on-site film growth with a vacuum transfer system 
to a neutron reflectometer (MARIA). Highlights in this poster will include recent projects such as; 
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stoichiometric tuning of strontium cobaltite and a reproducibility study between the two sister MBE’s, domain 
pattern control of iron palladium thin films, and strain and interfaces in lanthanum strontium manganite 
piezoelectric heterostructures (LSMO/PMN-PT). 

Self-induced Walker breakdown suppression in a trilayer system  

Xingtai Chen, Wenqing Liu, and Matthew T Bryan 

Royal Holloway, University of London, UK 

Transverse domain walls (DWs) are mobile magnetic poles with potential applications in data storage and 
processing. However, above a critical field, the Walker breakdown field, DWs experience oscillatory motion 
and periodic transitions of wall structure that can degrade device performance. In trilayer systems, 
magnetostatic fields from DWs may demagnetize layers and alter switching fields[1,2]. Here, we show that 
interlayer magnetostatic interactions within a trilayer structure may enhance performance by suppressing 
Walker breakdown.  

OOMMF micromagnetic models[3] neglecting interlayer exchange were used to investigate 100 nm wide 
trilayer nanowires, consisting of either a 2 nm or 4 nm thick single domain Permalloy (Py, Ni80Fe20) 
underlayer beneath a 1 nm thick non-magnetic spacer and a 2 nm thick Py top layer supporting a transverse 
DW (Figs. 1a and b). Dipolar fields from the DW locally distorted the underlayer magnetization, resulting in a 
region of transverse magnetization opposing the wall magnetization. The distortion altered the domain wall 
dynamics, decreasing the average wall velocity (compared to a 2 nm thick single-layered wire), but 
suppressing Walker breakdown (Fig. 1c). As occurs under strong transverse fields[4], the mechanism of 
suppression involved the shedding of an anti-vortex from the DW. This indicates that the Walker breakdown 
suppression is due to the stray field from the locally distorted region of the underlayer, so is ultimately 
caused by the DW itself. 

 

Figure 1: Schematics of (a) the single layer and the trilayers studied. (b) Field (H) dependence of DW 
average velocity (v̅) in both trilayer structures, as well as a 2 nm thick single-layer nanowire. WB: The Walker 
breakdown field of the single-layer nanowire.  

[1] L. Thomas, M.G. Samant, and S.S.P. Parkin, Phys Rev Lett. 84, 1816 (2000).  
[2] S.N. Kim, J.W. Choi, and S.H. Lim, Sci. Rep. 9, 1617 (2019).  
[3] M. Donahue and D. Porter, OOMMF User’s Guide. Version 1.0, Interag. Rep. NISTIR 6376, NIST, 

Gaithersburg, MD (1999).  
[4] M.T. Bryan, T. Schrefl, D. Atkinson, and D.A. Allwood, J. Appl. Phys. 103, 073906 (2008). 
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Optimisation of CoNi/Pt multilayers for more efficient AOS 

Connor R J Sait, Maciej Dąbrowski, Sam George, Richard Lugg, Jonathon Smith, Joe Salkeld, Robert J Hicken 

University of Exeter, UK 

Ultrafast all-optical switching (AOS) offers the potential to generate large effective magnetic fields that can 
switch magnetic materials with perpendicular magnetic anisotropy and large coercive fields. AOS is therefore 
of interest for future magnetic hard disk technology where the fields generated by inductive write heads are 
limited to the order of 1.5T. Previous works have shown the occurrence of AOS in [Co/Pt] multilayer thin 
films [1],[2] that have robust perpendicular magnetic anisotropy (PMA), large polar Kerr rotation and 
resistance to corrosion [3]. Here, the switching mechanism is thought to be of thermal origin, and so the 
relatively high Curie temperature requires a large laser fluence to initiate the ultrafast dynamics, which can 
also result in damage. 

In this work, we explore the optically induced dynamics of [CoNi/Pt] multilayer thin films. The Curie 
temperature may be reduced by increasing the Ni content, while retaining the PMA and large polar Kerr 
rotation. Samples are produced by sequential magnetron sputtering of Pt and Ni75Co25 alloy. In each case a 
10nm Pt base layer is sputtered on to a silicon or glass substrate, followed by a number of repeats of 
CoNi/Pt bilayers (with CoNi and Pt layers ranging from 0.4-1.2nm and 0.7-1.3nm respectively), before 
finally the thin film is capped with a further 2nm Pt layer. The number of bilayer repeats ranges from between 
5 and 30, and the effect of both the number of repeats and layer thicknesses on the PMA and coercivity has 
been explored. 

Previous studies have reported AOS in CoNi/Pt multilayer thin film systems, but not for such a high 
composition percentage of Ni [1]. A study is underway to determine the optical and structural parameters 
required for AOS in these systems using wide field Kerr microscopy. So far only demagnetisation/domain 
formation has been observed as an all-optical process (see Figure 1-I), although switching has been 
observed with the assistance of a small bias field. Further work will see variations to the laser pulse duration 
and number of pulses to identify whether there is a regime in which full all-optical switching occurs.  

[1]   Lambert, C. H., et al. Science, 345(6202), 1337–1340 (2014). 
[2]   Kichin, G., et al. Physical Review Applied, 12(2), 024019 (2019). 
[3]   Zeper, W. B., et al. J. Appl. Phys., vol. 65, no. 12, pp. 4971–4975 (1989). 
 

  
 

Figure 1: Wide field Kerr microscopy images of 5x[CoNi(0.808nm)+Pt(1.268nm) with a 20µm scale bar. 
Figure 1-I shows domain creation due to a scanned laser beam. Figure 1-II shows the domain structure 



 
 

75 
 

formed in the sample during a hysteresis cycle when driven by an external magnetic field through the 
reversal process. 

Heat treatment investigations of Fe-based magnetic alloys  

Merve Ozden, Zhaoyuan Leong, and Nicola Morley  

University of Sheffield, UK  

Fe-Co alloys have been ideal materials for various applications where high saturation magnetization (Ms), 
high permeability (µ) and low coercivity (Hc) are needed, especially for the applications where the 
minimization of mass and volume is a design parameter, such as aerospace industries. In addition, their 
high Curie temperature makes them competitive candidates for high temperature applications.  

