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Magnetism 2019

Monday 8 April

Parallel Sessions

09:00  Registration and refreshments 
Exhibition Hall 2
Thin Films and Nanomagnetism I 
Auditorium 1
Chair: L O’Brien, University of Liverpool, UK

Spintronics I
Auditorium 2
Chair: I Vera Marun, The University of Manchester, UK

10:00 Tunable magnetization dynamics in artificial spin ice via 
shape anisotropy modification
T Dion, University College London, UK

(Invited) Manipulating antiferromagnetic order using 
electrical currents
P Wadley, University of Nottingham, UK 

10:15 Magnetotransport measurements and micromagnetic 
simulations of hexagonal artificial spin ice lattices and 
vertices
K Esien, Queen’s University Belfast, UK

10:30 The effect of topology on ordering and correlations in 
Artificial Spin Ice
G Macauley, University of Glasgow, UK

Current-driven phase transition in a gradient-doped FeRh 
nanopillar: spin injection-triggered phase transformation 
and memristivity
C Marrows, University of Leeds, UK

10:45 Fabrication and characterisation of a three-dimensional 
magnetic nanowire lattice
A May, Cardiff University, UK

Study of spin-current operation in patterned IrMn₃
M Samiepour, University of York, UK

11:00 Emergent behaviour of domain wall populations in 
interacting soft magnetic nanowire rings
D Allwood, University of Sheffield, UK

Are edge effects strong enough to instigate field free 
current induced magnetic reversal?
B Nicholson, Durham University, UK

11:15 Exhibition and refreshments
Exhibition Hall 2
Skyrmions
Auditorium 1
Chair: T Moore, University of Leeds, UK

Magnetocalorics and spin caloritronics
Auditorium 2
Chair: N Morley, University of Sheffield, UK

11:45 Depth profiling of 3D skyrmion lattice twisting in a chiral 
magnet
G van der Laan, Diamond Light Source, UK

(IEEE) Magnetocaloric effect: from energy efficient 
refrigeration to fundamental studies of phase transitions
V Franco, Universidad de Sevilla, Spain

12:00 Measuring the formation energy barrier of Skyrmions in 
Zn substituted Cu2OSeO 3
M Wilson, Durham University, UK

12:15 Skyrmions in anisotropic magnetic fields: strain and 
defect driven dynamics
R Brearton, University of Oxford/ Diamond Light Source, UK
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12:30 The nature of magnetic biskyrmions revealed by 
combining quantitative electron microscopy, x-ray 
holography and micromagnetic simulations
J Loudon, University of Cambridge, UK

Spin seebeck effect in multilayer thin films
C Cox, Loughborough University, UK

12:45 Structural and magnetic studies of the skyrmionic 
materials GaV4S8-ySey
S Holt, University of Warwick, UK

Thermally-assisted spin current diffusion in nanodevices 
with in-plane magnetization
H Corte-León, National Physical Laboratory/ Royal Holloway 
University of London, UK

13:00 Lunch, poster session and exhibition
Exhibition Hall 2

14:00 IEEE UK Magnetism Group AGM
Auditorium 1

Thin Films and Nanomagnetism II
Auditorium 1
Chair: D McGrouther, University of Glasgow, UK

Theoretical and Computational Magnetism I
Auditorium 2
Chair: J Staunton, University of Warwick, UK

14:30 Strain-mediated voltage control of spin flip/flop transition 
in synthetic antiferromagnets
A Welbourne, University of Cambridge, UK

(CCP) A review of spin-lattice dynamics and its 
applications
P Ma, UK Atomic Energy Authority, UK   

14:45 Dependence of ultrafast magnetization dynamics in 
DyFe2/YFe2 exchange spring magnets upon orientation of 
static magnetic field
M Dabrowski, University of Exeter, UK

15:00 Phase boundary exchange coupling in the mixed magnetic 
phase of a B2-ordered FeRh epilayer
J Massey, University of Leeds, UK

Quantum thermodynamics of complex magnets
J Barker, University of Leeds, UK

15:15 Resolving conflict in reported values of spin diffusion 
length for spin transport in FM/HM systems
C Swindells, Durham University, UK

The effects of disorder on hysteresis loops in chiral 
magnets
O Hovorka, Faculty of Engineering and the Environment, UK

15:30 (Invited) Piezomagnetic manganese nitrides for thin film 
caloric and spintronic applications
L Cohen, Imperial College London, UK

Near-Tc damping and anisotropy calculations; Application 
to FePt heat-assisted magnetic recording media
M Strungaru, University of York, UK

15:45 The role of longitudinal magnetic fluctuations on the 
anisotropy of L10 FePt
M Ellis, Trinity College Dublin, Ireland

16:00 Poster Session, bierstube and exhibition
Exhibition Hall 2

17:30 Chair: T Moore, University of Leeds, UK
(Plenary) Hidden magnetoelectric multipoles in multiferroics and superconductors
N Spaldin, ETH Zurich, Switzerland
Auditorium 1

19:00 Conference Dinner
The Queens Hotel
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Tuesday 9 April

Parallel Sessions

08:30 Registration and refreshments
Exhibition Hall 2

09:00 Chair: R Hicken, University of Exeter, UK
(Wohlfarth Lecture) Neuromorphic computing with spintronic nano-oscillators
J Grollier, CNRS/Thales, France
Auditorium 1

10:00 Exhibition and refreshments
Exhibition Hall 2

Other topics in Magnetism
Auditorium 1
Chair: D Allwood, University of Sheffield, UK

Theoretical and Computational Magnetism II
Auditorium 2
Chair: K Cao, STFC, UK

10:30 Unconventional spin textures and domain-wall pinning in 
Sm-Co magnets
L Pierobon, ETH Zurich, Switzerland

(CCP) Ab-initio antiferromagnetic Sspintronics: from 
exotic interactions to novel transport effects
Y Mokrousov, Forschungszentrum Jülich, Germany  

10:45 Hybrid anisotropy and carbon based, high BHmax magnetic 
films
T Moorsom, University of Leeds, UK

11:00 A ferrite-filled cavity resonator for electronic article 
surveillance on metallic packaging
E Glover, University of Exeter, UK

Rare-earth/transition-metal magnets with unfilled 
4f shells from first principles: magnetization, Curie 
temperatures and magnetocrystalline anisotropy
C Patrick, University of Warwick, UK

11:15 The influence of electron-withdrawing groups on the 
relaxation time of field-induced Er(III) single molecule 
magnets
S Felton, Queen’s University Belfast, UK

Analysis of atom-resolved spin torques in spin valves from 
first principles
M Galante, Trinity College Dublin, Ireland

11:30 Actinide spintronics
C Bell, University of Bristol, UK

Nano-scale magnetic skyrmions and target states in 
confined geometries 
D Cortes, University of Southampton, UK

11:45 Production of large d(0) magnetism by ion implantation in 
ZnO 
G Gehring, University of Sheffield, UK

Ultrafast switching in GdFeCo alloy multilayer via magnon 
current 
S Ruta, University of York, UK

12:00 Chair: R Hicken, University of Exeter, UK
EPSRC Presentation
T Dale, EPSRC, UK
Auditorium 1

12:15 Poster awards and IOP Group AGM
Auditorium 1

12:45 Lunch, poster session and exhibitions
Exhibition Hall 2
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Correlated Electrons
Auditorium 1
Chair: N-J Steinke, ISIS, STFC Rutherford Appleton 
Laboratory, UK

Spintronics II
Auditorium 2
Chair: K Morrison, Loughborough University, UK

14:00 Using muons to probe order and excitations in topological 
magnetic states
T Lancaster, Durham University, UK

(IEEE) Spin-orbit technologies: from magnetic memory to 
terahertz generation
H Yang, National University of Singapore, Singapore

14:15 Unconventional field-induced spin gap in an S = 1/2 chiral 
staggered chain
P Goddard, University of Warwick, UK

14:30 Spin-liquid-like states in S = 1/2 square-lattice double 
perovskites
O Mustonen, University of Sheffield, UK

14:45 Field induced quantum criticality in CeOs4Sb12
K Gotze, University of Warwick, UK

Room-temperature spin hall effect in graphene/MoS2 van 
der Waals heterostructures
F Herling, CIC nanoGUNE, Spain

15:00 Temperature evolution of the magnetism and charge order 
in La2-xSrxCoO4 x = 0.25.
P Freeman, University of Central Lancashire, UK

Magnon dispersion in the spin Seebeck material 
magnetite
G Venkat - Loughborough University, UK

15:15 Refreshments and exhibition
Exhibition Hall 2

Thin Films and Nanomagnetism III
Auditorium 1
Chair: T Thomson, The University of Manchester, UK

Nanoparticles, biomagnetism and fluidics
Auditorium 2
Chair: O Hovorka, University of Southampton, UK

15:45 Increased lifetime of metastable skyrmions by controlled 
doping
M Birch, Durham University, UK

(Invited) Investigating the dynamic magnetic behaviour of 
nanoparticles in biological environments
N Telling, Keele University, UK 

16:00 A magneto-optical study of spin-orbit torque acting on a 
nano-ellipse with in-plane magnetisation
P Keatley, University of Exeter, UK

16:15 Non-destructive in situ imaging for investigating 
spintronic devices
A Hirohata, University of York, UK

Low-field broadband magneto-optical characterization of 
magnetic nanoparticle AC susceptibility
R Soucaille, University of Exeter, UK

16:30 (Invited) Visualising dynamic magnetic events on the 
nano-scale using Lorentz microscopy
T Almeida, University of Glasgow, UK

High-yield fabrication of nanodiscs with synthetic 
antiferromagnetism and perpendicular anisotropy
E Welbourne, University of Cambridge, UK

16:45 Investigation of coupled elasto-magnetic pumps for 
microfluidic applications
E Martin, University of Exeter, UK

17:00 Close of conference

4



Magnetism 2019 http://magnetism2019.iopconfs.org

Poster programme
P:01   RKKY exchange interaction model in FePt L10 based on first principle calculations. Finite size effects investigations 

near to Curie point 
R Ababei, University of York, UK

P:02    Low temperature suppression of spin diffusion length by non-magnetic impurities in Ag lateral spin valves 
J Adams, University of Leeds, UK 

P:03    Effect of magnetic field on the photocurrent for a junction of MnOx/ C60/Co 
N Alosaimi, University of Leeds, UK 

P:04    Effects of a molecular C60 interface on the spin-dependent scattering of YIG/Pt 
S Alotibi, University of Leeds, UK 

P:05    Magnetotransport measurement of anisotropy in Pt/Co(Fe)B/Ir multilayers 
K Alshammari, University of Leeds, UK 

P:06    Frequency response of magnetostatic fields from two-dimensional defects in magnetic flux leakage 
M Aziz, University of Exeter, UK 

P:07    Electromagnetic wave propagation and resonance in nanometer sized semi-infinite conducting magnetic prisms 
M Aziz, University of Exeter, UK 

P:08      WITHDRAWN

P:09    Experimental evidence of the origin of the giant resistivity change across the first-order magnetic transition in FeRh 
alloys  
L Benito, University of Leeds, UK 

P:10    Spin-polarised metastable emission electron microscopy (SPMEEM): a new technique to map the surface spin-
polarisation of magnetic materials 
P Bentley, University of York, UK 

P:11    Growth and characterisation of MTJ films for STT-MRAM 
C Bull, The University of Manchester, UK 

P:12    X-Ray detected ferromagnetic resonance (XFMR) 
D Burn, Diamond Light Source, UK 

P:13    Manipulation of skyrmion motion by magnetic field gradients 
D Burn, Diamond Light Source, UK 

P:14    A near-ideal coordination polymer Haldane spin-chain 
S Curley, University of Warwick, UK

P:15    POLREF: Time of flight polarised reflectometer 
A Caruana, Science Technology and Facilities Council, UK 

P:16    Magnetic Skyrmions for Nanocomputing 
R Chen, The University of Manchester, UK 

P:17    Thermodynamic and magnetic measurements of the ferromagnetic chain materials M(NCS)2(thiourea)2; M = Co, Ni 
S Curley, University of Warwick, UK 

P:18    A near-ideal coordination polymer Haldane spin-chain 
S Curley, University of Warwick, UK
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P:19   Template synthesis and magnetic properties of two-component nanowires  
I Doludenko, National Research University Higher School of Economics, Russia 

P:20    Development of a Magneto-Optical system for broadband AC susceptibility and magnetometry on nanoparticles 
M Eizadi Sharifabad, Keele University, UK 

P:21    The finite difference approach to dynamic spin transport modeling 
L Elliott, University of York, UK 

P:22    Multi-scale study on the effect of surface disorder on spin-transfer torque switching of magnetic tunnel junctions 
M Ellis, Trinity College Dublin, Ireland 

P:23    Structural and magnetic properties of CoFeCrAl and NiCrMnSi quaternary Heusler alloys 
K Elphick, University of York, UK 

P:24   Development of patterning techniques for skyrmionic devices 
C Emmerson, The University of Manchester, UK 

P:25    Isingmodel calculations of the monoclinic and orthorhombic phasesinmagnetocaloric Gd5(Six Ge1−x)4 
A Evans, Cardiff University, UK 

P:26    Magnetic X-ray spectroscopy of CrI3 layers 
A Frisk, Diamond Light Source Ltd, UK 

P:27    Perpendicular anisotropy in Heusler alloys with all-metal interfaces 
W Frost, University of York, UK 

P:28    First-principles modelling of cobalt nanoparticles in cobalt-doped ZnO 
F Gerriu, University of Sheffield, UK 

P:29    WITHDRAWN

P:30    Magnetic anisotropy in actinide-based magnetic bilayers 
E Gilroy, University of Bristol, UK 

P:31    Growth, characterisation and doping investigation of 3D Topological Insulator Antimony Telluride in search of novel 
superconducting topological materials 
J Gretton, University of Leeds, UK 

P:32    Probing depth- and temperature-resolved magnetic properties of [CoPd]8/NiFe exchange springs using polarised 
neutron reflectometry 
W Griggs, The University of Manchester, UK

P:33    Investigating the ultrafast phase dynamics of the metamagnetic phase transition of FeRh thin films by pump-probe 
microscopy 
M Grimes, The University of Manchester, UK 

P:34    Domain wall conduit properties of 3D nano-printed Cobalt nanowires on flexible substrates 
P Gupta, University of Cambridge, UK 

P:35    Magnetism of charge-stripe ordered La2-xSrxNiO4, x = 0.37 
J Hanson, University of Central Lancashire, UK 

P:36    Chemically selective, possibly exchange driven reorganization of molecular bi-layer films driven by molecule-substrate 
interactions 
M Heydari, Paul Scherrer Institute, Switzerland 

P:37    Distributed heat production in clusters of magnetic nanoparticles 
O Hovorka, Faculty of Engineering and the Environment, UK 
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P:38    XMCD-STXM Magnetic imaging of skyrmions with in-situ hall transport measurements in Pt/Co/Ir multilayer hall disks 
A Huxtable, University of Leeds, UK 

P:39    Effect of Gd concentration on magnetization behaviour in rare-earth-transition metal thin-film 
O Inyang, Durham University, UK 

P:40    WITHDRAWN 

P:41    Scalable space and time hierarchical dipole-dipole interactions in the VAMPIRE code 
S Jenkins, University of York, UK 

P:42   Unusual magnetic anisotropy and relaxation dynamics in ordered – IrMn3 
S Jenkins, University of York, UK 

P:43   Magnetic domain wall pinning at a ferromagnet/antiferromagnet interface 
R Khan, University of Leeds, UK 

P:44   Magnetisation dynamics in bulk 2D van der Waals layered ferromagnet, Cr2Ge2Te6  
S Khan, University College London, UK 

P:45   Carrier mobility and band structure within the bulk of a III/V topological insulator candidate 
C Knox, University of Leeds, UK 

P:46   Study of spin reorientation transition in the permanent magnet NdCo5 using torque magnetometry 
S Kumar, University of Warwick, UK 

P:47   Towards the detection of spin polarised transport in InAs/GaSb coupled Quantum Wells 
A Kuruvila, University of Leeds, UK 

P:48   Magnetic study into Sr2Mn2CrAs2O2 
G Lawrence, University of Aberdeen, UK/Institut Laue-Langevin, France

P:49    Using scanning thermal microscopy to study the thermal transport properties of thin film multilayers 
J Lees, University of York, UK 

P:50    Off-equimolar multiple component alloys: phase and magnetic behaviour evolution in CoFeCr0.5Ni0.5-Alx  
(X: 0, 0.5, 1.0, and 1.5) 
A Quintana-Nedelcos, University of Sheffield, UK 

P:51   Helicity-dependent all-optical switching (HD-AOS) in a ferromagnet 
G Li, University of York, UK 

P:52   Bloch-point mediated nucleation and annihilation in skyrmion lattices 
Y Li, The University of Manchester, UK 

P:53    WITHDRAWN

P:54   Thin films of skyrmion-hosting alloys CoxZnyMnz grown using magnetron sputtering 
J Mackel, Queen’s University Belfast, UK 

P:55   Ab initio magnetic moments and Curie temperatures of Laves phase REFe2 compounds (RE=Y, Gd-Lu) in the self-
interaction-corrected disordered local moment picture 
G Marchant, University of Warwick, UK 

P:56   Analysis of spin polarization of secondary electrons using spin-polarised low-energy secondary electron energy loss 
spectroscopy 
S Masur, University of Cambridge, UK 

P:57  Atomistic spin dynamics of core-shell magnetite-maghemite nanoparticles 
D Meilak, University of York, UK 
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P:58  Transition temperature scaling in weakly coupled two-dimensional Ising models 
J Moodie, University of Birmingham, UK 

P:59   Using the technique of non-linear transverse susceptibility to find anisotropy field distributions for randomly orientated 
magnetic powder samples 
C Moorfield, University of Central Lancashire, UK 

P:60  Understanding the influence of the interfacial roughness on Dzyaloshinskii-Moriya interaction 
A Mora-Hernández, Durham University, UK 

P:61   Determining the spin diffusion length in a cobalt iron alloy through spin absorption 
K Moran, University of Leeds, UK 

P:62   Magnetostrictive actuators for composite damage 
N Morley, University of Sheffield, UK 

P:63   Spin seebeck effect for energy harvesting 
K Morrison, Loughborough University, UK 

P:64   Structural and magnetic behaviour of the frustrated double perovskites Ba2MnWO6 and Sr2MnWO6  
H Mutch, University of Sheffield, UK 

P:65   WITHDRAWN

P:66   Optimisation of exchange parameters for atomistic modelling of 2:14:1 ferromagnets 
A Naden, University of York, UK 

P:67   Effects of R3+ ion on structural and magnetic properties of R2NiMnO6 double perovskites 
M Nasir, IIT Indore, India 

P:68    WITHDRAWN

P:69   The magnetic properties of 32 distinct permalloy composite element magnetic bits 
P Newton, University of Cambridge, UK 

P:70   The influence of the finite-size effect on the Curie temperature of L10-FePt 
T Binh Nguyen, University of York, UK 

P:71   Remote magnetic monitoring of expansion of intermediate level waste packages 
P Pan, University of Sheffield, UK 

P:72   Scanning probe microscopy studies of FeRh  
A Peasey, The University of Manchester, UK 

P:73   Scanning thermoelectric microscopy of magnetic nanodevices 
R Puttock, National Physical Laboratory, UK 

P:74   Multimodal frustration in artificial spin ice 
R Puttock, National Physical Laboratory, UK 

P:75   Determination of Curie temperature distributions within granular magnetic recording media for applications in HAMR 
E Rannala, University of York, UK 

P:76   Investigating the energetics of skyrmion lattice defects in FeGe 
F Rendell-Bhatt, University of Glasgow, UK 

P:77   Investigating the role of Ga composition in Fe100-xGax(Galfenol) thin films 
S Roy, University of Nottingham, UK 

 

8



Magnetism 2019 http://magnetism2019.iopconfs.org

P:78   Driving magnetisation precession with coherent phonons 
A Rushforth, University of Nottingham, UK 

P:79   Unified model of hyperthermia via hysteresis heating in systems of interacting magnetic nanoparticles 
S Ruta, University of York, UK 

P:80   Magnon straintronics and lateral spin-wave transport insulating based ferrimagnet structures 
A Sadovnikov, Saratov State University, Russia 

P:81   Investigation the structural and magnetic properties of ZnO films doped with either metallic Co, CoO, or Co3O4 by 
pulsed laser deposition 
A Saeedi, Sheffield University, UK 

P:82   Effect of annealing on structural and magnetic properties for both Cobalt and Europium implanted ZnO thin films 
prepared by Ion Implantation 
A Saeedi, Sheffield University, UK 

P:83   Mapping magnetisation in compensating synthetic ferrimagnets with negative remanence 
W Hendren, Queen’s University Belfast, UK 

P:84   WITHDRAWN

P:85   Observation of the evolution of magnetic domain structures related to magnetic polaron cluster formation in a single 
crystal of EuB6 
D Sivananda, Indian Institute of Technology Kanpur, India 

P:86   Oscillatory magnetoresistance in nanowires of a candidate topological superconductor and an s-wave superconductor 
B Steele, University of Leeds, UK 

P:87  WITHDRAWN 

P:88   Monotonicity in the spin signal by controlling the growth of silver in Py/Ag/Py lateral spin valves 
G Stefanou, University of Leeds, UK 

P:89   Coupled spin-lattice dynamics simulations 
M Strungaru, University of York, UK 

P:90   Anisotropic damping of magnetisation dynamics in Non-Centrosymmetric Ferromagnet 
A Sud, University College London, UK 

P:91   Characterisation of size distribution and positional, misalignment of nanoscale islands by small-angle x-ray scattering 
with high statistical significance 
P Thompson, The University of Manchester, UK 

P:92   Epitaxial growth of YPtSb on c-plane sapphire by DC magnetron co-sputtering 
M Vaughan, University of Leeds, UK 

P:93   Skyrmion dynamics in a nanowire with voltage control magnetic anisotropy 
J Wang, University of York, UK 

P:94   WITHDRAWN

P:95   High frequency ferromagnetic resonance study of synthetic antiferromagnetic structures 
H Waring, The University Of Manchester, UK 

P:96   WITHDRAWN 

P:97   Magnetic skyrmions in synthetic systems 
Y Zang, The University of Manchester, UK 
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P:98    Current-induced skyrmion motion in multilayer systems in the low velocity limit 
K Zeissler, National Physical Laboratory, UK

P:99   WITHDRAWN 

P:100   Control skyrmion generation in perpendicularly Mmagnetized CoFeB ultrathin films 
X Zheng, University of York, UK  
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Monday 8 April 

Session: Thin Films and Nanomagnetism I 

Tunable magnetization dynamics in artificial spin ice via shape anisotropy modification  

T Dion1,2, D Arroo1, K Yamanoi1, J Carter-Gartside2, T Kimura3, L Cohen2, H Kurebayashi1 and W Branford2 

1University College London, UK, 2Imperial College London, UK, 3Kyushu University, Japan 

Kagome artificial spin ice (ASI) is an ensemble of single domain nano-bars in a honeycomb arrangement. Pseudo 
ice rules (two spins in one spin out or vice versa) occur at vertices. Its highly degenerate ground state results in 
frustrated magnetic ordering because ice rules cannot be simultaneously satisfied long range [1]. ASIs are also of 
interest to the magnonics community due to their potential as reconfigurable magnonic crystals [2]. Angular-
dependent ferromagnetic resonance (FMR) is performed on Kagome ASI formed of disconnected Ni80Fe20 nano-
bars with broken angular symmetry which leads to interesting static and dynamic properties. It allows one to access 
micro-states with simple magnetic field protocols that would be statistically highly unlikely in a system with equally 
sized nano-bars such as monopole lattice states. The states and resultant magnetization dynamics can be detected 
in practice using FMR. Three distinct dynamic responses are produced by altering the coercivity via shape 
anisotropy of each of the sub-lattices and are accessed by applied magnetic field orientation. It is also possible to 
bring all nano-bars into resonance simultaneously at a specific field angle. These properties may be useful for 
creating flexible magnonic crystals or spin wave filters. Employing a system with broken symmetry allows one to 
access micro-states that would not be available in a homogeneous system using simple field protocols. 
Micromagnetics simulations are used to interpret the resonances found in terms of the underlying micro-states and 
static magnetization profiles.  

 

Fig 1: (a), (b) and (c) are mumax3 FMR simulations as a function of applied magnetic field aligned with narrow, medium and 
wide nano-bars respectively as shown in the insets. (d) – (f) are the corresponding experimental results. These show three 

distinct responses as a result of angular symmetry breaking. (g) Shows the experimental results as a function of angle where 
coloured dots show extracted peak positions from simulations. At 45° the resonances of each bar orientation are 

simultaneously precessing which would not occur if all nano-bars were of equal size and shape. 

[1] Nature Physics volume 7, pages 75–79 (2011) 
[2] Phys. Rev. B - CMMP, 93(13):1-8, (2016) 
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Magnetotransport measurements and micromagnetic simulations of hexagonal artificial spin ice lattices and 
vertices  

K Esien1, 2, S Olivari2, L Connell1, S Felton1 and D Read2  

1Queen’s University Belfast, UK, 2Cardiff University, Wales, UK 

Artificial spin ice structures (ASI) have attracted a great deal of attention recently, serving as potential analogues for 
frustrated magnetic systems, such as bulk spin ice materials1. They also have applications in reprogrammable logic 
circuits and neural networks2. Presented are the results procured from a family of magnetically frustrated systems 
(kagome), namely, a single vertex junction, an extended magnetically connected lattice and an electrically 
connected but magnetically disconnected (hybrid) lattice, see figure 1 (a). We fabricated ASI structures from 
Permalloy, having dimensions close to 1μm long, 100nm wide and 10nm thick. For the hybrid lattice, gold vertices 
were used to electrically connect the lattice. We have carried out magnetotransport measurements on a single 
honeycomb vertex structure, the connected lattice and the hybrid lattice. We have also performed micromagnetic 
simulations using OOMMF and implemented a formalism for the evaluation of the magnetotransport response of 
each relevant system. The simulated results are complementary providing further insight into the micromagnetic and 
dynamic behaviour of the ASI systems. Comparing the single vertex simulation with the experimental data gathered 
from a single vertex, the inferred reversal procedure was not inconsistent with a frustrated system. The 
magnetotransport data concerning lattices showed that for a connected lattice, the obtained electrical signal, was 
smaller than the equivalent measurement on the hybrid lattice. The magnetotransport data for the hybrid lattices 
produced a larger signal corresponding to the reversal events, this is due to the presumption that a domain wall 
needed to be nucleated in every vertex, resulting in a larger signal. This result is being verified with micromagnetic 
simulations. This work demonstrates the potential for using nanoscale electrical contacts and magnetotransport 
measurements to probe interactions between magnetically disconnected elements in a lattice type structure as well 
as other interesting geometries.  

 

Fig 1: (a) SEM imageof an electrically connected but magnetically disconnected (hybrid) lattice. (b) SEM image of standard 
honeycomb lattice. (c) Magnetotransport measurements made on a single vertex and associated model based on the 

micromagnetic response of the system. 

[1]  Cumings, J., J Heyderman, L., H Marrows, C. & L Stamps, R. Focus on artificial frustrated systems. New J. 
Phys. 16, (2014).  

[2]  Ladak, S., Read, D. E., Branford, W. R. & Cohen, L. F. Direct observation and control of magnetic monopole 
defects in an artificial spin-ice material. New J. Phys. 13, (2011). 
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The effect of topology on ordering and correlations in artificial spin ice 

G Macauley1, G Paterson1, R Macêdo1, Y Li2, R Stamps3 and S McVitie1 

1University of Glasgow, UK, 2Argonne National Laboratory, USA, 3University of Manitoba, Canada 

Artificial Spin Ices (ASIs) are arrays of strongly correlated nano-scale magnetic islands. They function as an 
excellent physics playground in which to study the role of topology on critical phenomena. In this work, we 
investigate the effects of a variation on the classic square ice system: each island in a given array is rotated about 
its centre through some angle. This rotation angle then defines a continuum of possible spin ice geometries and acts 
as a proxy for controlling the strength of interaction among classes of neighbouring spins in different arrays. This 
rotation has been shown [1] to weaken the nearest-neighbour coupling leading to a system dominated by long-
range interactions, with a phase transition in ordering from antiferromagnetic – ‘square’ – ice to ferromagnetic – 
‘pinwheel’ — ice. Here, we fabricate Co arrays using focused electron beam induced deposition. These arrays – of 
varying rotation angles — are used to map out the AFM-FM transition predicted in [1]. The arrays are thin enough 
such that individual islands are thermally active close to room temperature with a moment which points parallel to 
the long axis in one of two stable orientations. We use the Fresnel method of Lorentz transmission electron 
microscopy to image configurations after zero-field annealing. From this, we are able to extract experimental 
measures of the correlations, and note the different behaviour exhibited as the arrays melt. In particular, we observe 
that the correlation length decreases in the FM phase as short-range emergent vortex structures form, composed of 
groups of spins. Unlike square ice — which melts through the reversal of ‘strings’ of islands [2] — order in the FM 
phase is mediated through the depinning of these vortices. In this sense, the FM spin ice phase acts like a 
constrained dipolar XY model [3]. We draw parallels with Monte Carlo results, and discuss the effect of cooling rate 
on accessing low-energy configurations. 

 

Fig 1: (a) In-focus TEM images of square (top panel) and pinwheel (bottom panel) ASI. (b) The corresponding Fresnel images of 
these arrays; analysis of the contrast allows for the moment of each island to be identified. (c) Repeating this process for arrays 

of varying rotation angle in the range [0°,90°] shows separate regions for which AFM and FM ordering among spins is 
preferred. 

[1]  R. Macêdo, G. M. Macauley, F. S. Nascimento, and R. L. Stamps, Phys. Rev. B 98, 014437 (2018). 
[2]  D. Thonig, S. Reißaus, I. Mertig and J. Henk, J. Phys. Condens. Matter 26, 266006 (2014). 
[3]  J. M. Kosterlitz, and D. J. Thouless, J. Phys. C: Solid State Phys. 6, (7) 1181-1203 (1973). 
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Fabrication and characterisation of a three-dimensional magnetic nanowire lattice 

A May1, M Hunt1, A van den Berg1, A Hejazi1 and S Ladak1  

1Cardiff University, UK  

A key challenge today is the nanostructuring of magnetic materials into complex 3D geometries [1]. Such work 
would allow the realisation of next generation information technologies such as racetrack memory [2], the probing 
of novel curvature-induced energy terms [3] and the realisation of 3D frustrated lattices [4]. Here we show that 
Ni81Fe19 nanowires of novel curved cross-section can be placed into complex 3D lattices by using a combination of 
two-photon lithography and line-of-sight deposition. In this study, the focus is upon a frustrated geometry [5] where 
the nanowires map onto the bonds of a diamond lattice. The nanowires have width of approximately 200nm, length 
of 1000nm and thickness 50nm. Energy dispersive x-ray measurements demonstrate that the nanowires are of 
ultrahigh purity. Magneto-optical Kerr effect (MOKE) magnetometry has successfully been used to measure the 
switching upon the array surface. Longitudinal loops exhibit an abrupt transition indicative of domain wall motion 
with an enhanced coercive field (8mT) when compared to the sheet film (0.8mT). In additon, we are able to show 
that the magnetisation configuration upon the 3D nanostructured lattice can be determined using magnetic force 
microscopy (MFM) and micro-magnetic simulations. These studies demonstrate that the nanowires within the lattice 
are single domain with switching dominated by the propagation of vortex domain walls. The extent to which these 
3D nanostructured systems can be considered a 3D artificial spin-ice will be discussed.  

 

Fig 1: Atomic force microscopy image of the 3D nanowire lattice. 

 

Fig 2: Longitudinal magneto‐optical Kerr effect loop of the thinfilm upon the substrate (blue) and the 3D nanowire lattice (black: 
up sweep, red: down sweep). 
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[2]  S. S. Parkin, M. Hayashi and L. Thomas, Science, Vol. 320, p. 190 (2008)  
[3]  R. Streubel, et al., Journal of Physics D: Applied Physics, Vol. 49, p. 363001 (2016)  
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Emergent behaviour of domain wall populations in interacting soft magnetic nanowire rings  

D Allwood1, R Dawidek1, T  Broomhall1, M Mamoori1, A Mullen1, S Kyle1, T Hayward1, P Fry1, N Steinke2, J Cooper2, F 
Maccherozzi3 and S Dhesi3 

1University of Sheffield UK, 2University of Sheffield, UK, 2ISIS Neutron Source, UK, 3Diamond Light Source Ltd, UK 

Domain walls in soft ferromagnetic nanowires have been studied for over a decade for memory and logic 
applications [1,2]. However, a major impediment to their use in these areas has been their stochastic behaviour 
when they encounter a geometric defect [3], which reduces the reliability of digital devices.  

Here we study domain wall populations in arrays of interacting Ni80Fe20 nanowire rings subject to externally applied 
in-plane rotating magnetic fields. The lithographically-defined rings were of 2 or 4 m diameter      

400 nm wide wires on Si (100) substrates. The rings were fabricated either in square or trigonal arrays with a 
nearest-neighbour overlap of either 10% or 50% of the wire width.   

Magneto-optical Kerr effect (MOKE) and polarised neutron reflectivity (PNR) measurements of large (2 cm x 2 cm) 
arrays showed that the overall domain wall population is a well-defined function of the rotating field magnitude. An 
analytical model shows that this can be explained by considered the ring array as containing domain walls that 
either pin or continue when they arrive at a ring junction with a probability that depends on the applied field. This 
creates the conditions of domain wall loss through annihilation (moving domain wall meeting a pinned domain wall) 
or domain wall gain through a domain wall passing through a junction with an empty neighbouring ring. The model 
predicts an equilibrium domain wall population in qualitative agreement with the experimental measurements.  

Magnetic force microscopy (MFM) and photoelectron emission microscopy (PEEM) reveal details of the magnetic 
domain configurations. In particular, they highlight common domain patterns and motifs, the mechanisms by which 
domain wall populations may change and the stochastic nature of the domain wall motion, when driven by 
magnetic fields of intermediate strength, where stochasticity had previously been assumed.  

It is noteworthy that in this study domain wall stochasticity, rather than being a problem to overcome, becomes the 
basis of the robust behaviour seen in the whole nanowire ring arrays. This emergent response of the ring ensembles 
makes this system an interesting candidate for conducting ‘reservoir computing’ (RC), a type of recurrent neural 
network of interacting neurons that is suitable for rapid and low-power classification of fast-changing, complex data 
[4]. MOKE measurements of the ring arrays demonstrate the ‘fading memory’ to changed input that is characteristic 
of RC systems, and RC can be performed with any system showing a non-linear transfer function, such as that seen 
in the ring array of the domain wall population response to applied field strength.  

[1]  D. A. Allwood, G. Xiong, C. C. Faulkner, D. Atkinson, D. Petit, R. P. Cowburn, Science 309, 1688 (2005).  
[2]  S. S. P. Parkin, M, Hayashi, L. Thomas, Science 320, 190 (2008).  
[3]  T. J. Hayward, K. Omari, J. Phys. D: Appl. Phys. 50, 084006 (2017).  
[4]  N. Soures, C. Merkel, D. Kudithipudi, C. Thiem, N. McDonald, IEEE Consumer Electronics Magazine July, 67 

(2017). 
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Session: Spintronics I 

(Invited) Manipulating antiferromagnetic order using electrical currents 

P Wadley 

University of Nottingham, UK 

One of the pioneers of the field of antiferromagnetism, Louis Neel, noted in his Nobel lecture that while abundant 
and interesting from the theoretical viewpoint, antiferromagnets did not seem to have any applications. Indeed, the 
alternating directions of magnetic moments on individual atoms and the resulting zero net magnetization make the 
moments in antiferromagnets hard to detect by common magnetic probes, and particularly hard to manipulate. 
Recent advances have shown that for antiferromagnetic crystals with specific symmetries current induced Neel order 
spin-orbit torques (NSOT’s) can efficiently and reversibly manipulate the AF order parameter through a 90 degree 
rotation, which can also be read electrically [1,2,3,4,5]. This form of orthogonal switching is insensitive to current 
polarity.  

We have recently extended this work to demonstrate polarity-dependent switching of the antiferromagnetic order 
parameter in CuMnAs, which acts through manipulation of AF domain walls. This is achieved by simply reversing the 
current direction in our devices which in turn changes the sign of the site specific NSOT and leads to reversible 
domain wall motion for certain types of domain wall[6]. This form of switching not only requires fewer contacts, but 
can also occur at much lower current densities, making it particularly interesting technologically. All of this is 
performed at room temperature in the antiferromagnetic semimetal tetragonal CuMnAs. 

[1]  P. Wadley, B. Howells, J. Zelezny et al. Science 351, 587–590 (2016). 
[2]  K. Olejník, V. Schuler, X. Marti et al.. Nat. Commun. 8, 15434 (2017). 
[3]  M. J. Grzybowski, P. Wadley, K. W. Edmonds. Phys. Rev. Lett. 118, 057701 (2017).  
[4]  Bodnar, S. Yu. et al. Nat. Commun. 9, 348 (2018).  
[5] K. Olejnik, T. Seifert, Z. Kaspar, Science Advances, 4, 3, eaar3566 (2018) 
[6]  P. Wadley, S. Reimers, M. J. Grzybowski et al Nature Nanotechnology, 13, 362-365 (2018) 

Current-driven phase transition in a gradient-doped FeRh nanopillar: spin injection-triggered phase transformation 
and memristivity  

C Marrows1, R Temple1, J Massey1, T Almeida2, M Rosamond1, E Linfield1, K Fallon2, D McGrouther2, T Moore1 and S 
McVitie2 

1University of Leeds, UK, 2University of Glasgow, UK 

The B2-ordered equiatomic alloy FeRh has a first order antiferromagnetic (AF) to ferromagnetic (FM) transition at 
approximately 370 K in bulk. The transition temperature can be manipulated through magnetic field, strain, 
chemical doping and spin-polarised currents [1]. Due to this high versatility the material has been extensively 
investigated in recent years for its potential technological applications in heat-assisted magnetic recording [2], 
antiferromagnetic memory resistors [3] and electric field control of magnetic order [4]. The first order nature of the 
transition means that phase coexistence is naturally present.  

We have recently shown that the transition is retained in islands patterned to few 100 nm dimensions [5] and that 
the use of a doping gradient can give a simple form of phase coexistence where the film separates into slabs with AF 
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and FM order [6], separated by a planar phase boundary. We have combined these breakthroughs with a flying 
bridge top contact structure to fabricate few 100 nm diameter gradient doped devices through which electrical 
current can be driven vertically through the phase boundary (see Fig. 1).  