In this study, in order to fully understand the compositional effect of Fe-Co alloys on their magnetic 
behaviour, Fe25Co75, Fe50Co50 and Fe75Co25 alloys were produced by using arc melting technique and 
characterized using XRD and SQUID magnetometry. XRD analysis indicated that all the samples were single 
phase (BCC), proving that oxidation did not occur during the manufacturing process. Furthermore, from their 
hysteresis loops, their magnetic saturations and coercivity were found in the ranges 253-280 emu/gr and 
8.67-40.24 Oe, respectively (Fig. 1). It was observed that as the % Co (wt.) content increases, saturation 
magnetization decreases; thus, the Fe-rich alloys have higher magnetic properties. Also, after arc melting, 
stress-relief annealing was employed at 1073 K for 1 hr, resulting in reduction of the magnetic saturation 
(220-272 emu/gr) and coercivity (4.73-13.28 Oe) due to the microstructural refinement (Fig.1). This study 
confirms that arc melting helps to improve the magnetic properties of Fe-Co alloys, because their magnetic 
properties are higher than those fabricated by mechanical alloying (Ms: 150- 225 emu/gr, Hc: 25-70 Oe) 
and cold rolling (Ms: 217.8 emu/gr, Hc: 87.7 Oe).  

Further study has been undertaken to design and develop a new Fe-based amorphous alloy. The 
Fe45Co15B28Al10B2 alloy was arc-melted followed by stress-relief annealing at 573 K for 1 hr to achieve the 
desired magnetic properties and amorphous morphology. They have lower saturation magnetization (Table 
1) compared with Fe-Co alloys due to the addition of non-magnetic metalloids (Si, B). On the other hand, 
lower coercivity was observed because they don’t possess crystalline-related defects including dislocations 
and grain boundaries, which increases coercivity. Stress-relief annealing increased the saturation 
magnetization from 135 emu/gr to 143 emu/gr. Using DCS and temperature dependence magnetisation 
measurements up to 1000 K, thermal stability properties and high temperature magnetic performance were 
investigated. DSC analysis indicates that the sample has glassy phase with the melting point of ~1433 K, 
crystallization temperature of ~1233 K and glass transition temperature of ~800 K. Moreover, its Curie 
temperature was found as 940 K for the as-cast specimen and 965 K for the annealed sample. Thus, this 
composition has promising results as a new soft magnetic material for high temperature applications. 
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Figure 1: The graphs of (a) coercivity and (b) saturation magnetization as a function of Co content of as-cast 
and annealed Fe-Co alloys.  

Table 1: The room temperature-magnetic properties of as-cast and annealed amorphous Fe45Co15B28Al10Si2 
samples. 

 

 
Temperature dependent magnetization in Co@Fe core-shell NPs  

Junaid Rather, and H. Singh 

National Institute of Technology, India 

In recent past magnetic nanoparticles like other nano systems have grown a strong reputation in various 
branches of research and have applications, from data storage to biomedicines. Especially hybrid 
nanoparticles are a potential candidate of research among the various nanoparticles due to their promising 
and diverse features. Here, we have employed Classical spin Hamiltonian and Monte Carlo integrator to 
study particle size effect, core-shell ratio effect on magnetization of Co@Fe spherical nanoparticles (NPs). 
Mean temperature-dependent magnetization and magnetic-ordering temperature are found quite sensitive to 
particle size and core-shell ratio. A pronounced display of depression in the Tc is observed. More over the 
magnetization of the Co@Fe coreshell NPs has been studied as a function of interfacial exchange energy 
(JFe−Co) between Fe and Co magnetic moments. The ordering temperature increases with the increase in JFe−Co 

expectedly. 
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Figure 1. M-T plot for Co@Fe NPs; size range of 3 nm to 15 nm for JFe−Co = 7.05 × 10−21 joule, also vesta 
produced visualization of NPs are in the inset  
 
[1] Evans, R. F., Fan, W. J., Chureemart, P., Ostler, T. A., Ellis, M. O., & Chantrell, R. W. (2014). 

Atomistic spin model simulations of magnetic nanomaterials. Journal of Physics: Condensed Matter, 
26(10), 103202. 

The use of Ag2+ spin super-polariser to modify magnetism of ternary silver fluorides AgMF4 (M = Co, Ni, Cu) 

M.A. Domański and W. Grochala 

University of Warsaw, Poland 

Recent advances in studies on silver(II) fluorides have showed that they feature strong mixing of F(2p) with 

Ag(4dx2–y2) states including states close to the Fermi level.[1,2] This leads to strong magnetic superexchange 
coupling in fluorides of diverse dimensionalities.[3,4] In systems containing isolated [AgF4]2– units, substantial 
share of spin sits on F centres, some 0.1 µB

[5]; in consequence, spin on Ag(II) and on four adjacent F atoms 

is nearly identical. This implies that Ag(II) is such a powerful spin polariser, that it may spin-polarise even 
fluoride anion, which is the least susceptible to open its octet configuration among all anionic chemical 
species. 

The question naturally arises what could happen if Ag(II) is inserted to fluoride lattices hosting other 
paramagnetic transition metal (TM) centres. One obvious expectation is that by spin-polarising a fluoride 
anion, it may substantially modify magnetic superexchange interactions between TM cations if the said 
fluoride anion is bridging them. 

Regretfully, most Ag(II) TM fluorides known contain diamagnetic closed-shell TM centres, or magnetically 
isolated paramagnetic centres.[1] Therefore, to study influence of Ag(II) on magnetism of TM fluorides one 
must construct theoretical models first. 
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In our recent work[6] we surveyed a possibility of obtaining ternary fluorides with open d-shell cations like 
Co2+, Ni2+ or Cu2+ that could possibly withstand oxidising power of Ag2+[7]. Our theoretical study[6] shown that 
all the ternary fluorides with divalent silver should form a AgF2 type crystal structure with M2+ insertion in 
every second layer. System containing Co cations turned out to be on the verge of redox reaction, 
AgII+CoII→AgI+CoIII, while all others preserved their initial divalence.  

Here, we study magnetic properties of AgMF4 (M = Co, Ni, Cu) phases, as well as CdMF4 ones containing 
closed-shell isostructural Cd(II) cation instead of Ag(II) as important references structures. We performed 
electronic-structure calculations in VASP software using collinearly spin-polarised DFT method, including on-
site correlation was and exchange terms. Magnetic interactions were considered with the standard 

Heisenberg model using Ising Hamiltonian for exchange in the form 𝐻𝐻 = −1
2
∑ 𝐽𝐽𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖𝑆𝑆𝑖𝑖𝑁𝑁
〈𝑖𝑖𝑖𝑖〉  thus assuming the 

superexchange interaction between nearest-neighbours as the main coupling mechanism. Importantly, we 
considered coupling between identical and different spin cations. Here, we will present analysis of the 
impact of both structural factors and the presence of Ag(II) on super-exchange interactions between TM 
cations. 
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GPU-accelerated Atomistic Monte-Carlo Computation of Temperature Dependences for Multiscale Magnetic 
Simulations 

George Mckenzie, Serban Lepadatu, Tim Mercer, and Philip Bissell 

University of Central Lancashire, UK 

Atomistic models have proven very useful in the study of spintronics, allowing calculation of temperature 
dependences of magnetic parameters, and investigation of complex problems such as surface effects, finite-
size effects, and ultrafast dynamics. The Monte-Carlo algorithm is one of the main methods for investigating 
temperature dependences, where only the thermal equilibrium properties of the system are of concern and 
not the dynamics. So far, only the serial version of the Monte-Carlo algorithm has been used to compute 
temperature dependences. This method works well when dealing with small systems [i], but for large 
systems such as granular thin films, the serial version is not ideal. Here we present the use of GPU-
accelerated parallel Monte-Carlo algorithm which drastically reduces the simulation time allowing for the 
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sampling of large-scale systems. We show how both the classical and constrained Monte Carlo algorithms 
[ii] can be parallelised. We tested the implementation of the parallel algorithms by simulating the 
magnetisation, anisotropy, and longitudinal susceptibility temperature dependences, required for multiscale 
simulations, using both the serial and parallel versions, yielding the same results. Further, we investigated 
the effect on the Curie temperature in granular thin films as a function of thickness and average grain size, in 
systems containing up to 15 million spins. As shown in Figure 1, the Curie temperature converges at large 
average grain sizes towards the continuous thin film values. When simulating granular thin films, the 
magnetisation temperature dependence cannot be described by a single Bloch law, as the Curie 
temperature varies with grain size. We further show how a series of weighted Bloch laws can be used to 
analyse the computed temperature dependence, and extract an average Curie temperature.  
 

 

 

 
 
 
 
 
 
 
 

Figure 1: Curie temperature as a function of average grain size and thickness, for granular thin films with fixed 
in-plane dimensions of 200nm2 and in-plane periodic boundary conditions, with the colours showing each 
thickness used, obtained using the parallel Monte Carlo algorithm. Dashed lines represent the Curie 
temperature of each thin film without an applied granular structure for each thickness. 
 
[1] R.F.L. Evans, W.J. Fan, P. Chureemart, T.A. Ostler, M.O.A. Ellis, and R.W. Chantrell “Atomistic spin 

model simulations of magnetic nanomaterials.” J. Phys. Cond. Matt. 26, 103202 (2014). 
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Nowak “Constrained Monte Carlo method and calculation of the temperature dependence of 
magnetic anisotropy.” Phys. Rev. B. 82, 054415 (2010). 

First-order monopole density transitions in spin ice  

Omar Abbas, Daan M. Arroo, and Steven T. Bramwell 

University College London, UK  

Debye-Hückel theory has been successfully used to describe the dynamics of emergent magnetic 
monopoles that appear as excitations in spin ice materials such as Dy2Ti2O7 [1,2] and artificial square ice 
[3]. Applying this approach, Ryzhkin et al. [4] predicted the existence of a first-order phase transition in spin 
ice materials at low temperatures in which the monopole concentration abruptly increases by several orders 
of magnitude, though this transition has not been observed in experimental systems to date. Here we 
employ self-consistent equations derived from an extended Debye-Hückel approach that includes the effects 
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of doubly-charged magnetic monopoles [2], neglected in previous work on the transition. Our model 
reproduces the prediction of a first-order transition, confirming that it is not an artefact introduced by 
neglecting high-energy double-monopole excitations. Surprisingly, for certain parameters our results show 
that just above the transition temperature the number of double monopoles dominates over the number of 
single monopoles (Fig. 1), highlighting the importance of magnetic screening. Finally, we discuss whether 
the transition could be observed experimentally and link it to recent work on monopole crystallisation in spin 
ice materials [5]. 

 

Figure 1: The calculated monopole density as a function of temperature, showing a first-order phase 
transition at ~80 mK. For certain parameters, the double-monopole density dominates the singlemonopole 
density by several orders of magnitude over a substantial temperature range despite the much larger 
energies associated with exciting double monopoles. 

[1]  Castelnovo, Moessner & Sondhi, Phys. Rev. B 84, 144435 (2011)  
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[3]  Farhan et al., Science Advances 5, eaav6380 (2019)  
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Finite temperature effects in the antiferromagnet NiO  

Sean Stansill, and Joseph Barker 

University of Leeds, UK 

NiO is the prototypical easy plane antiferromagnetic insulator which is commonly used in studies of 
spintronics and spin dynamics[1]. Although magnetic phenomena in this material have been studied since 
the 1950s, and the exchange interactions have been characterized by neutron diffraction experiments, the 
magnetic anisotropy is less well understood. It has long been known that NiO is an easy plane 
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antiferromagnet[2,3] but the spin orientation within the plane, and the origin of this state, has been 
debated[2] . Current models suggest that the existence of an easy plane is due to dipole-dipole interactions 
and that a small cubic anisotropy breaks the degeneracy within the plane, leading to spin orientation along 
the ⟨112⟩ directions[4]. Yet we still lack a clear understanding of how temperature affects the magnetic 
state, which is fundamental in the interpretation of experiments and the application of NiO in devices[5]. 

 

Figure 1: Magnetic ground state of NiO. The two magnetic Ni sublattices are represented by white atomic 
sites with red and blue spin vectors. Adjacent anti-aligned (111) planes are highlighted for clarity. 

The temperature dependence of “onsite” (local) anisotropies is well understood from Callen-Callen 
theory[6]. The temperature dependence of long ranged anisotropies, however, cannot be calculated 
analytically. Dipole anisotropies arise—even in bulk systems—whenever cubic symmetry is broken. This can 
occur easily in antiferromagnets where the ground state spin configuration can be of a different symmetry to 
the crystal. This is the case for NiO where the ground state is formed of magnetic moments in anti-aligned 
planes of spins. The computational expense of calculating dipole terms means they are often approximated 
as an effective onsite anisotropy, but this is insufficient for a study of the temperature dependence.