Since the AF phase has a substantially higher resistivity than the FM phase, the pillar resistance—comprising the 
series resistance of the two slabs—can be used as a proxy for the phase boundary position within the pillar. Driving 
current pulses (typically of 1 μs duration and ~1011 A/m2 density) through the phase boundary results in a brief 
change in resistance due to Joule heating before the resistance relaxes to a new level that has shifted depending on 
the current flow direction (see Fig. 2). Trains of current pulses containing a few tens of mC of charge shift the 
resistance of the pillar by a few mΩ, corresponding to a small vertical shift of the planar phase boundary. The shift 
direction is consistent with the microscopic mechanism being spin injection from or into the FM phase slab that 
triggers the phase transition in a few nm wide region next to the phase boundary. The reversible change in 
resistance with charge flow through the device represents memristive behavior, with potential application as artificial 
synapses in spintronic neuromorphic circuits.  

 

Fig. 1. Scanning probe micrograph of 300 nm diameter gradient-doped FeRh nanopillar devices with flying bridge top contacts. 
The scale bar is 1 μm. 

 

Fig. 2. Change in nanopillar resistance after a train of 106 pulses of 1 μs duration and 30 mA amplitude. The sign of 
the shift is determined by the direction of current flow. 

[1]  L. H. Lewis, C. H. Marrows, and S. Langridge, J. Phys. D: Appl. Phys. 49, 323002 (2016). 
[2]  J.-U. Thiele, S. Maat, and E. E. Fullerton, Appl. Phys. Lett. 82, 2859 (2003). 
[3]  X. Marti et al. Nat. Mater. 13, 367 (2014). 
[4]  R. O. Cherifi et al. Nat. Mater. 13, 345 (2014). 
[5]  R. C. Temple et al., Phys. Rev. Mater 2, 104406 (2018). 
[6]  C. Le Graët et al. APL Mater. 3, 041802 (2015). 
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Study of spin-current operation in patterned IrMn3  

M Samiepour and A Hirohata 

University of York, UK 

Since the discovery of giant magneto-resistance (GMR), the GMR and tunnel magneto-resistance (TMR) have been 
used in data storage industry such as a read head in a hard disk drive (HDD) and a cell in a magnetic random 
access memory (MRAM) [1]. The development of magnetic memories significantly demand to make new data 
storages with more stability. In order to obtain higher thermal and magnetic stability in magnetic storage the 
magnetisation of a ferromagnetic (F) layer is pinned by using an attached antiferromagnetic (AF) layer.  

The AF induces exchange bias at an AF/F interface and causes magnetisation pinning. Even though many different 
kinds of AFs have been investigated such as IrMn, FeMn, PtMn [2] to achieve stronger AF/F pinning fields and 
higher efficiency in spintronic devices there is still lack of study on characterisation of a patterned AF layer 

Following our previous studies on non-local lateral spin-valves [3,4] and some reports on strange behaviour 
observed in IrMn3 when it is used as a contact [5] we are interested in measuring the spin diffusion length of IrMn3. 
Therefore we used IrMn3 instead of conventionally used Cu or Ag as a connecting spin channel between injector and 
detector ferromagnetic (typically Py) bars in lateral spin-valve geometry (figure 1). We measured spin imbalance 
detected at the detector while a pulsed electrical current applied to the injector interface. The result shows the spin-
diffusion length of IrMn3 can be as long as 100nm at around 200K which is much longer than all previous reports 
[2]. We will report our systematic study on the IrMn3-based spin-valves with and without setting the AF IrMn3.  

 

Fig 1: Scanning electron microghraph of the lateral spin-valve device. The two F wires (Py) are channelled by IrMn3. 

[1]  S. Bbatti, R. Sbiaa, A. Hirohata, K. Ohno, S. Fukami and S. N. Piramanyagam, Mater Today 20, 530 
(2017).  

[2]  W. Zhang, M. B. Jungfleisch, W. Jiang, J. E. Pearson and A. Hoffmann. Phys. Rev. Lett. 113, 196602 
(2014).  

[3]  R. M. Abdullah, A. J. Vick, B. A. Murphy and A. Hirohata, J. Phys. D: Appl. Phys. 47 482001 (2014).  
[4]  B. A. Murphy, A. J. Vick, M. Samiepour and A. Hirohata, Sci. Rep. 6, 37398 (2016).  
[5]  A. Acharyya, H. Y. T. Nguyen, W. P. Pratt, Jr. and J. Bass. J. Appl. Phys. 109, 07C503 (2011). 
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Are edge effects strong enough to instigate field free current induced magnetic reversal? 

B Nicholson, A Mora-Hernandez, D Atkinson and A Hindmarch 

Durham University, UK 

Spin currents have attracted intense research in recent years, in particular for current induced magnetisation 
reversal. Here, spin currents are generated in heavy metal/ferromagnetic bilayers via the spin Hall and Rashba 
effects, which exert two torques on the adjacent ferromagnet, a damping like and a field like torque [1]. Two of the 
many aims of spin torque research have been to quantify the magnitudes of the respective torques and to achieve 
field free magnetic reversal. One particular method used to quantify spin torques is to measure the AC Kerr signal 
due to an oscillating magnetic moment induced by AC spin torques under the application of an AC charge current. 
Selectivity of the damping and field like torques can be achieved by applying an in-plane DC magnetic field to tilt 
the magnetisation vector in a direction parallel to the torque in question, with more details in [2]. This method relies 
on sample remaining in a single domain state. 

Here, we demonstrate how magnetic domains affect spin torque measurements and conclude that the 
nucleation/propagation of domains have the same measurement symmetry as a damping like torque, therefore, 
one could wrongfully conclude a significantly enhanced damping like torque, by several orders of magnitude in 
some cases, due to the nucleation of an oppositely polarised magnetic domain. To achieve this, we performed 
current induced magnetisation reversal on a Pt(1 nm)/Co(0.6 nm)/Pt(5 nm) sample as a function of current 
density, applied magnetic field strength and angle between such field and current. Field free magnetic reversal has 
also been observed, with two halves of the sample switching in opposite directions for the same applied current as 
shown in figures 1C-E. The Oersted field and spin polarisation have opposite symmetries at the opposing sides of 
the sample leading to the postulate that one (or both) of these is the root cause of the observed field free reversal. 
We explore the plausibility of such hypothesis and investigate whether these asymmetric fields can be exploited to 
perform complete field free magnetic reversal. 

 

Fig 1: A – Microscope image of the Pt/Co/Pt sample (centre bar) with electrical contact pads. B (C) – Remanence of 
MOKE hysteresis loops for polar field (in-plane current) switching, red/blue indicate reversal in opposite directions. 

D (E) – Contrast enhanced Kerr microscope images for positive (negative) 35 mA DC in-plane currents. 

[1]  A. Hoffmann, 2013. IEEE transactions on magnetics, 49(10), pp.5172-5193. 
[2]  R. M. Rowan-Robinson et al., 2018. Journal of Applied Physics, 124(18): 183901) 
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Session: Skyrmions 

Depth profiling of 3D skyrmion lattice twisting in a chiral magnet  

G van der Laan1, S Zhang2 and T Hesjedal2  

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

It is commonly assumed that surfaces modify the properties of stable materials within the top few atomic layers of a 
bulk specimen only. Exploiting the polarization dependence of resonant elastic x-ray scattering (REXS) to go beyond 
conventional diffraction and imaging techniques, we have determined the depth dependence of the full 3D spin 
structure of skyrmions—that is, topologically nontrivial whirls of the magnetization—below the surface of a bulk 
sample of Cu2OSeO3. It was found that the skyrmions change exponentially from pure Néel- to pure Bloch-twisting 
over a distance of several hundred nanometers between the surface and the bulk, respectively (see Fig. 1). The 
exact surface helicity angles of twisted skyrmions for both left- and right-handed chiral bulk Cu2OSeO3, in the single 
as well as in the multidomain skyrmion lattice state, are determined, revealing their detailed internal structure. The 
experimental results are compared with different theoretical models [1,2]. The findings suggest that a skyrmion 
surface reconstruction is a universal phenomenon, stemming from the breaking of translational symmetry at the 
interface. 

 

Fig 1: Illustration of skyrmion order ranging from Néel- to Bloch-twisting with increasing depth below a surface. (A1–A4) 
Hedgehog spin configuration on the surface of a sphere for skyrmions with winding number N = 1 varying between pure Néel-
twisting (A1) and pure Bloch-twisting (A4). (B1–B4) Real-space planar spin configuration varying between pure Néel-twisting 

(B1) and pure Bloch-twisting (B4). A stereographic projection connects the planar patterns shown in B1–B4 with the hedgehog 
configurations shown in A1–A4, respectively. (C1–C4) Calculated dichroic REXS diffraction pattern associated with a hexagonal 

lattice composed of the spin configurations shown in B1–B4. The orientation of the extinction line marked by a white arrow 
corresponds to the helicity angle denoted on the right-hand side of the panels. Consequently, the chirality of the skyrmions can 

be straightforwardly determined. 
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(2018).  
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Measuring the formation energy barrier of Skyrmions in Zn substituted Cu2OSeO3 

M Wilson1, M Crisanti2, 3, C Barker1, A Štefančič3, J White4, M Birch1, G Balakrishnan3, R Cubitt2 and P Hatton1 

1Durham University, UK, 2Institut Laue-Langevin, France, 3University of Warwick, UK, 4Paul Scherrer Institut, 
Switzerland 

Skyrmions are a topologically protected spin texture that appears in certain chiral magnetic materials [1] and have 
been proposed for applications as memory elements in spintronics devices [2]. This proposed application arises 
from their small size, and the stability that is given by the topological energy barrier between skyrmions and other 
neighbouring magnetic phases.  

One chiral material in which skyrmions are observed is the multiferroic insulator Cu2OSeO3 [3]. From the perspective 
of demonstrating the control of skyrmions, this material is uniquely attractive as the multiferroic nature allows the 
possibility of manipulating skyrmions by applying external electric fields. In a device context, this is much easier 
than manipulation with magnetic fields, and may require less energy than manipulation with electric currents. 

In this talk I will present our recent small angle neutron scattering (SANS) work studying the effect of electric fields 
on the skyrmion lattice in (Cu1-xZnx)2SeO3. We find that electric fields applied parallel to the magnetic field 
dramatically expand the region of skyrmion stability. Furthermore, our data shows that over certain temperature 
ranges, after an electric field is applied, the skyrmion state forms slowly, over a time scale that can be measured by 
SANS. Tracking these formation times as a function of temperature allows us to determine an energy barrier for the 
formation of skyrmions. This is the first time a formation energy barrier for skyrmions has been measured. 

 

 

 

 

 

 

 

 

 

Fig 1: Expansion of the skyrmion region by 
application of an electric field. (a) Small angle 

neutron scattering (SANS) pattern of the skyrmion 
lattice. (b-d) SANS intensity map of the skyrmion 

state in three different applied electric fields. 

 

 

 

 

 

 

 

 

Fig 2: Nucleation and annihilation of the skyrmion 
state by the application of an electric field. 
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[1]  N. Nagaosa, Y. Tokura, Nature Nanotechnology 8, 899 (2013).  
[2]  S. Woo, K. Litzius et al., Nature Materials 15, 501 (2016). 
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Skyrmions in anisotropic magnetic fields: strain and defect driven dynamics 

R Brearton1, 2, S Zhang1, G van der Laan2, T Hesjedal1 

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

In recent years, topologically nontrivial spin-textures known as magnetic skyrmions have been the subject of 
enormous interest in the physical sciences. Magnetic skyrmions can be driven by ultra-low current densities and 
controlled by magnetic field gradients, making them attractive as energy efficient next-generation information 
carriers [1]. Their topological protection against superparamagnetism makes them promising candidates for scaled-
down magnetic random-access memory, while their rich dynamics have led to a range of proposed implementations 
of skyrmion based devices. 

The time evolution of skyrmion systems is well described numerically by the theory of micromagnetism. While this 
popular approach successfully describes the dynamics of small skyrmion systems, the computational complexity of 
the calculation of the demagnetizing field within the theory renders the technique inadequate to model the 
behaviour of large systems. 

The approach pioneered by Thiele to model the motion of magnetic domain walls has recently been extended to 
describe skyrmions, allowing macroscopic skyrmion systems to be modelled using classical molecular dynamics 
[2]. 

Here we use this technique to numerically model the effects of a non-uniform magnetic field on the skyrmion lattice. 
In particular, if the magnetic field is chosen to have weakly broken azimuthal symmetry, then its structure factor 
peaks will broaden anisotropically { this behaviour is often observed in systems with a radial field gradient. The 
global 6-fold symmetry of the skyrmion lattice is found to be protected by the systematic nucleation of topological 
`5-7' defects, which emerge in pairs in regions of high strain [3]. Both of these effects are visualized in figure 1 

(a)  (b)  

Fig 1: (a) An image of a skyrmion system in a non-uniform magnetic field, where arrows depict the relative motion of each 
skyrmion/defect. Voronoi cells surrounding each skyrmion are coloured-in according to the magnitude of their local [100] 

lattice parameter; 5-7 defects are coloured in white. (b) The modulus of the structure factor of (a). The observed peak splitting 
in reciprocal space reflects the fact that defects drive the domain boundary between extended and contracted lattice parameter 

domains in real space. 
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2018. 

[2]  S. Z. Lin et al. Particle model for skyrmions in metallic chiral magnets: Dynamics, pinning, and creep. Phys. 
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in press, 2019. 

The nature of magnetic biskyrmions revealed by combining quantitative electron microscopy, x-ray holography and 
micromagnetic simulations  

J Loudon1, A Twitchett-Harrison1, D Cortés-Ortuño2, M Birch3, L Turnbull3, A Štefančič4, F Ogrin5, E Burgos-Parra5, N 
Bukin5, A Laurenson5, H Popescu6, M Beg7, O Hovorka2, H Fangohr2, 7, P Midgley1, G Balakrishnan4 and P Hatton3  

1University of Cambridge, UK, 2University of Southampton, UK, 3University of Durham, UK, 4University of Warwick, 
UK, 5University of Exeter, UK, 6Synchrotron Soleil, France, 7European XFEL GmbH, Germany 

The intense research effort investigating magnetic skyrmions and their applications for spintronics has yielded 
reports of more exotic objects such as the biskyrmion [1], which consists of a bound pair of counter-rotating vortices 
of magnetisation. We used a combination of quantitative Lorentz transmission electron microscopy (LTEM), x-ray 
holography and micromagnetic simulations to search for biskyrmions in MnNiGa, a material in which they have been 
reported [2]. We found only type-I and type-II magnetic bubbles and demonstrated that images purported to show 
biskyrmions can be explained as type-II bubbles viewed at an angle to their axes. It is not the magnetisation but the 
magnetic flux density resulting from this object that forms the counter-rotating vortices. 

 

Fig 1: (a) Transmission electron micrograph of a magnetic bubble in a 200 nm thick MnNiGa sample acquired at 
room temperature in an out-of-plane field of 233 mT at a defocus of -1.41 mm showing the characteristic black-
white contrast associated with a biskyrmion. (b) The projected magnetic flux density B reconstructed from a series of 
such images using the transport of intensity equation (TIE) with field lines corresponding to the cosine of 100 times 
the phase of the exit wavefunction of the electron beam. The direction of the field is indicated by colours according 
to the colour wheel. This field distribution could correspond to a biskyrmion as shown in (c) or a type II bubble 
shown in (d). (e), (f) Micromagnetic simulations of a type-II bubble viewed at 9.5° to its axis with (e) showing the 
component of the projected magnetisation normal to the electron beam indicated by arrows and colours according 
to the colour wheel and (f) showing the component along the electron beam with the strength indicated by the 
colour bar with red being positive, blue negative and white zero. White lines in (e) show the projected B-field 
calculated for this magnetisation distribution and it can be seen that they closely resemble the B-field reconstructed 
from the experimental images in (b).  

[1]  X. Z. Yu, et al., Nature Communications 5, 3198 (2014).  
[2]  W. Wang, et al., Advanced Materials 28, 6887 (2016). 
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Structural and magnetic studies of the skyrmionic materials GaV4S8-ySey  

S Holt1, A Štefančič1, C Ritter2, M Gutmann3, M Ciomaga Hatnean1, M Lees1 and G Balakrishnan1  

1University of Warwick, UK, 2Institut Laue Langevin, France, 3Rutherford Appleton Laboratory, UK 

Recently, there has been considerable interest in the physics of magnetic skyrmions and the materials in which they 
are hosted due to their potential uses in spintronic devices. Magnetic skyrmions are topological magnetic spin 
structures that were originally identified in materials belonging to the B20 class but have recently been found in 
other non-centrosymmetric materials as well [1].  

Both GaV4S8 and GaV4Se8 have been shown to host Néel type skyrmions [2,3].These two materials are structurally 
similar, forming in a low temperature R3m non-centrosymmetric space group, but exhibit very different magnetic 
phase diagrams at low temperatures. In GaV4S8 and GaV4Se8 the magnetocrystalline anisotropies favour the 
formation of skyrmion magnetic spin textures. We have undertaken investigations into several intermediate 
compositions of GaV4S8-ySey to try to identify variations in magnetic behaviour across the series, in an attempt to 
investigate the possibility of observing skyrmions in the intermediate phases.  

Phase-pure polycrystalline solid-solutions have been successfully synthesized of the GaV4S8-ySey (0≤y≤8) family 
and high quality single crystals grown using the chemical vapour transport technique. We present the results of our 
detailed investigations of the crystal and magnetic structures of this series of materials as both powders and single 
crystals, using x-ray as well as neutron diffraction techniques. These results are further supported by dc and ac 
magnetic susceptibility measurements within the series.  

[1]  S. Mühlbauer, et al., Science 323, 915 (2009).  
[2]  Y. Tokunaga, et al., Nat. Commun. 6, 8638 (2015)  
[3]  I. Kézsmárki et al., Nat. Mater. 14, 4402 (2015). 

Session: Magnetocalorics and spin caloritronics 

(IEEE) Magnetocaloric effect: from energy efficient refrigeration to fundamental studies of phase transitions 

V Franco 

University of Seville, Spain 

The magnetocaloric effect, that is, the reversible temperature change experienced by a magnetic material upon the 
application or removal of a magnetic field, has become a topic of increasing research interest due to its potential 
applications in refrigeration at ambient temperature that is energy efficient and environmentally friendly [1]. From a 
technological point of view, the improvement of magnetic refrigeration systems can have a notable impact on 
society: a large fraction of the electricity consumed in residential and commercial markets is used for temperature 
and climate control. From the point of view of magnetic materials, research on this topic mainly focuses on the 
discovery of new materials with lower cost and enhanced performance. In addition, the characterization of the 
magnetocaloric effect can be used for more fundamental studies of the characteristics of phase transitions. 

I will cover an overview of the phenomenon and a classification of the most relevant families of alloys and 
compounds. I will analyze possible limitations for the optimal performance of the materials in magnetic refrigerators, 
including hysteretic response and cyclability. Regarding phase transitions, I will present a new method to 
quantitatively determine the order of thermomagnetic phase transitions using the field dependence of the magnetic 

24



 

entropy change [2]. For second-order phase transition materials, I will show that critical exponents can be 
determined using the magnetocaloric effect even in cases where the usual methods are not applicable [3]. In the 
case of first-order phase transitions, more details about their hysteretic response can be obtained using T-FORC [4]. 

[1]  V. Franco, J. S. Blázquez, J. J. Ipus, J. Y. Law, L. M. Moreno-Ramírez, and A. Conde, “Magnetocaloric effect: 
From materials research to refrigeration devices,” Prog. Mater. Sci., vol. 93, pp. 112-232, Apr. 2018. 

[2]  J. Y. Law, V. Franco, L. M. Moreno-Ramirez, A. Conde, D. Y. Karpenkov, I. Radulov, K. P. Skokov, and O. 
Gutfleisch, “A quantitative criterion for determining the order of magnetic phase transitions using the 
magnetocaloric effect,” Nat. Commun., vol. 9, 2680, Jul. 2018. 

[3]  V. Franco and A. Conde, “Scaling laws for the magnetocaloric effect in second order phase transitions: 
From physics to applications for the characterization of materials.” Int. J. Refrig., vol. 33, pp. 465-473, May 
2010. 

[4]  V. Franco, T. Gottschall, K. P. Skokov, and O. Gutfleisch, “First-order reversal curve (FORC) analysis of 
magnetocaloric Heusler-type alloys,” IEEE Magn. Lett., vol. 7, 6602904, Mar. 2016.  

Spin Seebeck effect in multilayer thin films  

C Cox1, M Cropper1 and K Morrison1  

1Loughborough University, UK 

The spin Seebeck effect[1] is defined as the generation of a pure spin current (Js) when a magnetised material (such 
as Co2MnSi, YIG, or Fe3O4) is subjected to a temperature gradient (ΔT). To detect it, a thin non-magnetic layer [NM] 
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). We are interested in how this phenomenon might be applied to 
harvesting waste heat (thermoelectric generators) or spintronics applications (spin current source).  

It has been shown that there is an enhancement of the thermoelectric voltage for multilayer Fe3O4:Pt films[2]. What 
is unclear is how much of this is due to contributions from the Anomalous Nernst Effect (ANE)[3] or a change in the 
temperature gradient at each interface. We will show results for {Co2MnSi:Pt}[4] and {Fe3O4:PM} multilayers, where 
PM is a paramagnetic layer, and which were obtained using the heat flux method [5]. This will then be discussed in 
the context of current theories for the generation of a giant spin Seebeck effect in multilayers [6]. 

[1]  K. Uchida et al., Nature 455, 778 (2008)  
[2]  R. Ramos et al., Phys. Rev. B 92, 220407(R) (2015)  
[3]  K. Lee et al., Sci. Rep. 5, 10249 (2015)  
[4]  C. Cox et al., Proc. of SPIE 10357, 1035731 (2017)  
[5]  A. Sola et al., Sci. Rep. 7, 46752 (2017)  
[6]  R. Ramos et al., APL Mater. 4, 104802 (2016) 
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Thermally-assisted spin current diffusion in nanodevices with in-plane magnetization 

H Corte-León1, Y Omori2, K Moran1,3, Y Otani2,4 and O Kazakova1 

1National Physical Laboratory, UK, 2University of Tokyo, Japan, 3University of Leeds, UK, 4RIKEN-CEMS, Japan 

Although much progress has been made toward incorporating pure spin currents into high performance devices 
such as logic circuits[1], many challenges remain, including: increasing the spin diffusion length[2]; improving the 
charge to spin current conversion efficiency[3] and the manipulation/tracking of magnetization[3]. To overcome these 
challenges, attention has been focused towards thermally-assisted spin injection and propagation[4]. However, 
thermally generated spin currents remain largely unexplored due to the difficulty of measuring local temperature 
gradients at the scales used in typical spin diffusion systems as well as contributions of several different effects[5]. 

Here, to further understand the behaviour of spin currents in nanodevices we study multiple measurement 
configurations, including both thermal and electrical spin injection. The studied system is a lateral spin valve 
composed of two Py nanowires, (Fig. 1(a)), bridged by a 400 nm-long Cu transport channel with a protective AlO2 
capping layer. By comparing the signals emerging from different electrical arrangements (e.g. Fig. 1(b) shows the 
field dependence of the resistance in three electrical setups), we are able to track the magnetization evolution, 
compare different ways of detecting spin accumulation, and switch between electrical and thermal spin injection. 

Our results demonstrate a 100 % increase of the voltage resulting from spin accumulation when using thermal spin 
injection (e.g. Fig. 1(c) where the difference between parallel and antiparallel states is measured as a function of 
the applied current), in agreement with previous reports, and also demonstrate the possibility of detecting spin by 
voltage measurements where the spin diffusion channel is not used as a reference (e.g. Fig. 1(c)), thus enabling a 
higher degree of freedom in lateral spin valves by allowing electrode placement away from the channel. 

 

Fig 1: (a) False-colour SEM image of the nanodevices indicating field direction and main dimensions. (b) Magnetoresistance 
measurements. (c) Difference between parallel and antiparallel magnetization states as a function of the applied current. 

Insets: electrical setups used. 

[1] N. Locatelli, V. Cros, J. Grollier, Nat. Mater. 2013, 13, 11. 
[2] J. Bass, W. P. Pratt, J. Phys. Condens. Matter 2007, 19, 183201. 
[3] A. Pfeiffer, R. M. Reeve, M. Voto, W. Savero-Torres, N. Richter, L. Vila, J.-P. Attane, L. Lopez-Diaz, M. Kläui, J. 

Phys. Condens. Matter 2017, 29, 85802. 
[4] A. Slachter, F. L. Bakker, J.-P. Adam, B. J. van Wees, Nat. Phys. 2010, 6, 879. 
[5] G. E. W. Bauer, E. Saitoh, B. J. van Wees, Nat. Mater. 2012, 11, 391. 
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Session: Thin Films and Nanomagnetism II 

Strain-mediated voltage control of spin flip/flop transition in synthetic antiferromagnets 

A Welbourne1, W Lim2, J Liao1, P Gupta1 and A Fernández-Pacheco1, 3 

1University of Cambridge, UK, 2Université Grenoble Alpes, France, 3University of Glasgow, UK 

Strain control of magnetism is set to allow for next-generation magnetic devices with ultra-low energy costs [1,2]. 
Exploitation of the interaction between strain and magnetism (via the inverse magnetostriction effect) allows for 
control of magnetic anisotropy. In synthetic antiferromagnets (SAFs), the combination of coupling and anisotropy 
plays a key role in behavior; by manipulating both, we can control the reversal mechanism of the films. 

The samples investigated here are SAF bilayer thin films: Ta/Pt/CoFeB (3)/Pt (x)/Ru (0.9)/Pt (x)/CoFeB (3)/Pt - 
thicknesses in nm. The Pt thickness, x = 0-0.9, is exploited to tune the coupling strength in the range 0.0036-0.036 
erg cm-2. The samples are grown on a flexible Kapton substrate such that we can apply uniaxial strains of up to 
0.1%, thus varying the anisotropy from negligible values up to 1.8 x 105 erg cm-3. 

In this contribution, by means of focused magneto-optical Kerr effect (MOKE) magnetometry measurements, we will 
show control of the switching behavior in SAF films from rotation-dominated to domain wall-dominated processes 
(Fig 1). Our results demonstrate that the reversal behavior of the layers is not solely dependent on the ratio of 
anisotropy to coupling, as is usually the case for some SAF devices [3]. We can access the spin flip or spin flop 
transition regimes via changes in either of the two parameters [4]. However, the transition from double to single 
switching is only accessible by tuning the coupling at a fixed anisotropy value, not by changes in anisotropy via 
strain. We will explain this asymmetry by complementary micromagnetic and macrospin simulations, as well as via 

MOKE domain images of magnetic reversal. Additionally, 
imaging allows us to compare in detail the change in 
behavior between films grown on rigid Si vs flexible 
Kapton substrates; something not evident in 
magnetometry measurements. Our results highlight the 
fundamental differences and similarities between 
variations in anisotropy and coupling, of great relevance 
for future spintronic applications involving SAFs [5]. 

Fig 1: Changing the coupling to anisotropy ratio: (a) MOKE 
loops for different coupling and anisotropy. Changing 
anisotropy does not allow access to the single switching 
regime; (b) Domain image of SAF bilayer in spin flip regime on 
Kapton; (c) Bilayer in spin flip regime on Kapton; (d) Same 
growth as b & c, but on Si. Spin flip regime. Scale bar is 50 μm. 

[1]  J. Hu, L. Chen, C. Nan, Adv. Mater. 28, 1, 15-39 (2015) 
[2]  T. Wu, et al., Appl. Phys. Lett. 98, 262504 (2011) 
[3]  R. Lavrijsen, et al., Nature. 493, 7434, 647-650 (2013) 
[4]  R. W. Wang, et al., Phys. Rev. Lett. 72, 920-923 (1994) 
[5]  R. A. Duine, et al., Nat. Phys. 14, 217-219 (2018) 

27



 

Dependence of ultrafast magnetization dynamics in DyFe2/YFe2 exchange spring magnets upon orientation of static 
magnetic field 

M Dąbrowski1, R C C Ward2, T Hesjedal2 and R J Hicken1 

1University of Exeter, UK, 2University of Oxford, UK 

The manipulation of magnetization at ultrashort timescales, and by excitation sources that consume little power, is 
attractive for future memory storage device applications such as heat assisted magnetic recording (HAMR). Among 
the different structures being studied, Exchange Spring (ES) magnets are particularly relevant since they possess a 
reservoir of potential energy that can provide an additional torque that reduces the external energy required to 
switch the magnetization direction [1]. In this work we study the optically induced magnetization dynamics of 
epitaxial Laves phase DyFe2/YFe2 structures. Using timeresolved magneto-optical Kerr effect (TRMOKE) 
measurements we demonstrate winding and precession within the soft YFe2 layers within the 
[DyFe2(2nm)/YFe2(8nm)]x40 superlattice structure [1]. We show that the ES magnetization dynamics strongly 
depends upon the bias magnetic field orientation. In particular, for the magnetic field applied along the in-plane 
hard axis, the magnetization dynamics of the spring can be continuously excited in the field range from 4.5 kOe 
down to remanence, allowing the precession to be observed in a wide frequency range of 2.5–16 GHz. Finally, we 
present results for a DyFe2(30nm)/YFe2(7.5nm)/DyFe2(30nm) trilayer ES structure with substantially thicker hard 
layer and stronger in-plane magnetic anisotropy. Here the magnetization precession of the spring is heavily 
damped, with virtually no oscillations observed beyond an inflection point at around 30 ps after excitation by the fs 
laser pulse, regardless of the applied magnetic field direction and the pump laser fluence. The different ultrafast 
magnetic response observed for different soft/hard layer thickness within the present work indicates the scope for 
engineering ES structures for future data storage applications. 

[1]  L. R. Shelford, Y. Liu, U. Al-Jarah, P. A. J. de Groot, G. J. Bowden, R. C. C. Ward and R. J. Hicken, Phys. Rev. 
Lett. 113, 067601 (2014). 

Phase boundary exchange coupling in the mixed magnetic phase of a B2-ordered FeRh epilayer  

J Massey1, K Matsumoto2, M Strungaru3, R Temple1, T Higo2, K Kondou4, R Evans3, R Chantrell3, Y Otani2, 4 and C 
Marrows1 

1University of Leeds, UK, 2University of Tokyo, Japan, 3University of York, UK, 4RIKEN, Japan 

B2-ordered FeRh undergoes a first order phase transition from an antiferromagnet (AF) to a ferromagnet (FM) upon 
heating through the transition temperature ~ 380 K [1]. The first order nature of the transition means that there will 
be two coexisting magnetic phases between which there may be an exchange coupling [2,3]. There has yet to be 
any direct evidence of this exchange coupling in the mixed magnetic phase of the FeRh system and its 
understanding is important for the design of FeRh based magnetic memory devices [3]. Here, we present Spin-Wave 
Resonance (SWR) measurements through the transition of a B2-ordered Pd-doped FeRh epilayer. SWR 
measurements allow for the extraction of the effective exchange constant across the film thickness, 𝐽𝐽𝐸𝐸𝑓𝑓𝑓𝑓, which in 
the fully FM phase is seen to be consistent with the mean field value based on a measurement of the Curie 
temperature, but then decreases as antiferromagnetic regions nucleate. Adopting a FM/AF/FM trilayer model for the 
domain structure [4] allows for the extraction of the exchange coupling associated with the nucleation of AF regions, 
𝐽𝐽𝐴𝐴𝐹𝐹. The SWR signal comes exclusively from the FM regions and so this weakening of 𝐽𝐽𝐸𝐸𝑓𝑓𝑓𝑓 is a direct consequence of 
its proximity to the AF regions, and is shown in the emergence of 𝐽𝐽𝐴𝐴𝐹𝐹. These hypotheses are supported by atomistic 
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spin dynamic simulations of an idealised FM/AF/FM geometry for a series of temperatures. These simulations show 
that the exchange coupling across the FM/AF interface weakens the exchange in the FM regions for up to 5 atomic 
layers into the FM regions and recovers a similar temperature dependence of the SWR frequency found in the 
experiment. The agreement of the experimental and simulation results suggests that the hypothesis of the 
weakening of the FM exchange due to a coupling across the AF/FM interface is correct and constitutes direct 
observation of the exchange coupling across the FM/AF interface in mixed magnetic phase B2-ordered FeRh [5].  

[1]  M.Fallot and R.Hocart, Rev. Sci.8, 498 (1939).  
[2]  T. P. Almeida et al., Sci. Rep.7, 1 (2017).  
[3]  T. Moriyama et al., App. Phys. Lett. 107, 12 (2015).  
[4]  C. Gatel et al., Nat. Comms. 8, 15703, (2017).  
[5]  J. R. Massey et al., arXiv:1807.01615, (2018).  

a) b)  

Figure 1): Panels a) and b) show the evolution of 𝐽𝐽𝐸𝐸𝑓𝑓𝑓𝑓 and 𝐽𝐽𝐴𝐴𝐹𝐹 as a function of position within the transition, 𝜙𝜙=𝑀𝑀/𝑀𝑀𝑆𝑆. Both 
panels show measurements taken on the heating (red circles) and the cooling (black squares) branch of the transition, with the 

mean field value (dashed line) and the region encompassed by the associated error bars (grey region) shown in panel a). 

Resolving conflict in reported values of spin diffusion length for spin transport in FM/HM systems 

C Swindells, A Hindmarch, A Gallant and D Atkinson 

Durham University, UK 

Manipulating and understanding interfacial spin transport is fundamental for modern spintronic devices. To fully 
exploit related interface phenomena, such as spin-orbit torques or spin-pumping, the dependence of the structure 
and properties of the interface on key transport parameters must be quantified. Our previous work has shown the 
enhancement in interfacial transport with improved structural matching between FM and NM materials [1], as well 
as the dependence of spin transport on the thickness of the NM layer [2]. The nature of the parameters governing 
this transport however remains a subject of debate with the reported values seemingly affected by the different 
experimental methods and analyses. In particular, experimental values for the spin-diffusion length of the NM layer 
are inconsistent; for Pt, spin diffusion lengths have been reported from 1 nm up to 10 nm [3,4] depending on the 
method used. The role of the interface structure and its influence on the effective spin-diffusion length are also 
unclear. 

Here we present results and new analysis of spin transport on a variety of crystalline and amorphous NM/FM and 
FM/NM systems that properly quantifies spin transport across the interface. Building upon the proposed linkage of 
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resisivity and the spin diffusion length [5] new experimental analysis here resolves the difference in previously 
reported values for the spin diffusion length of Pt, see figures 1 and 2. This analysis demonstrates that the larger 
values for the spin diffusion length are correct, and lower values obtained from spin-pumping studies are limited by 
an incomplete understanding of the role of the interface. This understanding allows us to exploit interfacial 
phenomena to tailor strucutres with tunable magnetisation dynamics, in particular the Gilbert damping parameter, , 
by separating FM/NM ‘building blocks’ with appropriate α dielectrics. Further details can be found in reference [6]. 

[1]  M. Tokaç, S. A. Bunyaev, G. N. Kakazei, D. S. Schmool, D. Atkinson, and A. T. Hindmarch, Phys. Rev. Lett. 
115, 056601 (2015). 

[2]  S. Azzawi, A. Ganguly, M. Tokaç, R. M. Rowan-Robinson, J. Sinha, A. T. Hindmarch, A. Barman, and D. 
Atkinson, Phys. Rev. B 93, 054402 (2016) 

[3]  C. Stamm, C. Murer, M. Berritta, J. Feng, M. Gabureac, P. M. Oppeneer, and P. Gambardella, Phys. Rev. 
Lett. 119, 087203 (2017). 

[4]  W. Zhang, V. Vlaminck, J. E. Pearson, R. Divan, S. D. Bader, and A. Hoffmann, Appl. Phys. Lett. 103, 
242414 (2013). 

[5]  M.-H. Nguyen, D. C. Ralph, and R. A. Buhrman, Phys. Rev. Lett. 116, 126601 (2016).  
[6]  C Swindells, A Hindmarch, A Gallant and D Atkinson, Under Review 

 

 

 

(Invited) Piezomagnetic manganese nitrides for thin film caloric and spintronic applications 

L Cohen 

Imperial College London, UK 

Antiferromagnets hold interest because of their potential for application in spintronic devices, as an active layer that 
offers fast switching and a robust insensitivity to magnetic field [1,2] Quite separately, the ability to control 
magnetism with electric field directly or through strain-driven piezoelectric coupling remains a key goal of spintronics 
for energy efficient ICT [3]. Increasing interest has been paid to non-collinear antiferromagnetic metals such as 
Mn3Sn and Mn3Pt where the spin associated with each of the three Mn ions are configured in a frustrated triangular 
magnetic configuration. Prediction and observation of large anomalous Hall signature [4, 5] and large magneto-
optic Kerr effect [6, 7] in these systems results from this non-collinear spin symmetry. However, report of the 

Fig1: Increase in measured effective spin mixing 
conductance for various FM/NM interfaces as a 
function of Pt thickness. Inset is the associated 

interfacial in damping for one FM/NM case. 

Fig2: Extracted interfacial transport parameters for 
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successful growth of thin films of Mn3Sn has so far been limited [8, 9], although piezoelectric strain-controlled 
manipulation of the Néel temperature in thin film Mn3Pt has been demonstrated [10]. Interestingly Mn3AN (where A 
is Ga, Ni, Sn) is a cubic antiperovskite which also takes a triangular spin arrangement on the three Mn sites below 
the Néel temperature. Along with the prediction of giant piezomagnetism (a linear magneto-mechanic coupling 
effect – see fig 1) [11, 12] is the predicted existence of a rich magnetic-strain phase diagram which may hold 
interest for thin film calorics as well as spintronics [13]. In this talk I will review thin film Mn3NiN properties and the 
evidence for giant piezomagnetism [14], the anomalous Hall effect, exploration of the magnetic phase diagram and 
our first attempts to incorporate these films on piezoelectric substrates. Overall our observations pave the way for 
further research into the broader family of Mn-based antiperovskites where yet larger piezomagnetic effects are 
predicted to occur at room temperature.  

 

Fig. 1: Schematic showing the dependence of Magnetisation (M) on strain (produced by the electric field applied to a 
piezoelectric substrate) Figure taken from reference [14] 

[1]  T. Jungwirth et al., ‘Antiferromagnetic spintronics’ Nat. Nanotech 11, 231 (2016). 
[2]  V. Baltz et al., ‘Antiferromagnetic spintronics’ Rev. Mod. Phys. 90, 015005 (2018). 
[3]  Han Yan et al., ‘A piezoelectric, strain-controlled antiferromagnetic memory insenstive to magnetic fields’ 

Nat. Nanotech 7 Jan on line publication (2019). 
[4]  Hua Chen, Qian Niu, and A. H. MacDonald, ‘Anomalous Hall Effect Arising from Noncollinear 

Antiferromagnetism’ PRL 112, 017205 (2014). 
[5]  S. Nakatsuji, N. Kiyohara, and T. Higo, ‘Large anomalous Hall effect in a non-collinear antiferromagnet at 

room temperature’, Nature 527, 212 (2015). 
[6]  Wanxiang Feng et al., Lrge magneto-optical Kerr effect in noncollinear antiferromagnetic Mn3X (X=Rh, Ir, 

Pt), Phys Rev B 92, 144426 (2015). 
[7]  T. Higo et al., Large magneto-optical Kerr effect and imaging of magnetic octupole domains in an 

antiferromagnetic metal, Nat. Photonics 12, 73 (2018). 
[8]  A. Markouet al., Noncollinear antiferromagnetic Mn3Sn films, Phys Rev Materials 2, 051001R (2018). 
[9]  T. Higo et al., Anomolous Hall effect in thin films of the Weyl antiferromagnet Mn3Sn, Appl. Phys Lett 113, 

202402 (2018). 
[10]  Z. Q. Liu et al., Electrical switching of the topological anomalous Hall effect in a non-collinear 

antiferromagnet above room temperature’ Nat. Electronics 1, 172 (2018). 
[11]  P Lukashev et al., Theory of the Piezomagnetic Effect in Mn-Based Antiperovskites. Phys. Rev. B: Condens. 

Matter Mater. Phys. 2008, 78, 184414. 
[12]  J. Zemen et al., Piezomagnetism as a counterpart of the magnetovolume effect in magnetically frustrated 

Mn-based antiperovskite nitrides. Phys. Rev. B: Condens. Matter Mater. Phys. 2017, 96, 024451. 
[13]  J. Zemen et al., Frustrated Magnetism and Caloric Effects in Mn-Based Antiperovskite Nitrides: Ab Initio 

Theory. Phys. Rev. B: Condens. Matter Mater. Phys. 2017, 95, 184438. 
[14]  D. Boldin et al., Giant Piezomagnetism in Mn3NiN, ACS Appl. Mater. Interfaces 2018, 10, 18863−18868 
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Session: Theoretical and Computational Magnetism I 

(CCP) A review of spin-lattice dynamics and its applications 

P Ma, J Chapman and S Dudarev 

Atomic Energy Authority, UK 

Thermal magnetic excitations affect the crystallographic phase stability, defect stability and even defect mobility of 
magnetic materials. In order to study the coupled spin and lattice dynamics in atomic scale, we developed both the 
theoretical foundation and numerical algorithms of spin-lattice dynamics [1]-[5]. Spin-lattice dynamics simulates 
atomic movements as well as rotational and longitudinal fluctuations of atomic magnetic moments within a unified 
framework, generalizing molecular dynamics to magnetic materials. Collective magnetic and atomic excitations can 
now be investigated. The dynamics of these excitations are followed using a time dependent simulation method. 

The occurrence of the fcc gamma loop in the Fe-Cr phase diagram results from the competition between the free 
energy contributions from lattice and magnetic excitations [6]. We show that the bcc-fcc-bcc phase transition in iron 
can be directly reproduced by spin-lattice dynamics simulations. Starting from a large set of data generated by ab 
initio calculations, we derive non-collinear magnetic many-body potentials for bcc and fcc iron. Then, we perform 
spin-lattice dynamics simulations to evaluate the free energy difference between bcc and fcc phases, assessing 
their relative stability within a unified dynamic picture. We find two intersections of the bcc and fcc free energy 
curves, which correspond to bcc-fcc and fcc-bcc phase transitions. The maximum fcc-bcc free energy difference over 
the temperature interval between the two phases transition points is close to 2 meV, in agreement with other 
experimental and theoretical estimates. 

The main constituents of steels are iron and chromium, and both are magnetic transition metals. We examined the 
dynamics of magnetism in a variety of assumed Fe-Cr alloy microstructures similar to those observed 
experimentally. The Curie temperature of Fe-Cr alloys varies over a broad temperature interval as a function of 
microstructure, increasing rapidly due to Cr precipitation. Using the magnetic cluster expansion Hamiltonian, we 
perform dynamic magnetic simulations and derive valuable information about the response of alloys to fluctuating 
magnetic field and temperature on a million atoms scale, required for exploring structural and magnetic properties 
of steels under realistic plasma confinement conditions. 

[1]  P.-W. Ma, C. H. Woo, S. L. Dudarev, Large-scale simulation of the spin-lattice dynamics in ferromagnetic 
iron, Physical review B 78 (2), 024434 (2008) 

[2]  P.-W. Ma, S. L. Dudarev, Longitudinal magnetic fluctuations in Langevin spin dynamics, Physical Review B 
86 (5), 054416 (2012) 

[3]  P.-W. Ma, S. L. Dudarev, A. A. Semenov, C. H. Woo, Temperature for a dynamic spin ensemble, Physical 
Review E 82 (3), 031111 (2010) 

[4]  P.-W. Ma, S. L. Dudarev, Langevin spin dynamics, Physical Review B 83 (13), 134418 (2011) 
[5]  P.-W. Ma, S. L. Dudarev, J. S. Wrobel, Dynamic simulation of structural phase transitions in magnetic iron, 

Physical Review B 96 (9), 094418 (2017) 
[6]  M.Y. Lavrentiev, D. Nguyen-Manh, S.L. Dudarev, Phys. Rev. B 81, 184202 (2010). 
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Quantum thermodynamics of complex magnets  

J Barker1 and G Bauer2,3 

1University of Leeds, UK, 2Tohoku University, Japan, 3University of Groningen, Netherlands 

Atomistic spin dynamics is a common method used to calculate dynamics and thermodynamics of magnets. It is a 
classical formalism based on the Heisenberg Hamiltonian. Magnetic materials can be modelled in exquisite detail, 
with the exchange and additional Hamiltonian terms parameterised from ab initio or experiments. It is a good 
approach for modelling complex magnets where simple magnon band theories can be inadequate. Even though 
such complex models can be built, the formalism still lacks quantitative power because classical (Rayleigh-Jeans) 
statistics are generally used, which are inappropriate at low temperatures. This is equivalent to the ultraviolet 
catastrophe of black-body physics, but for magnons. 

We have incorporated a quantum thermostat into atomistic spin dynamics so that the magnons now obey Planck 
statistics. This allows truly quantitative calculations to be performed. We apply this method to calculate 
thermodynamic and magnon transport properties in the complex ferrimagnet yttrium iron garnet (YIG). This magnetic 
insulator is used across many research fields due to its ultra-low Gilbert damping. The large unit cell, containing 20 
magnetic atoms cannot be approximated easily, as we will show. We have calculated thermodynamic quantities of 
interest in spintronics—such as the magnon heat capacity and magnon spin conductivity. These are extremely 
difficult to measure in experiments and often limited to only the low temperature regime. Our calculations at low 
temperature show excellent agreement with experimental measurements. Calculating beyond this regime we show 
the deficiency of analytic methods in such complex systems, due to their crude approximation of the magnon 
spectrum. 

 

Fig. 1 Magnon heat capacity in the low temperature regime, compared to experiments and simple theories. A classical spin 
dynamics calculation (not shown) is 5 orders of magnitude larger. 
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The effects of disorder on hysteresis loops in chiral magnets 

O Hovorka1, D Cortés-Ortuño1, V Nehruji1, R Pepper1, J Waters1, T Lancaster2 and P Hatton2  

1University of Southampton, UK, 2Durham University, UK 

In this talk we investigate the effect of distribution of pinning sites on the magnetization behavior in systems with 
Dzyaloshinskii–Moriya interaction (DMI). We consider the following standard classical spin Hamiltonian [1]: 

 

where the first term corresponds to Heisenberg exchange, the second term is the DMI energy, the third term 
represents uniaxial anisotropy energy Ki acting on a given spin site i and the last term is the Zeeman energy. To 
model the effect of disorder we consider spatial Gaussian distribution of the anisotropy constants Ki having mean K 
and standard deviation 𝜎𝜎. First we discuss the reduction of the model to a lattice resolved mean-field theory, and 
the development of energy minimisation algorithm for solving it. This approach allows to compute systematically 
and efficiently the magnetisation versus field, M(H), dependence for variable distributions of Ki and temperature, 
and can be used for computing qualitative thermodynamic phase diagrams to explore material behaviour and to 
guide computationally costly Monte-Carlo simulations. 

We show that as the standard deviation 𝜎𝜎 of the anisotropy distribution increases, relative to the strength of 
exchange interaction and DMI, the nature of the reversal modes observed along a typical M(H) hysteresis loop 
changes in a certain temperature window. Namely, in ‘clean’ systems with small 𝜎𝜎, the reversal proceeds first 
through the appearance of skyrmion lattices at low external fields, while in ‘dirty’ systems with large 𝜎𝜎 the reversal is 
through the nucleation of individual or small groups of skyrmions. We systematically quantify this effect and discuss 
its broader implications for applications. 

 

Fig 1: A color-coded plot of a skyrmion number computed from a lattice resolved mean-field model for different values of 
normalized fields H and inverse temperatures 𝛽𝛽 = 𝑇𝑇%& for the uniaxial anisotropy distribution with standard deviation (a) 𝜎𝜎 = 0 
when the magnetisation reversal along the hysteresis loop obtained at 𝛽𝛽 = 1.1 (left inset) proceeds through the emergence of a 
skyrmion lattice (right inset), and (b) 𝜎𝜎 = 0.2 the magnetisation reversal proceeds through single or small groups of skyrmions. 

[1]  D. Stosic et al., Phys. Rev. B 96, 214403 (2017) 
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Near-Tc damping and anisotropy calculations; Application to FePt heat-assisted magnetic recording media 

M Strungaru, S Ruta, R Evans and R Chantrell 

University of York, UK 

The highly anisotropic granular L10 FePt represents the main candidate for heat-assisted recording media (HAMR), 
the most promising technology for next-generation hard disk drives. The HAMR technology implies an ultrahigh areal 
density due to the under 10nm sized granular systems and thermal stability due to the large perpendicular 
anisotropy. The writing process of the information is done at elevated temperature (near the Curie temperature Tc), 
and makes use of a laser pulse to switch the magnetisation at small enough fields. 

The speed at which a bit can be reversed is governed by the damping process. The damping process is 
phenomenologically described by Landau Lifshitz-Gilbert (LLG) equation and it is understood by the coupling of the 
magnetic modes to the lattice vibrations and electron orbits. Although HAMR drives will be released on the market in 
the near future, the damping mechanism at high temperature is still poorly understood. Motivated by recent 
experimental studies that have shown an unexpected decrease of damping with temperature [1], we calculate 
numerically the temperature dependence of damping using an atomistic spin-dynamics model [2]. The damping 
mechanism in magnetic systems is complex and controlled by relaxation processes that have a strong temperature 
dependence. The aim of our studies is to understand whether the two-magnon scattering relaxation process (that 
can be present in our finite-size system) is responsible for an unusual temperature dependence of damping near Tc. 

In our simulations the damping is extracted from frequency dependent FMR spectra. These calculations are 
computationally expensive, hence we also use another technique based on transverse relaxation curves [3] and a 
fitting procedure based on a grid-search method. The temperature dependence of anisotropy is also crucial for 
HAMR. As both the FMR and transverse relaxation curves offer this dependence, we further compare the anisotropy 
obtained from this methods with constrained Monte-Carlo calculations [4]. We find that the damping increases 
rapidly close to Tc , which is generally observed experimentally but in contrast with [1]. To investigate whether finite 
size effects and consequent truncation of the magnon spectrum could explain the data of [1] we calculated the 
damping as a function of the grain size. However, the damping is found to be enhanced with decreasing grain size, 
presumably because of enhanced scattering at the grain boundaries. 

[1]  Richardson, Daniel, et al. "Near-T c Ferromagnetic Resonance and Damping in Fe Pt-Based Heat-Assisted 
Magnetic Recording Media." Physical Review Applied 10.5 (2018): 054046. 

[2] Evans, Richard FL, et al. "Atomistic spin model simulations of magnetic nanomaterials." Journal of 
Physics: Condensed Matter 26.10 (2014): 103202. 

[3] Ellis, M. O. A., T. A. Ostler, and R. W. Chantrell. "Classical spin model of the relaxation dynamics of rare-
earth doped permalloy." Physical Review B 86.17 (2012): 174418. 

[4] P. Asselin, R. F. L. Evans, J. Barker, R. W. Chantrell, R. Yanes, O. Chubykalo-Fesenko, D. Hinzke, and U. 
Nowak , Phys. Rev. B 82, 054415 (2010) 

  

35



 

The role of longitudinal magnetic fluctuations on the anisotropy of L10 FePt 

M Ellis, M Galante and S Sanvito 

Trinity College Dublin, Ireland 

L10 ordered FePt is a magnetic material of great interest for magnetic recording applications due to its large uniaxial 
anisotropy. Previous ab-initio studies [1] observed that the magnetic moments localised on the Pt atoms arise due 
to the local exchange field provided by the neighbouring Fe atoms. As such an effective spin Hamiltonian can be 
derived without the Pt degrees of freedom. 

Here, we employ an atomistic spin model that incorporates the longitudinal fluctuations of the spin magnetic 
moment following the Landau Hamiltonian given by Ma and Dudarev [2]. 

Using this, we construct a model for L10 FePt, where the Pt magnetic moment depends linearly on its local exchange 
field. Using this model, we find a slight increase in the Curie temperature compared to the case with fixed moment 
length while at finite temperature the distribution of the Pt moment length shifts, so the peak is centred about zero 
even below the Curie temperature as shown in figure 1. Analysis of the resonance frequency over a range of 
temperatures allows us to extract the temperature dependence of the anisotropy field which agrees with the 
experimental M(T)2.1 behaviour. In our model this fractional power arises from the longitudinal fluctuations on the Pt 
moments. Finally, we apply this model to switching in 

FePt thin films using atom-resolved ab-initio computed spin-transfer torque. Whilst the torque on the Fe atoms is 
dominant and promotes switching the Pt torque opposes this but the exchange interaction sustains the collinearity 
in the film. 

 

Fig 1: Probability distribution of the longitudinal spin moment length in FePt for (a) the Fe atoms and (b) the Pt 
atoms over a range of temperatures. 

[1]  O. N. Mryasov, U. Nowak, K. Y. Guslienko, and R. W. Chantrell, Europhys. Lett. 69, 805 (2005). 
[2]  P.-W. Ma and S. L. Dudarev, Phys. Rev. B 86, 54416 (2012). 
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(Plenary) Hidden magnetoelectric multipoles in multiferroics and superconductors 

N Spaldin 

ETH Zürich, Switzerland 

Most magnetic materials, phenomena and devices are well described in terms of magnetic dipoles of either spin or 
orbital origin. There is mounting evidence, however, that higher-than-dipolar order multipoles both exist (often in 
hiding) and lead to intriguing magnetic behaviours. In this talk I will discuss the relevance of the so-called 
magnetoelectric multipoles, which form the next-order term, after the magnetic dipole, in the multipolar expansion 
of the magnetization density with the magnetic field. First, I will describe how magnetoelectric multipoles underlie 
multiferroic behaviour and in particular how they determine the magnetic response to applied electric fields. Then I 
will discuss signatures of hidden magnetoelectric multipolar order, how it can be unearthed using density functional 
theory calculations and possibilities for its direct measurement. Finally, I will demonstrate that such magnetoelectric 
hidden order occurs in the high-Tc cuprate materials, where it might be relevant for the superconducting behaviour, 
providing a link between multiferroism and exotic superconductivity. 

 

[1] N. A. Spaldin et al., Monopole- based formalism for the diagonal magnetoelectric response, Phys. Rev. B 
88, 094429 (2013). 

[2] M. Fechner et al., Quasistatic magnetoelectric multipoles as order parameter for pseudogap phase in 
cuprate superconductors, Phys. Rev. B 93 174419 (2016). 

[3] Q. Meier et al., Search for the magnetic monopole at a magnetoelectric interface, arXiv:1804.07694 
(2018). 
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Tuesday 9 April  

(Wohlfarth Lecture) Neuromorphic computing with spintronic nano-oscillators 

J Grollier  

CNRS/Thales Laboratory, France 

The purpose of neuromorphic computing is to take inspiration from the brain to build hardware neural networks that 
can learn to perform useful tasks with low energy consumption [1]. In this talk, I will show that spintronic nano-
oscillators based on magnetic tunnel junctions can act as artificial neurons [2]. I will present our first results of 
pattern recognition with small networks of coupled oscillators [3]. I will then show that these microwave nano-
neurons open the path to wireless deep learning. 

[1] J. Grollier, D. Querlioz, et M. D. Stiles, « Spintronic Nanodevices for Bioinspired Computing », Proc. IEEE, 
vol. 104, no 10, p. 2024‑2039, oct. 2016. 

[2] J. Torrejon et al., « Neuromorphic computing with nanoscale spintronic oscillators », Nature, vol. 547, no 
7664, p. 428‑431, juill. 2017. 

[3] M. Romera et al., « Vowel recognition with four coupled spin-torque nano-oscillators », Nature, vol. 563, no 
7730, p. 230, nov. 2018. 

Session: Other topics in Magnetism 

Unconventional spin textures and domain-wall pinning in Sm–Co magnets  

L Pierobon1, A Kovács2, R E Schäublin1, U Wyss3, R E Dunin-Borkowski2, J F Löffler1, M Charilaou1,4  

1ETH Zurich, Switzerland, 2Ernst-Ruska Centre for Microscopy and Spectroscopy with Electrons, Peter Grünberg 
Institute, Germany, 3Arnold Magnetic Technologies, Switzerland, 4University of Louisiana at Lafayette, USA 

Sm–Co alloys are the strongest permanent magnets used for high-temperature applications thanks to their cellular-
type microstructure characterized by Zr-rich platelets intersecting Sm2Co17 cells and SmCo5 precipitates [1]. This 
microstructure supports a dense network of strongly pinned domain walls, endowing the material with remarkable 
magnetic hardness. Extensive research has focused on understanding the connection between the magnet’s 
microstructure and magnetic properties [2], but theory and experiment have not yet converged. Here, by combining 
high-resolution Lorentz transmission electron microscopy and micromagnetic simulations, we show that 
magnetization reversal is dominated by an interplay between curling instabilities at interfaces and domain-wall 
pinning at the SmCo5 precipitates [3]. Specifically, the reversal starts at the interfaces between the Zr-rich platelets 
and Sm2Co17 cells, where domain walls are nucleated, and despite strong pinning it propagates through the SmCo5 
precipitates via the Zr-rich platelets. We have also observed topologically non-trivial structures, such as 2π and 3π 
domain involved in domain-wall pinning. Based on these findings, which shed light on the connection between the 
microstructure and magnetic properties of Sm–Co, we discuss that higher magnetization domain-wall windings and 
their topology play an important role in magnetic hardness and propose a way of increasing coercivity and 
remanence by microstructure optimization. 

 

 

38



 

 

Fig. 1. Lorentz transmission electron microscopy images showing a dense domain-wall network as recorded at 0.5 mm (a) over- 
and (b) underfocus. Unconventional magnetization textures, such as domain-wall annihilation and offsetting are marked, as 

well as (c) exotic 2π domain walls. 

[1]  J. F. Liu, Y. Zhang, D. Dimitrov, G. C. Hadjipanayis, J. Appl. Phys. 85, 2800 (1999). 
[2]  M. Duerrschnabel et al., Nat. Comm. 8, 54 (2017). 
[3]  L. Pierobon et al., arXiv:1901.01922 (2019). 

Hybrid Anisotropy and carbon based, high BHmax magnetic films 

T Moorsom1, S Alghamdi1, M Beg2, H Fangohr2, G Teobaldi3, M Rogers1, T Prokscha4, M Ali1, B J Hickey1 and O 
Cespedes1 

1University of Leeds, UK, 2European XFEL, Germany, 3STFC, UK, 4Paul Scherrer Institute, Switzerland 

In 2010, it was determined that the unusual spin transport characteristics of hybrid molecule-metal devices were 
due to the formation of magnetic hybrid interface states. [1,2] These interface states are the result of spin 
dependent p-d hybridization between transition metal ferromagnets and light atoms such as carbon. Nine years on, 
the degree to which magnetic thin films can be engineered and controlled through the addition of molecules is only 
just being elucidated. [3] In particular, it is now evident that molecular films can modify the magnetic properties of 
metallic thin films. [4,5]  

We have measured an unprecedentedly large BHmax energy product in Co/C60 bilayers, exhibiting coercivity up to 0.9 
T and energy products as large as 356 kJ/m3 at low temperatures. We demonstrate how this is due to symmetry 
breaking at the Co/C60 interface which results in the formation of a spin dependent interfacial dipole. The resultant 
surface pinning causes the bilayer to behave as an exchange spring, significantly increasing its energy product 
without compromising magnetization. This effect does not rely on magnetic order in the molecular film, 
demonstrating that exchange bias and unidirectional anisotropy can be achieved purely through modifying 
boundary conditions. This description not only explains the pinning observed in CoC60 films, but also resolves the 
paradoxically high exchange bias observed in Co/MnPc bilayers. [6] This study presents a breakthrough in the use 
of molecular materials to engineer the magnetic properties of thin films, an exploration of the fundamental limits of 
exchange bias and surface anisotropy and a possible route towards a new type of rare-earth free permanent 
magnet.  
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Fig 1. a. Hysteresis loop at 3 K for a Co/C60 bilayer showing 
unprecedentedly high coercivity and irreversible depinning 
of the interface. b. Dependence of the energy product of a. 
with temperature, showing a transition associated with the 
C60 rotational degree of freedom. c. Susceptibility of a. for 
various reversal fields, showing an exchange-spring-like 
reversal mechanism. 

[1]  C Barraud et al, Nature Physics, 6, 615-620, 2010.  
[2]  S Sanvito, Nature Physics, 6, 562-564, 2010.  
[3]  M Cinchetti et al, Nat. Mat. 16, 507-515, 2018.  
[4]  T Moorsom et al, Phys Rev B. 90, 125311, 2014.  
[5]  F Al Ma’Mari et al, Nature, 524, 69-73, 2015.  
[6]  M Gruber et al Nat. Mat. 14, 981-984, 2015. 

A ferrite-filled cavity resonator for electronic article surveillance on metallic packaging  

E R Glover, P S Keatley, B Tremain, I R Hooper, A P Hibbins and R J Hicken  

University of Exeter, UK  

Conventional adhesive label electronic article surveillance (EAS) tags, which resonate at 8.2 MHz, are ineffective on 
metallic packaging. The tags are activated by an RF magnetic field applied perpendicular to their plane. This field 
also excites eddy currents within an underlying metallic surface that generate an opposing RF field, preventing 
efficient excitation of the tag. Instead a ferrite-filled quarter-wavelength cavity resonator is proposed that couples to 
the component of RF magnetic field that lies within the plane of the surface. This allows discrete 8.2 MHz EAS 
tagging of metallic and polarizable materials.  

The conventional tag is an LC resonator composed of a planar spiral inductor and a thin film capacitor [1]. The 
cavity resonator consists of a ferrite filled core about which an Al foil/dielectric laminate is wrapped to form an e-
shaped cavity [2]. The first foil wrap around the ferrite forms an inductive section of the cavity, while the foil on 
either side of the dielectric film forms a capacitive extension of the cavity [3]. A wave approach can be used to 
understand the tag operation, but it is shown that the resonant frequency can be determined to a good 
approximation from the inductance of the ferrite-filled section and the capacitance of the dielectric-filled section. 
This allows the cavity tag to be easily configured to resonate at 8.2 MHz on metallic packaging.  

To minimize the difference in resonance frequency when operating on metallic and non-metallic packaging, an Al 
foil shield was integrated into the tag design so that the resonant frequency always remained within the detection 
band of the EAS gate, Figure 1. Despite showing a somewhat lower peak absorption than the conventional label tag, 
the cavity tags from a batch of 45 made for a retail trial were consistently detected at target read distances of ~80 
to ~90 cm as required for use with a conventional gate. This work demonstrates that the cavity tag is a viable 
solution for discrete EAS tagging of metallic packaging [3,4]. 
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Fig. 1. Absorption spectra measured by a vector network 
analyzer for a proof of concept wrapped tag with an Al foil 
shield. The blue curve shows the response of the tag placed 
onto stainless steel packaging, with a resonant frequency of 
8.36 MHz. When the same tag is placed on cardboard, it 
resonates at 8.12 MHz (black curve). The grey curve shows the 
response of the standard label tag. All of these responses fall 
within the detection band of the gate from 7.6 to 8.7 MHz, 
illustrated with the yellow band [3]. 

 
[1]  H. Imaichi, T. Matsumoto, Y. Suzuki, K. Himura, T. Haneda, Resonant tag and method of 19 manufacturing 

the same, United States Patent 5,447,779 (1995).  
[2]  O. Acher, Permeability enhancement of soft magnetic films through metamaterial structures. Journal of 

Magnetism and Magnetic Materials, 2008. 320(23): p. 3276-3281.  
[3]  P. S. Keatley, et al., A ferrite-filled cavity resonator for electronic article surveillance on metallic packaging 

(submitted for publication, January 2019).  
[4]  R. J. Hicken, P. S. Keatley, A. P. Hibbins, Radio Frequency Detectable Device, European Patent 3,005,241 

(2017). 

The influence of electron-withdrawing groups on the relaxation time of field-induced Er(III) single molecule magnets. 

I A Kühne1, K Esien2, C Pauly1, H Müller-Bunz1, S Felton2 and G G Morgan1 

1University College Dublin, Ireland, 2Queen’s University Belfast, UK 

Single molecule magnetism (SMM) presents a novel avenue for the pursuit of a bottom up approach to the design of 
next generation magnets, their molecular origin of magnetism and sensitivity to their chemical environment allows 
SMMs to be designed and exploited at the molecular level1. Applications include proposals for SMMs to be used as 
qubits and components in spintronic devices2,3. Here we present the synthesis and magnetic properties of 
mononuclear Ln(III) complexes, where two Er(III) complexes exhibit SMM behavior and blocking temperatures of 
around 40K. We used a synthetic approach and ligand fine-tuning where the ligand field is favorable for the Er(III) 
compounds to exhibit SMM properties.  

Single crystal structure analysis was carried out to obtain structural information on all the presented complexes, see 
Figures a) and b). The field dependence of the magnetization for both Er(III) compounds were measured at 2, 3 and 
5 K; the magnetization curves did not saturate at high fields indicating the presence of significant magnetic 
anisotropy and/or low-lying excited states. In order to investigate the potential presence of slow relaxation of the 
magnetization caused by SMM behavior, ac magnetic susceptibility measurements were performed, in applied dc-
fields from 0 to 3000 Oe, in attempts to suppress any quantum tunneling of the magnetization (QTM). For both 
compounds the in-phase and out-of-phase ac susceptibility show field-dependent signals; the optimum field was 
found to be 500 Oe and this was used for further ac measurements. In both cases, the ac measurements reveal 
temperature dependent in- and out-of-phase signals with clear maxima up to 3.5 K, see Figures c and d. The 
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maxima of the frequency dependent out-of-phase susceptibility curves were used extract the relaxation time as a 
function of temperature.  

 

 

 

 

 

 

Figure 1 showing the molecular structure of the [ErL1OAc].EtOH.H2O shown in a) and [ErL1F3OAc] shown in b). Frequency-
dependence of the out-of-phase susceptibility of the [ErL1OAc].EtOH.H2O (c) and [ErL1F3OAc] (d) complexes between 1.8-4.0 

K (solid line represents the best fit). 

[1]  B. M. Day, F.-S. Guo, R. A. Layfield, Acc. Chem. Res. 51,1880–1889 (2018). 
[2]  M. Shiddiq et al., Nature 531, 348–351 (2016). 
[3] S. Thiele et al., Science 344, 1135–1138 (2014). 

Actinide spintronics  

C Bell, E Gilroy, D Chaney and R Springell 

University of Bristol, UK 

Heavy non-magnetic elements with large spin-orbit coupling (SOC) are of particular interest in spintronics. Via the 
spin-Hall effect they are potential sources of highly polarized currents, which can be used for spin torque at 
relatively low current densities [1]. At the same time heavy metals are susceptible to proximity-induced magnetism: 
induced moments have been detected in Pt-based systems for example [2], and these moments may inhibit the 
efficiency of spin polarized current injection and detection.  

In this context, the study of uranium, U, with the largest Z for a naturally occurring element, is of much interest. 
Notably, previous X-ray circular dichroism measurements observed negligible induced moment in U when grown on 
Ni and Co, but a large moment when grown on Fe [2, 3]. By studying ferromagnet (FM)/U (FM=Fe,Ni,Co) systems, it 
may be possible to disentangle the role of the induced moment and that of the large SOC.  

Additional interesting aspects of metallic U include a charge density wave state and superconductivity at low 
temperatures. In the thin film limit we are able to control these properties with thickness, crystallographic order and 
alloying, giving a wide range of tuning parameters. This talk will give an overview of some recent developments using 
U thin films, before focusing on recent studies of the effect of U on the magnetic anisotropy of U/FM bilayer 
systems. Here we have found oscillatory dependence of the magnetic anisotropy with U thickness, as well as out-of-
plane magnetisation in a subset of the samples.  

[1]  L. Liu, C.-F. Pai, Y. Li, H. Tseng, D. Ralph, and R. Buhrman, Science 336, 555 (2012).  
[2]  S. Huang, X. Fan, D. Qu, Y. Chen, W. Wang, J. Wu, T. Chen, J. Xiao, and C. Chien, Physical Review Letters 

109, 107204 (2012).  
[3]  R. Springell, F. Wilhelm, A. Rogalev, W. G. Stirling, R. C. C. Ward, M. R. Wells, S. Langridge, S. W. 

Zochowski, and G. H. Lander, Physical Review B 77, 064423 (2008).  

a) b) c) d) 
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[4]  F. Wilhelm, N. Jaouen, A. Rogalev, W. Stirling, R. Springell, S. Zochowski, A. Beesley, S. Brown, M. Thomas, 
G. Lander, et al., Physical Review B 76, 024425 (2007). 

Production of large d(0) magnetism by ion implantation in ZnO 

G Gehring1 and M Ying2 

1University of Sheffield, UK, 2Beijing Normal University, China 

Pure ZnO is diamagnetic however it acquires a magnetic moment if it is sufficiently nonstoichiometric because of 
either oxygen deficiency or oxygen excess. This has been attributed to oxygen vacancies, and/or Zinc interstitials, 
and Zinc vacancies respectively [1,2]. Radiation damage due to ion implantation produces a number of defects 
including pairs of vacancies and interstitials, and in this case there will be approximately equal numbers of donors 
and acceptors produced unlike the situation where the films was grown non-stoichiometric where either only donors 
or only acceptors are produced. 

We have found considerable magnetisation densities at room temperature due to the radiation damage caused by 
ion implantation of Kr and As ions [3, 4]. Since no transition metal ions are involved this is referred to as d0 
magnetisation. The saturation magnetisation is nearly independent of temperature indicating that it arises from a 
narrow band of spin polarised carriers 

[5]. It depends linearly on the total radiation damage, DPA [6]. The implanted films showed very strong Raman 
scattering indicating high density of point defects and also an amorphous region in the grain boundaries. We could 
identify the grain boundaries as the most likely source of the magnetism for these films. 

 

[1]  S. Mal et al J. Appl. Phys. 108, 073510 (2010) 
[2] G.Z.Xing et al AIP Advances 1, 022152 (2011) 
[3]  M Ying et al Materials Letters 144 (2015) 12 
[4]  M. Ying et al J. Mat. Chem C (in press) 
[5]  JMD Coey et al New Journal of Physics 12 (2010) 053025 
[6]  M. Yuan et al (submitted) 
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Session: Theoretical and Computational Magnetism II 

(CCP) Ab-Initio Antiferromagnetic spintronics: from exotic interactions to novel transport effects  

Y Mokrousov1, 2 

1Peter Grünberg Insitut and Institute for Advanced Simulation, Germany, 2 Johannes Gutenberg-University Mainz, 
Germany 

In the field of spintronics antiferromagnetic materials steadily move to the center of attention owing to their unique 
properties which range from utter sensitivity to electrical currents [1], to a whole world of possible topological effects 
rooting in complex real-  and reciprocal-space behavior [2]. In my talk I will demonstrate that we can employ 
advanced ab-initio methods to access such important characteristics of antiferromagnets (AFMs) as spin-orbit 
torques, which ultimately lie at the foundation of our ability to control the AFM order by purely electrical means, and 
the Dzyalishinskii-Moriya interaction, that can aid us in forming complex real-space textures in an important class of 
antiferromagnets, synthetic AFMs [3]. Based on microscopic theory, I will also introduce novel phenomena which 
are inherent to AFM materials, and which bear great promises for their applications. In particular, I will demonstrate 
that in non-coplanar AFMs there arises a “hidden” orbital order which manifests in what we refer to as topological 
orbital magnetization [4, 5]. We will show that the emergent orbital magnetism should be prominent in many AFM 
representatives and could be observed with conventional techniques. Moreover, we uncover that the topological 
orbital magnetism originates in the Berry phase properties of electrons hopping on a non-collinear lattice, and it 
mediates novel exchange interactions, able to stabilize an AFM order of given chirality without the need for 
Dzyaloshinskii-Moriya interaction or an external magnetic field. Based on tight-binding and ab-initio analysis, we 
show that the very same Berry phase effect, promoted in non-coplanar AFMs, not only stands at the foundation of 
the anomalous Hall effect in this class of materials [2], but also paves the way to a novel family of phenomena in 
magneto-optics, tagged as topological and quantum topological magneto-optical effects [6]. Possible applications 
of the latter manifestations of antiferromagnetism will be briefly discussed.  

[1] P. Wadley et al., Science 351, 587 (2016) 
[2]  L. Šmejkal, Y. Mokrousov, B. Yan, A. H. MacDonald, Nature Physics 14, 242 (2018)  
[3]  D.-S. Han et al., arXiv:1809.01080 (2018) 
[4]  J.-P. Hanke et al., Sci. Rep. 7, 41078 (2017) 
[5]  J.-P. Hanke et al., Phys. Rev. B 94, 121114 (2016) 
[6]  W. Feng et al., arXiv:1811.05803 (2018) 

Rare-earth/transition-metal magnets with unfilled 4f shells from first principles: magnetization, Curie temperatures 
and magnetocrystalline anisotropy 

C Patrick and J Staunton 

University of Warwick, UK 

Rare-earth/transition-metal magnets owe their remarkable performance to the complex fusion of the traditional 
magnetism of iron or cobalt with the more exotic properties of the rare earths, particularly the light lanthanides like 
samarium or neodymium. From the computational physicist’s point of view, such materials present an intriguing 
challenge, not least because the workhorse method for first-principles calculations – density-functional theory (DFT) 
in the local density or generalized gradient approximation – struggles to deal with the highly-localized 4f electrons of 
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the lanthanide. Here I will present our latest work calculating the finite temperature properties of these materials 
from first principles, using the local self-interaction correction [1] to deal with the 4f electrons, and treating 
temperature effects within the disordered local moment picture [2]. In particular I will address the calculation of 
magnetization and Curie temperatures of the RECo5 family of magnets [3]. I will also discuss the giant contribution 
to the magnetocrystalline anisotropy which comes from the interaction of the 4f electrons with their crystalline 
environment (Fig. 1) and show how such effects can be incorporated into the DLM approach. 

The present work forms part of the PRETAMAG project, funded by the UK Engineering and Physical Sciences 
Research Council, Grant no. EP/M028941/1. 

 

Fig 1: Schematic representation of the asymmetric 4f charge cloud interacting with its crystal environment in SmCo5 

[1]  M Lueders et al., Phys. Rev. B 71, 205109 (2005). 
[2]  B Gyorffy et al., J. Phys. F: Met. Phys. 15, 1337 (1985). 
[3]  C E Patrick and J B Staunton, Phys. Rev. B 97, 224415 (2018). 

Analysis of atom-resolved spin torques in spin valves from first principles 

M Galante, M Ellis and S Sanvito 

Trinity College Dublin, College, Ireland 

Ferromagnetic materials are of fundamental importance for the next generation of sensing and storage devices. Their 
operating principle is based upon manipulating the orientation of the atomic magnetic moments. Their dynamics 
can be efficiently driven through the injection of spin-polarised currents that generate effective torques, commonly 
known as spin torques, by spin conservation. In memory devices this can produce magnetisation switching times of 
the order of the nanosecond. Nevertheless, the switching process is highly sensitive to deviations from epitaxial 
structures and the presence of impurities, especially at high temperatures. Moreover, recent studies [1] suggest that 
materials with antiferromagnetic ordering are also promising candidates for memory applications. First principle 
studies [2] show that antiferromagnets can experience spin torques that oscillate along the transport direction with 
a nontrivial pattern. The understanding of how spin torques change depending on the material composition or local 
alterations of the crystal structure is thus essential to perform a material optimisation of such memory devices. 
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We present a comparison of the calculated atom-resolved spin torques acting on magnetic layers with different 
material composition. All simulations are performed using density functional theory combined with quantum 
transport as implemented in the SMEAGOL code [3]. We use the Fe/MgO/Fe magnetic tunnel junction as a starting 
point and analyse how the spatial dependence of the spin torques changes when a pure Fe layer is replaced by Fe-
based magnetic layers. For example (Fig. 1), we find that the torque is significantly less attenuated in a L10 FePt/Fe 
layer when compated to pure Fe, with alternating signs at the Fe and Pt atomic planes throughout the FePt stack 
[4]. Moreover, the intercalation of a Fe seed layer between MgO and L10 FePt sharply reduces the intensity of such 
oscillations. We attribute these features to the different profiles of the exchange and correlation field and the 
induced non-equilibrium spin accumulation. 

 

Fig 1: Atom-resolved spin torque acting on a Fe (a), FePt/Fe (b) and Fe/FePt/Fe (c) free layer. The colored background 
indicates the atomic species: red for Fe, gray for Pt, blue for O, and green for Mg. 

[1]  J. Zelezny, et al., Nature Physics 14,220 (2018). 
[2]  M. Stamenova, et al., PRB 95, 060403(R) (2017). 
[3]  A. R. Rocha, et al., PRB 73, 085414 (2006). 
[4]  M. Galante, et al., PRB 99, 014401 (2019). 

Nano-scale magnetic skyrmions and target states in confined geometries 
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Wiesendanger2 
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Research on magnetic systems with broken inversion symmetry has been stimulated by the experimental proof of 
particle-like configurations known as skyrmions, whose non-trivial topological properties make them ideal 
candidates for spintronic technology. This class of materials enables Dzyaloshinskii-Moriya interactions (DMI) which 
favor the stabilisation of chiral configurations. Recent advances in material engineering have shown that in confined 
geometries it is possible to stabilise skyrmionic configurations at zero field [1]. Moreover, it has been shown that in 
systems based on Pd/Fe bilayers on top of Ir(111) surfaces skyrmions can be as small as a few nanometres in 
diameter [2]. In this work we perform discrete spin simulations of skyrmionic textures in Pd/Fe and Pd2/Fe islands 
on Ir(111), motivated by scanning tunneling microscopy measurements on these confined interfacial systems (see 
Fig. 1), which are characterized by different magnetic environments. The experimental observations include 
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skyrmions and, in particular, the first evidence of targetlike states in the interfacial Pd2/Fe system. Target states are 
skyrmion-like states with extra spin rotations, which have been of interest due to their promising dynamic properties 
[3]. Using simulations we analyse the stability of these magnetic states as a function of island size, applied field 
and boundary conditions of the system, and we establish a region of parameter space where target states are the 
lowest energy configurations. By means of energy barrier calculations for the annihilation of skyrmions and target 
states, we also find that target states are expected to be more thermally stable than skyrmions in Pd2/Fe islands. In 
addition, we compute a full phase diagram predicting conditions for the stability of novel skyrmion-like textures with 
multiple extra spin rotations, which are yet to be observed by the experimental community. Our results show that 
computer simulations of these nano-scale systems are accurate to reproduce and explain our experimental findings 
[4]. 