 
We have used atomistic modelling to study the temperature dependence of dipole anisotropy and exchange 
stiffness using the complete Hamiltonian (above) using constrained Monte Carlo—a specialised method for 
sampling the finite temperature free energy surface of magnetic systems[7] - and dynamical methods based 
on the Landau-Lifshitz Gilbert equation. The scaling exponent of dipole anisotropy has been calculated as 𝛼𝛼 
≈ 2 which is consistent with shape anisotropy in ferromagnets. This has been verified using analytic 
calculations of the dipole field. This work shows that dipole anisotropies cannot be mapped to an onsite 
anisotropy and allows future devices to be designed for use at elevated temperatures. 
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Experimental Measures of Topological Sector Fluctuations in the Rys F-Model  

Daan M. Arroo and Steven T. Bramwell 

University College London, UK  

The Rys F-model [1] is an antiferromagnetic variation of the square ice model that has recently been linked 
to the low-temperature physics of thin films of the spin ice Dy2Ti2O7 [2] and of artificial spin ice systems [3]. 
In the F-model, magnetization is associated with topological defects (Fig. 1a) that define distinct topological 
sectors, whose onset in zero-field is associated with an unusual phase transition of the Berezinskii-Kosterlitz-
Thouless (BKT) class. This direct correspondence between topological invariants and experimentally 
accessible quantities makes F-model systems an attractive arena in which to investigate classical 
topological order [4].  

Here [5], we develop exact solutions of the F-model to calculate relevant experimental quantities. In 
particular, we establish the “energetic susceptibility”, �̃�𝜒, as a measure of fluctuations between topological 
sectors. At the ordering temperature the energetic susceptibility undergoes an abrupt jump from �̃�𝜒 = 1/3 to 
�̃�𝜒 = 0 (Fig. 1b), analogous to the “universal jump” of the XY-model. We conclude by discussing the relevance 
of our results to various experimental systems including spin ice thin films, bulk dipolar spin ice, water ice 
and artificial spin ice systems. Interestingly, we identify the universal jump in previous experimental and 
numerical work on these systems, suggesting that �̃�𝜒 = 1/3 represents a universal limit on the stability of the 
Coulomb phase regardless of system dimension of the order of the transition. 

 

Figure 1: (a) A sample configuration of the F-model with periodic boundary conditions. Excited (nonblack) 
vertices form topological defects that consist of either loops (green) with no net magnetisation of system-
spanning windings (red and green) that have a net magnetisation. (b) The energetic susceptibility �̃�𝜒 as a 
function of temperature in various applied magnetic fields 𝐻𝐻. In zero field, �̃�𝜒 abruptly jumps from 0 to 1/3 
(marked by a black circle) at the transition temperature 𝑇𝑇0.  
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Controlling Quantum Interference in single-molecule junctions  

Majed Alshammari, Ali Ismael, and Colin Lambert  

Lancaster University, UK 

A key area of activity in contemporary molecular electronics is the control of quantum interference (QI) in 
molecular junctions and devices. A range of strategies have been employed to understand and regulate QI, 
with features such as chemical substitution, aromaticity and conjugation, electrochemical potential, non-
covalent interactions and connectivity. Magic ratio rules (MRR) [1] have been developed to predict QI 
patterns in polycyclic aromatic hydrocarbons. MRR have been successful in explaining observed electronic 
transport properties of molecular junctions. This study tests the validity of magic ratio rules in fully 
conjugated anthracene cores when they are combined in series with either a graphene sheet or a planar 
phorphyrin molecule. 

The ground state Hamiltonian and optimized geometry of each molecule was obtained using the density 
functional theory (DFT) code SIESTA. We used magic ratio theory: Does magic ratio theory work for two 
combined molecules? Our choice of connectivities in Fig. 1 was guided by ‘magic ratio theory [1] which 

predicts that the ratio 𝐺𝐺1
𝐺𝐺2

 of the low-bias, singlemolecule conductances of 6 and 2’ (7 and 3’) should be 
𝐺𝐺1
𝐺𝐺2

=16. Figure 2 shows the agreement of MRR with the DFT calculations where both have the conductance 

about 16. 

 

Figure.2: Representation of the anthracene connected to gold leads. Molecules 1&2 combined with 
graphene sheet and molecules 3&4 combined with phrophyrin molecules. 
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Optimising atomistic model parameters for Nd2Fe14B-type rare earth ferromagnets, using the Curie 
temperature and magnetic phase transitions as figures of merit  

Andrew Naden, Roy W Chantrell, and Richard F Evans 

University of York, UK 

Combinations of different rare earths in alloy can increase the Curie temperature and coercivity of Nd2Fe14B 
type ferromagnets[1]. Complex ferromagnets, with atomic scale ordering, require high resolution simulations 
which are computationally expensive due to individual treatment of atoms. The compromise of the atomistic 
model[2], allows nanometer scale simulations with reasonable efficiency, but requires input parameters 
often derived from ab initio calculations, or Density functional theory, creating a multi-scale model. Complex 
materials often have several input parameters, such as magnetic exchange and magnetocrystalline 
anisotropy constants, which cannot be easily evaluated using these methods. As a result, often the 
requirement is to fit the exchange parameter to macroscopic experimental data. For simple materials this 
can be evaluated with few test simulations, as the relationship between exchange and macroscopic 
properties behaves linearly for single element materials, as in the mean field model. Complex materials can 
have complex relationships between exchange and macroscopic properties, so many test simulations are 
often required to perform a full sweep of the parameter space. This body of work details the evaluation of 
exchange and anisotropy constants for 2:14:1, or Nd2Fe14B type rare earth ferromagnets, using the 
VAMPIRE atomistic software modelling package. Treating this as an optimisation problem reduces the 
number of atomistic simulations required for a given numerical precision of constant. Evaluation of exchange 
constants was performed using the Curie temperature as a figure of merit with several different methods of 
evaluating the Curie temperature compared for robustness and consistency, with the optimisation of these 
exchange constants performed with a combination of linear searching and root finding algorithms. These 
methods have often been compared for various rock magnets[3]. The search uses a locally linear 
assumption, to prime the low temperature quantum rescaling in VAMPIRE, and to better parallelise the initial 
stages of the search. Similar approaches are taken to calculate the anisotropy constants of Nd2Fe14B to 
reproduce the First Order Magnetic Phase Transition[4] at high external fields and low temperatures. The 
exchange constant of various rare-earth ferromagnets is reproduced, yielding the correct macroscopic Curie 
temperatures without reliance on density functional theory/ab initio calculations. The First Order Magnetic 
Phase Transition was effectively reproduced, but requires additional tuning for a complete analysis of the 
relationship between second and fourth order anisotropy constants and the subsequent macroscopic 
magnetic behaviour.  
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Figure 1: Exchange energy magnitude (top) with corresponding literature and simulated Curie temperatures 
for rare earths in the 2:14:1 phase. 
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Low-temperature behaviour of magnetically frustrated Ba3Tb(BO3) 3 