 

Fig 1: Experimental observation (left) and simulation (right) of a spiral magnetic state in a Pd/Fe/Ir(111) island, 
under an out-of-plane applied field of 0.5 T magnitude. This configurations has a topological charge Q of -2.21. 

[1]  M. Beg, et al., Scientific Reports 5, 17137 (2015). 
[2]  N. Romming, et al., Phys. Rev. Lett. 114, 177203 (2015). 
[3]  X. Zhang, et al., Physical Review B 94, 094420 (2016). 
[4]  D. Cortés-Ortuño, et al., Preprint at: arXiv:1901.06999 (2019). 

Ultrafast switching in GdFeCo alloy multilayer via magnon current 
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In the research community the coupling of spins with thermal bath has been widely studied, [1-3]. Non-
homogenious temperature profile over a spin system leads to a spin chemical potential that generates spin current 
between regions. In this work we present via numerical methods the possibility of a magnonic Spin Seebeck effect 
on the sub-picosecond time-scale. Applying a femtosecond laser pulse, local differences in spin temperatures are 
created and a fast transfer of spin angluar momentum from regions with high spin temperature to low one is 
produced. The simulations are done using an atomistic spin dynamics model and the ultrafast laser pulse is 
described via the two temperature model. The electrons heat up rapidly and cool down in a few ps, leading to a 
change in the spin system configuration, which can be described by the spin temperature. 

Having a bilayer system with different properties leads to a different spin temperature, and thus creating a spin 
chemical potential. The high energy magnons from the hot regions will cross the interface and propagate in to the 
cold region. The propagation is visualised in figure 1, where the high energy magnons (represented by the low 
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magnetisation value) are formed at interface (fig 1a) and then propagate (fig 1b) into the cold region, with a speed 
of propagation in the order of km/s. To calculate the magnon propagation we used the expression from spin 
pumping: [dm(x)/dt]X[m(x)] where m(x) is the net magnetisation as function of position x. The maximum change in 
the expression is correlated with the front of magnon propagation. This result shows ultrafast transport of magnons 
due to inhomogeneous spin temperature as present in ultrafast laser experiments in bilayer systems and also in 
alloys of GdFeCo. 

 

[1]  G.-M. Choi, C.-H. Moon, B.-C. Min, K.-J. Lee, and D. G. Cahill, Nature Physics 11, 576 (2015). 
[2]  K. Uchida, S. Takahashi, K. Harii, J. Ieda, W. Koshibae, K. Ando, S. Maekawa, and E. Saitoh, Nature 455, 

778 (2008). 
[3]  D. Hinzke and U. Nowak, Physical Review Letters 107, 027205 (2011). 
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Using muons to probe order and excitations in topological magnetic states 

T Lancaster 
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There has been much recent interest in magnetic states of matter in reduced dimensions, whose behaviour can be 
understood using notions from topology. Examples include topological objects such as skyrmions which exist in the 
spin textures of a range of magnetic systems, and one-dimensional spin chain systems, where topological 
considerations are key in understanding their ground states and excitation spectra. Here we discuss our recent 
results in this area, with an emphasis on the use of muon-spin relaxation as a sensitive local probe of magnetism. 
Muons have repeatedly been shown to be sensitive to (i) long-range magnetic order in low-dimensional systems, 
which is often very difficult to observe using other techniques (Fig. 1), and (ii) to the low-energy dynamics of such 
systems. 

We will discuss the properties of Zn-substituted Cu2OSeO3, a system in which a skyrmion lattice (SkL) phase in the 
magnetic field–temperature phase diagram was previously seen to split as a function of increasing Zn concentration. 
We find that splitting of the SkL is only observed in polycrystalline samples and reflects the occurrence of several 
coexisting phases with different Zn content, each distinguished by different magnetic behavior [1]. 
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We also present new results on the S=1 molecule-based NiI2(3,5-lutidine) which is a highly successful realization of 
a Haldane spin chain. By applying magnetic fields we are able to close the spin gap, driving the system through a 
quantum critical point. The results can be compared with our measurements on spin dimer [2], ladder [3] and liquid 
systems [4], where similar physics governs the phase diagram. We discuss the prospects for gaining control over 
such molecule-based systems via chemical engineering, with an aim to promote exotic ground states [5]. 

 

Fig 1: Muon-spin relaxation reveals magnetic order in Cu(pyz)2(ClO4)2 below TN=4.2 K. 
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The dramatic effect of an alternating local spin environment on the properties of the spin-1/2 antiferromagnetic 
chain was first discovered through high-field neutron scattering and heat capacity experiments on copper-benzoate, 
which revealed the development of an energy gap on application of magnetic field [1]. This was perplexing until it 
was found that the behaviour of this system, and a handful of others, could be described by the sine-Gordon model 
of quantum-field theory [2,3]. Under the influence of the applied field, the gap emerges thanks to the presence of 
internal staggered fields and DM interactions that are a direct result of the staggered Cu(II) octahedra. 

Here we report on the molecule-based chiral spin chain [Cu(pym)(H2O)4]SiF6.H2O (pym = pyrimidine), which at first 
glance could be a sine-Gordon chain, but with an added twist: a 41 screw. Electron-spin resonance, magnetometry 
and heat capacity measurements reveal the presence of staggered g tensors, a rich low-temperature excitation 
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spectrum, a staggered susceptibility and a spin gap that opens on the application of magnetic field. These 
phenomena are reminiscent of those previously observed in non-chiral sine-Gordon systems. 

In the present case, however, the size of the gap and its measured linear field dependence do not fit with the sine-
Gordon model as it stands. We propose that the differences arise due to additional terms in the Hamiltonian 
resulting from the chiral structure [4]. 

 

Fig 1. (a) Chiral structure of [Cu(pym)(H2O)4]SiF6.H2O. (b) Excitations observed via electron-spin resonance at 1.9 K. (c) 
Temperature dependence of the magnetic contribution to heat capacity at different applied fields showing the opening of a 

field-induced gap. Lines are fits to a gapped model. 
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[4]  J. Liu, et al., in press Phys. Rev. Lett. (2018). 
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Spin-liquid-like states in S = 1/2 square-lattice double perovskites  
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Magnetic frustration can stabilize novel quantum states such as quantum spin liquids. On the square lattice this 
frustration arises from the competition of antiferromagnetic nearest-neighbor J1 and next-nearest neighbor J2 
interactions. The S = 1/2 frustrated square-lattice model has three classical ground states: Néel order (strong AFM 
J1), columnar order (strong AFM J2) and FM order. A quantum spin liquid state has long been predicted for the Néel-
Columnar boundary for J2/J1 = 0.5, where magnetic frustration is maximized [1]. However, this predicted quantum 
spin liquid has never been observed on the square lattice.  

Recently, the double perovskites Sr2CuTeO6 and Sr2CuWO6 were shown to be near ideal realizations of the square J1-

J2 model [2,3]. Magnetic interactions are highly two-dimensional in the Cu2+ (3d9, S = 1/2) square plane of these 
materials due to the Jahn-Teller effect. Surprisingly, the magnetic ground states and interactions of these 
isostructural compound are very different: Sr2CuTeO6 has Néel order (J2/J1 = 0.03) and Sr2CuWO6 has columnar 
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order (J2/J1 = 7.92). This is due to an orbital hybridization driven effect of d10 (Te6+) and d0 (W6+) diamagnetic 
cations.  

Sr2CuTeO6 and Sr2CuWO6 lie on the opposite sides of the predicted quantum spin liquid in the phase diagram. Here 
we report on the Sr2Cu(Te1-xWx)O6 solid solution series, where we observe a spin-liquid-like state in a large 
composition range of x = 0.1-0.6 [4,5]. The low-temperature specific heat shows a significant T-linear term in this 
region, suggesting gapless excitations. Muon spin rotation and relaxation reveals the lack of magnetic order or spin 
freezing down to 19 mK for x = 0.5 and 1.5 K for other samples. These results are interpreted as a spin-liquid-like 
state, likely a random singlet state [6]. Similar spin-liquid-like state is also predicted for the barium analogue 
Ba2Cu(Te1-xWx)O6 based on analysis of the magnetic interactions of Ba2CuTeO6 and Ba2CuWO6 [7].  

 

Fig. 1 (left) Phase diagram of the square J1-J2 model. (right) Magnetic phase diagram for Sr2Cu(Te1-xWx)O6. 
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The Kondo insulator CeOs4Sb12 is part of an interesting series of rare-earth based filled skutterudites which includes 
the unconventional superconductor PrOs4Sb12 and the ferromagnetic NdOs4Sb12. The low ordering temperatures of 
these three systems suggest the existence of a quantum critical point (QCP) in this family. We report measurements 
of resistivity, magnetostriction, and conductivity by the contactless PDO technique on CeOs4Sb12 single crystals in 
static and pulsed magnetic fields up to 60 T. Figure 1 (a) and (b) show examples of these measurements. Transition 
temperatures (fields) are highlighted. The temperature and field dependencies of the measured properties allow us 
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to reconstruct the H-T-phase diagram confirming the ordered antiferromagnetic spin-density wave (SDW) phase 
below 2 K but also mapping out the transition from the metallic high temperature (H) phase to the low temperature 
(L) semimetallic phase that is accompanied by a valence transition.  

The shape of the phase diagram, shown in Fig. 1 (c), is quite unusual: Complementing previous reports [1], we find 
that the L phase, which is characterized by itinerant electrons and a small Fermi surface, is initially stabilized by 
magnetic fields up to 15 T with a significantly increased transition temperature. Above 15 T, the L phase is 
suppressed by field. For high fields and low temperatures, we observe an unusual restoration of the H phase, which 
has localized electrons and a large Fermi surface, with a linearly increasing transition field. The starting point of this 
transition from L to H phase seems to coincide with the SDW boundary at 10 T which implies that magnetic 
fluctuations could play a role in destabilizing the L phase.  

The analysis of Shubnikov-de Haas quantum oscillations at different temperatures within the H-phase reveals field 
dependent effective masses that increase with decreasing field. This behaviour points towards the existence of a 
QCP in CeOs4Sb12. 

 

Fig 1: (a) Temperature dependent resistivity for different magnetic fields (15-30 T). Phase transitions are marked by arrows. (b) 
Pulsed field magnetostriction. Arrows mark the transition from L to H phase. (c) Phase diagram of CeOs4Sb12. 
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The importance of charge order for cuprate high temperature superconductivity, and what is the dimensionality of 
this charge order remains intensely debated over two decades after its discovery [1]. Observation of an hourglass 
shaped magnetic excitation spectrum in insulating short-range charge ordered La2-xSrxCoO4 (LSCoO) was thought to 
be a breakthrough in understanding the near universal hourglass magnetic excitation spectrum in hole doped 
cuprate superconductors [2]. Further studies of LSCoO for x ≥ 1/3 however revealed there to be both checkerboard 
and charge-stripe order in these materials [3,4]. These results have led to a debate on the origin of the hourglass 
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spectrum in LSCoO, as either nanophase separation between checkerboard charge order and antiferromagnetic 
nanophases, or from short range spin-stripe magnetism [3,4]. 

In this presentation we will report on a polarized neutron scattering study of the charge order and magnetism in 
LSCoO x = 0.25[5], further away from the purely checkerboard charge ordered x = 0.5[6]. Our findings provide 
further insights into the ordering processes, and why the order is short ranged in LSCoO. From our results we hope 
insights into the hourglass excitation spectrum of the cuprates can be taken. 
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Spintronic devices utilize an electric current to alter the state of a magnetic material and thus find great applications 
in magnetic memory. Over the last decade, spintronic research has focused largely on techniques based on spin-
orbit coupling, such as spin-orbit torques (SOTs), to alter the magnetic state. The phenomenon of spin-orbit 
coupling in magnetic heterostructures was also recently used to generate terahertz emission and thus bridge the 
gap between spintronics and optoelectronics research. 

I will introduce the basic concepts of SOTs, such as their physical origin, the effect of SOTs on a magnetic material, 
and how to quantitatively measure this effect [1,2]. Next, I will discuss the latest trends in SOT research, such as the 
exploration of novel material systems like topological insulators and two-dimensional materials to improve the 
operation efficiency [2,3]. Following this, some of the technical challenges in SOT-based magnetic memory will be 
highlighted [3]. Moving forward, I will introduce the process of terahertz generation in magnetic heterostructures [4], 
where the spin-orbit coupling phenomenon plays a dominant role. I will discuss the details of how this terahertz 
emission process can be extended to novel material systems such as ferrimagnets [5] and two-dimensional 
materials [6]. The final section will focus on how the terahertz generation process can be used to measure SOTs in 
magnetic heterostructures, thus highlighting the interrelation between terahertz generation and the SOTs, which are 
linked by the underlying spin-orbit coupling.   

[1]  X. Qiu et al., “Characterization and manipulation of spin orbit torque in magnetic heterostructures,” Adv. 
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Graphene is an excellent material for long-distance spin transport but allows little spin manipulation. Transition-
metal dichalcogenides imprint their strong spin–orbit coupling into graphene via the proximity effect, and it has 
been predicted that efficient spin-to-charge conversion due to spin Hall and Rashba–Edelstein effects could be 
achieved [1]. By combining Hall probes with ferromagnetic electrodes, we unambiguously demonstrated 
experimentally the spin Hall effect in graphene induced by MoS2 proximity and for varying temperatures up to room 
temperature [2]. The fact that spin transport and the spin Hall effect occur in different parts of the same material 
gives rise to a hitherto unreported efficiency for the spin-to-charge voltage output. Additionally, for a single 
graphene/MoS2 heterostructure-based device, we evidenced a superimposed spin-to-charge current conversion that 
can be indistinguishably associated with either the proximity-induced Rashba–Edelstein effect in graphene or the 
spin Hall effect in MoS2.  

Our findings pave the way toward the combination of spin information transport and spin-to-charge conversion in 
two-dimensional materials, opening exciting opportunities in a variety of future spintronic applications.  

 

Fig 1: (a) Sketch of the measurement configuration for the spin-to-charge conversion measurement. When Bx is low enough, the 
Co magnetization is in its easy axis and the injected (red) spins are polarized along y, leading to a spin precession along the y–z 
plane. (b) Non-local spin-to-charge conversion curves obtained by applying a charge current between the Co electrode and the 
right Ti/Au electrode and measuring the voltage across the graphene/MoS2 stripe. The magnetic field is applied along the in-

plane hard axis direction (Bx) for initial positive (black) and negative (red) magnetization directions of the Co electrodes. A 
baseline of 75 mΩ is subtracted in both curves. 

54



 

[1]  Gmitra, M., et al., Phys. Rev. B 93, 155104 (2016).  
[2]  Safeer, C. K., et al., Nano Lett. (2019). 

Magnon dispersion in the spin Seebeck material magnetite  

G Venkat1, C Cox1, A Caruana2, D Voneshen2 and K Morrison1  

1Loughborough University, UK, 2ISIS Neutron and Muon Source, UK 

Spin waves have been extensively studied in magnetic nanostructures as they are prospective candidates for 
magnonic applications [1]. They have also been identified to playing a key role in the field of spin caloritronics [2], 
which describes the interplay of heat and spin currents. In particular, the spin Seebeck effect (SSE) in magnetic 
insulators is defined as the generation of a spin current that is driven by thermal magnons [3].  

We study the magnon dispersion in single crystal Fe3O4 using time of flight (TOF) inelastic neutron scattering (INS) 
on MAPS in ISIS, Didcot. This material system exhibits a metal-insulating (Verwey) transition at approximately 120K 
[5] that enables exploration of the impact of changes in electronic and magnetic degrees of freedom on the 
observed SSE. As such, we’ve obtained INS data at 50K, 150K, 300K and 500K. In general, the low energy magnon 
modes are steeper than previously reported [5] and broaden with increasing temperature. This follows the trend of 
the calculated magnon dispersion of Yttrium Iron Garnet by Barker et al. [6]. We also simulate the magnon 
dispersion at 300K, using spinW [7]. While the simulated dispersion looks qualitatively like the 300K experimental 
data, we are in the process of carrying out more measurements to extract the magnon diffusion length (MDL) in 
Fe3O4 which is a factor in deciding the SSE coefficient [3].  

 

Fig 1: (a) Integrated neutron intensity as a function of energy and temperature. The magnon modes red shift and broaden with 
increase in temperature (50 to 500K). (b) Simulated neutron intensity from spinW. (c) Measured neutron intensity using INS at 

an incident energy of 180 meV and at T=300K. 
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The magnetic skyrmion lattice (SkL) is an example of a state protected by a topological energy barrier [1]. This 
barrier arises from the inability to continuously transform between spin structures with different topological charge; it 
can only be overcome by large discontinuous deformations, such as those caused by thermal fluctuations. In bulk 
materials, skyrmions typically exist in a narrow range of magnetic field and temperature, just below the Curie 
temperature, 𝑇𝑇" [2,3]. 

However, metastable skyrmions have recently been observed, achieved by cooling the sample under an applied 
field, allowing the skyrmions to survive to low temperatures [4]. Fig. 1. displays a magnetic phase diagram showing 
the extended metastable SkL region as measured in Cu2OSeO3, a multiferroic skyrmion material [5], and the subject 
of the current work. 

These metastable skyrmions decay to the competing conical phase with a finite lifetime which is temperature 
dependent [6]. Close to 𝑇𝑇", the metastable SkL state therefore has a very short lifetime, necessitating a rapid 
cooling rate to ensure a significant population of metastable skyrmions survives to low temperatures [7]. In our 
study, we demonstrate that the introduction of nonmagnetic Zn ions to Cu2OseO3 dramatically increases the lifetime 
of the metastable SkL state – by a factor of 50 at just 2.5% Zn doping, as shown in Fig. 2. In turn, this reduces the 
required cooling rate to produce a substantial metastable SkL population. Our detailed time-resolved AC 
susceptibility measurements suggest that this is not due to a change in the energy barrier protecting the metastable 
skyrmion state. Instead, we suggest that the removal of Cu spins by the non-magnetic Zn ions entropically limits the 
number of available pathways by which the skyrmion state can unwind, thereby increasing the skyrmion lifetime 
across all temperatures. We expect that this effect can be exploited to engineer and control the metastable skyrmion 
lifetime in other doped skyrmion-hosting systems. 

 

Fig 1: Magnetic phase diagram of 2.5% Zndoped Cu2OSeO3. Colour map shows the extend of the metastable SkL state as 
measured by FMR. Dots indicate boundaries between magnetic states, as determined by AC Magnetometry. 
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Fig 2: The lifetime of the metastable skyrmion state, 𝜏𝜏, measured as a function of temperature below the lowest temperature 
extent of the skyrmion state (𝑇𝑇 − 𝑇𝑇% ), for 0.0%, 1.0% and 2.5% Zn-doped Cu2OSeO3 crystals. 

[1]  N. Nagaosa, Y. Tokura, Nature Nanotechnology 8, 899 (2013). 
[2]  S. Mühlbauer et al, Science 323, 915 (2009). 
[3]  A. Chacon et al, Nature Physics 14, 936–941 (2018). 
[4]  K. Karube et al, Nature Materials 15, 1237 (2016). 
[5]  S. Seki et al, Science 336, 198 (2012). 
[6]  K. Karube et al, Phys. Rev. Mat. 1, 074405 (2017). 
[7]  M. Birch et al, arXiv: 1809.02590v2 [cond-mat.str-el] (2018). 

A magneto-optical study of spin-orbit torque acting on a nano-ellipse with in-plane magnetisation  

P Keatley1, T Manago1, 2, G Mihajlović3, L Wan3, Y Choi3, J Katine3 and R Hicken1  

1University of Exeter, UK, 2Fukuoka University, Japan, 3HGST inc., USA  

In-plane magnetised elements activated by spin-orbit torque (SOT) combine simplicity of design with energy 
efficient switching for future magnetic memory applications. SOT switching of in-plane magnetised CoFeB(2 nm) 
nanoscale ellipses fabricated at the centre of Pt Hall crosses has previously been investigated using a differential 
planar Hall effect technique.[1] These planar devices allow complementary optical techniques to directly probe the 
magnetisation dynamics within the ellipse. Time-resolved (TR) scanning Kerr microscopy of a 400 nm×1000 nm 
ellipse has previously revealed the action of SOT on GHz frequency magnetisation precession[2]. The SOT generated 
by a sub-nanosecond current pulse passing through the device leads to differences in relaxation that depend on 
field history, and a transient out-of-plane deflection[3]. However, the presence of an associated sub-ns Oersted 
magnetic field pulsed (Oe-field) prevents full characterisation of the SOT.  

In this work, scanning Kerr microscopy has been used in a quasi-static (QS) and spin torque ferromagnetic 
resonance (ST-FMR) configuration with the aim of disentangling the response of an 800 nm×2000 nm ellipse to 
SOT and the Oe-field. The polar Kerr effect was used to detect the change of the out-of-plane component of the 
magnetisation in response to (i) a modulated DC current (QS mode), (ii) a microwave (RF) current (ST-FMR), and 
(iii) a combined RF and DC current (ST-FMR-DC mode). For all modes the current was passed through a Pt(6 nm) 
Hall cross parallel to the ellipse minor (hard) axis. The associated Oe-field, and the polarisation of spins traversing 
the Pt/CoFeB interface due to the spin Hall effect, were then parallel to the ellipse major (easy) axis.  
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In QS mode, the Kerr signal reveals an out-of-plane deflection of the magnetisation that is maximum when the 
applied field is perpendicular to the SOT and Oe-field, but vanishes when they are parallel. When the magnitude of 
the applied field is smaller than the anisotropy field, significant peaks in the out-of-plane deflection are observed at 
the ellipse switching field. In ST-FMR mode, field swept spectra reveal a variation of resonance field as a function of 
magnetic field angle, but little change in the spectral shape, suggesting that the Oe-field dominates the excitation. 
However, when an additional DC current of 10 mA was applied, differences in the amplitude and linewidth emerged 
and may be ascribed to an enhancement or compensation of the magnetic damping by the SOT. At the same time a 
detectable shift in resonance field, of opposite sign to either side of the hard axis, is ascribed to the DC Oe-field. 
Detailed analysis, and modelling is underway to disentangle the Oe-field and SOT contribution to the out-of-plane 
deflection and the FMR spectra.  

[1]  G. Mihajlović, Appl. Phys. Lett., 109, 192404 (2016).  
[2]  P. S. Keatley, ‘Picosecond reorientation of in-plane magnetisation within a nano-element by spin orbit 

torque’ FB-14, 2019 Joint MMM-Intermag, Washington DC.  
[3]  X. Fan Nat. Comms. 5, 3042 (2014). 

Non-destructive in situ imaging for investigating spintronic devices  

E  Jackson, W Frost, J-Y Kim, M Samiepour and A Hirohata 

University of York, UK 

A technique to non-destructively image interfaces using a scanning electron beam has been developed in house[1]. 
This involves subtracting two back scattered electron images which have differing electron beam voltages, chosen to 
penetrate a sample down to either side of a chosen interface. CASINO[2], a Monte Carlo simulation of electron 
propagation in solids, is utilised to predict these penetration depths. After optimisation the technique was used to 
investigate a series of magnetic tunnel junctions[3], with the aim of identifying defects from the production process. 
In this case aluminium carbide formation on the sides of the pillar was identified, and accounting for that increased 
the yield by 15%. 

The next step in development was to transform the technique to allow investigative in situ studies for spintronic 
devices while in operation to reveal current distributions at their junction interfaces and their break-down processes. 
This required an overhaul of the setup, including the fabrication of a custom feedthrough. This new setup was used 
to identify defects in the designs for Fe/n-GaAs non-local spin valves, shown in Figure 1a. The n-GaAs structure 
consisted of a 2 μm thick n-GaAs channel and 30 nm of a highly-doped n+ Schottky barrier. The Fe bars are 20 μm 
long, with widths of 1 (detector), 4 (injector) and 20 μm. This work managed to highlight problems in the interfacial 
region, improving the modulation of the non-local voltage greatly. In the particular case of Figure 1a it highlighted 
severe distortions in the detector bar. 

The setup has since been used to study domain wall motion, particularly its pinning, in CoFe nanowires. These wires 
are 100 nm wide with a 100 nm IrMn bar to induce pinning sites, shown in Figure 1b. This study has primarily 
identified fabrication defects which can act as further pinning sites within the wires. These defects include edge 
defects, likely caused by over milling or redeposition, and interface gaps caused by interfacial roughness. Imaging 
with an applied current allowed us to probe the current distribution during domain wall propagation. 
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Fig 1: a. Fe/n-GaAs non-local spin valve after the subtraction between 3 and 2.5 keV. b. CoFe nanowire used to study domain 
wall pinning and motion, imaged in situ at 0.3 keV. 

We thank JEOL UK for their support and acknowledge the funded provided through EPSRC EP/M02458X/1 and the 
JSPS Core-to-Core grant. 

[1]  A. Hirohata et al., Nat. Commun. 7, 12701 (2016). 
[2]  D. Drouin et al., Scanning 29, 92 (2007). 
[3]  E. Jackson et al., Sci. Rep. 8, 7585 (2018). 

(Invited) Visualising dynamic magnetic events on the nano-scale using Lorentz microscopy  

T Almeida1, A Muxworthy2, R Temple3, R Dunin-Borkowski4, Damien McGrouther1, A Kovács4, J Massey3, C Marrows3 
and S McVitie1 

1University of Glasgow, UK, 2Imperial College London, UK, 3University of Leeds, UK, 4Forschungszentrum Jülich, 
Germany 

In order to better understand magnetic behaviour in naturally occurring or synthetic samples, it is often necessary to 
investigate the underlying processes on the nano-scale. Transmission electron microscopy (TEM) allows atomic 
spatial resolution imaging and combining in situ TEM experiments with techniques like electron holography or 
differential phase contrast (DPC) imaging allows for imaging of magnetisation in nanostructures whilst under the 
influence of external stimuli; e.g. gas atmospheres, biasing, temperature, etc. In this context, several examples of 
the use of in situ TEM and magnetic imaging will be presented. 

Fe3O4 is the most magnetic naturally occurring mineral on Earth, carrying the dominant magnetic signature in rocks 
and providing a critical tool in palaeomagnetism. The oxidation of Fe3O4 to maghemite (γ-Fe2O3) influences the 
preservation of remanence of the Earth's magnetic field by Fe3O4. Further, the thermomagnetic behaviour of Fe3O4 
grains directly affects the reliability of the magnetic signal recorded by rocks. Through combining electron 
holography with environmental TEM, in situ heating and liquid cell TEM, the effects of oxidation [1] and temperature 
[2] (Fig. 1a-d) on the magnetic behaviour of Fe3O4 NPs are visualised successfully, as well as the magnetism within 
hydrated magnetotactic bacteria [3].  

Equiatomic iron-rhodium (FeRh) has attracted much interest due to its magnetostructural transition from its 
antiferromagnetic (AF) to ferromagnetic (FM) phase and is considered desirable for potential application in a new 
generation of novel nanomagnetic or spintronic devices. Several scanning TEM techniques are performed to 
visualise the localised chemical, structural and magnetic properties of a series of FeRh films. The quantitative 
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evolution of the growth and co-existence of AF and FM phases in the FeRh films are observed directly during in situ 
heating using DPC imaging [4] (Fig. 1e-g). 

 

Fig 1: (a) TEM image of an Fe3O4 particle, alongside magnetic induction maps recorded at (b) 20 °C; (c) during in situ heating 
to 500 °C; and (d) 550 °C. Figure 2. (a-c) DPC imaging of a planar FeRh thin film showing (a,b) nucleation and growth of 

vortex domains at 75ºC and 85°C (denoted by ‘v’); and (c) well-resolved domains at 95ºC. 

[1]  T. P. Almeida et al., Nature Communications 5, 5154 (2014).  
[2] T. P. Almeida et al., Science Advances 2, e1501801 (2016). 
[3]  T. Prozorov at al., Journal of the Royal Society: Interface 14, 20170464 (2017). 
[4]  T. P. Almeida et al. Scientific Reports 7, 17835 (2017). 

Session: Nanoparticles, biomagnetism and fluidics 

(Invited) Investigating the dynamic magnetic behaviour of nanoparticles in biological environments 

N Telling1, M Sharifabad1, D Cabrera1, 3
, R Soucaille2, F Terán3 and R Hicken2  

1Keele University, UK, 2University of Exeter, UK, 3Campus Universitario de Cantoblanco, Spain 

Understanding the dynamic magnetic behaviour of nanoparticles is crucial for developing techniques such as 
magnetic hyperthermia. This is an experimental thermal cancer treatment that uses magnetic nanoparticles to 
channel the energy from an external high-frequency AC magnetic field in order to kill cancer cells. As heating can 
only occur where nanoparticles are present, the technique provides a truly local effect and significant results can be 
obtained by accumulating nanoparticles within tumors. In principle the effects should occur at the cellular level, 
where the nanoparticles can heat the cells directly in order to trigger cell death. However, to date this approach has 
proved somewhat disappointing because it seems the dynamic magnetic properties and consequently heating 
power (specific absorption rate) of the nanoparticles can change once they are associated with cells [1].  

In this talk I will discuss how developing a full understanding of the interactions of nanoparticles with their local 
environment is essential to achieve effective cellular level magnetic hyperthermia within real biological systems. 
Within this context I will describe the results of our recent work using inductive AC magnetic susceptometry and 
magnetometry to probe the high-frequency magnetic response of nanoparticles under different environmental 
conditions, including in situ measurements of nanoparticles associated with live cells. Here we found that the AC 
hysteresis loop area (and consequently SAR) of the nanoparticles, depended on their aggregation state due to a 
reduction in their effective anisotropy [Figure 1] [2]. I will also discuss our development of magneto-optical based 

60



 

methods for probing the AC magnetic response from nanoparticles, and how such methods open up new 
possibilities for understanding dynamic magnetic response in situ.  

 

Fig. 1: (a) Iron oxide nanoparticles (IONPs) aggregating in intracellular vesicles (lysosomes) and (b) the effect of IONP 
aggregation on the measured SAR and hysteresis area (after [2]). 

[1]  R. Di Corato et al., Biomaterials 35 (2014) 6400-6411. 
[2]  D. Cabrera, et al., ACS Nano 2018, 12, 3, 2741-2752. 

Low-field broadband magneto-optical characterization of magnetic nanoparticle AC susceptibility 

R Soucaille1, M E Sharifabad2, N D Telling2 and R J Hicken1 

1University of Exeter, UK, 2Keele University, UK 

Detailed characterization of magnetic nanoparticle (MNP) dynamics is needed to improve the efficiency of magnetic 
hyperthermia (MH) as a cancer therapy. In MH the area of the hysteresis loop provides a direct measure of the 
magnetic loses, while low-field AC susceptibility (ACS) quantifies the relaxation rate of the magnetization and can 
be performed either with an inductive method or optically. The inductive method provides a direct quantitative 
measurement of the susceptibility but cannot be performed on the microscale. On the other hand, a magneto-
optical (MO) probe can measure the dynamics of a magnetic system, but the induced polarization rotation is 
typically less than 100 mdeg and other sources of polarization or intensity change can cloud the characterization of 
MNPs. 

MO measurements have been performed on magnetite nanoparticles dispersed in water. The polarization state is 
analyzed with an optical bridge detector and the differential output is analyzed with a lock-in amplifier [Figure 1]. 
The optical ACS shows an extra dip in the response compared to inductive ACS with a frequency that depends upon 
the amplitude of the applied field. Intensity modulation of the transmitted light by a magnetic field, known as opto-
magnetic response, occurs at twice the frequency of the applied field. This can be due to a field dependent 
aggregation of MNPs which tend to form chain-like structures. We have measured the opto-magnetic response 
separately and confirmed that its frequency matches that of the additional feature within the ACS Faraday 
measurement. This demonstrates the power of MO measurements in providing information about other processes to 
which inductive ACS is insensitive. 
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Figure 1: Normalised magneto-optical ACS measurements of magnetite nanoparticles for a 2 mT applied AC field. The real 
(dashed lines) and the imaginary (solid lines) part of the susceptibility are plotted. The imaginary part is proportional to the 
loss. The arrow points to an additional dip in the susceptibility data that is not consistent with the expected response from a 

pure Néel or Bloch relaxation. 

High-yield fabrication of nanodiscs with synthetic antiferromagnetism and perpendicular anisotropy 

E N Welbourne, T Vemulkar and R P Cowburn 

University of Cambridge, UK 

Magnetic nanoparticles (MNPs) have been widely implemented in scientific research, including for biomedical 
applications such as cancer therapy, drug delivery, contrast agents and biosensors [1,2]. Synthetic 
antiferromagnetic (SAF) particles with perpendicular anisotropy (PA) have shown desirable properties for such 
applications, with their high saturation magnetisation, tunable and sharp switching mechanisms, and zero remanent 
magnetisation [3]. They have been demonstrated as candidates for mechanical destruction of cancer cells [4] and 
their self-assembly behaviour in liquid may be interesting in fields such as soft robotics and microfluidic devices. 

While thin film techniques offer extreme control over film magnetic properties, high-yield, low cost methods to 
pattern thin films into MNPs have proven difficult to achieve. Previous high-yield methods have utilised optical 
lithography to produce particles on the micron-scale [3], but these often lead to imperfections in particle shape. 
Alternatively, techniques such as electron-beam lithography can be used to make particles on the nano-scale [5], 
but with yield or timescale limitations. Furthermore, it is necessary to find a sacrificial layer that allows for easy 
release of the particles into solution, without compromising the magnetic properties. This is particularly non-trivial 
for particles with more complex magnetic configurations, such as SAF particles with PA. 

Here, we formulate a top-down fabrication method that produces a massive yield of nanodiscs, and demonstrate it 
in the diameter range of 200nm – 2um. A germanium release layer ensures robust magnetic properties of a DC 
sputtered perpendicular SAF thin film, compared to that on photoresist or aluminium, and allows for simple particle 
release with a hydrogen peroxide etch. Colloidal lithography with polystyrene (PS) beads creates a densely packed 
ion-milling mask, producing a high-yield of disc-shaped particles. This fabrication technique is widely applicable to 
making MNPs from other thin films, producing alternative relevant configurations such as magnetic vortices or in-
plane SAFs.  

62



 

Fig. 1. MOKE loops of a SAF thin film grown on three 
different seed layers 

 

Fig. 2. SEM images nanoparticle lithography. a)  
Colloidal lithography of PS beads. b) Nanoparticles 
formed by using the beads as an ion-milling mask. 
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Investigation of coupled elasto-magnetic pumps for microfluidic applications  

E Martin, S Pagliara, A Gilbert and F Ogrin 

University of Exeter, UK 

Recently, the idea of lab-on-a-chip technology has been introduced to utilise small, low power devices that can be 
integrated on a microscopic scale to perform singular or several laboratory functions within one unit or “chip”. In 
order to achieve this, there is a need for microscopic devices that can transfer fluid at this scale. However, due to 
the low Reynolds number limit in which they are in, such devices need to break time-reversible symmetry to produce 
a net flow. There has been interest and research into using magnetics to produce this non-reciprocal motion for 
swimming devices.  

In this piece of work, we propose a new technique for the pumping of fluid using magnetics. This model is based on 
a repeated chain of magnetic discs connected together, which is placed in an oscillating magnetic field. This design 
has been expressed theoretically as a unit cell of two pairs of magnetic discs, which are connected together by links 
with hinges connecting these links and allowing it to bend. The device itself is surrounded by a fluid and confined to 
a 2D plane. This is based on the model design of ferromagnetic swimmers [1],[2]. This model offers an explanation 
for how elasto-magnetic chains could produce a flow and the key elements in the design for producing a larger flow 
rate.  

In this case the magnetic beads all had an in plane magnetisation orientation and are sufficiently hard. The 
easiness of rotation of the magnetic disc (which can be thought of as hinge stiffness) was altered to see its 
dependence on the speed of the device. It was found by just changing the relative stiffness of the hinges, the 
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direction of motion could be altered and the speed could be controlled. These results could lead onto a new type of 
ferromagnetic pumping devices.  

 

 

 

Fig. 1: (a) A diagram representing the set up of the model; (b) A 3D plot showing the dependence of the speed of the structure 
on the stiffness of the hinges with the magnetic particles; (c) A plot where the stiffness of the 2nd hinge is fixed, showing how the 

swimming speed varies with the stiffness of the 3rd hinge. . 

[1]  F.Y. Ogrin, et al Phys. Rev. Lett. 100, 21812 (2008).  
[2]  A. D. Gilbert, et al., Q. J. Mech. Appl. Math., 64, 239 (2011). 

 

 

 

64



 

Poster programme 

P:01 RKKY exchange interaction model in FePt L10 based on first principle calculations. Finite size effects 
investigations near the Curie point. 

R Ababei, N Binh, S Ruta, R Evans and R Chantrell 

University of York, UK 

We investigate a new model of exchange interactions in FePt based on RKKY interactions with a great importance to 
heat assisted magnetic recording. The DFT-based spin Hamiltonian developed by Mryasov et al. [1] is an excellent 
representation of the properties of FePt blt the long range of the interaction leads to extremely long computational 
times. The aim of our RKKY model of FePt is to provide a reasonable comparison with the DFT model depending on 
the range of the cut-off In Fig 1 we compare the range dependent exchange interactions from DFT and fitted to the 
RKKY function, showing good qualitative agreement between them. We then truncate the exchange interaction to a 
number of cells r and calculate the effect of the interaction range on the simulated Curie temperature using the 
VAMPIRE software package [2]. As the range is increased we find oscillations of the Curie temperature around the 
asymptotic value for a large interaction range. We have found that this model is more optimal to use in Monte-Carlo 
simulations in terms of the computational effort than the full DFT-based Hamiltonian while providing good numerical 
accuracy. 

 

[1]  O. N. Mryasov, U. Nowak, K. Y. Guslienko, and R. W.Chantrell, EPL (Europhysics Letters) 69, 805 (2005). 
[2]  R. F. L. Evans, W. J. Fan, P. Chureemart, T. A. Ostler, M. O. A. Ellis and R. W. Chantrell, Journal of Physics, 

2014 

65



 

P:02 Low temperature suppression of spin diffusion length by non-magnetic impurities in Ag lateral spin valves  

J Adams, G Stefanou, K Moran, M Ali, M Rosamond, G Burnell and B Hickey 

University of Leeds, UK 

Two sets of permalloy (Py)/silver (Ag) lateral spin valves (LSVs) were purposefully doped with non-magnetic 
impurities: one with vanadium (V) and the other with platinum (Pt). This was done in order to test recent conclusions 
that an unexpected downturn in the spin diffusion length (lsf) at low temperatures was due to scattering with 
magnetic impurities [1]. It was found that the presence of non-magnetic impurities within Ag still resulted in a 
downturn, whilst no Kondo upturn was seen in the resistance measurements. This is in contradiction with previous 
conclusions.  