Nicola Kelly1, Cheng Liu1, Denis Sheptyakov2, and Siân Dutton1 

1University of Cambridge, UK. 2Paul Scherrer Institut, Switzerland  
 
Borates with the general formula Ba3Ln(BO3) 3 are of interest for optical applications[1]. The compounds with 
larger lanthanide ions, Ln = Pr–Tb, generally crystallise in a trigonal unit cell with the Lnions arranged in 
closely spaced chains, while smaller ions (Y, Dy–Lu) favour a hexagonal unit cell with a quasi-2D triangular 
lattice of Ln3+ ions, Fig. 1. [2] Certain intermediatesized ions can exhibit either polymorph, depending on the 
synthesis temperature.3 The magnetic behaviour of the hexagonal borates has been investigated using 
susceptibility measurements, revealing predominantly antiferromagnetic interactions with no sharp magnetic 
ordering transitions above 2 K, suggesting that these compounds are magnetically frustrated[3,4]. In this 
contribution I will discuss our most recently obtained data on the hexagonal phase of Ba3Tb(BO3) 3, including 
specific heat measurements, powder neutron diffraction, and powder inelastic neutron scattering. Our low-
temperature measurements reveal an absence of long-range ordering at T ≥ 75 mK, leading to an estimated 
frustration parameter f ~ 95 indicating strong frustration. 
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Figure 1: Lattice of lanthanide ions within the hexagonal phase of Ba3Ln(BO3) 3.  
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[3] N. Kelly, C. Liu and S. Dutton, J. Solid State Chem., 2020, 292, 121640. 
[4] Y. Gao, L. Xu, Z. Tian and S. Yuan, J. Alloys and Compounds, 2018, 745, 396. 

Magnetic ground state of the distorted 6H perovskite Ba3CdIr2O9  

Md Salman Khan1, Abhisek Bandyopadhya2, Abhishek Nag2, Vinod Kumar2, A.V. Mahajan2, Sugata Ray1 

1Indian Association for the Cultivation of Science, India 2Indian Institute of Technology Bombay, India  

Keywords: (Spin-orbit coupling, Crystal field, Hopping, Frustration, Spin-liquid)  

The 5d transition metal oxides (TMO), especially iridates, have become a fertile ground for hosting a diverse 
spectrum of exotic physical properties due to the intricate competition between spin-orbit coupling (SOC), 
crystal field energy (𝛥𝛥𝐶𝐶𝐶𝐶𝐶𝐶)and on-site Coulomb repulsion (U)[1-3]. When Perovskite material of 6H 
hexagonal structure hosts such 5d TMO, like iridium (Ir), it presents a plethora of possibilities in terms of the 
variety of ground states resulting from a competition between various energy scales (SOC, U) within the Ir2O9 
dimers. Here we have investigated one such compound Ba3CdIr2O9 by x-ray diffraction, dc magnetic 
susceptibility(χ), heat capacity (Cp) and also 113Cd nuclear magnetic resonance (NMR) spectroscopy. We 
have established that the magnetic ground state has a small but finite magnetic moment on Ir5+ in this 
system, which likely arises from intradimer Ir-Ir hopping and local crystal distortions. Our heat capacity, 
NMR, and dc magnetic susceptibility measurements further rule out any kind of magnetic long- or short-
range ordering among the Ir moments down to at least 2K making the system a possible The spin lattice 
relaxation rate 1/T1 from NMR shows linear dependence on temperature, which results in Korringa behavior; 
often found in Fermi-liquid systems despite of gapped charge sector. On the other hand, spin liquids have 
quasiparticles with spin degrees of freedom but no charge degrees of freedom. In addition, the magnetic 
heat capacity data shows linear temperature dependence at low temperatures under applied high fields (> 
30 kOe), suggesting gapless spin-density of states in the compound.  
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Doping stabilization of pyrochlore phase and signature of field-induced spin ice state in disordered 
pyrochlore oxide Dy2Zr2O7  

Sheetal Devi, and C. S. Yadav  

Indian Institute of Technology Mandi, India  

Dy2Zr2O7 a disordered pyrochlore system exhibits the magnetic field induced spin freezing near ~ 10 K in ac 
susceptibility measurements which is akin to Dy2Ti2O7 [1]. The magnetic heat capacity of Dy2Zr2O7 shows a 
correlation peak at 2 K, but no residual entropy was observed. The low-temperature magnetic entropy at 5 
kOe field is R[ln2 - 1/2ln(3/2)] which is the same as for the spin ice state. Substitution of non-magnetic, 
isovalent La3+ for Dy3+ gradually induces the structural change from highly disordered fluorite to stable 
pyrochlore phase through a biphasic mixture of both. We observed that the higher La compositions (1.5 ≤ x 
≤ 1.9), show spin freezing (T ∼ 17 K) similar to the field induced spin ice freezing for low La compositions (0 
≤ x ≤ 0.5), and the well-known spin ice systems Dy2Ti2O7 and Ho2Ti2O7. The low temperature magnetic state 
for higher La compositions (1.5 ≤ x ≤ 1.9) culminates into spin glass state below 6 K. The Cole-Cole plot and 
Casimir-du Pr´e fit shows narrow distribution of spin relaxation time in these compounds.  

[1] J. Snyder et al., Nature, 413, 48 (2001)  
[2] S. Devi, et al., Journal of Physics: Condensed Matter 32, 365804 (2020).  
[3] S. Devi and C.S. Yadav, under review 

Lattice dynamics of Ag(II)-based 1D antiferromagnet KAgF3 

Kacper Koteras1, Jakub Gawraczyński , Mariana Derzsi1,2, Zoran Mazej3, and Wojciech Grochala1 

1University of Warsaw, Poland, 2Slovak University of Technology in Bratislava, Slovakia, 3 Jožef Stefan 
Institute, Slovenia 

Fluoroargentates(II) attract interest because of their noticeable similarities with isoelectronic copper(II) 
oxides. Both families of compounds provide excellent framework for studying rich spectrum of important 
physical phenomena. One of them is low dimensional magnetism, which plays an important role in 
superconducting materials. E.g., AgF2 is a 2D antiferromagnet with the intra-sheet magnetic superexchange 
constant, J2D, of 70 meV [1]. Its ternary relative, KAgF3, can be regarded as quasi-1D antiferromagnet [2–5] 
in which superexchange constant along kinked Ag–F–Ag chains, J1D, is about 20 times larger than in the 
remaining two dimensions [3, 4]. Absolute value of J1D is impressively large, ca. 100 meV [2, 5]. KAgF3 
adopts a distorted perovskite structure, and shows an intriguing spin-Peierls-like order-disorder phase 
transition at 230 K. Moreover, reported magnetic susceptibility measurements suggest possibility of 
additional low temperature phase transitions associated with magnetic ordering. 

In order to understand lattice dynamics of KAgF3 theoretical DFT calculations using GGA+U and HSE06 
frameworks were conducted. Phonon band structure and phonon density of states were modelled using an 
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algorithm basing on Hellmann-Feynman forces implemented in Phonon software. The phonon dispersive 
curves indicate dynamic stability of the low-temperature crystal structure. Juxtaposition of theoretical and 
experimental infra-red and Raman spectra enabled vibrational mode assignment reaching very good 
correlation values (R2>0.997). Low-temperature Raman measurements indicate that the intriguing spin-
Peierls-like phase transition at 230 K is an order-disorder transition and it does not strongly impact the 
lattice dynamics of the material. 

[1]  J. Gawraczyński et al., PNAS 2019, 116, 5, 1495–1500. 
[2] Z. Mazej et al., Cryst. Eng. Comm. 2009, 11, 8, 1702–1710.  
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Effects of a Molecular C60 Interfaces on the Spin-dependent scattering of YIG/PtMn  

S. Alotibi, B.J. Hickey, M. Ali, and O. Cespedes  

University of Leeds, UK.  

We have studied the spin Hall magnetoresistance (SHMR) for YIG/Pt/C60 and YIG/Ta/C60. [1]. The SHMR at 
room temperature are up to a factor 6 higher than for the pristine metals, with the spin Hall angle increased 
by 20-60%. At low fields of 1−30 mT, the presence of C60 increased the anisotropic magnetoresistance by 
up to 700%. The charge transfer and hybridization between the metal and C60 can be controlled by gating, 
so our results indicate the possibility of dynamically modifying the spin orbital coupling (SOC) of thin metals 
using molecular layers. Here we studied YIG/PtMn with without C60. PtMn is an antiferromagnet that has 
been shown to have a strong spin Hall effect [2]. This will allow us to determine if the molecular orientation 
can play a role in the enhanced SOC observed in Pt. We aim to: investigate the mechanisms that generate 
spin orbit scattering at the hybrid conducting interface and maximise the effect. 

At metallo-molecular interfaces, the electronic properties of both materials are changed due to charge 
transfer and hybridisation. Previously, it has been shown that this can lead to the emergence of spin ordering 
[3]. This interfacial effect is also critical in spin filtering and spin transport effects [4]. Figure 1 shows the 
maximum SHMR measured as a function of the PtMn thickness for both pure metal and PtMn covered on 
molecules. The PtMn/C60 SHMR value is increased after annealing the sample at 200 C. By fitting the SHMR 
data, we can extract the spin Hall angle which is significantly higher with the molecular overlayer. 
Furthermore, there are other SOC effects that are affected by the C60, such as the presence of a low field 
AMR that we attribute to emergent/proximity magnetism in PtMn and the formation of domain walls at the 
hybrid interface [figure 2]. 
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Role of an additional interfacial spin-transfer torque for current-driven skyrmion dynamics in chiral magnetic 
layers  

C. R. MacKinnon, S. Lepadatu, T. Mercer, and P. R. Bissell 

University of Central Lancashire, UK  

Magnetic skyrmions are very interesting spin textures that have attracted considerable attention due to the 
ability to efficiently manipulate them by an applied current density, making them promising candidates for 
storage and information-carrying in future spintronic applications. We have modelled an additional 
contribution in ultra-thin multilayers, arising from the spin accumulation at heavy metal / ferromagnetic 
interfaces and observed the effects on a large range of skyrmion diameters. Recently it has been proposed 
that interfacial spin-transfer torques (ISTT) may be an important driving component [1], arising from diffusive 
vertical spin currents due to the spin accumulation generated at magnetisation gradients.  

The combination of the ISTT and the spin-orbit torque results in novel modelled skyrmion motion which helps 
to explain the observation of small skyrmion Hall angles for skyrmion diameters less than 100 nm. We show 
that this additional term has a significant effect on the skyrmion dynamics and leads to rapidly decreasing 
skyrmion Hall angles for small skyrmion diameters, as well as a skyrmion Hall angle versus skyrmion velocity 
dependence nearly independent of the surface roughness characteristics [2]. Also, the effect of various 
disordered energy landscapes, in the form of surface roughness, on the skyrmion Hall angle and velocity is 
shown to be largely drive-dependent. FIG. 1. Shows the skyrmion Hall angle dependence on skyrmion 
diameter, structure with an applied surface roughness. Furthermore, we modify the Thiele equation to 
include the ISTT which allows for direct comparison with experimental results for small diameters. Our results 
show very good agreement with those found in experiments [3] thus concluding that the interfacial spin-
transfer torque is a vital component to be taken into account in micromagnetics simulations for the 
reproduction of experimental results. 
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Figure 1: Skyrmion Hall angle dependence on skyrmion diameter for damping values of (a) α = 0.03 and (b) 
α = 0.1, with varying surface disorder periodicity. Star, circle, and triangle correspond to 20, 40 and 60 nm 
disorder period, respectively. The colour map corresponds to the applied current density in the +x direction 
of the Co/Pt system. The solid black lines display the full spin transport solver results in the ideal case. The 
dashed black lines show the SOT dependence obtained from the Thiele equation. 
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Modelling magnetostrictive materials for structural health monitoring of carbon fibre composite 