A recent study predicted that heavier metals (such as Pt) would have a more significant effect on the spin diffusion 
length of host metals than lighter impurities because of a stronger spin-orbit interaction [2]. In order to verify this V, 
Ag and Pt were used because of their relative atomic masses (MV = 51 u, MAg = 108 u, MPt = 195 u). It was found 
that whilst there was a significant effect on the spin signals (ΔRS) that were measured, there was little difference 
observed in the lsf’s for the different impurities.  

The devices were grown under a single vacuum using a shadow deposition technique so as to reduce the amount of 
oxidation between the layers of metal. The doping was achieved by growing a 0.05 nm thick ‘dusting layer’ halfway 
up the Ag channel.  

 

Fig 1: (a) Resistivity measurements as a function of temperature for the two doped LSVs; inset are a closer look at low 
temperatures showing the lack of Kondo upturn [3]. (b) lsf as a function of temperature for the two doped samples [3] and a 

reference device made with undoped Ag [4]. 

[1]  J. T. Batley, et al., Phys. Rev. B. 92, 220420 (2015).  
[2]  M. Gradhand, et al., Phys. Rev. B. 81, 245109 (2010).  
[3]  J. Adams, et al., Unpublished master’s thesis, University of Leeds, Leeds (2018).  
[4]  G. K. Stefanou, et al., Unpublished doctoral thesis, University of Leeds, Leeds (2018). 
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P:03 Effect of magnetic field on the photocurrent for a junction of MnOx/ C60/Co 

N Alosaimi, M Rogers, T Moorsom, M Ali and O Cespedes 

University of Leeds, UK 

Organic semiconductors offer several advantages over conventional crystalline semiconductors, such as simple 
engineering of mechanical flexibility, big area coverage, low cost and lightweight (1). On the other hand, the 
difficulty to obtain reproducible results and generally low mobility have hampered the progress of molecular 
spintronics when trying to replicate some of the effects obtained in conventional devices. The lack of reproducibility 
emerges partly as due to the emergence of new physics at the interface between the active carbon-based material 
and the electrode (2, 3). Spin dependent charge transfer, orbital hybridisation, band broadening, Fermi level 
pinning and interdiffusion may all play a role in the behaviour of hybrid devices. Nevertheless, because of these 
emergent properties, nanocarbon materials can be utilised in spintronic devices in order to obtain new 
functionalities, in particular for optoelectronic control of spin polarisation and spin currents (4- 6). Here, we show 
the spin and light-polarisation dependent photocurrents generated in manganese oxide-C60 junctions with cobalt 
electrodes: Co/C60/MnOx. During the experiments, we measure the photovoltaic response with magnetic fields 
applied either in-plane or out-of-plane (Figure 1) to and with different alignments for the light polarisation. These 
devices can be used as self-powered magnetic and/or light polarisation sensors, and they provide information 
about the spin-dependent trapping mechanisms at molecular-metal oxide interfaces. 

 

 

 

 

 

 

 

 

 

Figure 1: The photocurrent generated in a Co/C60/MnOx junction is higher when the ferromagnetic magnetisation is out of plane 
(OP) than in plane (IP) due to spin-dependent charge trapping and magnetic disorder at the interface. 

[1]  Bergenti, I. et al. Organic spintronics. Philosophical transactions of the royal society. 2011, 369, pp. 3054-
3068. 

[2]  T. Moorsom et al., Spin-polarized electron transfer in ferromagnet/C60 interfaces. Physical Review B. 
2014, 90, pp.125311. 

[3]  F. Al Ma’Mari et al. Beating the Stoner criterion using molecular Interfaces. Nature. 2015, 524, pp. 69-73. 
[4]  M. Wheeler, F. Al Ma’Mari et al., Optical conversion of pure spin currents in hybrid molecular devices. 

Nature Communications. 2017, 8, pp. 926. 
[5]  M. Cinchetti, V.A. Dediu & L.E. Hueso. Activating the molecular spinterface. Nature Materials. 2017, 16, 

pp. 507-515. 
[6]  X.Sun. et al. A molecular spin-photovoltaic device. Science. 2017, 357(6352), pp. 677- 680  
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P:04 Effects of a Molecular C60 Interface on the Spin-dependent scattering of YIG/Pt 

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

University of Leeds, UK 

The Spin Hall magnetoresistance (SHMR) is generated by a current flow in thin (~nm) heavy metal layers with a 
large spin orbit coupling (SOC) deposited on a magnetic insulators. A spin current Js is generated in the metallic 
layer, perpendicular to the electronic current. When the direction of the magnetisation M in the ferrimagnet is 
parallel to Js, the spin current is reflected from the interface and back into the metal due to the inverse spin Hall 
Effect. However, if the direction of the magnetisation M and spin polarisation are perpendicular, the spin current 
propagates into the insulator as spin waves. Thus, the SHMR can be observed by rotating the magnetisation vector. 
This effect has generated a large interest and it is critical in the study of the spin Hall angle and its applications, e.g. 
for devices such as spin torque MRAM [1, 2]. 

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]. Here, we have studied the effect of C60 interfaces 
on the SHMR generated in YIG/Pt. We aim to: i. maximise the SHMR of metalic layers, and ii. investigate the spin 
scattering mechanisms and SOC of the hybrid conducting interface. We find that the conducting interface formed 
between C60 and Pt layers (1.5-3 nm) reduces the resistance of the metal by 40-60%, with larger changes at lower 
temperatures. The SHMR of Pt layers is enhanced by up to a factor 3 with C60. Furthermore, there are additional 
magnetoresisitive effects, such as the presence of a low field AMR even at room temperature in samples with 
molecular interfaces that we attribute to emergent magnetism and the formation of domain walls at the hybrid 
interface. These effects can be separated from the ordinary magnetoresistance, weak localisation and Hanle effect 
observed at lower temperatures and/or higher fields as in Fig.(2). 

 

Figure 1: The SHMR of Pt on YIG with and without a C60 layer on top at low magnetic field 0.5T. 

[1]  H. Nakayama, et al., Phys. Rev. Lett. 110, 206601 (2013) 
[2] S. Marmion, et al., Phys. Rev. B. 89, 220404 (2014) 
[3] F. Al ma’mari, et al., Nature. 524, 69—73 (2015) 
[4]  M. Cinchetti, et al., Nature materials. 16, 
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P:05 Magnetotransport measurement of anisotropy in Pt/Co(Fe)B/Ir multilayers 

K Alshammari, M. Ali and T Moore 

University of Leeds, UK 

The interfacial Dzyaloshinskii-Moriya interaction (DMI) at the interface of a 5d metal and a thin film 3d ferromagnet 
(like Pt/Co) leads to chiral domain walls and skyrmions. These topological spin textures are promising for the 
development of low power magnetic memory devices [1]. Furthermore, power-reduction in nanomagnetic devices is 
possible with strain control of thin film magnetism [2].  

We report on our study of multilayers of Ta(5)/[Pt(2.3)/Co68Fe22B10(0.7)/Ir(0.5)]n/Pt(2.3) with perpendicular 
magnetic anisotropy grown on SiOx and piezoelectric substrates. Here, the layer thicknesses are displayed in nm 
and ‘n’ is the number of Pt/CoFeB/Ir layers in the thin film. Laser MOKE and Kerr microscopy have been used to 
investigate the hysteresis and domain morphology of the multilayers. For n > 2, the magnetization reversal 
mechanism changes as indicated by the broadening hysteresis loops shown in Fig.1.(a).  Kerr microscopy shows 
that the domain size is a function of ‘n’. Also, we measure the magnetic anisotropy using a technique based on the 
Anomalous Hall Effect.  As the surface roughness increases with consecutive layer growth, the perpendicular 
anisotropy decreases as shown in Fig.1.(b).  

Second we report on the anisotropy measurement of Pt(4.5nm)/Co(0.8nm)/Ir(5nm) thin films grown on glass under 
strain applied perpendicular to plane using a piezoelectric transducer. A voltage of 150 V applied to the transducer 
generates a maximum strain of ~0.1% [3]. This results in a decrease of the perpendicular anisotropy in the films up 
to 6 kJ/m3 as shown in Fig.1.(c). 

 

Fig 1: (a) Polar MOKE measurement for Ta(5)/[Pt/CoFeB/Ir]n/Pt multilayers on SiOx and piezoelectric substrates. (b) The 
anisotropy decreased as the number of layers increased on the samples. (c) Normalised anomalous Hall effect signal of a 

Pt/Co(0.8nm)/Ir thin film obtained on a piezoelectric transducer as a function of angle of applied field (0 rad = field out-of-
plane). The field orientation changes from out-of-plane to in-plane at 0V (dashed black line) and at 150V (dashed red line) 

applied to the transducer. 

[1]  A. Fert et al., Nat. Nanotechnol. 8, 152 (2013). 
[2]  K. L. Wang et al., IEEE Proc. 104, 1974 (2016). 
[3] P.M. Shepley et al., Sci. Rep. 5, 7921 (2015); J.Phys,.Condens. Matter 30, 344002 (2018). 
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P:06 Frequency response of magnetostatic fields from two-dimensional defects in magnetic flux leakage 

M Aziz 

University of Exeter, UK 

Magnetic flux leakage (MFL) is a proven method for the non-destructive detection of defects and abnormalities in 
magnetic structures (such as magnetic steel) for health and condition monitoring [1]. This method involves applying 
a magnetising field in close proximity to the inspected magnetic medium and measuring the resulting leakage 
magnetic fields from defects, which are key for detection and characterisation of defects. Leakage fields are 
conventionally modeled for simple defect shapes (such as rectangular slots [2] or cylinders [3]) using magnetic 
charge sheets on the inner defect surfaces or using magnetic potentials [4] as sources for the stray magnetostatic 
fields. 

The frequency response of the leakage magnetic fields in MFL has not been derived from physical field descriptions, 
which is fundamental for accurate sizing of defects from measured signals and for the appropriate design of MFL 
detection channels. The Fourier transforms of the leakage fields from a twodimensional surface defect are evaluated 
in this work to produce analytical expressions for the frequency response of magnetic flux leakage (MFL) signals for 
flux sensitive elements (Hall effect of magnetoresistive). 

The derived expressions explicitly show the correlation between the spectral response of the leakage magnetostatic 
fields and defect dimensions and sensing element lift-off spacing, in the form of a product of frequency dependant 
defect width loss function, spacing loss function, and thickness enhancement function, revealing parallels to 
readout theory in magnetic recording. The lower and upper bandedges of the bandlimited leakage magnetic fields 
are theoretically identified, which suggest a spectral method for sizing of defects. 

[1]  D. E. Bray and R. K. Stanley (1997), Nondestructive Evaluation, Part IV: Magnetic Flux Leakage Techniques 
in Nondestructive Evaluation, Florida: CRC Press (1997). 

[2]  N. Zatsepin and V. Shcherbinin, Defektoskopiya, vol. 5, 50 (1966). 
[3]  S. M. Dutta, F. H. Ghorbel, and R. K. Stanley, IEEE Trans. Magn., vol. 45, 1959 (2009). 
[4]  M. Aziz, Edress A I, and C. D. Wright, IEEE Trans. Magn., vol. 52, 3300712 (2016). 

P:07 Electromagnetic wave propagation and resonance in nanometer sized semi-infinite conducting magnetic 
prisms 

M M Aziz and C McKeever 

University of Exeter, UK 

The switching dynamics of magnetic semi-infinite cylinders or prisms, with large axial to radial dimensions, has been 
of past of present research interest for applications in magnetic composites, microwave devices and data storage. 
This is attributed to the ability to reconfigure the magnetic response of these structures by controlling the shape, size 
and microstructure of their magnetic constituents, and through external field bias [1]. In microwave applications 
involving electrically conductive elements, which is the focus of this work, the transient magnetic response is 
complicated by the electromagnetic wave interaction, generating Eddy currents and skin-depth effects which affect 
the magnetisation distribution and resonance mechanism in the structure. 

Earlier theoretical studies of ferromagnetic resonance (FMR) focused on the semi-infinite cylinder shape and 
involved the solution of the linearised Landau-Lifshitz-Gilbert (LLG) equation for the magnetisation including 

70



 

magnetostatic [2] and/or exchange [3, 4] to derive the resonance eigenvalues. Arias and Mills [4] used the quasi-
static vector potential formulation to model Eddy current effects from the application of uniform magnetostatic fields 
for small (nano) structures with no electromagnetic wave interaction. Kraus et al. [5] solved the complete 
electromagnetic problem for the semi-infinite conductive cylinder and only derived the first eigenvalues for the 
resonance modes in the limits of large and small cylinder radii due to the complexity of the problem. 

A hybrid electromagnetic and micromagnetic numerical approach has been previously developed to solve the 
complex system of the combined LLG and Maxwell's equations, based on the finite-difference time-domain (FDTD) 
method [6]. This method is extended here to model the electromagnetic wave interaction with semiinfinite 
ferromagnetic prisms with square cross-sectional areas of sides 50 - 1000 nm and study the dependence of the 
resonance modes/frequencies and wave propagation characteristics on the prism size. 

[1]  A. Aharonic and S. Shtrikman, Phys. Rev. 109, 1522 (1958). 
[2]  C. Kittel, Physical Review 73, 155 (1948). 
[3]  W. F. Brown, “Micromagnetics”, Robert E. Krieger Publishing Co., New York (1978). 
[4]  R. Arias, and D. L. Mills, Phys. Rev. B 63, 134439 (2001). 
[5]  Kraus et al., Phys. Rev. B 83, 174438 (2011). 
[6]  M. M. Aziz, PIER B 15, 1 (2009). 
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P:09 Experimental evidence of the origin of the giant resistivity change across the first-order magnetic transition in 
FeRh alloys  

L Benito, T Moore and C Marrows 

University of Leeds, UK 

First-order magneto-structural phase transitions[1] (MPT) typically encompass abrupt changes in a material’s 
physical properties[2]. These hold great opportunities for tailoring materials with novel functionalities, provided we 
gain a deep understanding of the underlying microscopic mechanisms. Of interest for spintronics is the emergence 
of a giant resistivity change in FeRh[3] alloys across the first-order MPT. In this line, a novel antiferromagnetic 
memory[4] concept based on FeRh alloys was recently demonstrated. In FeRh alloys, the magnetization typically 
shows a sharp drop across the MPT[3]; for that reason the dramatic increase in resistivity at the MPT has been 
accounted for[5] by making use of the spin-disorder model[6], although not without controversy[7,8]. On the other 
hand, a number of ab-initio calculations[9] suggested the arising of superzone band-gaps as source for the giant 
resistivity. Nevertheless, up to now, conclusive evidence that proves the microscopic origin of the giant resistivity in 
FeRh alloys has remained elusive.  

We have investigated the magnetostructural properties in a series of sputter-grown equiatomic FeRh thin films. We 
find that varying the deposition rate, ie from 0.24 to 0.38 nm/sec, while keeping the layer thickness constant, ie 
42.5 ± 1 nm, enables a quasi-deterministically swift of the MPT temperature. More importantly, our study 
demonstrates that the change in the resistivity across the MPT scales linearly with the MPT temperature and that the 
change in the resistivity across the MPT with respect to the crystal lattice is largely anisotropic, being 25% higher for 
current along 100 than along 110 (Fig. 1(a)). In the antiferromagnetc (AFM) type-II magnetic structure adopted 
by B2 ordered FeRh alloys[10] in the low temperature phase (Fig.1(b)), where nearest-neighbour Fe sites ordered 
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AFM in the (001)-planes and ferromagnetically in (111)-planes, the spatial modulation of the magnetic potential 
substantially differs for these two crystallographic orientations. Early models[11] and calculations[12] of the abrupt 
resistivity changes in AF set out that  ∆~Jsd, where ∆ is the superzone band-gap and Jsd is the s-d exchange 
energy. In FeRh alloys TAF-F~  JAF, where TAF-F is the MPT temperature and JAF is the AF exchange energy. Based on that 
and in the light of experimental[13] and ab-initio modelling[14] of the GMR effect in bulk AF materials, the onset of 
a giant anisotropic resistivity phase in FeRh alloys is a fingerprint of the arising of superzones band-gaps. By 
contrary, the spin-disorder model, which is intrinsically isotropic, cannot account for any of these features of our 
results.  

 

Fig 1: (a) Resistance ratio R(T)/R(T=500K) versus temperature in zero-field measured for current along [100] & [110] 
crystallographic directions for a single-crystal 40-nm-thick (001)-oriented FeRh thin film grown onto MgO. (b) B2 ordered & 

AFM-type II structures for FeRh alloys. 

[1]  S. B. Roy, J. Phys.: Condens. Matter 25 183201 (2013).  
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[3]  J.S. Kouvel & C. C. Hartelius, J. Appl. Phys. 33, 1343 (1962).  
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[6]  A. J. Dekker, J. Appl. Phyts 36, 906 (1965).  
[7]  R. Y. Gu & V. P. Antropov, Phys. Rev. B 72, 012403 (2005).  
[8]  S. Mankovsky et al. Phys. Rev. B 95, 155139 (2017).  
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P:10 Spin-polarised metastable emission electron microscopy (SPMEEM): a new technique to map the surface 
spin-polarisation of magnetic materials  

P Bentley1, Y Yamauchi2, M. Kurahashi2, X Sun3 and A Pratt1  

1University of York, UK, 2National Institute for Materials Science, Japan, 3University of Science and Technology of 
China, China  

The Fermi-level spin polarisation, P(EF), at the surface of a magnetic material is a critical property that determines its 
behaviour in a device application. Due to the relaxation and reconstruction of surface atoms, P(EF) at the outermost 
layer can be drastically different to bulk values. We have previously demonstrated this for Fe3O4 (magnetite) using 
the extreme surface sensitivity available with the technique of spin-polarised metastable de-excitation spectroscopy 
(SPMDS) [1]. This method uses helium atoms in the metastable 23S state (19.82 eV) which de-excite a few Å above 
a surface through one of two different Auger electron processes. The He 23S beam can be spin polarised by 
preparing the atoms in the mj = +1 or mj = -1 magnetic sublevels and applying a quantization axis, thereby allowing 
the spin-split density of states of a material to be probed.  

Here, we show the first results from the development of the microscopic equivalent of SPMDS: spin-polarised 
metastable emission electron microscopy (SPMEEM). In the same way that spin-polarised low-energy electron 
microscopy (SPLEEM) and spin-polarised photoemission electron microscopy (SPPEEM) greatly extend the 
capabilities of their corresponding techniques of electron spectroscopy, SPMEEM will enable novel studies of 
surface magnetic phenomena and allow P(EF) to be mapped across a surface. We demonstrate its potential by 
presenting images of the magnetic domain structure of single crystal Fe3O4(001) (see figure) [2]. Top-surface spin-
polarisation both in-plane and out-of-plane is compared to sub-surface measurements obtained using ultraviolet 
magnetic circular dichroism (UVMCD) with both then compared to existing SPLEEM results [3].  

 

Fig 1: (a), (b), and (c) are, respectively UVMCD, and in-plane and out-of-plane SPMEEM images of a 100 μm region of the 
Fe3O4(001) surface. (d), (e), and (f) are equivalent images from the same region but with a 50 μm field of view. 

[1]  A. Pratt, M. Kurahashi, X. Sun, D. Gilks, and Y. Yamauchi, Phys. Rev. B 85, 180409(R) (2012).  
[2] G. S. Parkinson, Surf. Sci. Rep. 71, 272 (2016).  
[3]  J. de la Figuera et al., Ultramicrosc. 130, 77 (2013).  
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P:11 Growth and characterisation of MTJ films for STT-MRAM 

C Bull, P Nutter and T Thomson 

The University of Manchester, UK 

Owing to its fast read/write speed and scalability possibilities, spin-transfer-torque magnetoresistive random access 
memory (STT-MRAM) is considered to have huge potential as a non-volatile data storage technology. However, STT-
MRAM faces challenges for future development, such as the need to reduce the critical switching current whilst 
maintaining thermal stability [1]. The use of novel film structures, such as graded anisotropy films based on the 
concept of exchange spring media [2], could offer a route to switching with a reduced STT current in a magnetic 
tunnel junction (MTJ) [3]. To fabricate MTJ structures, optimisation of individual layers is essential. Smooth, pinhole 
free MgO (~1 nm) tunnel barriers are critical to achieving large tunnelling magnetoresistance ratios [4], and 
interfacial lattice matching is crucial between the MgO barrier and ultra-thin film (≤1.5 nm) CoFeB to achieve 
perpendicular magnetic anisotropy (PMA) of the structure [5]. Optimising the sputter growth conditions of MgO and 
ultra-thin CoFeB have enabled the fabrication of 
Ta(5nm)/Co20Fe60B20(1nm)/MgO(1nm)/Co20Fe60B20(0.8nm)/Ta(5nm)/Pt(2nm) films onto SiO2 (290nm) substrates 
(Fig. 1). In-situ post-deposition annealing was carried out to obtain MTJ films: Tann=340°C and Tann=360°C. The 
layer thicknesses of MTJ films have been calibrated using X-ray reflectivity and the magnetic properties have been 
investigated using vibrating sample magnetometry (VSM) (Fig. 2). The patterning of point contacts to perform CIPT 
measurements on MTJ films has been carried out using lithography and electron-beam evaporation [6-7]. This will 
allow the study of magnetoresistance ratio dependence with annealing conditions. Optimisation and 
characterisation of MTJ films is essential for the development of novel film structures for STT-MRAM. 

 

Fig 1: Schematic of MTJ films deposited using RF and DC magnetron sputtering onto SiO2 (290 nm) substrates under ultra-high 
vacuum conditions (below 9x10-9 Torr). 

 

Fig 2: Magnetic hysteresis loop for MTJ film Tann=340°C measured by VSM, applying a 20kOe field perpendicular (black) and 
parallel (red) to the sample surface. 
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P:12 X-Ray detected Ferromagnetic Resonance (XFMR) 

D M Burn and G van der Laan 

Diamond Light Source, UK 

Ferromagnetic resonance (FMR) is a standard technique for measuring magnetisation dynamics in thin film, multi-
layered and single crystal systems. The absorption of a RF magnetic signal supplied from a co-planar waveguide 
reveals the field and frequency dependence to the magnetic resonance in the sample. However, this technique 
comes with limitations, for example it is not possible to determine the origin of resonance modes in complex multi-
layered structures typically used in magnetism research today. 

By combining FMR measurements with x-ray magnetic circular dichroism (XMCD) it is possible to overcome this 
limitation by exploiting the element selectivity available with x-ray absorption measurements. X-ray detected 
ferromagnetic resonance (XFMR) works by synchronising RF excitation of the sample with pulsed x-rays available at 
a synchrotron we stroboscopically probe the absorption as a function of pump-probe delay revealing the element 
specific magnetodynamics at picoseconds timescales [1,2]. 

We present a selection of recent XFMR results, including spin pumping across spin valves and spin transfer across a 
topological insulators [3-7], outlining the operating principles of the technique and the valuable insights it offers 
[8]. 

[1]  A.I. Figueroa, et al., J. Magn. Magn. Mater. 400, 178 (2015). 
[2]  M.K. Marcham et al., J. Appl. Phys. 109, 07D353 (2011). 
[3]  G.B.G. Stenning et al., New. J. Phys. 17, 013019 (2015) 
[4]  M.K. Marcham et al., Phys. Rev. B 87, 180403 (2013). 
[5]  A.A. Baker et al., Sci. Rep. 5, 7907 (2015). 
[6]  A.A. Baker et al., Sci. Rep. 6, 35582 (2016). 
[7]  A.A. Baker et al., J. Magn. Magn. Mater. 473, 470 (2019). 
[8]  G. van der Laan, J. Electron Spectrosc. Relat. Phenom. 220, 137 (2017). 

P:13 Manipulation of skyrmion motion by magnetic field gradients  

D Burn1, S Zhang2, 3, T Hesjedal2 and G van der Laan1  

1Diamond Light Source, UK, 2University of Oxford, UK, 3Shanghai Tech University, China  

Magnetic skyrmions are nanoscale, particle-like entities made up of a swirling, topologically protected spin texture 
which exist in chiral magnetic systems. These skyrmions are promising candidates for novel memory technologies 
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and spintronic devices due to the potential to encode information as the presence or absence of skyrmions, 
allowing for a racetrack memory system [1]. Techniques to manipulate the skyrmions in such a system are key to 
development of such devices. Here we present a novel method to manipulate skyrmion motion using magnetic field 
gradients (Fig. 1) [2].  

Cu2OSeO3 is a well-established skyrmion system in which individual skyrmions assemble into a closed-packed 
hexagonally ordered magnetic lattice [3,4]. The magnetic lattice constant is relatively large (60 nm), allowing for the 
observation of skyrmions using resonant elastic X-ray scattering (REXS). This technique is ideally suited to studying 
slow dynamics in situ and uses polarized soft x-rays only available at synchrotrons.  

Our REXS experiments on beamline I10 at the Diamond Light Source show that the skyrmion lattice structures in 
single-crystal Cu2OSeO3 are highly mobile in a radial field gradient. The skyrmions rotate collectively in a shell-like 
structure following a given velocity-radius relationship. The direction of the field can be used to control the sense of 
rotation of the lattice. These results show that field gradients provide an effective mechanism for fine control of 
skyrmion motion. In this scheme, no local electric currents are needed, thus providing an alternative, lower energy 
approach to shift-register-type operations based on spin transfer torque. Our findings open the door to a new way to 
manipulate and engineer the skyrmion state which will enable applications in the future. 

 

Fig 1: Manipulation of skyrmions along a linear racetrack and the application to a circular racetrack memory concept where 
information is represented by the presence (1) or absence (0) of a skyrmion. (a) In a 1D linear racetrack scheme, skyrmions 

are moved past read/write heads collectively in a shift register fashion. (b) Morphing half of the 1D strip into a circular structure 
is the basis for the 2D racetrack memory element shown in (c). The required linear motion/rotation is controlled via an applied 

magnetic field gradient. 

[1]  A. Fert, V. Cros and J. Sampaio, Nature Nano. 8, 152 (2013).  
[2]  S.L. Zhang, W.W. Wang, D.M. Burn, et al., Nature Comms. 9, 2115 (2018).  
[3]  S. Seki, X.Z. Yu, S. Ishiwata and Y. Tokura, Science 336, 198 (2012).  
[4]  S.L. Zhang, A. Bauer, D.M. Burn, et al., Nano. Lett. 16, 3285 (2016). 
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P:15 POLREF: Time of flight Polarised Reflectometer  

A Caruana and C Kinane 

Science and Technology Facilities Council, 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. Furthermore, 
POLREF has the capability to 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 a number of 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.  

Fig. 1: QxQz off-specular PNR map of a Ni58 thin film: where R+ and R- are the spin up and spin down reflectivites respectively. 

[1]  J.F. Ankner, G.P. Felcher, J. Magn. Magn. Mater, 200, 741-754 (1999)  
[2]  S. J. Blundell and J. A. C. Bland, PRB, 46, 3391 (1992)  
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P:16 Magnetic skyrmions for nanocomputing  

R Chen, J Miles, V Pavlidis and C Moutafis  

University of Manchester, UK 

Magnetic skyrmions (Fig. 1(a), (b)) are topologically-protected spin textures, which exhibit particle-like properties. 
They were recently realised in both bulk non-centrosymmetric magnetic materials and thin multilayer films with the 
Dzyaloshinskii-Moriya interaction (DMI) generated by strong spin-orbit coupling (SOC) and broken inversion 
symmetry [1-2]. Novel computational and storage devices using skyrmions or skyrmion gases show promise for 
significant improvement over traditional CMOS technologies due to their robustness, nanoscale size and non-
volatility [1-3]. Investigation of such skyrmion systems would not only yield insight on fundamental physics, but 
also impact on future technologies. Magnetic skyrmions have recently been demonstrated experimentally at room 
temperature for the first time in technologically relevant multilayers [2] which opens the way for their use in novel 
nanometer scale computing applications [4].  

Recently, magnetic skyrmions have been proposed for developing Boolean gates and related logic functions, 
utilising the flow of skyrmions through nanowire tracks and leveraging the rich physics of skyrmions: the skyrmion-
Hall effect, skyrmion-skyrmion repulsion, skyrmions-boundaries repulsion, and electrical current-control of notch 
depinning [3-4]. In addition to traditional computing and storage technologies, skyrmion-based devices exhibit the 
potential for multi-state functionality due to their particle-like nature. Such multi-state systems are paramount in 
realising neuromorphic computing technologies including artificial synapses, artificial neurons, spiking neural 
networks (SNN) as well as reservoir computing [5]. Inspired by recent work on skyrmion-based neurons and 
synapses [4-6], we computationally investigate here the conditions for synaptic activity based on trains of 
skyrmions (Fig. 1(c), (d)). This work aims to develop novel low-power non-Von Neumann computing paradigms 
utilising nanoscale skyrmions.  

 

Fig 1: (a) and (b) the schematics of a Néel skyrmion and a Bloch skyrmion. (c) Micromagnetic simulation of a skyrmionic 
synaptic device. (d) Schematic of a biological synapse (from https://opentextbc.ca/) 

[1]  A. Fert, et al., Nat. Rev. Mat. 2(7), 17031 (2017)  
[2]  C. Moreau-Luchaire, C. Moutafis, et al., Nat. Nanotech. 11, 444 (2016)  
[3]  M. Chauwin, et al., arXiv:1806.10337 (2018)  
[4]  W. Kang, Y. Huang, et al., Proc. of the IEEE 104(10) (2016)  
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P:17 Thermodynamic and magnetic measurements of the ferromagnetic chain materials M(NCS)2(thiourea)2; M=Co, 
Ni 

S Curley1, R Williams1, R Scatena2, P Macchi2, V Zapf3, J.L. Manson4 and P Goddard1 

1University of Warwick, UK, 2University of Bern, Switzerland, 3Los Alamos National Laboratory, USA, 4Eastern 
Washington University, USA 

We have studied the magnetic properties of two new highly one-dimensional isostructural molecule-based magnets 
of the form M(NCS)2(thiourea)2 (thiourea = CH4N2S), where M is either Co (S = 3/2) or Ni (S = 1). Both materials 
contain bi-bridged M-S2-M superexchange pathways along the a-axis. The M-S-M bond angle is close to 90 degrees 
which, in accordance with the Goodenough-Kanamori rules, suggested ferromagnetic (FM) exchange interactions 
along the chains [1, 2], in agreement with DFT calculations done for these compounds. 

Heat-capacity and magnetometry  measurements were performed on both materials. The aim being to determine 
the sign and strength of various Hamiltonian parameters; namely, the exchange coupling along the chains J, the 
inter-chain exchange J’  and the single-ion anisotropy D. 

 

Fig 1. Crystal structure of M(NCS)2(thiourea)2. (a) along the a-axis. (b) Shows the FM M-S2-M bi-bridges as red and white 
banded bonds with H omitted for clarity 

 

Fig 2. (a) Zero-field magnetic heat capacity data for Ni and Co. The inset is the magnetic entropy plots derived from the heat-
capacity with the shaded regions indicating errors introduced from background lattice subtractions. (b) Susceptibility (coloured 

circles) along all three crystal axes with a mean-field Ising model fit (solid red line) along the easy-axis (c’). 

[1]  J. B. Goodenough, Magnetism and the Chemical Bond (Interscience, New York, 1963). 
[2]  J. Kanamori, J. Phys. Chem. Solids 10, 87 (1959). 
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P:18 A near-ideal coordination polymer Haldane spin-chain 

R C Williams1, W J A Blackmore1, P A Goddard1, M R Lees1, S P M Curley1, D Y Villa2, J L Manson2, J L Schlueter3, J 
Singleton4, A Ozarowski5, B M Huddart6, T J Hicken6, T Lancaster6, S J Blundell7, F L Pratt8, D J Voneshen8, F Xiao9,10, 
R Scheuermann10, C Baines10 and Z Guguchia10 

1University of Warwick, UK, 2Eastern Washington University, USA, 3Argonne National Laboratory and National 
Science Foundation, USA, 4Los Alamos National Laboratory, USA, 5Florida State University, USA, 6Durham 
University, UK, 7Oxford University, UK, 8ISIS, UK, 9University of Bern, Switzerland, 10Paul Scherrer Institut, 
Switzerland. 

The magnetic behaviour of integer-spin Heisenberg antiferromagnetic chains differs fundamentally from their half-
odd-integer counterparts: they exhibit a gapped Haldane phase which is robust to the perturbations of single-ion 
anisotropy and inter-chain exchange interactions [1]. A new quasi-one-dimensional S=1 coordination polymer 
Haldane spin-chain system NiI2(3,5-lut)4 has been synthesized, and quasi-static and pulsed-field magnetometry 
reveal that the low energy magnetic behaviour is dominated by the intra-chain exchange J=18.3 K, with the ensuing 
Haldane gap Δ=7.4 K confirmed by inelastic neutron scattering (INS) measurements. Electron-spin resonance 
(ESR) measurements indicate this material is a virtually isotropic Haldane system, since the single-ion anisotropy 
parameter D [from the Hamiltonian term Σi D(Si

z)2] is zero to within uncertainties, making this the most ideal 
Haldane chain compound reported, to date [1]. Muon-spin relaxation measurements confirm the absence of zero-
field magnetic ordering for temperatures above 20 mK and, together with low-temperature magnetization 
measurements, determine the critical field BΔ=4.4 T where the Haldane gap is closed. The S=1 Ni(II) moments are 
fully saturated at the field BS=48 T. Susceptibility and magnetization measurements also reveal the presence of 
emergent S=1/2 end-chain degrees of freedom, as expected for the Haldane phase [2]. 

 

 

 

 

 

 

 

 

 

Fig. 1. (a) The crystal structure of NiI2(3,5-lut)4; (b) High-frequency ESR in the paramagnetic phase reveals negligible single-ion 
anisotropy; (c,d) The results of quasi-static SQUID magnetization and susceptibility measurements display behavior 

characteristic of the Haldane phase, including exponentially suppressed susceptibility, the closure of the Haldane gap by 
magnetic field and emergent end-chain paramagnetic S=1/2 degrees of freedom; (e,f) Powder INS measurements directly 

observe the Haldane gap, and also an additional anomalous feature at lower energies. 

[1]  K. Wierschem, P. Sengupta, Mod. Phys. Lett. B 28, 1430017 (2014). 
[2]  I. Affleck, et al., Phys. Rev. Lett. 59, 799 (1987). 
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P:19 Template synthesis and magnetic properties of two-component nanowires 

I Doludenko1, O Zhigalina2, D Zagorskiy2, A Shatalov1, 2, D Cherkasov1, 2, S Bedin2, K Frolov2, A Lomov2 and G 
Bondarenko1 

1National Research University Higher School of Economics, Russia 2 Center of Crystallography and Photonics of RAS, 
Russia 

Nanowires (NWs) were obtained by matrix synthesis using polymer track membrane as template. The 
electrodeposition of two types of samples- alloys NWs (Fe-Ni, Fe-Co) and layered NWs (Cu/Ni, Cu/Co) was carried 
out and investigated. 

The features of alloys NWs were non-linear dependence of grooving process on time, anomalous co-deposition of Fe 
and dependence of NWs composition on deposition voltage. 

Deposition parameters for layered NWs were determined by investigation of process at the flat surface. TEM 
investigation of obtained NWs: element mapping demonstrated the existence of layers of Cu and Ni-based alloy 
(83%Ni and 17%Cu). TEM also showed that using of the “constant time” leads to formation of layers with variable 
length (due to the diffusion limitations for ions in the narrow pores). In order to obtain the NWs with regular layer 
length the regime of “constant charge” should be used. 

TEM with X-ray analysis demonstrated the polycrystall structure of NW with fraction of small crystals (5-10 nm) and 
fraction of bigger crystals (50-80 nm). Ni (Fm3m), Cu (Fm3m) and oxides (Cu2O and CuO) were determined. 

Magnetoresistivity effect was observed for Cu/Ni NWs. The GMR effect was observed only in samples with regular 
layer length 

Magnetic measurements of alloys NWs were carried out: all samples are ferromagnetic. Fe-Co NWs are hard 
magnetics: coercetivity is 1100 Oe, while Fe-Ni have “soft magnetic - coerc. less than 100 Oe. 

Mossbauer spectra of Fe-contained alloys NWs: it was found that spectral parameters depend on pores diameter. 
For thick NWs the spectra were the same as for bulk material. For thin NWs the spontaneous magnetization along 
the wire` axes was detected.  

Acknowledgements. The equipment of Institute of Crystallography (RAS) was used under the State task № 007- 
GZ/CH3363/26. The authors thank Ovchenkov E.A. (Faculty of Physics, MSU) for measurements of GMR. 

P:20 Development of a Magneto-Optical system for broadband AC susceptibility and magnetometry on 
nanoparticles 

M E Sharifabad1, R Soucaille2, R J Hicken2 and N D Telling1 

1Keele University, UK, 2University of Exeter, UK 

Nanoparticles-mediated hyperthermia as an adjunct cancer treatment has been shown to enhance the efficiency of 
standard cancer therapies, such as chemotherapy and radiation treatment. The potential of magnetic nanoparticles 
for hyperthermia states the importance of the development of magnetic characterisation tools capable of measuring 
nanoparticles at relevant conditions -i.e. frequencies of 50-1000 kHz. Generally, the magnetic characterization is 
performed using inductive coil-based setups. However, these approaches have experimental limits, such as 
restricted frequency range as well as requiring more concentrated suspensions (typically over 0.5 mg/ml)[1]. 
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Compared to conventional methods magneto-optical technique is capable of measuring the magnetization and 
magnetic susceptibilities over a wide range of field and frequencies at lower sample concentration. 

We have developed a new magneto-optical system for high-frequency magnetometry and susceptibility 
measurement of magnetic nanoparticle colloids. The developed system could generate up to 50mT at frequencies 
up to 500MHz. The detection setup is based on modulation of the Faraday effect and measurement of Faraday 
rotation of the transmitted polarised laser light (488nm). The transmitted light is split into two beams with 
orthogonal linear polarisation and the difference signal (A-B) is monitored via a balanced detector. Example 
hysteresis loops of magnetite nanoparticles in water as a function of maximum applied AC field are shown in figure 
1. These results together with broadband magneto-optical susceptibility, will be discussed in relation to the 
magnetisation relaxation properties of the particles.  

 

Figure 1.AC hysteresis loops of magnetite nanoparticles obtained using the developed magneto-optical system at 112 kHz. 

[1] Eneko Garaio, Juan Mari Collantes, Jose Angel Garcia, Fernando Plazaola, Stéphane Mornet, et al.. Journal 
of Magnetism and Magnetic Materials, Elsevier. 368. (2014). 