N. Ahmed1, R. Deffley1,2, and N. A. Morley1 

1University of Sheffield, UK, 2Henry Royce Institute, Royce Translational Centre, UK 

The aerospace industry has become increasingly reliant on carbon fibre composite (CFC) as a structural 
component in aircraft, due to his strength to weight ratio. One of the disadvantages of CFC are their 
vulnerability to impact damage and external environment changes during flight, which causes barely visible 
damage to the structure. One solution to this is structural health monitoring (SHM), which monitors the 
composite structure to provide early detection for damage. Previous work has found that magnetostriction 
ribbons used as sensors have good resolution to detect damage but are time consuming to attach to the 
composite surface [1]. To solve this issue, research has focused on additive layer manufacturing to produce 
3D printed sensors, which can be directly attached to the surface of the composite. To evaluate the magnetic 
performance of the 3D printed sensors, this project focused on the design and development of 3D printed 
magnetostrictive materials using computer simulations in parallel with experimental research to measure the 
magnetic and mechanical performance. 

The design of the magnetostrictive sensors was simulated using COMSOL multiphysics, to determine how 
design parameters such as thickness, track length and gap changed the magnetic response with and without 
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applied force. A desktop bound metal deposition printer at the Royce Translational Centre, was then used to 
print the metal with a polymer binder (polypropylene) to create the chosen 3D structures (Fig 1). The 
magnetic material chosen for this work was stainless steel 17/4ph. The initial work assessed the current 
performance of the printer at each stage. The designed structure goes through two stages of printing and 
heat treatment processes. The development of the feedstock to the heat treated structure could affect the 
final performance of the magnetostrictive material. For example, after printing the printed part (green body) 
goes through a debinder and a sintering stage which ultimately changes the microstructure and allows grain 
growth, which could affect the saturation magnetisation magnitude and direction.  

Using a MPMS3-SQUID magnetometer, in-plane magnetisation hysteresis loops were measured of different 
track lengths taken from structures at the different processing stages (green body and sintering). The results 
show that there is an increase in saturation magnetisation from green body to sintered sample. The sintered 
sample showed isotropic magnetisation within the track while the green body showed an anisotropic 
magnetisation. This may be due to the homogenous grain growth.     

To evaluate the grid design performance as a strain sensor, a weight was applied to the sintered structure 
and the change in magnetic flux density was measured. The COMSOL simulations were used to validate the 
results by using the in-built magnetostriction module. Both simulations and experimental works show 
comparable results (Fig 2). Demonstrating the larger the track gap the larger the response to an applied 
force. 

Future work will explore a range of printable magnetostrictive materials such as nickel and magnetite. The 
work will explore different designs based on COMSOL simulations including mechanical and magnetic 
performance.  

Acknowledgements: We wish to acknowledge the Henry Royce Institute for Advanced Materials, funded 
through EPSRC grants EP/R00661X/1, EP/S019367/1, EP/P02470X/1 and EP/P025285/1, for the 
financial support and the Desktop Metal Studio+ system and MPMS3-SQUID access at The University of 
Sheffield. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 1: Additive manufacture sintered samples with track gap 
of 1.5mm, 3mm and 5mm (left to right) 
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High Entropy Alloys: The next big thing in functional magnetic alloys  

James Harris, Mark Anis, Reshat Osman, Richard Rowan-Robinson, Aris Quinata-Nedelcos, Zhaoyuan Leong, 
and Nicola Morley  

University of Sheffield, UK  

The search for new functional magnetic materials has led to the exploration into multicomponent alloys 
(MCAs), which contain 4 or more elements with percentages between 12.5 and 33%. These include the sub-
class of high entropy alloys (HEAs) which often exhibit single phases, thought to be stabilised by the high 
entropy of mixing of these compounds amongst other competing thermodynamic contributions. The resulting 
alloys often have interesting functional properties, which are linked to their structure. This work has explored 
a number of different compositions (CoFeNi0.5Cr0.5Alx, CoFeNi0.5CrxAl, CoFeNiCryCux) in bulk form, to 
understand how the phases present in the alloys influence the magnetic properties. For example, in 
CoFeNi0.5Cr0.5Al it was found that Fe-Cr nanoparticles formed in a weakly magnetic CoNiAl matrix. This 
formation of round nanoparticles increased the magnetisation of the CoFeNi0.5Cr0.5Al alloy by a factor 4 at 
300 K. For all the CoFeNi0.5Cr0.5Alx samples, the coercive field was small and the saturation magnetisation 
comparable with NiFe. While for the bulk CoFeNi0.5CrxAl samples, nanoparticles formed in all the samples 
containing Cr, with the CoFeNi0.5Cr1.0Al sample having square nanoparticles. Thus the Cr amount in the 
CoFeNi0.5Al dominates the FeCr nanoparticles geometry. Plus encapsulating the Cr in nanoparticles meant 
that the Curie Temperatures (Tc) for all the alloys containing Cr and Al were above 300 K (Fig. 1a).While for 
CoFeNiCryCux (x = 0.0-1.5 and y = 0.0-1.0) samples, it was found that the addition of Cu could be used to 
tune Tc over a 100 K range, with less than a 30% reduction in the saturation magnetisation at 10 K, while 

Fig 2. Comparison of COMSOL model and experimental data 
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the addition of Cr changed the Tc by 700 K and reduced the saturation magnetisation by 60% at 10 K. By 
tuning the Cu to Cr ratio it is possible to achieve a Tc around 300 K. The magnetocaloric effect was studied, 
as the compositions tend to involve cheaper, more widely available elements, plus careful tuning of the 
composition will allow for the Tc to be around 300 K. It was found that the refrigeration capacity for the 
CoFeNiCryCux alloys was ~ 70 J/kg and for the CoFeNi0.5Cr0.5Alx alloys was ~ 75 J/kg at 2 T (Fig. 1b). 
Although these are smaller than existing materials such as LaFeSi, these MCAs still have advantages due to 
the presence of 2nd order transitions and having a wider operational temperature range.  

In conclusion, the MCAs studied have promising functional magnetic properties, with small coercive fields, 
and reasonable saturation magnetisations. The phases present can be tuned via the composition, allowing 
for two-magnetic phase systems to be fabricated, that improve the magnetic properties compared to a single 
solid solution. The research carried out is only the tip of the iceberg, but these alloys are showing 
encouraging results. 

 

Figure 1a. Curie Temperature for CoFeNi0.5Cr0.5Alx, CoFeNi0.5CrxAl and CoFeNiCryCux alloys. 1b. Refrigeration 
capacity at 2 T for CoFeNi0.5Cr0.5Alx, CoFeNi0.5CrxAl and CoFeNiCryCux alloys. Shaded area useful temperature 
range. 

High-throughput studies of magnetic High Entropy Alloys  

R. M. Rowan-Robinson, Z. Y. Leong, and N. A. Morley  

The University of Sheffield, UK 

The typical timescale for material discovery is remarkably long, taking between 10 – 20 years to propagate 
through idea conception, experimentation, optimisation, and deployment[1]. Huge global challenges such 
as the climate emergency require the rapid development of new materials on timescales that are 
incompatible with a traditional linear material discovery approach. High-throughput approaches provide an 
alternative parallel material discovery methodology, for which a single sample contains a library of different 
material compositions that can be rapidly screened for the realisation of new magnetic materials.  

We apply the high-throughput material discovery approach to the new class of materials known as High 
Entropy Alloys (HEAs). HEAs often consist of five or more constituent elements, for which the resulting high 
entropy of mixing is considered to suppress the formation of intermetallic phases and stabilise simple FCC 
and BCC solid solutions. Furthermore, HEAs occupy the relatively unexplored central regions of phase 
diagrams and already HEAs have been shown to exhibit promising soft magnetic properties such as high 
saturation magnetisation alongside high electrical resistivity, as well as obtaining nanocrystalline 
textures[2,3]. However, the large number of constituent elements and the various chemical compositions 
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mean HEAs can be found in a very broad parameter space making it difficult to localise the search for useful 
compositions.  

This work has used combinatorial sputtering, to fabricate sample libraries containing composition variations 
of up to 35 at.% on a single Silicon wafer (Figure 1a). We investigate the (CoFeNi)1-x-yAxBy series, where A 
and B are 3d/4d transition metals (plus Si and Al). Studied systems include CoFeNiMnAl, CoFeNiMnSi, and 
CoFeNiMnV. We implement a program to model the composition variation across a 3” Silicon wafer with 
three sputter sources at different incidence angles with concurrent deposition (Figure 1b). The resulting 
sample library is characterised using a high-throughput magneto-optical Kerr effect (MOKE) magnetometer 
which has been developed to map the Kerr voltage and coercive field across the sample library as function of 
HEA composition (Figure 1c). These can then be combined to achieve magnetic property mapping within the 
chemical composition space (Figure 1d). Following this, XRD, SQUID magnetometry, FMR and magneto-
transport are used to generate a complete structural and functional property description of selected 
compositions. 

 

Figure 1: Schematic representation of the highthroughput thin film methodology applied to magnetic 
material discovery. 

[1] Liu, Y., Zhao, T., Ju, W. & Shi, S. Materials discovery and design using machine learning. J. 
Materiomics 3, 159–177 (2017).  

[2] Zhang, Y., Zuo, T., Cheng, Y. & Liaw, P. K. High-entropy Alloys with High Saturation Magnetization, 
Electrical Resistivity, and Malleability. Sci. Rep. 3, 1455 (2013).  
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Tunable Magnetoelastic Phononic Crystals 

Emily R. Glover, Tom H. J. Loughran, Tim A. Starkey, Paul S. Keatley, Alastair P. Hibbins, and Robert J. Hicken 

University of Exeter, UK 

Magnetoelastic amorphous ribbons exhibit resonant longitudinal acoustic modes that can be driven by 
external alternating magnetic fields. The magnetic field causes the magnetization to rotate within a stripe 
domain structure, which in turn modulates the length of the ribbon l via the magnetoelastic coupling. The 
lowest order resonant longitudinal mode has frequency fR = (c/2l) where c = √(E/ρ) is the speed of sound, E 
is the Young’s modulus and ρ is the density. The ribbons can be used in sensing and security devices, where 
the ring-down resonance is detected through the change in stray magnetic field generated by a change in 
length.  The resonance frequency may be matched to a particular application by selecting a ribbon of 
appropriate length.  However, where there are other constraints upon the length, alternative means of 
adjusting the frequency are required. 

The present work explores how fR can be controlled by instead modifying the speed of sound. This may be 
achieved by patterning the ribbon into a periodic structure that behaves as a two-dimensional phononic 
crystal.  The periodicity opens band gaps in the acoustic dispersion relation, reducing the phase velocity1. 
The size of the band gap, and hence the slowing of the longitudinal mode, can be controlled through the 
size, shape and periodicity of the inclusions2. Arrays of holes were milled into ribbons of length 18 mm and 
width 6 mm. Twelve holes were milled into each ribbon to define an array with a 3 mm x 3 mm unit cell.  

The resonance frequency of each ribbon was determined by placing the ribbon in a solenoid connected to a 
vector network analyzer (VNA). Figure 1 shows the measured spectrum for a ribbon with holes of 0.4 mm 
radius. There is a clear minimum at 104 kHz, which is reduced compared to an unpatterned ribbon (not 
shown) where the minimum is at 117 kHz.   

The acoustic properties of the ribbons were also explored within two finite element method computational 
models constructed within COMSOL Multiphysics. The first model considered an infinite array with the 3 mm 
x 3 mm unit cell defined by the patterned ribbon. A circular air-filled hole was placed at the centre of the unit 
cell. The model was used to obtain the dispersion relation for ribbons with holes of different size, from which 
the effective speed of sound in the material could be obtained. Within the second model, the finite ribbon 
was defined, using an acoustics physics solver. The frequency of the fundamental longitudinal mode was 
determined for holes of different radii. It was found that the effective speed of sound may be significantly 
reduced within the ribbon, due to the modified dispersion of its acoustic mode, leading to a reduction of the 
longitudinal resonance mode frequency. Together these three studies show that the resonance frequency of 
the magnetostrictive ribbon can be tuned to a desired frequency.  
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Figure 1: Acoustomagnetic spectrum of the patterned ribbon described in the main text. The dip at 104 kHz 
corresponds to the longitudinal acoustic resonance of the ribbon.  
 
[1] A. A. Krokhin, J. Arriaga and L. N. Gumen, Phys. Rev. Lett. 91, 264302 (2003). 
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