P:21 The finite difference approach to dynamic spin transport modeling 

L Elliott, R Chantrell and R Evans 

University of York, UK 

The spin-diffusion model is a well established means of studying spin transport and spin torque effects [1]. When 
combined with the Landau-Lifshitz-Gilbert equation for magnetization dynamics a natural inclusion of spin torque is 
presented [2]. It is suggested that using these models in tandem allows for the simulation of phenomena relating to 
the development of spintronic devices, for example the injection of hot electrons to a magnetic multilayer. 

Previous work has studied the equilibrium case of the finite difference implementation of the spin-diffusion model 
[3]. This work builds upon this basis by extending to the non-equilibrium case. 

The progress of this extension is presented with note to the difficulties presented by the finite difference approach 
when moving away from the trivial case of magnetic multilayers with collinear magnetization. In particular the 
numerical stability of the implementation is explored alongside a possible mitigation scheme. 

[1]  S. Zhang, P. M. Levy, A Fert, Phys. Rev. Lett. 88, 236601 (2002). 
[2]  C. Abert, et al., Scientific Reports 5, 14855 (2015). 
[3]  P. Chureemart, et al., J. Phys. Condens. Matter, 27, 146004 (2015) 
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P:22 Multi-scale study on the effect of surface disorder on spin-transfer torque switching of magnetic tunnel 
junctions  

M Ellis, M Galante and S Sanvito 

Trinity College Dublin, Ireland 

Magnetic tunnel junctions (MTJs) are crucial for the future of non-volatile magneto-resistive random-access memory 
(MRAM). MTJs are formed of two magnetic layers separated by a barrier layer and the efficiency of these devices 
strongly depends on the interface between these layers. In a prototypical FeCoB/MgO/FeCoB MTJ, interfacial 
disorder phenomena such as oxidation or oscillations in MgO thickness are known to sharply degrade the spin 
polarisation and hence the switching properties of the device [1].  

In this work we employ a multi-scale approach, combining ab initio quantum transport calculations with a large-
scale atomistic spin model, to simulate the magnetisation dynamics of a Fe/MgO/Fe MTJ with a disordered barrier. 
On the microscopic scale, density functional theory combined with the non-equilibrium Green's function technique, 
as implemented in the SMEAGOL code, is employed to calculate the spin-transfer torque (STT) as function of the 
angle of misalignment of the free layer. The ab initio STT is then projected over all atoms in the free ferromagnetic 
layer which provides direct input to finite-temperature atomistic spin dynamics based on the augmented Landau-
Lifshitz-Gilbert equation [2].  

Studying the electron transmission in these structures shows that only electrons with low transverse momentum are 
transmitted, i.e. the current remains parallel to the stacking direction. This allows the cross section of the MTJ to be 
considered as divided into a number of smaller sections where the current flows relatively independently. As a 
consequence, one can calculate the STT on a series of MTJs with reduced cross sections that can be combined to 
perform a larger scale simulation at the spin dynamics level, as shown in figure 1. In this work we calculate the STT 
on Fe/MgO/Fe MTJs with different kind of interfacial disorder to then analyse the magnetisation dynamics of a larger 
system with a inhomogeneous tunnelling barrier. Using this the current induced switching of a free layer with a 
disordered barrier has been simulated for which we find that the large exchange coupling in Fe helps maintain 
uniform switching whilst the net torque is dominated by regions where barrier is thinner.  

 

Fig 1: Schematic of the junction set up with varying barrier thicknesses where the spin dynamics simulation is split into regions 
of a single barrier height. 

[1]  Tusche et al, Phys. Rev. Lett. 95, 176101 (2005)  
[2]  M. O. A. Ellis, M. Stamenova, and S. Sanvito, Phys. Rev. B 96, 224410 (2017). 
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P:23 Structural and magnetic properties of CoFeCrAl and NiCrMnSi quaternary Heusler alloys  

K Elphick1, T Tsuchiya2, Y Onodera2, T Roy2, T Kanumura2, M Tsujikawa2, M Shirai2 and A Hirohata1 

1University of York, UK, 2Tohoku University, Japan  

Heusler alloys is one of the main stream research studies in materials science due to their possible applications in 
spintronic devices. Such a half-metallic ferromagnetic material has a unique property for exhibiting only one spin 
channel at the Fermi level [1]. CoFeCrAl and NiCrMnSi alloys have been predicted to be ferromagnetic in 
experimental and theoretical studies [2],[3]. In this study, we investigated structural and magnetic properties on 
CoFeCrAl (CFCA) and NiCrMnSi (NCMS) alloys.  

CFCA samples were sputtered on MgO(001) single crystal substrate using ultrahigh vacuum (UHV) magnetron 
sputtering. The sample structure was MgO/Cr(40)/CFCA(30)/ Mg(0.4)/MgO(2)/CoFe(5)/Ta(3)/Ru(5) (thickness in 
nm). All layers were sputtered at room temperature. The sample was in situ annealed at different temperatures of 
Tanneal = 500ºC to 800ºC in 100ºC steps. Similarly, NCMS samples were sputtered using UHV magnetron 
sputtering, consisting of MgO(001)/NCMS (100)/Ta (3) (thickness in nm). The NCMS samples were deposit at Tsub 
= 500ºC and 700ºC.  

Figure 1a shows a cross-sectional transmission electron microscope (TEM) image of the CFCA sample at Tanneal = 
800ºC. Figure 1b is obtained by selectively displaying crystalline planes across grain boundaries. The dislocation of 
the lattice plane is identified as indicated by red arrows. Multiple lattice dislocations are observed at the CFCA/MgO 
interface annealed at Tanneal = 500ºC. At Tanneal = 800ºC only one dislocation can be observed along approximately 
15 nm interface. X-ray diffraction (XRD) and TEM measurements confirm the structural properties of NCMS. Multiple 
XRD peaks are observed at Tsub= 700ºC, while no crystallization is measured at Tsub = 500ºC. High resolution TEM 
imaging were obtained and the results were coincide with the XRD measurements.  

Our results confirm that higher annealing temperatures reduce the number of dislocations at the Heusler alloy 
surfaces. This leads to the difference in the corresponding tunneling magnetoresistance ratio of 13% and 86% for 
Tanneal = 500ºC and 800ºC, respectively.  

This work is partially supported by JST CREST (JPMJCR17J5), KAKENHI(18H05948) and JSPS Core-to-core program.  

a)  b)  

Fig. 1: (a) TEM image between CFCA/MgO/CoFe.; (b) Lattice disorder at the CFCA/MgO interface. 

[1]  R. A. de Groot, et al. Phys. Rev. Lett. 50 2024, (1983).  
[2]  V. D. Buchelnikov, et al. J. Magn. Magn. Mater. 459 78, (2018).  
[3]  Y. Jin et al., Appl. Phys. Lett. 109, 142410 (2016). 
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P:24 Development of patterning techniques for skyrmionic devices  

C Emmerson, T Thomson and C Moutafis 

University of Manchester, UK  

Magnetic skyrmions are topologically-stable vortex-like spin textures which form in magnetic systems that lack 
inversion symmetry, depicted in Fig. 1a [1, 2]. In 2016, it was demonstrated that skyrmions can be nucleated in 
magnetic multilayers at room temperature [3,4], giving promise to the notion of incorporating these topologically-
stable spin textures into devices which can perform abacus-like calculations. Initial experiments required the use of 
synchrotron-based X-ray microscopy techniques in order to study both the static and dynamic properties of 
skyrmions. However, recent advances now mean that detection and manipulation of skyrmions in laboratory 
conditions is possible via electrical measurements and Scanning Probe Microscopy (SPM) [5, 6]. The current focus 
of the project has been to develop methods for the high-quality patterning of magnetic multilayers (such as those in 
Fig. 1b) using argon ion milling and electron-beam lithography. Samples in the literature prepared using such 
techniques have shown minimal magnetic degradation, a key aspect in fabricating skyrmion-based devices [7]. Fig. 
1d shows optical images of devices patterned (stack composition shown in Fig. 1c) used to study domain wall 
motion using a Ti hard mask fabrication process. 

 

Fig 1: a) A simulation of a Néel-type skyrmion found in magnetic multilayer structures created by Y. Li, b) a depiction of the 
repeated magnetic trilayer stack used in [3] to nucleate skyrmions at room temperature, c) a schematic of a successfully 

fabricated Co/Pt multilayer stack and d) an optical image of Co/Pt multilayer devices patterned with argon ion milling and a Ti 
hard mask designed using electron-beam lithography. The wires have a width of 500nm. 

[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)  
[7]  K. Zeissler, et al., Nature Nanotechnology 13, 1161-1166, (2018) 
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P:25 Ising model calculations of the monoclinic and orthorhombic phases in magnetocaloric Gd5(SixGe1−x )4 

A Evans, D Read and G Min 

Cardiff University, UK 

The MagnetoCaloric Effect (MCE) is characterised as an adiabatic change of temperature due to a varying external 
magnetic field. The giant magnetocaloric effect (GMCE) has become of greater interest due to its enhancement of 
the temperature response [1, 2], by coupling the magnetic phase transition with a crystallographic phase transition 
the MCE is enhanced. 

Previously used for low temperature physics more recent discoveries of materials have allowed for MCE use at or 
close to room temperature [2]. An MCE based system would allow for less environmentally harmful materials to be 
used with a higher theoretical efficiency and lower energy consumption than conventional pressure-based systems 
[3]. 

The RKKY interaction describes the coupling mechanism between localised d and f shell electrons through a 
conducting electron. The interaction can be defined as a damped oscillator with respect to site distance centered on 
the ion sites. The Ising model has previously been used to study MCE materials [4], the purpose of this research is 
to investigate the effectiveness of an Ising model for predictions of GMCEs through a comparison of phase energies. 
We have simulated a 3D array of sites with5(Six Ge1−x )4 at varying external fields. 

Our simulations have found an energetic preference from Orthorhombic to Monoclinic Gd5(SixGe1−x )4 in a 
temperature range of 94 to 320K dependent upon the applied field and a 

Hamiltonian term ascribed to the bonds broken during transition. A ferromagnetic Orthorhombic system is shown to 
be a lower energy system, shown in figure 1 a), thus not allowing a low temperature ferromagnetic Monoclinic 
system to exist as seen experimentally. The lower energy state changes as the systems magnetism is also 
undergoing a ferromagnetic to paramagnetic transition, providing a sharp change that explains the existence of a 
first order transition. An increase in the bonding energy can then show dependence of the critical temperature on 
the materials composition in figure 1 b). 

The work shows the Ising model is an effective tool for modelling first order magnetocaloric material and can help in 
giving further direction for future research Although this work focuses on Gd5(Six Ge1−x )4 the techniques can be 
applied to a wide range of materials. 
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Fig 1. (a) Energy relationship with temperature for Monoclinic and Orthorhombic phases with varying bond energy values; (b) 
Associated entropy change with the varying bond energies. E here represents the bond energy that is broken during crystal 

phase transition 

[1]  R. Hadimani, et al., Appl. Phys. Lett. 5(3), 032402 (2015). 
[2]  Pecharsky, et al., Phys. Rev. Lett. 78(23), 4494 (1997). 
[3]  Franco, et al., Annu. Rev. Mater. Res. 42(1), 305-342 (2012). 
[4]  Ikeda, et al., J. Phys. Soc. Jpn. 77(7), 073707 (2008). 

P:26 Magnetic x-ray spectroscopy of CrI3 layers 

A Frisk1, L Duffy2, 3, S Zhang3, G van der Laan1 and T Hesjedal3  

1Diamond Light Source, UK, 2 Science and Technology Facilities Council, UK, 3Univeristy of Oxford, UK  

Van der Waals heterostructures of 2D materials have been suggested as a novel route to fabricate materials with a 
wide range of properties. By stacking various combinations of materials of different properties new functional 
materials could be fabricated. Monolayer ferromagnet CrI3 is a two-dimensional ferromagnetic material which could 
be used to give magnetic properties to such heterostructures. As a starting point to understand the thickness-
dependent magnetic properties of these CrI3 stacks we have studied the magnetic bulk properties in thin layers of 
CrI3 using soft X-ray absorption spectroscopy (XAS). Our temperature dependent XAS measurements contributes to 
the understanding of the interlayer magnetic coupling behavior. The calculated spectra for a hybridized ground state 
agree well with our measured Cr XAS and L2; 3 X-ray magnetic circular dichroism (XMCD) spectra. The shape of the 
spectra corresponds to Cr-I bond which have a strong covalent character in this high-spin Cr ground state. The large 
magnetic anisotropy of 2D layered CrI3 crystals can therefore be explained by this covalent character of the Cr-I 
bond which gives a strong superexchange interaction and increased spin-orbit coupling. 

P:27 Perpendicular Anisotropy in Heusler Alloys with All-Metal Interfaces 

W Frost, M Samiepour and A Hirohata 

University of York, UK 

Perpendicular anisotropy is usually induced in Heusler alloys via an interface with MgO, where the hybridisation of 
O-p and Co-d orbitals induces an interfacial anisotropy [1]. However, in order to reduce resistance area products 
(RA) in devices insulating materials cannot be used. A logical step is perpendicular, current-perpendicular-to-plane 
giant magnetoresistance devices (PCPP-GMR) which would combine high GMR with an intrinsically low RA, 
enhanced by the high spin-polarisation (P) of Heusler alloys. 

Previous work has shown that tungsten seed-layers induce a perpendicular anisotropy in the Heusler alloys Co2FeSi 
and Co2FeAl0.5Si0.5 [2, 3]. In this work tungsten seed layers have been used to induce a perpendicular anisotropy but 
then different capping materials used to modify the interfacial anisotropy provided by the second interface. 
Samples were deposited by sputtering as previously reported [2-4] with the structure Si(001)//W 
(10)/Co2FeAl0.5Si0.5 (10)/X (5)/ Ru (3) where all thicknesses are in nm and X was nothing, W, Ta, V, Ag or Pt. The 
choices for the materials are due to the large spin-orbit (SO) coupling of W, Ta and Pt; the ubiquity of Ag spacer 
layers in GMR devices with Heusler alloys; and previous work showing V induces perpendicular anisotropy in 
Co2FeSi [4]. 
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Figure 1 shows the out-of-plane magnetic data for the samples. It is clear that there is a significant effect on the 
reversal mechanisms when a second interface with a metal is added. All materials other than tungsten result in a 
skewed loop due to increased rotation. Stepped loops are observed in samples with V and Pt top interfaces, 
indicating two interfacial anisotropies with different strengths are acting on the Co2FeAl0.5Si0.5. Structural and 
magnetic data will be presented and discussed in greater detail at the conference. 

 

Fig 1: Out-of-plane M-H loops showing the effect on hysteresis in Co2FeAl0.5Si0.5 layers with tungsten seed layers of 
changing top interface materials. 

[1]  Y. Cui, et al., Appl. Phys. Lett. 102, 162403 (2013). 
[2]  W. Frost, M. Samiepour & A. Hirohata, J. Magn. Magn. Mater., 453, 182-185 (2018).  
[3]  W. Frost, M. Samiepour & A. Hirohata, J. Magn. Magn. Mater., (under review). 
[4]  W. Frost & A. Hirohata, IEEE Trans. Magn., 52 (7), 4400604 (2016). 

P:28 First-principles modelling of cobalt nanoparticles in cobalt-doped ZnO  

F M Gerriu, M A Fox and G A Gehring 

University of Sheffield, UK 

There are different origins of magnetism in transition-metal-doped ZnO. These include native lattice defects such as 
point defects, grain boundaries, and surface states and secondary phases that may be formed under specific 
preparation and post-growth treatments. Cobalt nanoparticles in cobalt-doped ZnO can be detected by X-ray 
absorption techniques [1]. This source of magnetization leads to a different temperature dependence from the 
lattice defects. Hence the two different origins can be experimentally distinguished.    

 There have been several experimental reports of characterization of cobalt nanoparticles in ZnO [2-4]. However, 
there have not been any theoretical modelling of such secondary phases. In this work, cobalt nanoparticles were 
modelled by multilayer structures sandwiched within pure and cobalt-dope ZnO lattice along the [0001]-direction 
as shown in Fig. (1). The magnetization and the magnetic exchange energies between the metallic stacks were 
calculated by first principles using CASTEP. The results showed the preference of the hcp phase over the fcc. Except 
for the interfacial layers, the magnetization and the charge of the Co layers tended to bulk values as the number of 
the layers increases. The magnetic exchange was found to be ferromagnetic for the system with the pure ZnO lattice 
in both Co phases. For the Cobalt-doped ZnO lattice, the results showed that the substitutional Co ions have small 
magnetic moments compared to the magnetic moments of the ions in the metallic stacks which were found to 
approach bulk values with adding extra Co layers. The magnetic exchange of the metallic stacks via the Co-doped 
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ZnO lattice was found to be antiferromagnetic which agrees with what has been found experimentally [2, 4]. 
Moreover, the oxygen ions were spin polarized with the same direction as the metallic stacks which I again in a good 
agreement with the experimental data [4].          

 

Fig. 1. 

[1]  Steve M. Heald, et al., Phys. Rev. B 79, 075202 (2009). 
[2]  M. Ying, et al., Applied Physics Letters 109, 072403 (2016). 
[3]  Q. Feng, et al., New Journal of Physics 18, 113040 (2016).      
[4]  Z. Quan, et al., ACS applied materials & interfaces 5, 3607 (2013).     

P:29 WITHDRAWN 

P:30 Magnetic anisotropy in actinide-based magnetic bilayers  

E Gilroy, R Springell and C Bell 

University of Bristol, UK  

Large spin-orbit coupling in metals is promising for producing highly spin polarised currents for spintronics via the 
spin Hall effect. However, the presence of induced magnetic moments in heavy elements at interfaces with 
ferromagnets is known to occur (e.g. in Pt and Pd), but the effect on spin transport across the interface is an 
unresolved question. Naively, due to its large mass, uranium is another interesting candidate for studying spin-orbit 
coupling and spintronics. Notably, it has been shown using x-ray circular dichroism that a significant induced 
moment occurs in Fe/U multilayers but not in Ni/U or Co/U [1,2]. These results motivate magnetotransport studies 
of FM/U bilayer thin films, where FM = Fe, Ni or Co, to disentangle the role of spin-orbit coupling from that of 
induced moment. In the first instance, we focus on room temperature magnetometry and magnetoresistance 
measurements for various U thicknesses. We will discuss our preliminary studies which show potential oscillations of 
in-plane anisotropy with increasing U thickness, as well as re-entrant perpendicular anisotropy.  

[1]  F. Wilhelm, et al., Phys. Rev. B. 76, 024425 (2007).  
[2]  R. Springell, et al., Phys. Rev. B. 77, 064423 (2008). 
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P:31 Growth, electronic characterisation and doping investigation of 3D topological insulator antimony telluride in 
search of novel superconducting topological materials 

J Gretton and S Sasaki 

University of Leeds, UK 

A recent explosion of interest in Topological Materials, whose bulk electronic band structure is characterised by non-
trivial topological invariants, has been fuelled by the existence of exotic surface electronic states that necessarily 
exist as long as the bulk topological property of the system is preserved. In 3D Topological Insulators and 
Superconductors that obey Time Reversal Symmetry these states are 2D linearly dispersive Dirac and Majorana 
cones respectively, which may find use in spintronics and topological quantum computing devices. 

Furthering understanding and application of these materials requires new realisations and current work in Leeds 
synthesizing novel high-quality topological materials and characterising their unusual electronic properties will be 
presented. The primary focus will be on narrow band gap semiconductor Antimony Telluride, which has a spin orbit 
coupling induced band inversion resulting in a non-trivial Z2 index and subsequently hosts a topologically protected 
Dirac cone on its surface [1], shown in Figure 1. 

The straightforward growth of large single crystals of this material and in depth electronic characterisation using 
analysis of the Hall coefficient and Quantum oscillations observed in the magnetoresistance (Figure 2) uncover it as 
a promising system to explore novel superconducting topological materials. Basing a doping investigation on the 
guiding principles gleaned in the discovery of Topological Superconductors Copper intercalated Bismuth Selenide 
and Indium doped Tin Telluride this work will summarise progress towards the discovery of a novel Topological 
Superconductor hosting Majorana surface states, pushing towards the useful application of topological quantum 
computing devices. 

 

Fig 1: - Calculated band structure of Antimony Telluride showing the topologically protected gapless Dirac cone 
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Fig 2: – Magnetotransport data of Antimony Telluride, showing a non-linear 𝜌𝜌γχ with visible oscillations in both 𝜌𝜌γχ and 𝜌𝜌γχ 

[1]  H. Zhang et al. Nature Physics 5, 438 – 442 (2009) 

P:32 Probing depth- and temperature-resolved magnetic properties of [CoPd]8/NiFe exchange springs using 
polarised neutron reflectometry  

W Griggs1, P Thompson1, A Caruana2, C Kinane2 and T Thomson1  

1The University of Manchester, UK, 2Rutherford Appleton Laboratory, UK  

The atomic interfaces between ferromagnetically ordered thin films with perpendicular anisotropy and films with 
either in-plane anisotropy or a nonmagnetic metal are responsible for a range of exciting physics leading to 
potential devices in areas as diverse as broadband THz generation [1], DMi and Skyrmions [2], Spin Hall effects 
[3], and data storage [4]. Understanding the magnetic structure of these atomically engineered interfaces as a 
function of depth is a key element in optimizing layer structures and developing the underlying physical insight 
necessary for exploitation.  

Here we present polarised neutron reflectometry (PNR) data obtained from exchange spring structures comprising a 
Co/Pd superlattice with perpendicular magnetic anisotropy (PMA) and an in-plane anisotropy NiFe layer (Fig.1). 
This study builds on our prior work to characterize [Co/Pd]5/Pd/NiFe exchange spring structures using vector 
magnetometry, in which an orange-peel coupling was found to provide a significant contribution to the interlayer 
exchange for small (<2 nm) Pd spacer layer thicknesses [5].  

To lend insight to the evolution of the sample magnetisation as a function of depth, PNR data is fitted to dynamical, 
spin-resolved simulations of the structural and magnetic scattering length densities (SLDs). Measurements made at 
room temperature and 200 °C are designed to determine the temperature dependence of the exchange interaction. 
This is an important consideration in any system which experiences an increase in temperature, either by design 
such as in data storage media for HAMR or as a side effect (i.e. through Joule heating) of applying a dc or ac 
excitation current.  
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Fig 1: The sample on which PNR has been conducted is schematised, with arrows denoting nominal magnetisation directions. 
An in-plane anisotropy NiFe film with 5/30 nm thickness is grown onto an eightfold repeating Co(0.3 nm)Pd(0.9 nm) 

superlattice structure. 

[1]  T. Seifert et al. Nat. Photonics 10, 483 (2016)  
[2]  A. Fert et al. Nature Rev. Materials 2, 17031 (2017)  
[3]  J.B.S. Mendes et al. Phys. Rev. B 89, 140406 (2014)  
[4]  C.W. Barton et al. Sci. Rpts. 7, 44397 (2017)  
[5]  C. Morrison et al. J. App. Phys., 117, 17B526 (2015) 

P:33 Investigating the ultrafast phase dynamics of the metamagnetic phase transition of FeRh thin films by pump-
probe microscopy  

M Grimes1, V Scagnoli2, L Heyderman2 and T Thomson1  

1University of Manchester, UK, 2Paul Scherrer Institute, Switzerland  

The metamagnetic phase transition of FeRh from antiferromagnetic (AF) to ferromagnetic (FM) is a template for first 
order magnetic transitions [1]. The spin-flip of the anti-parallel Fe atoms induces a moment on the Rh atoms 
accompanied by an isotropic lattice expansion of ≈ 1%. The transition can be driven via excitation by magnetic, 
electronic, or thermal means (with a transition temperature (TC) ≈ 360K [2]). The intrinsic speed limit for the 
creation of ferromagnetic order on small length scales (100nm) was found to be ≈ 0.5ns from time and spatially 
resolved X-PEEM measurements [2]. It has been proposed in the literature that spin canting of the Fe and Rh 
moments upon excitation may be the key drivers in the transition [3], and our ultimate goal is to the determine the 
role of the lattice expansion in the transition.  

The effect of the latent interfacial FM phase present in thin films [4] depends on film thickness. The presence of 
anisotropic strain fields (due to lattice mismatch between MgO and FeRh) alters the magnetic order in these strained 
regions. These regions exist over a wide range of temperatures, including those below TC where the bulk material 
would be wholly AF. This project will use a laser pulse to induce the transition while the film is monitored by 
magneto-optical microscopy. The samples were characterised by XRD and VSM (see Fig. 1 & 2). A series of film 
thicknesses (10-50nm) will be investigated over a range of temperatures (80-500K) to build on previous studies 
[2], [5]. The range of film thicknesses and temperatures will allow us to investigate how strain affects the 
propagation of FM order upon laser excitation and the subsequent relaxation to the AF phase (≈ 2ns as observed by 

92



 

Ünal [2]). These considerations are important in applications such as heat-assisted magnetoresistance (HAMR) or 
AF anisotropic magnetoresistance (AFM-AMR).  

 

Fig 1: – XRD showing lattice expansion upon transition (50nm FeRh/Pt cap) 

Fig 2: – Magnetometry illustrating the transition from AF to FM 

[1]  J. S. Kouvel, J. Appl. Phys., 37, no. 3, 1257–1258, (1966).  
[2]  A. A. Ünal, A. Parabas, A. Arora, et al., Ultramicroscopy, 183, 104–108, (2017).  
[3]  X. Zhou, F. Matthes, D. E. Bürgler, and C. M. Schneider, AIP Adv., 6, no. 1, (2016).  
[4]  T. A. Ostler, C. Barton, T. Thomson, and G. Hrkac, Phys. Rev. B, 95, no. 6, 1–7, (2017).  
[5]  I. Radu, C. Stamm, N. Pontius, et al., Phys. Rev. B - Condens. Matter Mater. Phys., 81, no. 10, 104415, 
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P:34 Domain wall conduit properties of 3D nano-printed Cobalt nanowires on flexible substrates  

P Gupta1, A Welbourne1 and A Fernández-Pacheco1, 2  

1University of Cambridge, UK, 2University of Glasgow, UK 

There exists an increasing interest of integrating micro- and nano-devices on non-conventional flexible substrates, 
due to their potential application in smart wearable devices and the Internet of Things [1]. The fabrication of 
spintronic devices on flexible substrates has been previously reported using optical and electron beam lithography 
methods and standard thin film deposition techniques. Following this approach, the successful integration of e.g. 
magnetoresistance sensors, domain wall racetracks [2] and ultra-thin multi-layered systems [3], has been realised.  

In this contribution, we have investigated the domain wall conduit properties of Cobalt nanowire devices on Kapton 
grown by focused electron beam induced deposition (FEBID). This is an unconventional fabrication method that can 
directly write nanostructures with resolutions down to a few tens of nanometres, effectively acting as a 3D printing 
method at the nanoscale [4].  

Here, we will present results in 300 nm wide L-shaped planar nanowires grown by FEBID on Kapton. Under 
precursor-limited growth conditions, obtained at 5kV and 1.4 nA, ferromagnetic deposits with 95% atomic purity 
were achieved. The nucleation and propagation fields of the wires were measured by spatially-resolved magneto-
optical Kerr effect (MOKE) under (Bx, By) field routines. A reasonably good domain wall conduit was observed, with 
nucleation fields of about 100 Oe, moderately larger than the corresponding propagation fields for domain wall 
motion, typically around 60 Oe. The conduit properties here obtained for wires on Kapton will be compared with 
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previous results on similar devices grown on atomically-flat Silicon substrates [5]. Differences between both 
systems will be correlated with their topography, obtained by atomic force microscopy measurements.  

Additionally, we have carried out systematic studies consisting of investigating the effect of strain on the nanowire 
domain wall conduit properties. For this, Kapton substrates were glued to piezo-actuators, achieving maximum 
compressive and tensile strains of 0.1 %. Under these conditions, no observable changes in propagation or 
nucleation fields were obtained. This finding will be compared with micromagnetic simulations, where domain wall 
propagation including magnetoelastic anisotropy transverse and longitudinal to the wire axis, has been included.  

[1]  Akinwande, D., Petrone, N., & Hone, J. (2014). Two-dimensional flexible nanoelectronics. Nature 
communications, 5, 5678.  

[2]  Bedoya-Pinto, A., Donolato, M., Gobbi, M., Hueso, L. E., & Vavassori, P. (2014). Flexible spintronic devices 
on Kapton. Applied Physics Letters, 104(6), 062412.  

[3]  Vemulkar, T., Mansell, R., Fernández‐Pacheco, A., & Cowburn, R. P. (2016). Toward flexible spintronics: 
perpendicularly magnetized synthetic antiferromagnetic thin films and nanowires on polyimide substrates. 
Advanced Functional Materials, 26(26), 4704-4711.  

[4]  Fowlkes, J. D., Winkler, R., Lewis, B. B., Fernandez-Pacheco, A., Skoric, L., Sanz-Hernandez, D., ... & Plank, 
H. (2018). High-Fidelity 3D-Nanoprinting via Focused Electron Beams: Computer-Aided Design (3BID). 
ACS Applied Nano Materials, 1(3), 1028-1041.  

[5]  Fernández-Pacheco, A., De Teresa, J. M., Córdoba, R., Ibarra, M. R., Petit, D., Read, D. E., ... & Cowburn, R. 
P. (2009). Domain wall conduit behavior in cobalt nanowires grown by focused electron beam induced 
deposition. Applied Physics Letters, 94(19), 192509. 

P:35 Magnetism of charge-stripe ordered La2-xSrxNiO4, x = 0.37  

J Hanson1, P Freeman1, D Prabhakaran2, S Raymond3 and T Mercer1 

1University of Central Lancashire, UK, 2University of Oxford, UK, 3Universite Grenoble Alpes, France  

By studying the magnetic ordering processes of the nickelate materials, we will gain a deeper insight into the 
charge-stripe ordering of cuprate high temperature superconductors. Charge-stripe order in La2-xSrxNiO4 is the most 
stable at one third doping due to the charge-stripes being able to commensurately space themselves within the 
crystal lattice [1,2]. For other doping levels of La2-xSrxNiO4, on warming towards the charge ordering temperature the 
spacing of the charge-stripes preferentially tends towards that seen at one third doping . We present a study of how 
both the magnetic order and the magnetic excitations in the materials respond to the changing charge-stripe 
structure for above one third doping for nh = 0.37 [1].  

At 180K, La2-xSrxNiO4, nh = 0.37, magnetically orders, however on cooling below 150K, there exists an anomalous 
broadening of the magnetic peaks as seen in Figure 1 below. Our new results on nh = 0.37 complete a phase 
diagram of the doping evolution of this anomalous broadening [3,4]. Upon warming towards the charge ordering 
temperature, we observe only the lowest energy magnetic excitations to respond to the changing charge-stripe 
structure, consistent with our previous observations below one third doping [5]. We present this data on the 
temperature evolution of charge-stripe order in La2-xSrxNiO4, nh = 0.37, in comparison with nh < 1/3 and optimally 
doped, nh = 1/3, as well as to the hole doped cuprate superconductors [5,6].  
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Fig. 1: The Temperature Evolution of the in-NiO-plane width of the magnetic Bragg peak shows a broadening upon cooling below 
150K. 

[1]  H. Yoshizawa, et al., Phys. Rev. B61 (2), 854 (2000).  
[2]  K. Ishizaka, et al., Phys. Rev. Lett. 92 (19), 196404 (2004).  
[3]  C-H. Du, et al., Phys. Rev. Lett 84 (17), 3911 (2000).  
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[5]  P. G Freeman, et al., Article in Preparation.  
[6]  Z. Xu, et al., Phys. Rev. Lett. 113, 177002 (2014). 

P:36 Chemically selective, possibly exchange driven reorganization of molecular bi-layer films driven by molecule-
substrate interactions 

M Heydari1, M Baljozovic3, J Nowakowski1, J Girovsky4, C Waeckerlin3, A Waeckerlin2, T Nijs2, F Mousavi2, O Popova2, 
M Moradi5, A Kleibert1, N Ballav1,2, J Dreiser1,2 and T A Jung1 

1Paul Scherrer Institute, Switzerland, 2University of Basel, Switzerland, 3EMPA, Switzerland, 4University of Cambridge, 
UK, 5FHNW, Switzerland 

Reliable organic spintronic devices depend on spin-injecting interfaces with precisely architectured multilayers to 
avoid premature failure e.g. due to current filaments building up at defects. Using X-ray Magnetic Circular Dichroism 
(XMCD) we present unambiguous evidence that in the sequential fabrication of organic bilayer interfaces by 
physical vapour deposition (sublimation), molecules re-organize perpendicular to the interface plane. Fig. 1 shows 
the suprising increase of the Mn XMCD signal and the simultaneous decrease of the Fe XMCD signal by the 
deposition of Mn-phthalocyanine on top of a pre-existing Fe-phthalocyanine layer. On the basis of systematic 
experiments we analyse the possibly exchange driven mechanisms in this unexpected behaviour.  Our results 
provide an analogon to the earlier established case of atomic inter-layer mixing of interfaces built with delta-doped 
layers in semiconductor epitaxy [1] as well as layered oxide films [2].  
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Fig.1. (a) Schematic representation of the two step stacking process, (b,c) Mn and Fe XAS/XMCD L-edges measured at 
RT in grazing incidence on (b) FePc single layer and (c) MnPc/FePc double layer on oxygen terminated Co on Cu(001) 

thin film substrates, respectively. 

[1]    R. B. Beall et al.: "Post-growth diffusion of Si in delta-doped GaAs grown by MBE", Semiconductor Science 
and Technology 4, no. 12, pp 1171 – 1175, Dec. 1989   

[2]  M. Chen et al., “Coordination Reactions and Layer Exchange Processes at a Buried Metal–Organic 
Interface,” The Journal of Physical Chemistry C, vol. 118, no. 16, pp. 8501–8507, Apr. 2014. 

P:37 Distributed heat production in clusters of magnetic nanoparticles 

P Torche1, D Serantes2, S Ruta3, R Chantrell3 and O Hovorka1 

1University of Southampton, UK, 2Universidade de Santiago de Compostela, Spain, 3University of York, UK 

We address the issue of quantifying the heat produced by a single magnetic nanoparticle (MP) embedded within an 
interacting MP cluster. This is relevant for MP hyperthermia considered as a modality for enhancing cancer 
therapies, where it becomes necessary to understand the distribution of heat production across a MP aggregate 
inside a living cell. The heat produced by MPs subject to time-varying external magnetic field can be determined 
from the area of the hysteresis loop. However, at the single-particle level of description, the magnetization of a MP 
undergoes a fluctuating stochastic process and the meaning of the hysteresis loop becomes ambiguous, as 
suggested also experimentally [1]. It is then unclear how to quantify the heat production, especially if the 
interactions between MPs cannot be neglected. 

We use the modern stochastic thermodynamics [2] in combination with the Néel-Arrhenius theory of thermal 
relaxation of MPs to establish the relationship between the fluctuating work and entropy (heat) produced along the 
fluctuating magnetization trajectories of MPs. By considering the dipolar chains of MPs, we demonstrate a practical 
recipe for quantifying the heat produced by a single MP embedded within a chain, which then allows to map heat 
production distributions along the chains (Fig. 1). 
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Fig. 1 – Calculations of specific heat rates (SARp) of individual particles along particle chains of length increasing from 1 (left 
subfigure) to 6 (right subfigure). Normalisation is by the noninteracting case SAR0. Green dashed line corresponds to equivalent 

chains with interactions turned off. Red dash-dotted line is the heat per particle, i.e. average heat determined from a total 
hysteresis loop of a chain normalised by the number of particles in the chain. (Top row) Anisotropy axes of particles aligned 

along the chain axis and parallel with respect to applied field. (Bottom row) Anisotropy axes of particles aligned perpendicular 
to the chain axis but parallel with respect to applied field. The simulation parameters were: Particle diameter 11 nm, sinusoidal 
field of amplitude H0 = 24 kA/m and frequency f = 300 kHz, anisotropy K = 4e4 J/m3 and saturation magnetisation Ms = 446 

kA/m of magnetite. 

[1]  S. K. Piotrowski, M. F. Matty, and S. A. Majetich, IEEE Trans. on Magn. 50, 11 (2014). 
[2]  U. Seifert, Rep. Prog. Phys. 75, 126001 (2012). 

P:38 XMCD-STXM Magnetic Imaging of Skyrmions with in-situ Hall Transport measurements in Pt/Co/Ir multilayer 
Hall disks  

A Huxtable1, S Finizio2, K Zeissler3, E Darwin1, G Burnell1, M Rosamond1, E Linfield1, J Raabe2 and C Marrows1 

1University of Leeds, UK, 2Paul Scherrer Institut, Switzerland, 3National Physical Laboratory, UK  

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. Here we have imaged the magnetisation in 
800 nm and 1 μm diameter Hall discs using combined X-ray Magnetic Circular Dichroism and Scanning 
Transmission X-ray Microscopy imaging at the PolLux endstation at PSI [1]. The Hall devices were [Co/Pt/Ir] 
multilayers grown by DC magnetron sputtering on 200 nm Si3N4 membranes and patterned by electron beam 
lithography. The devices were then imaged during in-situ Hall resistivity measurements in order to verify the texture 
of the magnetisation in the samples and yielding the images and Hall resistance data shown in Fig. 1. The topology 
of the magnetisation of skyrmions is defined by the skyrmion winding number. 
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Fig. 1. (a)The XMCD images of the magnetisation of the Hall disk whilst the transport measurement data to the right was 
recorderd (i) A skyrmionium, 2 pi state with S=0, (ii) An S=0 state with no significant topological texture; (bi) The Hall resistivity 
data for the magnetisation states (ai) in black at the bottom for the Skyrmionium and (a.ii) in blue at the top for the S=0 state, 

(b.ii) shows the resistivity data when the hall disk is saturated out of plane, in both directions. 

The Skyrmion winding number takes an integer value dependent upon the number of topological ‘twists’ in 
magnetisation present in the multilayer disk. We have shown that multilayer discs with three topologically 
equivalent (S=0) magnetisation textures have different Hall resistivities, shown in Fig. 1.  

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

P:39 Effect of Gd concentration on magnetization behaviour in rare-earth-transition metal thin-film  

O Inyang1, A Rafiq1, 2 and D Atkinson1  

1Durham University, UK, 2Government College University, Pakistan  

The ferromagnetic moment in rare earth-transition metal (RE-TM) alloys is engineered by antiferromagnetic ordering 
between the 5d electrons of the RE and 3d electrons of the TM, giving rise to a finite net magnetization [1]. Although 
the investigation of magnetic anisotropy in RE-TM has been an old subject with applications in magneto-optical 
storage technology, it has recently attracted much interest due to its application in spin-orbit torque (SOT) studies 
[1]. The aim of these recent works is to investigate SOT manipulation of magnetization in this system and 
understand the influence of the Gd concentration on the magnetization of RE-TM alloys to induce perpendicular 
magnetic anisotropy (PMA).  

Here, magnetization reversal behaviour of RE-TM alloys was studied. Thin film sample stacks of Ta (5nm)/RE-TM 
(30nm)/Ta (1nm) were deposited by co-sputtering on oxidized Si substrates. The RE element used was Gd, while 
the TM elements studied were Co, Fe and Co50Fe50. The magnetic anisotropy was investigated using magneto-optical 
Kerr effect (MOKE) magnetometry, which gives insight into the role of the RE and TM element in magnetic reversal 

98



 

behaviour. X-ray reflectivity was used to confirm the structural properties including thickness, roughness and 
density. Further measurements of Hall effect were also performed.  

The MOKE measurements in all samples showed in-plane magnetic anisotropy, which was unexpected and may be 
due to competition between oblique incident deposition [2] and bond orientation anisotropy of the samples [3], 
perhaps the structure is not amorphous.  

The magnetic reversal behaviour as a function of Gd content was strongly dependent on the transition metal. The 
coercive field increased slightly but later abruptly above 20% Gd concentration for the Gd-Co series while the 
coercive field decreases with Gd concentration in the Gd-Fe series but flatten-out above 20% Gd concentration. This 
concentration suggests that there may be some link to the compensation point which is between 20 -25% Gd 
concentration[4,5]. For the Gd-Co50Fe50, the coercive field decreased with increase in Gd concentration, following a 
similar trend as the GdFe which indicates some dominance of Fe in the interaction with Gd (see figure 1).  

 

Fig 1: Comparison of coercive field as a function of Gd concentration in GdCo (black square), GdFe (red dots) and Gd(Co50Fe50) 
(Blue triangle) with error bars which are very small. 
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P:41 Scalable space and time hierarchical dipole-dipole interactions in the VAMPIRE code 

S Jenkins, A Meo and R Evans 

University of York, UK 

Atomistic spin models [1] provide a natural bridge between electronic and micromagnetic length scales, where the 
magnetic properties are described by localised atomic spins within the Heisenberg model where the model 
parameters can be calculated ab-initio but macroscopic magnetization dynamics and properties can also be 
simulated. While powerful, atomistic models are computationally expensive. A particular difficulty is the calculation 
of long-range dipole-dipole interactions arising from the stray magnetic fields of localised atomic moments which 
leads to complex magnetisation structures, such as magnetic vortices or Skyrmions. At the continuum level these 
interactions can be calculated assuming a uniform magnetization within a small discrete volume of space using a 
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Fast-Fourier-Transform (FFT) [2] or Fast Multipole Method (FMM) [3]. However, for atomistic simulations the 
continuum approximation does not accurately reflect the local dipole-dipole interactions at the atomic level and 
leads to systematic errors in the calculation of the dipole field. A brute force atomistic dipole-dipole approach is 
infeasible for the time (nanosecond+) and length (100 nm+) scales needed to extract useful data. The current 
approach in the VAMPIRE software package [1]  uses a dipole tensor [4] to accurately calculate the effective field 
between blocks of atoms but the computational cost and memory usage scales with the square of the problem size, 
N. The current algorithm is fast (a field calculation takes a few milliseconds for small problem sizes) and scalable for 
fixed problem size. However, larger problems are currently impossible limiting the scale of simulations to small 
devices.  

 

Fig 1: Schematic implementation of the proposed hierarchical calculation of the dipole field. The method combines exact 
evaluation of short range dipole interactions (L=1) with hierarchical calculation of far field sources (L>1). 

Here we present modifications to the VAMPIRE software package [1] to include accurate and scalable calculation of 
dipole-dipole interactions for improved performance and scalability on ARCHER, the UK national supercomputer. We 
have developed a space-time hierarchical calculation of the dipole field calculation with order improved scalability 
with problem size. Our approach combines exact near-field computation of the dipole field with an M-Level 
hierarchical representation of the far-field dipole field [5], shown schematically in Fig. 1. The method is hierarchical 
in time and space, since the far-field time-evolution of the magnetization is much slower than the near-field which 
changes on the femtosecond timescale. Our improved algorithm enables the inclusion of accurate dipole-dipole 
interactions in atomistic simulation for large system sizes in the micrometre range for the first time. This major code 
improvement will allow the broader magnetism community in the UK and worldwide to utilise large scale atomistic 
spin model simulations for their research, bridging the gap between current simulation size ranges and those used 
in devices or investigated experimentally. 
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P:42 Unusual magnetic anisotropy and relaxation dynamics in ordered - IrMn3  

S Jenkins, R Chantrell and R Evans 

University of York, UK 

Antiferromagnets have gained significant interest in recent years due to their potential application in 
antiferromagnetic spintronic devices and neuromorphic computing where the antiferromagnet is the active element.  
The magnetic anisotropy of anti-ferromagnets is poorly understood due to the difficulty in experimental 
measurements and the complexity of the materials.  Iridium Manganese (IrMn) is the material of choice for most 
spintronic devices due to its high thermal stability and large exchange bias. Both theoretical[1] and experimental 
measurements[2] agree that the anisotropy has a uniaxial form but this contradicts the usually assumed 
relationship between crystallographic symmetry and the temperature dependence of the anisotropy from the Callen-
Callen law. The theoretical [1] and experimental[2] measurements of the anisotropy constant also differ by two 
orders of magnitude. Here we calculate the effective anisotropy energy surface of IrMn3 using an atomistic spin 
model with the VAMPIRE code[3], as shown in Fig. 1. We use the constrained Monte Carlo (CMC) method[4] to 
determine the energy barrier to magnetic reversal and find that meta-stable spins structures lower the overall energy 
barrier to a third of that estimated from simple geometrical estimates[1]. We also perform spin dynamics 
calculations to calculate the attempt frequency of IrMn3 and find a value an order of magnitude larger than the 
usual estimate of 1012. The combination of a lower energy barrier and higher attempt frequency reduces the 
disparity between theory and experiment by an order of magnitude.  

We conclude that the magnetic anisotropy of L12- IrMn3 possesses a cubic  symmetry  shape  but  with  a  uniaxial 
temperature dependence in direct contradiction with the  usual Callen - Callen power laws. Our findings are an 
important step towards understanding the fundamental properties of antiferromagnets for applications. 

 

Fig 1: Calculated anisotropy energy surface for L12 IrMn3 showing 8 ground state energy minima and complex surface structure. 
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P:43 Magnetic domain wall pinning at a ferromagnet/antiferromagnet interface  

R Khan1, T Forrest2, S Dhesi2, M Ali1, B Hickey1, C Marrows1 and T Moore1  

1University of Leeds, UK, 2Harwell Science and Innovation Campus, UK 

We sputter-deposited polycrystalline multilayers of Pt(2 nm)/Co(1 nm)/IrMn(tIrMn) and Pt(2 nm)/Co(0.6 
nm)/FeMn(tFeMn) exhibiting perpendicular exchange bias (EB) [1]. These multilayers are of interest because of the 
coincidence of the Dzyaloshinskii-Moriya interaction [2, 3] with a vertical exchange field that could remove the need 
for an externally applied field to stabilise skyrmions [4]. We measured the EB as a function of the layer thickness of 
the antiferromagnetic (AFM) layers, IrMn and FeMn.  

Utilising Kerr microscopy and XMCD-PEEM imaging, the domain morphology of the ferromagnetic (FM) Co layer was 
studied when crossing over the paramagnetic to AFM phase transition of the neighbouring AFM layer. The domain 
texture is influenced by the FM-AFM exchange coupling.  

In the presence of EB, an initially smooth domain wall (DW) becomes rough when displaced by a field (Fig. 1). In 
the absence of EB, the DW remains smooth after displacement by a field (not shown). Meanwhile, a DW in a sample 
cooled from the paramagnetic phase (no EB) to the AFM phase (EB) maintains its smooth appearance if not 
displaced (Fig. 2). The different phases of the AFM layer were confirmed by identifying [5] the Néel and the blocking 
temperatures by performing temperature dependent magnetometry.  

These results indicate that the pinning experienced by a DW passing through the Co layer originates predominantly 
from the microstructure and magnetism at the interface with the AFM.  

 

Fig. 1: Kerr microscope image showing a domain wall displaced by an applied field in the presence of exchange bias. 

 

Fig. 2: XMCD-PEEM image showing a domain wall (not displaced) in the presence of exchange bias. 

[1]  R Khan et al. Phys. Rev. B 98, 064413 (2018).  
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[3]  R Khan et al. App. Phys. Lett. B 109, 132404 (2016).  
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P:44 Magnetisation dynamics in bulk 2D van der Waals layered ferromagnet, Cr2Ge2Te6 

S Khan1, C Zollitsch1, A Sud1, D Arroo1, H Cheng2, I Verzhbitski3, Y Feng3, G Eda3 and H Kurebayashi1 

1University College London, UK, 2University of Science and Technology Beijing, China, 3National University of 
Singapore, Singapore 

Initial study of ferromagnetic resonance (FMR) was done in order to probe the magnetisation dynamics in 2D bulk, 
Cr2Ge2Te6 (CGT), a ferromagnetic van der Waals (vdWs) crystal with Curie temperature of ~ 64 K. CGT, along with 
other 2D layered materials (like CrI3), has attracted a lot of interest recently due to the discovery of intrinsic 
ferromagnetism in the 2D state (monolayer regime) [1, 2], as the ferromagnetic order in the 2D limit could 
potentially lead to new magnetic, magneto-electric and magneto-optical properties, and this family of materials 
could end up with important applications in the field of spintronics. The magnetic order in the monolayer regime of 
vdW crystals is suppressed by thermal vibrations according to Mermin-Wagner theorem but due to the presence of 
magnetic anisotropy, magnetic order survives [3]. The measurements were done in the temperature range of 60K - 
2K, with external magnetic field along c-axis and ab-plane, in order to investigate the temperature dependence of 
magnetic anisotropy and spectroscopic splitting, g-factor, as it essential to understand magnetisation dynamics in 
the bulk regime before exploring avenues in the 2D limit. The frequency dependence of resonance field is shown in 
Fig. 1 (a), where out-of-plane (c-axis) and in-plane (ab-plane) orientations show an easy axis and hard axis 
behaviour, respectively, and it is confirmed that the CGT has perpendicular uniaxial anisotropy. The g-factor is 
extracted from the Kittel relation fitting of frequency spectra, and it is found to be anisotropic with external magnetic 
field applied along the c-axis and ab-plane, and the temperature dependence of the g-factor shows a crossing 
behaviour which hasn’t been reported yet for bulk 2D CGT. The temperature dependence of magnetic anisotropy can 
be seen in Fig. 1 (b), and it shows a saturation type response with a Ku value of 3.95 x 105 erg/cm3 at 2 K. We also 
observe multi-domain resonance phenomena in CGT along the hardaxis (ab-plane). 

 

Fig 1: (a) Left panel, the inset shows the resonance spectra with Lorentzian line shape. Main plot show frequency dependence 
of resonance field at 60 K (red), 30K (blue) and 2 K (black), along the in-plane (squares data points) and out of plane (circle 
data points) orientations. The solid lines represents the kittel fitting for both orientations giving straight line fit along the c-axis 
and square-root dependence along ab-plane i.e. easy and hard axis. (b) Right panel, shows the temperature dependence of 

uniaxial magnetic anisotropy, Ku. 
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P:45 Carrier mobility and band structure within the bulk of a III/V topological insulator candidate 

C Knox, L Li, M Rosamond, E Linfield and C Marrows 

University of Leeds, UK 

2D topological insulators are a fascinating novel state of matter in which the symmetries of the band structure lead 
to mid-gap transport dominated by 1D spin filtered edge channels, where the spins are polarised out of the device 
plane. The charge conductance within these 1D edge channels is protected by the topology of the state, and so 
should be robust against disorder [1]. 

InAs/GaSb coupled quantum wells are extremely promising candidates for use as topological materials [2], yet the 
dependence of their quantised conductance with temperature is still poorly understood. In our work, we have 
studied the bulk scattering processes within InAs/GaSb coupled quantum wells in order to understand better the 
nature of the observed anomalous temperature dependences. Specifically, we have probed the carrier mobility 
within a double-gated InAs/GaSb coupled quantum well structure. By applying external gate biases and modulating 
the total carrier density, we shift the anticrossing point between the electron (InAs) and hole (GaSb) dispersion 
relations in energy.We find that when the the Fermi energy crosses the k=0 maximum we create a new scattering 
path within the quantum well, decreasing the mobility (shown schematically in Fig. 1 (a)). Further increasing the 
carrier density then results in the appearance of a second electron-like subband, which does not explicitly anticross 
with the highest energy hole subband [3]. It is interesting to note that it is only after the appearance of this second 
subband that the carrier mobility depends on the relative magnitudes of the top and back gates (shown in the right 
hand side of Fig. 1 (b)), and not on the total carrier density of the system. We explain this behaviour by reasoning 
that, even when the transport is completely dominated by electrons within the InAs layer, the hole dispersion within 
the GaSb layer is still modulated by an applied gate voltage and hence makes an important contribution to the 
electronic transport by altering the electron-like dispersion. 

 

Fig 1: (a) Schematic band structure of an InAs/GaSb quantum well, showing a potential Fermi energy that crosses the k=0 
maximum (blue) and two potential 180° scattering paths (black arrows); (b) The Hall mobility as a function of carrier density 
for a similar, double-gated well, showing the drop in mobility that occurs when a band structure analogous to (a) is seen, and 

the “fanning out” of mobility when two electron-like subbands contribute to transport. 
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P:46 Study of spin reorientation transition in the permanent magnet NdCo5 using torque magnetometry  

S Kumar, C E Patrick, R S Edwards, G Balakrishnan, M R Lees and J B Staunton  

University of Warwick, UK  

The spin reorientation transition (SRT), i.e., the change in the easy axis of magnetization from one crystallographic 
axis to another is most commonly studied using dc magnetization measurements. We have combined torque 
magnetometry with ac and dc susceptibility measurements to complete a detailed study of the SRT in NdCo5, a rare-
earth-transition-metal based permanent magnet known to undergo an SRT [1-2].  

Single crystals of NdCo5 were grown using the floating zone technique in an optical image furnace. We have studied 
the angular variation of the torque, τ(θ), for magnetic fields applied in the ac plane (see Fig. 1 for H = 1 kOe). The 
polarity of the τ(θ) curves reverses at approximately T = 240 K. The τ(θ) data below this temperature are a 
sinusoidal function of θ. Above T= 240 K, however, the τ(θ) curves are strongly distorted up to a temperature of 280 
K. The temperature (240 K) at which the polarity reverses is taken as the temperature at which the easy axis 
changes from the basal plane to an easy cone, while the temperature (280 K) at which the τ(θ) curves return to a 
sinusoidal form marks the transition from an easy cone to an easy c axis.  

Torque magnetization measurements at higher fields have allowed us to obtain the temperature dependence of the 
easy axis across the SRT and to determine the temperature variation of the magnetocrystalline anisotropy constants 
(K1, K2 and K4) over the entire temperature range 5 <T < 320 K. These results are discussed along with our ac and 
dc magnetization measurements and compared with the data reported in the literature [1-2].  

The current work is a part of the PRETAMAG project funded by the UK Engineering and Physical Sciences Research 
Council, Grant no. EP/M028941/1. We thank Eduardo Mendive Tapia, George Marchant and Amy Tedstone for 
fruitful discussions. 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Angular variation of torque τ(θ) at various temperatures in a field of 1 kOe applied in the ac plane. 

105



 

[1]  H. P. Klein, A. Menth and R. S. Perkins, Physica 80B, 153 (1975).  
[2]  H. Bartholin et al., J. Phys. Chem. Solids 27, 1287 (1966). 

P:47 Towards the detection of spin polarised transport in InAs / GaSb coupled Quantum Wells  

A Kuruvila, C Knox, L Li, M Rosamond, E Linfield and C Marrows 

University of Leeds, UK  

With the slowing down of Moore’s law, it is necessary to look into new technologies that can be a viable alternative. 
Semiconductor spintronics presents a huge prospect with dissipationless devices. A device that utilizes current 
modulation using spin precession in narrow band gap semiconductors due to spin orbit coupling was proposed in 
early 1990s.(1) Utilizing the spin orbit coupling along with a narrow band gap of the materials, an electric field can 
cause counter propagating spin states on conductive edges in some materials. This topologically protected state is 
known as quantum spin hall effect (QSHE) and was originally predicted to be found in graphene.(2) Later with 
detection of QSHE in HgTe quantum wells,(3) it became interesting to look into other stable materials and the QSHE 
was predicted to occur in InAs/GaSb coupled quantum wells.(4) The 3-5 semiconductors grown using molecular 
beam epitaxy helps to have high quality materials used to detect this effect. Even though different groups have 
studied this material to verify the QSHE,(5,6) we propose an alternative method to see the edge conducting counter 
propagating spin states in InAs/GaSb coupled quantum wells. The goal is to inject spin polarised carriers in same 
state using ferromagnetic contacts to the coupled quantum wells and detect the conduction path. For InAs/GaSb 
topologically insulating phase, the band gap was estimated to be 4meV and this presents huge challenges in terms 
of growth and fabrication of the necessary devices. In this poster, we present the fabrication of devices and their 
characterization for the detection of topological insulating phase in InAs/GaSb coupled quantum wells which will in 
turn be a platform for the study of QSHE.  
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P:48 Magnetic Study into Sr2Mn2CrAs2O2  

G Lawrence1,2, A Mclaughlin1 and Clemens Ritter2 

1University of Aberdeen, UK, 2Institut Laue-Langevin, France 

Layered oxypnictides have been investigated in order to discover their magnetic and electrical behaviour, an 
example is Sr2Mn3As2O2 [1]. This material has two different manganese positions, the first M(1) found to have 
square planar MnO2 geometry similar to what is seen in high Tc cuprate superconductors. The second position M(2) 
is also 4-fold coordinate but with arsenic forming Mn2As2 layers as observed in the iron arsenide high temperature 
semiconductors. Electrical resistivity measurements identify this material as a narrow band-gap semiconductor with 
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an activation energy of 133 meV. Magnetically this material has a G-type antiferromagnetic ground state with an 
ordering temperature of 340 K, the spin alignment occurs within the M2 coordination. A related material replacing 
manganese with chromium, Sr2Cr3As2O2 also orders antiferromagnetically, in this case however, the spins align 
within the CrO2 layers (M(1) position) and the ordering temperature is much lower at around 38 K [2].  

We are investigating a new material, Sr2Mn2CrAs2O2. The material was successfully synthesised using solid state 
methods and has been analysed through powder neutron diffraction at the Institut Laue-Langevin. The nuclear and 
magnetic structures have since been determined. The occupancy of Cr and Mn is split between both M(1) and M(2) 
positions. Chromium mainly occupies the M1 position with 68.25% occupancy and Mn largely is positioned in the 
M2As2 layers M(2), 95.16%.  

Three magnetic structures are present in this material, one higher temperature magnetic structure, and two at lower 
temperatures. There is a temperature region where all three of these magnetic phases coexist, between 140 and 
165 K. The higher temperature magnetic phase consists of Mn spins in M(2) positions antiferromagnetically 
ordering along c with k vector 0 0 0, this ordering occurs around 410 K and remains until 140 K, see Figure 1a. The 
Mn ordering changes to have a k vector 1 0 0 and this magnetic ordering occurs from 165 K down to base 0 K. The 
third magnetic phase observed is ordering of Cr moments, this is however in the M(1) position, and has a k vector of 
½ ½ 0, this phase coexists with the second Mn magnetic phase (from 165 K down). The lower temperature 
magnetic structure is shown in Figure 1b. The region of coexistence for the 3 phases is visible in Figure 2 between 
165 and 140 K.  

 

Fig. 2: Showing peak intensities with changing temperature recorded on D1B beam line. Higher temperature Mn magnetic peak 
at around 36.8 2θ, the peaks around 35.5 and 39 2θ are due to the lower temperature Mn magnetic phase. The region of 

coexistence is visible from around 165 to 140 K. 
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P:49 Using scanning thermal microscopy to study the thermal transport properties of thin film multilayers 

J Lees1, SM Thompson1, S W Poon1, M Corbetta2, A Scheidemann2, M Kleine-Boymann3 and N B Srinivasan 4  

1 University of York, UK, 2 NanoScan AG, Switzerland, 3 IONTOF GmbH, Germany, 4Seagate Technology, UK 

The thermal transport properties of thin film multilayered materials are critical to many magnetic processes 
including advanced technologies such as HAMR. Scanning Thermal Microscopy (SThM) offers the potential of 
quantitative analysis of a multilayer using Joule heated thermally resistive AFM tips which can reveal thermal 
transport properties through the cooling of the tip when in surface contact [1].   

Three different methods of sample preparation used to expose the buried multilayers were compared. The samples 
were designed to study the thermal transport properties of a high conductivity dielectric for potential use in a HAMR 
head. They comprised alternate 1 m layers of Al2O3, Cu and a high thermal conductivity dielectric sputtered onto 
Si/SiO2 substrates by Seagate Technology. In the first case a method similar to that used for cross-section 
Transmission Electron Microscopy sample preparation was performed. The samples were sliced with a diamond saw, 
turned edgeways with the multilayers exposed and glued together before being polished by hand down to a 0.3μm 
level followed by a light 10 second ion mill using 20 keV Ar1600

+ clusters. 

In the second case 200 x 400 m2 craters were ion milled directly into the multilayer sample using an IONTOF 
TOF.SIMS 5. The crater walls were exposed for variable times to allow individual layers to be exposed along a 
gradient into a wedge shape. The dose density was varied to create an asymmetric profile with shallow sides of 
gradients approximately 0.6 and 1.7 degrees, exposing all the layers. Finally, deep FIB craters were created. 

SThM was undertaken using a NanoScan VLS-80 SPM in a vacuum of 3 x 10-5 mbar with a KNT thermally resistive 
probe. The tip was excited with a 90 kHz AC current and the voltage detected using an AC bridge [2] and phase 
sensitive detection. For all samples the topographic and thermal signals were recorded simultaneously. In all cases, 
surface roughness on the samples introduces thermal noise. However, by averaging over the columns of data, 
quantitatively significant differences in thermal conductivity between the layers were measured. The ion milling was 
shown to generate a ridge pattern of a periodicity of approximately 260nm, but this had less impact on the thermal 
signal than the surface roughness.  All methods were compromised by oxidation of the Cu layer if left exposed for 
more than a few days.   
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Fig 1: Graph of thermal (red) and topographical (black) profile of multilayer sample with thermal image above. The lower 
(darker) the thermal voltage, the more the tip is cooled and hence the higher the thermal conductivity of the material. 

[1]  S. Gomès et al., Phys. Stat. Solid. (a) 212, 477 (2015) 
[2]  Designed by O. Kolosov, University of Lancaster, UK 

Acknowledgements: EPSRC Impact Acceleration Account: EP/R51181X/1 

P:50 Off-equimolar Multiple Component Alloys: Phase and Magnetic Behaviour Evolution in CoFeCr0.5Ni0.5-Alx (X: 0, 
0.5, 1.0, and 1.5) 

Z Leong1, C Lim2, A Quintana-Nedelcos1 and N Morley1 

1University of Sheffield, UK,  2Metallurgical Consultancy and Services Sdn. Bhd., Malaysia  

Al, although possessing a FCC phase in its elemental form, can stabilise the BCC phase when used as an alloying 
addition in high-entropy alloy compositions (HEAs) such as CoFeCrNi [1]. In CoFeCrNi-Alx compositions, the B2 
structure has been observed to be coherently present with the BCC structure, and it is expected that the BCC/B2 
phase will coexist in Al-containing HEAs. Al addition is also expected to enhance the saturation magnetisation of the 
base CoFeCrNi structure, but the effect of the distribution of B2 precipitates have not been investigated. In this work, 
the effect of the BCC/B2 precipitates on the magnetic properties of the system is studied through the use of arc-
melter synthesised off-equimolar compositions with different Al additions: CoFeCr0.5Ni0.5Alx (where x = 0, 0.5, 1.0, 
and 1.5). The 6mm diameter as-cast rods exhibited complex phases when analysed across their cross-sections, 
compared to their equimolar cousins (which may be attributed to the reduction in Cr and Ni additions, and hence a 
lowered mixing entropy). On heat treatment at 1,300°C for 10h, the x = 1.0 and 1.5 compositions demonstrated a 
microstructural matrix containing nano-particles which are attributed to the BCC/B2 phase. Thin CoFeCr0.5Ni0.5Alx 
films were also fabricated as a function of composition and thickness. The films had a BCC (200) texture. 

 

Fig 1: 20,000× magnification of x: 1.0 composition; and (b) Normalised magnetic hysteresis loop of x: 1.0 composition 

Further characterisation using a magneto-optic Kerr effect (MOKE) magnetometer reveals a double switching 
magnetisation loop, for the CoFeCr0.5Ni0.5Al bulk sample, which is likely to be arising from the observed nano-
particles. While the CoFeCr0.5Ni0.5Al thin films, showed soft magnetic properties, and no double switch. We discuss 
the possibility of tuning this effect via compositional additions in HEAs. 

[1]  R. Razuan, M.K. Harun, M.K. Talari, An Evaluation of Microstructure and Hardness Properties of Zr Added 
FeNiAlCoCr High Entropy Alloys, Mater. Sci. Forum. 846 (2016) 20–26. 

109



 

P:51 Helicity-dependent all-optical switching (HD-AOS) in a ferromagnet  
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All-optical switching (AOS) has been a fascinating topic since 2007, when Th. Rasing’s group demonstrate that 
femtosecond laser pulses can deterministically switch magnetic orders in the ferrimagnet, GdFeCo[1]. In 2014, 
Lambert reported the helicity-dependent AOS (HD-AOS) in a ferromagnet, Co/Pt multilayers [2]. The suggested 
switching mechanisms of HD-AOS in ferromagnets were magnetic circular dichroism (MCD)[3], the inverse Faraday 
effect (IFE)[4, 5], or a combination of laser-induced heating and IFE [6]. The mechanism for HD-AOS in 
ferromagnets is still under debate. In order to explore the role of laser heating and helicity dependence in HD-AOS, 
we have studied HD-AOS induced by laser beam with various degree of ellipticity. Elliptical polarised bean can be 
regarded as a combination of linear polarized light and circular polarized light. The degree of ellipticity of laser beam 
can be adjusted by varying the angle between a quarter wave plate and a linear polariser. For examples, when the 
angle is 0°, the resulted beam is linear polarised; when the angle is 45°, it becomes circular polarised. The laser 
beam is focused and swept on a Co/Pt thin film, and a wide-field MOKE imaging system is used to record the 
changes of sample magnetisation as shown in Fig 1. The laser-induced magnetisation switching is depended on the 
degree of ellipticity. The switching percentage of magnetisation decreases as the polarisation of laser beam changes 
from circular (45°) to linear (0°). The underline mechanism will be identified.  

 

Fig 1: The MOKE images of HD-AOS induced by laser beams with various degree of ellipticity. 
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Skyrmions are topologically non-trivial particle-like magnetic textures stabilised by the underlying competition 
between short- and long-range energy interactions. It has been shown that they can be generated through various 
external excitations, including magnetic fields, spin-polarised currents and even localised laser irradiation [1]. By 
virtue of the antisymmetric Dzyaloshinskii-Moriya interaction (DMI) [2], skyrmions exhibit unique and robust 
topological configurations at the intersection between magnetism and topology, and their resulting non-volatility 
makes them a promising candidate for future information storage devices.  

In our recent work [3], using high-resolution numerical simulations, we demonstrate that a skyrmion lattice (SkL) for 
specific material parameters can undergo a magnetic field-induced lattice inversion via a transient collective 
antiskyrmion state. The process is radically differently in the presence of even a single defect, where a second-order 
phase transition with gradual melting of the topological charge takes place. This highlights the role and importance 
of defects during collective phase transition processes.  

In this work, we investigate computationally the phenomena that underlie the annihilation of skyrmionic structures. 
We demonstrate numerically that the skyrmion-lattice annihilation in an FeGe SkL and the associated unwinding of 
skyrmionic textures are accompanied by nucleation of Bloch points and their subsequent propagation through the 
whole layer (Fig. 1a-h). We systematically investigate the dependence of Bloch-point mediated transitions on 
material parameters and numerically show that the different annihilation modes and the distinct transient 
dynamical behaviour of Bloch points can be effectively tuned by magnetic parameters. We also illustrate how to 
control this behaviour by introducing fabricated defects that are feasible with current nanofabrication methods. Our 
work can be expected to contribute to the stability studies of skyrmionic textures as well as to industrially-relevant 
research and development of future skyrmion-based spintronic devices.  

 

Fig 1: Snapshots of the cross section of an isolated skyrmion during annihilation. (a-d) The diameter of the skyrmion gradually 
decreases in a sweeping field. (e-h). When the magnetic field reaches the threshold value, the “skyrmion cylinder” unwinds 

asymmetrically. 
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P:54 Thin films of skyrmion-hosting alloys CoxZnyMnz grown using magnetron sputtering 

J Mackel1, D McGrouther2 and J Gregg1 

1Queen’s University Belfast, UK, 2University of Glasgow, UK 

Skyrmions are spiralling configurations of magnetisation present in chiral magnetic materials and heavy-
metal/magnet multilayers at certain values of temperature and applied magnetic field. 

Skyrmion formation requires broken inversion symmetry (either inherent in the crystal structure or due to the 
presence of an interface) and a stabilising interaction to compete with Heisenberg exchange, usually the 
Dzyaloshinskii-Moriya interaction, which causes spin canting and results in a helical magnetic ordering and a 
skyrmion lattice under an applied field. 

Magnetic skyrmions have gained a lot of interest since their discovery due to their potential for novel memory and 
logic applications. They are topologically stable and therefore represent robust magnetic objects which can be used 
as data carriers in solid state memory drives and nanocircuitry[1]. 

Previous work by Tokunaga et al[2]. presented a new family of skyrmion-hosting materials: b-Mntype Co-Zn-Mn 
alloys which, while possessing a different chiral space group to the standard B20 compounds upon which the 
majority of skyrmion research is based, nevertheless were shown to develop skyrmions around room temperature. 
This presents a significant advantage to previously studied systems with skyrmion phases existing only at cryogenic 
temperatures. 

Several works have demonstrated the benefit of thin film systems over bulk crystals when investigating skyrmions; 
the skyrmion phase is shown to extend over a much larger region of the B-T phase diagram. Of the methods to 
obtain thin films (sectioning bulk crystals vs growing on a substrate), the approach of growing the films allows more 
stability than a thin, free-standing plate taken from a bulk crystal. 

In this investigation, thin films of various Co-Zn-Mn alloys were successfully grown using magnetron sputtering on a 
lattice-matched BaF2 substrate. Stoichiometry was determined using Energy Dispersive X-Ray Spectroscopy (EDX) in 
both Scanning (SEM) and Transmission Electron Microscopy (TEM). The b-Mn structure was confirmed using X-Ray 
Diffraction (XRD) and Electron Diffraction. Magnetic measurements of a certain alloy (Co8Zn8Mn4) using Vibrating 
Sample Magnetometry (VSM) give hysteresis loops and an M-T curve (Fig 1) that correspond to a Curie temperature 
of approximately 414K, which is relatively close to the observed Curie temperature for this alloy in the bulk as 
shown by Tokunaga et al. (~320K), with the difference attributable to variations in stoichiometry and the effect of 
strain in the thin film growth. Work is currently ongoing to determine the magnetic properties of this alloy with the 
aim of developing a room temperature thin film skyrmion system. 
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Fig 1: dM/dT vs temperature for a Co8Zn8Mn4 alloy measured using VSM. Curie point is determined by the minimum of the 
gradient of M vs T, and occurs for this alloy around 414K. This is a promising result for finding a skyrmion phase close to room 

temperature. 
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P:55 Ab initio calculations of magnetic moments and Curie temperatures of Laves phase REFe2 compounds (RE=Y, 
Gd-Lu) in the self-interaction-corrected disordered local moment picture 
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We have calculated from first principles the magnetic moments and Curie temperatures of the Laves phase REFe2 

compounds (RE=Y, Gd-Lu) by utilising the disordered local moment picture [1] of temperature-dependent magnetic 
disordering, while handling the highly localised 4f electrons of the rare earth elements with self-interaction-corrected 
density functional theory [2]. This work forms the initial steps of an investigation of the magnetic anisotropy and 
magnetostriction of the Laves phase materials, including the highly magnetostrictive Tb1−xDyx [3]. 

Our calculations accurately determine the zero temperature magnetisations of these compounds, reproducing 
experimental values that show that the magnetic moments of the rare-earth elements are primarily determined by 
Hund’s rules[4]. The sizes of the itinerant Fe moments however are governed by their magneto-volume dependence, 
analogous to that seen in ab initio studies of FCC Fe, in conjunction with the lanthanide contraction of the rare 
earths. 

As for Curie temperatures, our results show strong qualitative agreement with experiment, reproducing the decrease 
in Curie temperature across the series from Gd to Lu. We have been able to show by studying the volume 
dependence of the Curie temperature that this trend is not only an effect of lanthanide contraction, but also the 
suppression of the exchange coupling between Fe-Fe and RE-RE spins with rare earth series progression. The 
strength of the latter coupling is also shown to be much greater than that seen in other rare earth-transition metal 
compounds such as RECo5.  

The present work forms part of the PRETAMAG project, funded by the UK Engineering and Physical Sciences 
Research Council, Grant No. EP/M028941/1. 
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energy loss spectroscopy 

S Masur1, P Newton1, A. Ionescu1, M Suzuki2, Y Yamauchi2 and C Barnes1 

1University of Cambridge, UK, 2National Institute for Materials Science, Japan 

Low-energy electrons (LEE) play an important role in many phenomena concerning biology, chemistry and physics, 
as well as modern-day technology. Therefore, it would be beneficial to establish a common theoretical basis for the 
interpretation of various contrast mechanisms observed with low-energy electrons (topographic, electronic structure, 
chemical, magnetic, crystallographic, etc.), but so far there remains a lack of sound understanding and control of 
dynamics of LEE near surfaces and interfaces, particularly with regards to spin-polarised interaction. 

Here we present the fist investigation of thin, epitaxial Fe films on an Ag(001) surface with unpolarised and spin-
polarised low-energy electron microscopy (SPLEEM) and electron energy loss spectroscopy (EELS) for primary 
energies between 10-20 eV [1,2]. We will present the results and the analysis of the spin-polarisation of low-energy 
electron energy loss and discuss the advantage of combining SPLEEM and EELS experiments in the context of 
investigating low-energy secondary electrons. This results in a new type of measurement technique, which will 
hereafter be referred to as spin-polarised low-energy secondary electron energy loss spectroscopy (SP-LESEELS). 
Using this technique allows us to scan the spin-asymmetry for several primary energies in a reasonably short time 
while keeping the sample from changing its properties due to contamination. This enables us to directly shown the 
energy dependent correlation between the primary and secondary electron spin-split.  

Figure 1 (a) shows the in-plane magnetisation at the onset of ferro-magnetism of the Fe/Ag(001) sample for 5 ML 
at -30 ºC taken by SPLEEM. The dark areas are regions of uniform magnetisation, whereas the grey areas are para-
magnetic. By monitoring the averaged image intensity oscillations we could determine the evolution of the 
magnetisation and magnetic domain structures during growth. The EELS scans in Fig 1. (b-c) are taken for a para-
magnetic (Region1) and a ferro-magnetic (Region2) area on the sample and demonstrate the spin-dependent split 
of the secondary electron energy loss. We will show the spin split for different film thicknesses and different primary 
energies, which indicate that the values of the spin-asymmetry are not only correlated with the primary energy and 
film thickness, but also depend on additional factors, such as quantum-sized oscillations and the band structure of 
the material system. 

 

Fig 1: (a) SPLEEM spin asymmetry contrast image showing magnetic domains for a 5 ML Fe film; 

(b) EELS plots of para-magnetic and (c) ferro-magnetic regions demonstrating the spin split in the secondary electron peak and 
continuum. 

[1] M. Suzuki, et al. Appl. Phys. Express, 3, p. 026601 (2010) 
[2]  F. Hofer, et al., IOP Conf. Ser. Mater. Sci. Eng., 109, p. 012007 (2016) 
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P:57 Atomistic spin dynamics of core-shell Magnetite-Maghemite nanoparticles  

D Meilak and R Evans 

University of York, UK  

Magnetite nanoparticles are promising for a range of medical applications including magnetic hyperthermia, MRI 
contrast enhancement and targeted drug delivery [1]. They have also seen use alongside maghemite nanoparticles 
for absorption of heavy metals from contaminated water sources [2]. Here, we focus on building a Heisenberg 
model of magnetite (Fe3O4) - maghemite (γ-Fe2O3) core-shell particles, shown in Figure 1, to take advantage of 
the properties of both materials by changing the size of the magnetite core while maintaining the overall particle 
size. Equilibrium properties are then found using a Monte-Carlo simulations method implemented in the VAPMIRE 
software package developed at the University of York [3,4].  

As the materials have similar structures, both inverse spinel cubic ferrimagnets, they should be able to form stable 
nanoparticles of various shapes such as spherical or truncated cube. The magnetization, susceptibility and hence 
the Curie temperature of the particles is dependent on the ratio of the magnetite core to the maghemite shell. The 
particles will also have a combined effective anisotropy which should fall between those of the respective materials. 
In addition, even for particles with a core size of less than 5nm, finite size effects will not radically affect the 
properties of the material, such as lowering the Curie temperature, as the overall surface area is maintained. We find 
that the Curie temperature of the nanoparticles fluctuates between the expected values of bulk magnetite and 
maghemite depending on core-shell ratio as expected, shown in Figure 2 by the position of the peak in susceptibility 
along the temperature axis. This will allow us to tune the magnetic properties of the particle for applications such as 
magnetic hyperthermia where the particle response to specific amounts of heat needs to be controlled.  

 

Fig 1. Half of spherical core-shell particle consisting of magnetite core (brown tetrahedral, beige octahedral sites) and 
maghemite shell (light blue tetrahedral, dark blue octahedral sites). Oxygen omitted for clarity. 

 

Fig 2. Susceptibility of the octahedral maghemite sublattice for various core-shell ratios. The position of the peak shows the 
temperature at which the Curie point occurs. 
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[1]  Malekigorji, M, et al., (2014) J. Nanomed. Res, 1(1), 1-12.  
[2]  Hu, Jing, et al., (2006) Journal of environmental engineering, 132(7), 709-715.  
[3]  Evans, R. F., et al., (2014) Journal of Physics: Condensed Matter, 26(10), 103202  
[4]  VAMPIRE software package, Version 5. Available fromhttp://vampire.york.ac.uk 

P:58 Transition temperature scaling in weakly coupled two-dimensional Ising models  

J Moodie, M Kainth, M Robson and M Long 

University of Birmingham, UK  

We investigate the proposal that for weakly coupled two-dimensional magnets the transition temperature scales 
with a critical exponent.  

This exponent is thought to be the same as that of the susceptibility in the underlying two-dimensional model, γ.  

Employing transfer matrices we can determine the critical temperature for Ising models accurately and then fit to 
approximate this critical exponent.  

We find an additional logarithm is required to predict the transition temperature, stemming from the fact that the 
heat capacity exponent α tends to zero for this Ising model, complicating the elementary prediction.  

We believe that the excitations of the transfer matrix correspond to thermalised topological excitations of the model 
and find that even the simplest model exhibits significant changes of behaviour for the most relevant of these 
excitations as the temperature is varied. 

P:59 Using the technique of non-linear transverse susceptibility to find anisotropy field distributions for randomly 
orientated magnetic powder samples  

C Moorfield, S McCann, T Mercer and P Bissell 

University of Central Lancashire, UK 

A technique has been developed to find the anisotropy field distributions of randomly orientated magnetic powders. 
This method uses non-linear transverse susceptibility as previously theorised by Chantrell et al [1]. However, there 
are no reports in the literature of experimental studies using a non-linear transverse susceptometer as detailed here.  

Previous experimental work has been restricted to a well-known linear technique [2]; that is highly sensitive to 
texture effects of the sample. It relies upon their aligned moments being orthogonal to the transverse AC field and is 
therefore not applicable to measurements on randomly packed powders as the anisotropy peaks are smeared out 
and the information becomes indiscernible.  

Figure 1 shows the non-linear measurement on randomly orientated micron-sized γFe2O3 particles. The applied field 
is initially swept from -400 to +400 kAm-1, with the susceptometer’s response incorporating the features indicated 
that are associated with the anisotropy and switching fields. Comparable features are found on the return sweep 
that show a switching field at (-16 ± 5) kAm-1 and a distribution of the anisotropy around (104±10) kAm-1. Similar 
results on superparamagnetic Fe3O4 nanoparticles will also be presented and discussed.  
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Fig. 1: Non-linear transverse susceptibility signal against DC field for a randomly packed powder sample of γFe2O3 

[1]  R.W. Chantrell, A. Hoare, D. Melville, H.J. Lütke-Stetzkamp, S. Methfessel, Transverse susceptibility of a fine 
particle system, IEEE Transactions of a fine particle system (1989).  

[2]  P.M. Sollis, P.R. Bissel, R.W. Chantrell, The effects of texture and interactions on transverse susceptibility 
measurements of particulate media, Journal of magnetism and magnetic materials (1996). 

P:60 Understanding the influence of the interfacial roughness on Dzyaloshinskii-Moriya interaction 

A Mora-Hernández1, M Belmeguenai2 and A Hindmarch1 

1Durham University, UK, 2Université Paris 13, France 

Nowadays, the “recipe” to create a skyrmion phase (SP) in magnetic multilayer structures is well known; 
sandwiching an ultra-thin ferromagnetic (FM) layer between two heavy metal (HM) layers with opposite interfacial 
Dzyaloshinskii-Moriya Interaction (DMI) direction, producing a magnetic structure with perpendicular magnetic 
anisotropy (PMA) and maximum DMI [1]. Pt/Co/Ta multilayer structures have been shown to exhibit a SP as shown 
in the magnetic force microscope (MFM) images in Figure 1. Interface roughness induced beneath the multilayer 
structure results in changes in the atomic-scale ordering at the interfaces of the deposited structures, ergo the 
symmetry of the system changes which impacts on the DMI strength [2]. A roughness study has been performed on 
structures with identical magnetic multilayer structures deposited on to substrates with designed surface roughness 
in order to analyse the changes in DMI. DMI is quantified by Brillouin light scatter (BLS) microscopy [3] as a 
function of the induced roughness. Magneto-optical Kerr effect (MOKE) microscopy measurements are compare with 
the BLS results and to determine the extent to which MOKE measurements enable characterisation of the DMI in 
roughened structures. 
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Fig 1: MFM image of [Pt(3nm)/Co(1.85nm)/Ta(5nm)]20. (a) 0 field showing a demagnetized chiral stripe domain state, (b) 
low perpendicular field showing a mixed state and (c) intermediate field showing the dense, disordered, skyrmion phase. At 

higher field the sample becomes uniformly magnetized. Light (dark) regions correspond to magnetization into (out of) the plane 
of the image. 

[1]  Seonghoon Woo. Nature Materials, Vol 15, May (2016) 
[2]  R. M. Rowan-Robinson, A. A. Stashkevich, Y. Roussign´e, M. Belmeguenai, S.-M. Cherif, A. Thiaville, T. P. A. 

Hase, A. T. Hindmarch and D. Atkinson. Scientific reports 7, 16835 (2017). 
[3]  M. Belmeguenai, Y. Roussign´e, H. Bouloussa, S.M. Cherif, A. Stashkevich, M. Nasui, M.S. Gabor, A. Mora-

Hernandez, B. Nicholson, O.-O. Inyang, A.T. Hindmarch, and L. Bouchenoire. Physical Review Applied 
9,044044 (2018). 

P:61 Determining the spin diffusion length in a cobalt iron alloy through spin absorption 

K Moran1, G Stefanou1, M Rosamond1, M Ali1, G Burnell1, O Kazakova2 and B Hickey1   

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

The high polarization of Cobalt Iron (CoFe) makes it an ideal electrode material for spin current generation and 
detection in lateral spin valves (LSV). Here, the spin signal, ΔRS, is the difference in resistance between parallel 
and antiparallel electrode states. The temperature dependence of ΔRS elucidates the underlying physics and from it 
we can extract key material parameters such as material spin diffusion lengths, λ, and ferromagnet polarization, α. 
Contrary to expectations, ΔRS was observed by a number of groups to reduce at low temperatures. This behaviour 
was explained as a manifestation of the Kondo effect arising from the magnetic impurities present in the bulk of the 
normal metal and at the interfaces with the electrodes due to inter-diffusion. For the latter, this effect was thought to 
reveal itself in the low temperature reduction of the extracted α. However, this interpretation relies on the 
assumption that the other interdependent and unknown parameter, the ferromagnet spin diffusion length, λFM, 
follows the empirical relationship λFM(T) ∝1/ρFM(T). It is imperative to attempt to independently determine this 
parameter in order to clarify if a Kondo effect is truly at the heart of the observed behaviour. We therefore employ 
the spin absorption technique to uniquely determine the temperature dependence of the spin diffusion length of 
CoFe and thus confirm α(T). 

P:62 Magnetostrictive actuators for composite damage  

N Morley, Z Leong, J Clarke, W Holmes, A Padki and S Hayes 

University of Sheffield, UK 

Composites, although possessing good structural properties are subject to complicated modes of failure. These 
damages are often barely visible as they may be located between composite plys. Thus Structural Health Monitoring 
(SHM) of composite is required to determine when barely visible impact damage (BVID) occurs during flight, as if 
caught early before the damage becomes irreparable, it can be repaired in-situ, so saving money and time [1]. This 
work investigated using magnetostrictive ribbons in a sensor-actuator setup to measure BVID, to determine the 
sensitivity and limitations of these magnetostrictive actuators. Composite samples were fabricated from a 2×2mm 
twill weave pre-impregnated carbon fibre epoxy system (VTC401®), with Fe77.5Si7.5B15 ribbons mounted on the 
surface and within the composite in different grid arrangements. An AMR sensor was used to measure the change in 
magnetisation after impact damage, which ranged from 0.8J to 4.9 J. It was determined that the ribbon position 
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within the composite was important for detecting damage (Fig. 1), such that the ribbon has to be within 2 ply of the 
surface to detect damage below 2J. It was also found that a spacing of 10mm between ribbons, allowed for BVID 
detection on the surface. Computer simulations using the ABAQUS software studied the ribbons attached to the 
surface and embedded in the composite under tensile stress and 3-point bending. The results determined that the 
embedded ribbons increased the Young's Modulus compared to the composite alone. Also it was found that the 
majority of the stress was within the ribbons, rather than the composite. For the surface mounted ribbons, they 
delaminated from the surface before composite failure occurred. In conclusion, magnetostrictive ribbon sensors for 
SHM are a real alternative to existing methods, as they are able to detect BVID both on the surface and within the 
composite.  

Acknowledgements: Part of this research was funded under the Cleansky2 scheme, for the project SHERLOC JTI-CS-
2009-01-GRA-01-005.  

Fig. 1: Change in magnetisation as a function of impact energy for different composite plies. RHS: Microscope images of the 
embedded ribbons in different plys for the different impact energies. 

[1]  B F Backman, Composite structures, design, safety and innovation, (Amsterdam: Elsevier) (2015) 

P:63 Spin seebeck effect for energy harvesting  

K Morrison and M Awad 

Loughborough University, UK  

Greenhouse effects, climate change, and excessive usage of limited supplies of the fossil and nuclear fuels that 
offer 80% of the world's power is building towards a global energy crisis. In the UK, for example, 95% of cars are 
currently fuelled by liquid petroleum (Petrol & Diesel), which is a significant driver in the generation of toxic 
emissions, in particular in urban areas. A solution to this is the move towards renewable technologies as well as a 
continued push for improved efficiency. For instance, a common source of inefficiency are heat losses: in a filament 
lamp this can be as high as 90 %; in ordinary electric motors about 20 – 25%; and in electric power stations around 
10-20% [1]. Thermoelectric (TE) generation technology is a renewable generation method that could utilize such 
waste heat and increase the efficiency of various technologies.  

In 2008, it was shown that when a ferromagnetic film is placed under the influence of a temperature gradient, a 
spin current is injected from the ferromagnetic film into adjacent nonmagnetic metals (paramagnet such as Pt) 
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where a voltage can be observed [2]. This is now known as the spin Seebeck effect, and has been suggested as a 
possible route for thermoelectrics with improved efficiency.  

In a spin Seebeck device, the spin current injected into an attached nonmagnetic metal (such as Pt) is converted 
into a transverse charge voltage with the help of the inverse spin Hall effect (ISHE). Therefore, the spin Seebeck 
effect enables the generation of electromotive force from the temperature gradient, analogous to conventional 
charge Seebeck devices. What is new in the spin Seebeck device is that it has a scalability different from that of 
conventional charge Seebeck devices, in that the output power is proportional to the length perpendicular to the 
temperature gradient. In addition, the paths of the heat current and charge current are separated such that the spin 
Seebeck device could be designed in new way to enhance the thermoelectric efficiency [2]. We will outline and 
discuss the potential applications of such spin Seebeck thermoelectrics, their basic design, and the measurement 
of device efficiency.  

[1]  G. M. Masters, Renewable and Efficient Electric Power Systems. Wiley-IEEE Press, 2004.  
[2]  K. Uchida et al., 455, 778–781 (2008).  
[3]  H. Adachi, K. Uchida, and E. Saitoh, Rep. Prog. Phys. 76 036501, (2013). 

P:64 Structural and magnetic behaviour of the frustrated double perovskites Ba2MnWO6 and Sr2MnWO6  

H Mutch1, O Mustonen1, G Stenning2, P Baker2 and E Cussen1  

1University of Sheffield, UK, 2ISIS Neutron and Muon Source, UK  

Double perovskites (A2MM’O6) exhibit geometrically frustrated face-centred cubic lattices and therefore offer a range 
of interesting properties and states, such as the spin glasses Sr2MgReO6 and Sr2CaReO6, potential quantum spin 
liquid Ba3YIr2O9 and the valence bond glass Ba2YMoO6. [1-4]  

Ba2MnWO6 and Sr2MnWO6 are double perovskites which undergo long-range antiferromagnetic order at low 
temperatures. This frustration results in the antiferromagnetic transition occurring at a lower temperature than that 
which would be expected from the 𝜃𝜃𝐶𝐶𝑊𝑊 values from DC-susceptibility. Previous reports on these materials have 
indicated a ferromagnetic transition around 45 K which is disputed, and a disagreement on the space group of 
Sr2MnWO6. [5-7]  

To resolve these issues we have carried out neutron powder diffraction, DC-susceptibility measurements and muon 
spin relaxation measurements on both materials. Each of these measurements indicate only antiferromagnetic 
transitions take place in both Ba2MnWO6 and Sr2MnWO6, with Néel temperatures of ~9 K and ~13 K respectively. 
Refining the neutron powder diffraction data indicated that Ba2MnWO6 adopts the cubic space group Fm3̅m, whilst 
Sr2MnWO6 is monoclinic crystallising in P21/n. The DC-susceptibility data confirmed that both materials conform to 
Curie-Weiss behaviour and fits between 100 and 290 K yielded μeff = 6.2(1) μB for both Ba2MnWO6 and Sr2MnWO6 
and 𝜃𝜃𝐶𝐶𝑊𝑊𝐵𝐵𝑎𝑎 = -64 K and 𝜃𝜃𝐶𝐶𝑊𝑊𝑆𝑆𝑟𝑟 = -76 K. This confirmed that the Mn2+ ions are present in their high spin, S=5/2, and 
hence experience no spin-orbit coupling. The lack of ferromagnetic transition suggests that this is the result of a 
small impurity, presumed to be Mn3O4. [8] Transverse field muon spin relaxation measurements indicate a sharp 
transition to an ordered state in Sr2MnWO6, but suggest that Ba2MnWO6 may experience short range correlations 
above the Néel temperature.  
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Fig.1: DC-susceptibility showing AFM transition in both materials; (b). TF-μSR measurements which indicate a clear transition in 
Sr2MnWO6 and a possible correlated state above the Néel temperature. 

[1]  C. R. Wiebe et al., Phys. Rev. B 68, 134410 (2003)  
[2]  C. R. Wiebe et al., Phys. Rev. B 65 144413 (2002)  
[3]  T. Dey et al., Phys. Rev. B 88 134425 (2013)  
[4]  M. A. de Vries, A. C. Mclaughlin, J.-W. G. Bos, Phys. Rev. Lett. 104 177202 (2010)  
[5]  A. K. Azad et al., Mat. Res. Bull. 36 2215 (2001)  
[6]  A. K. Azad et al., J. Magn. Magn. Mater. 237 124 (2001)  
[7]  A. Muñoz et al., J. Phys.: Condens. Matter 14 8817 (2002)  
[8]  D. G. Tomuta et al., J. Phys.: Condens. Matter 13 4543 (2001) 
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P:66 Optimisation of exchange parameters for atomistic modelling of 2:14:1 ferromagnets 

A Naden, R Chantrell and R Evans 

University of York, UK 

High coercivity magnets are important for electric motors and generators, as it relates directly to the maximum 
energy product of a magnet, and similarly to the available torque in the motor. Rare earth magnets, such as 
Neodymium Iron Boron can have large energy products, but often have low Curie temperatures, reducing their 
viability for industrial motor applications. Here we develop a simulation and machine learning optimisation method 
for Dy2xNd2(1-x)Fe14yCo(14(1-y))B phase permanent magnets to achieve optimal properties for a given set of parameters 
and metrics (such as Ms(450K), Hk(450K), Ms(450K/$) etc). Our methodology has automates the simulation of 
temperature dependent properties of the 2-14-1 system using the VAMPIRE code [1] to automatically determine 
the optimal properties given metrics/figures of merit by a recursive simulation process. 

This is being used to determine the optimal input parameters (exchange constants, anisotropy) for bulk Dy2Fe14B in 
comparison with known experimental data (Tc, Ha) and similar analyses for Nd2Co14B and Dy2Co14B. The same 
methodology will then be applied to determine the optimal composition Dy2xNd2(1-x)Fe14yCo(14(1-y))B to give a 
maximum anisotropy field Ha at T = 450 K. Further metrics could then be included such as Ms and material cost to 
give a multidimensional optimisation. This is intended to allow for development of more effective rare earth magnet 
alloys, that can be tested more efficiently than experiment might allow. 
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The methodology uses different minimisation methods to optimise the exchange parameters in the atomistic model, 
using the experimental Curie temperature as the figure of merit. This is performed at run time of the VAMPIRE 
simulations, reducing the total input configurations to be simulated and thereby reducing computation time. The 
Curie temperature has to be numerically extracted from simulation data with high consistency. Currently we are 
testing six different methods to numerically evaluate the Curie temperature: the Tauxe differential method[2]; the 
Moskowitz extrapolation method[3]; fitting the low temperature magnetisation curve; the 2 tangent method[4]; and 
taking the peaks in susceptibility and specific heat. 

Using output from a simple Ms(T) simulation for a ferromagnet from VAMPIRE, we have tested the different methods 
for a basic ferromagnet. We have established that each of the methods responds differently to numerical artifacts 
from poor quality simulation data, and the average appears to yield a more consistent optimal exchange parameter. 
The analysis of each of the Curie temperature estimations aims to develop an automated system that can learn the 
attributes of an input data set that would benefit each method, and allow for a corresponding weighted average to 
be calculated. The resulting combination of Curie temperature estimation and numerical minimisation allows for 
convergence of exchange parameters in significantly less computation time than would otherwise be possible, 
providing a faster estimation of a material’s effectiveness. We will present details of the numerical approach used 
and results of the 1D optimization for a simple ferromagnet. We will show the extension of the methodology to 2-14-
1 phase permanent magnets and derived parameters for the bulk system. 

[1]  R. F. L. Evans et al, J. Phys.: Condens. Matter 26, 103202 (2014) 
[2]  L. Tauxe, Palaeomagnetic principles and practice, 2.8.1, 1998. 
[3]  B. Moskowitz, Earth and Planetary Science Letters, Vol. 53, 84-88, 1981. 
[4]  C. S. Grommé, T. L. Wright and D. L. Peck, Geophys. Res., Vol. 74, 5277-5293, 1969. 

P:67 Effects of R3+ ion on structural and magnetic properties of R2NiMnO6 double perovskites 

M Nasir and S Sen 

Indian Institute of Technology Indore, India 

Double perovskites R2NiMnO6 (R = La, Pr, Tb) are ferromagnetic semiconductors that have received significant 
scientific attention1, 2 because of their high magnetic Curie temperature which can be tuned by varying the size of 
rare-earth ions. From structural aspects, these systems adopt two different structures depending on the B-site 
ordering of Ni and Mn cations. A random distribution of B-site ions results in an orthorhombic Pbnm symmetry. 
While, an alternate regular arrangement leads to a monoclinic P21/n symmetry3, 4. The replacement of La3+ by a 
smaller rare-earth ion modify the crystal structure which in turn influence magnetic properties. This is associated 
with the change of B-O-B' bond angles and exchange interactions. So, by tuning their magnetic and electrical 
properties, these materials can be useful for variety of spintronic industry applications. Compared to La2NiMnO6, 
other R2NiMnO6 perovskites are relatively less studied. It is generally known that the entire series of R2NiMnO6 are 
ferromagnetic with Curie temperatures smaller than that of La2NiMnO6. Structure property relationship for R2NiMnO6 
is not fully established. 

In the present work, R2NiMnO6 (R = La, Pr, Tb) perovskites have been prepared by means of a sol-gel assisted 
combustion method followed by high temperature sintering. R2NiMnO6 series has been examined by X-ray diffraction 
(XRD), magnetic measurements, and synchrotron-based X-ray absorption near edge spectroscopy (XANES).  
Rietveld refinement was carried out using FullProf software with P21/n space group as starting structural model. In 
all cases the crystal structure is defined in the monoclinic P21/n space group, with an almost complete order 
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between Ni2+ and Mn4+ ions. XANES measurements were employed at Ni and Mn K-edges to elucidate the oxidation 
sates of Ni and Mn ions which play an important role in magnetism [Figure 1]. XANES results are in well agreement 
with XRD data. Further, magnetic measurements show that there is a reduction in Curie temperature with smaller 
crystal radii of R3+ [Figure 2]. The Curie temperature is decreased to 104 K form 264 K with replacement of La3+ by 
Tb3+. Infact, Curie temperature of R2NiMnO6 series is a linear function of the crystal radii of R. Thus, ferromagnetic 
ordering temperature of the R2NiMnO6 can be better correlated with the radius of R3+ atoms than with the average 
Ni– O–Mn angle. Our results which are presented here provide a detailed insight into the role of R3+ ions on the 
magnetic properties of the series. 

 

 

[1]  W. Z. Yang, X. Q. Liu, H. J. Zhao, Y. Q. Lin and X. M. Chen, Journal of Applied Physics 112 (6), 064104 
(2012). 

[2] D. C. Kakarla, K. M. Jyothinagaram, A. K. Das and V. Adyam, Journal of the American Ceramic Society 97 
(9), 2858-2866 (2014). 

123



 

[3] R. J. Booth, R. Fillman, H. Whitaker, A. Nag, R. M. Tiwari, K. V. Ramanujachary, J. Gopalakrishnan and S. E. 
Lofland, Materials Research Bulletin 44 (7), 1559-1564 (2009). 

[4] H. J. Zhao, X. Q. Liu, X. M. Chen and L. Bellaiche, Physical Review B 90 (19), 195147 (2014). 
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P:69 The magnetic properties of 32 distinct permalloy composite element bits  

P Newton and C Barnes 

University of Cambridge, UK  

The magnetic encoding of microcarriers provides a unique platform for numerous applications in both medicine and 
environmental science.[1] We are able to produce magnetic barcodes, containing small elements with precision of 
better than 10 nm using a single lithography recipe. A binary code can be encoded onto physically identical tags, 
by exploiting the different coercivity of a series of magnetic bits, under application of an appropriate magnetic 
field.[2,3] This allows barcode elements to be addressed individually, using a globally applied magnetic field. By 
using composite element bits, where magnetic elements are comprised of a large number of parallel magnetic strips 
of equal width that are coupled by magnetic dipolar interactions, we can produce bits that switch over a narrow field 
range.[4] There is therefore the prospect of producing a magnetic memory containing a large number of individually 
programmable elements.  

In this work we have produced a series of 32 possible magnetic bits, where strip width varies between 100 nm and 
3200 nm. The magnetic film is a 15 nm thick layer of permalloy, grown by thermal evaporation. All elements have a 
length of 15 μm, resulting in a high aspect ratio magnetic strip where the magnetic properties are dominated by 
shape anisotropy. We analyse the magnetic behaviour of the bits with focussed magneto-optic Kerr effect (MOKE) 
measurements and the physical properties with a scanning electron microscope (SEM).  

Analysis of the data indicates that a single power law relationship between the strip width of the magnetic element 
and its coercivity is insufficient. By incorporating these observed trends into future designs, we will be able to 
develop microcarriers containing a greater number of individually programmable bits than has been achievable in 
the past.  

 

Fig 1: (a) A typical MOKE loop of a magnetic element – here containing 7 strips of width 457 nm; (b) The dependence of 
magnetic coercivity on magnetic strip width. 
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P:70 The influence of the finite-size effect on the Curie temperature of L10-FePt  

T B Nguyen, S Ruta, R F L Evans and R W Chantrell  

University of York, UK  

Amongst many possible choices of materials suitable for Heat-Assisted Magnetic Recording (HAMR), Iron Platinum 
in the L10 phase (L10-FePt) exhibits many desirable qualities [1]. However, the Curie temperature of L10-FePt has 
been widely reported to be strongly dependent on finite-size effects [2] [3]. This phenomenon leads to a large 
distribution of Curie temperature in L10-FePt that is detrimental to its functioning as a HAMR material.  

In this research, we investigate the finite-size effects in simulated L10-FePt grains of various shapes and sizes by 
using a short-range exchange spin-Hamiltonian model that accounts for nearest-neighbour atomistic interaction 
only [4]. The obtained results are compared with those obtained from using a full-range Hamiltonian model [5] – 
which accounts for both nearest-neighbour and long-range atomistic interactions – as well as with other 
experimental data [2]. Our results confirm the dependence of the Curie temperature in L10-FePt grains of smaller 
sizes. The Curie temperature is also observed to saturate at larger grain sizes, giving rise to a distribution curve 
consistent with that obtained from using the full-range Hamiltonian model and with other experimental data. The 
distribution curve of the Curie temperature using short-range exchange spin Hamiltonian can be fitted to the finite-
size scaling law, and the derived fitting parameters are shown to be in reasonable agreement with other sources. 
Overall, our results verify that the finite-size effects exist inherently in a material and give rise to a significant Curie 
temperature dispersion that increases with decreasing grain size.  

Keywords: magnetic recording, HAMR, L10-FePt, Curie temperature, finite-size effects  

[1]  R. E. Rottmayer et al., “Heat-assisted magnetic recording," IEEE Transactions on Magnetics, vol. 42, pp. 
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[2]  O. Hovorka et al., “The Curie temperature distribution of FePt granular magnetic recording media," Applied 
Physics Letters, vol. 101, no. 5, p. 052406, 2012.  

[3]  A. Lyberatos et al., “Finite-size effects in L10-FePt nanoparticles”, Journal of Applied Physics 114, 233904 
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P:71 Remote magnetic monitoring of expansion of intermediate level waste packages 

P Pan1, T Hayward1, G Bolton2 and C Corkhill1  

1University of Sheffield, UK, 2National Nuclear Laboratory, UK 

Since it was first reported in cobalt based wires in 1994, the Giant Magnetoimpedance (GMI) effect has been widely 
studied for industrial and engineering applications such as highly sensitive magnetic sensors [1]{[3]. The GMI effect 
is a phenomenon where, at MHz-to-GHz frequencies, the electrical impedance of soft ferromagnetic materials can 
change by several hundred percent when subjected to an external stimuli, typically an applied DC magnetic field 
[1]{[7]. 

Additionally, GMI responses are highly sensitive to applied stresses, making GMI-based sensors ideal for non-
destructive testing application [3]{[5]. For example, the high sensitivity of GMI-based sensors make them ideal 
candidates for monitoring physically slow evolutionary processes that are present in interim stored nuclear waste 
packages [8], [9]. We believe that once such a device is applied to a package a user will be able to remotely 
monitor them at a safe distance. This significantly reduces the exposure of the radiological environment to the 
human body, which is important given that the time period for monitoring them can span from months to years [8]. 

Here, we will present initial results from a system that we have developed to measure the GMI response of 
commercially available amorphous ferromagnetic ribbons at multiple magnetic field strengths (ranging between -
230 - 230 Oe) and AC current frequencies (from 10 kHz { 20 MHz), which will form the basis of our prototype sensor 
system. In addition, we will present the results of studies of GMI behaviour as a function of a ribbon geometry and 
chemical composition, which provide insight into optimising our sensor's performance. Lastly, we describe the next 
step of our project, which will be to explore the effect of both uniform and local stresses on the GMI behaviour of 
amorphous magnetic ribbons. 
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P:72 Scanning probe microscopy studies of FeRh  
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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.  
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P:73 Scanning thermoelectric microscopy of magnetic nanodevices  
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Bundesanstalt, Germany, 4International Iberian Nanotechnology Laboratory, Portugal 

The recent proliferation of research into spin caloritronics is testament to the rich physics and potential for future 
technologies [1]. Non-equilibrium thermal spin currents could prove invaluable for novel solid-state energy 
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harvesting technologies which rely on the conversion of thermal to electrical energy [2]. The anomalous Nernst 
effect (ANE), is the generation of an electric potential 𝐸𝐸𝑁𝑁𝑒𝑒𝑟𝑟𝑛𝑛𝑠𝑠𝑡𝑡 in a magnetic material when exposed to a thermal 
gradient and is described by the relation 𝐸𝐸𝑁𝑁𝑒𝑒𝑟𝑟𝑛𝑛𝑠𝑠𝑡𝑡∝𝐌𝐌×∇𝑇𝑇 [3]. The ANE has experienced a renaissance due to 
intense research efforts surrounding the interplay of heat and spin currents which are accessed by spintronic and 
thermal transport phenomena. In majority of cases, the measurements are performed using lateral device 
topologies where ANE is investigated using a global thermal gradient applied uniformly to sensed region, whereas 
very little has been done in terms of local excitation and detection of spin caloritronic phenomena. Recently, it has 
been demonstrated that the near field enhancement of infrared radiation (IR) can be used to locally excite thermal 
gradients in perpendicular magnetic anisotropy (PMA) materials [4], however, in this study we take a different 
approach.  

Here, we locally investigate the ANE using a novel scanning probe technique which employs a heated atomic force 
probe Fig 1(a). This allows us to directly induce highly a localised thermal gradient at the sample surface which 
allows to generate and spatially resolve the (ANE) response 𝐸𝐸𝑁𝑁𝑒𝑒𝑟𝑟𝑛𝑛𝑠𝑠𝑡𝑡 by recording the devices electrical output on a 
nanoscale level. We evidence this in a prototype Pt/CoFeB0.6nm/Pt structure of lateral topology Fig 1(b) that exhibits 
PMA. Notably, by pinning a domain wall in a notched wire we observe a reversal of 𝐸𝐸𝑁𝑁𝑒𝑒𝑟𝑟𝑛𝑛𝑠𝑠𝑡𝑡 as the thermal gradient is 
traversed over the domain-wall Fig 1(c).  

The experimental approach that we discuss here offers an exciting insight into nanoscale spin caloritronics, which in 
principle, could be extended to other phenomena.  

 

Fig 1: a) Overview of the scanning thermal microscope showing the induced thermal gradient in the nanowire and the electrical 
measurement scheme; b) topography data of the notched wire device; and c) the spatially resolved electrical readout of the 

device thermally exited using a heated local probe resulting from the ANE. 

[1]  G. E. W. Bauer, et al, Spin Caloritronics, Nat Mat, 11, 391, (2012) 
[2]  S. R. Boona, et al, Spin Caloritronics, Energy Environ. Sci., 7,885, (2014) 
[3]  H, Yu, et al., Spin caloritronics, origin and outlook, Phys. Lett. A., 381, 825–837, (2017) 
[4]  E. Pfitzner, et al, Near-field magneto-caloritronic nanoscopy on ferromagnetic nanostructures, AIP advances 

8, 125329 (2018) 

P:74 Multimodal frustration in artificial spin ice  

R Puttock1, 2, A Manzin3, F Garcia Sanchez3, V Neu4, A Fernandez-Scarioni5, H Schumacher5 and O Kazakova1  

1National Physical Laboratory, UK, 2Royal Holloway University of London, UK, 3Istituto Nazionale di Ricerca 
Metrologica, Italy, 4Leibniz Institute for Solid State and Materials Research, Germany, 5Physikalisch-Technische 
Bundesanstalt, Germany  

128



 

Artificial spin ice (ASI) are lithographically patterned arrays of nanoislands (NIs), composed of in-plane 
ferromagnetic material, which are magnetically frustrated due to the pattern’s intrinsic geometric ordering. These 
devices have potential applications in magnetic memory, reconfigurable magnonics, and logic devices1–3. Here, we 
present a novel ASI structure which gives rise to controllable “channels” of energy states (types I–IV, defined in 
ref.1), utilizing globally applied magnetic fields (B) and local perturbations using a magnetic force microscopy 
(MFM) probe.  

In this work we use MFM and micromagnetic simulations to study the magnetic components of the ASI structure. We 
calibrate our MFM probe using a reference sample by extracting its tip-transfer function (TTF), from methods 
discussed elsewhere4, 5, in order to calculate the stray field in real units emanating from the ASI. We subsequently 
use statistical analysis to characterise the unique switching behaviour exhibited in the novel ASI design when 
exposed to B, including a study of the confined breakdown of single-element magnetic periodicity in NIs that align 
perpendicular to B. Experimental results are compared to those generated by micromagnetic modelling and 
competing energy components of the ASI lattice are calculated, providing an understanding of the atypical 
behaviour within the ASI design.  

 

Fig 1: AFM (a) and MFM images (b-c) of ASI structure pinned in its two common energy states; white masks (b-c, right) of the 
topography are provided as a visual guide. (d) Statistical plot demonstrating the degree of dispersion from homogeneity across 
10×10 μm2 MFM images (approx. 210 vertices) taken at zero-field; black frames refer to the energy configurations visualised in 
(b) and (c). (e) Plot of three-in one-out energy state population frequency (PT3) as a function of applied field highlighted in (d) 

(red frame). 
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P:75 Determination of Curie temperature distributions within granular magnetic recording media for applications in 
HAMR. 

E Rannala, S Ruta and R Chantrell 

University of York, UK 

Heat assisted magnetic recording (HAMR) is considered to be the next-generation technology for magnetic storage 
media, providing the ability to approach areal densities of 4Tb/in2 [1]. Greater areal densities are achieved via 
HAMR through the use of high coercivity materials enabling smaller grain sizes. In HAMR a laser is used to heat the 
material and reduce its coercivity prior to the writing process, once data has been written the material cools 
returning to its original stability. The temperatures used in this process approach the Curie temperature (Tc) of the 
material (FePt) [2]. A result of this narrow high temperature recording region is that the distribution of Tc over each 
grain has a significant effect on HAMR recording performance. This work looks to investigate an approach whereby 
the dispersion of Tc (σTc) is determined from thermo-remanence measurements, whereby 
magnetisation/demagnetisation occurs at high temperatures and the read back of the magnetic signal is performed 
at room temperature [3]. All simulations in this work are performed via kinetic Monte Carlo simulations. The 
simulation process involves applying a heating laser, with peak temperature Tp, to a granular system for 10ms and 
then returning the system to room temperature (300K) whilst measuring the system’s magnetisation over a 20ms 
time frame. Figure 1 shows the thermo-remanence magnetisation as a function of peak temperature for a system 
with mean: diameter 8nm; uniaxial anisotropy (K) 7.0x107erg/cc; Tc=700.0K. In the absence of any dispersions 
there is a natural broadening of the curve. On introduction of dispersions of Tc, K and volume (V) it can be seen that 
the thermo-remanence curve is dominated by the Tc dispersion, suggesting that this approach is a viable method for 
determination of Tc dispersion. 

 

Figure 1: Peak temperature dependence of thermo-remanence for systems with different volume (V), uniaxial anisotropy (K) and 
Curie temperature (Tc) distributions. 
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In FeGe, as for other helimagnetic materials with B20 crystal structure, hexagonal lattices of Bloch skyrmions (SkL) 
can be formed under favourable conditions of applied magnetic field and temperature. Although skyrmions have 
been shown to be deformable their generalized structure can be mapped once to a unit-sphere which gives them a 
defined skyrmion winding number of ±1 with the sign being determined by the direction of their core magnetisation 
[1]. As such, they are topological objects which require an associated discontinuous change in their magnetisation 
to cause annihilation. This is often attributed as a source of their stability over a wide range of applied magnetic 
fields. However, it is the actual physical energetic stability of skyrmions that is of great importance if they are to be 
exploited in novel data-storage schemes such as race-track memory [2].  

SkLs with different lattice vectors can exist within the same sample. The boundary separating two lattices features 
conjoined 5-fold and 7-fold coordinated skyrmion units (a 5-7 defect) interspersed with sections of normal 6-fold 
coordinated skyrmions. The number of 5-7 defects per unit length along the boundary varies directly with the 
misorientation angle of the two lattices. Boundaries such as these represent regions of increased energy density 
and therefore decreased skyrmion stability. Using time-resolved Lorentz microscopy, we have observed spontaneous 
skyrmion dynamics at boundaries, giving rise to processes where skyrmions periodically merge or separate. Figure 1 
below shows two frames from the region of a boundary where creation/annihilation of skyrmions leads to the 
reversible hopping of a 5-7 defect from one position to another.  

Micromagnetic simulations (using MuMax3 [3]) have been undertaken to investigate the energetics involved in SkL 
boundaries and to highlight potential mechanisms involved in annihilation/creation processes. Figure 2 shows 
simulated energy density maps of both a perfect hexagonal SkL (left) and a boundary region containing a 5-7 defect 
(right). While these maps relate to total energy, they are significantly dominated by the symmetric exchange and 
anti-symmetric Dzyaloshinskii-Moriya interaction (DMI) terms. Through investigating these 5-7 defects and other 
synthetic defects created by artificial insertion/deletion of skyrmions we aim to understand how physical 
annihilation/nucleation processes occur.  
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Fig 1: 5-7 defect with 5-coordinated and 7-coordinated skyrmions outlined red and blue respectively at (a) 0.5s and (b) 0.87s. 

 

Fig 2: Total energy density of a skyrmion lattice simulated using MuMax3. (a) Regular lattice region and (b) defect site with the 
same line color representations as in Fig. 1. 
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Magnetostrictive thin films are of interest for a range of applications, including the development of magnetisation 
based energy efficient information storage devices and logical processing units. A promising candidate is Galfenol 
which is an alloy of Fe and Ga, and has been demonstrated[1] to have a very high magnetostriction coefficient in 
bulk single crystal form. Recently, the first measurement of magnetostriction in epitaxial thin films was reported by 
Parkes et.al[2] who found that epitaxial thin films of Fe81Ga19 show magnetostriction values as large as the bulk 
material, making the epitaxial layers prospective for applications and for investigations of strain-induced microwave 
magnetisation dynamics [3][4]. It is therefore important to understand the role of Ga composition in determining 
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the magnetic properties of epitaxial Galfenol. We have investigated the magnetic anisotropy and the dynamic 
damping of sputter grown epitaxial thin films of Fe100-xGax(x=7 to 30) on GaAs(001) substrates. Superconducting 
quantum interference device (SQUID), magneto-transport measurements and ferromagnetic resonance (FMR) 
measurements reveal that the magnetocrystalline anisotropy evolves from cubic to isotropic as the Ga concentration 
increases, which correlates with a reduction of the crystalline structure. An investigation of the FMR linewidth gives 
insight into the relative magnitude of the different contributions to the magnetic damping as a function of Ga 
concentration. 

 

Fig 1: MH loops for samples with low and high Ga concentrations. The longitudinal magnetic moments for three crystal 
directions are shown 

 

Fig 2: Graph showing change in cubic and uniaxial anisotropy constants as a function of change in Ga concentration 
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Figure 1. (a) Schematic figure of the Galfenol 
grating. a=40nm, d=150nm, h=40nm. (b) 
Temporal evolution of the magnetisation 

precession represented by the Kerr signals, 
and (c) the FFTs. The red dashed line in (c) 

indicates the frequency of the localised SAW 
mode. 

P:78 Driving magnetisation precession with coherent phonons 

A Rushforth1, M Wang1, A Akimov1, A Scherbakov2,3 and M Bayer2,3 

1University of Nottingham, UK, 2Technische Universität Dortmund, Germany, 3Ioffe Institute, Russia 

It is known that phonon pulses can be used to stimulate magnetisation precession of a ferromagnetic film by 
modification of the magnetocrystalline anisotropy energy [1]. We have extended this concept to demonstrate how 
coherent phonons can be used to drive magnetisation precession effectively and controllably at resonant 
frequencies [2,3]. We describe two methods by which we have created localised phonon modes and controlled their 
interactions with a magnetic film or nanostructured array. 

In the first experiment [2] we demonstrate resonant driving of 
magnetisation precession in a thin film of Galfenol, an alloy of iron and 
gallium known to exhibit high magnetostriction. The Galfenol film is 
deposited by sputtering onto a GaAs/AlGaAs structure containing two 
superlattices designed to act as a Bragg mirror. The Galfenol layer plays 
the role of a Fabry-Perot cavity between two flat phonon mirrors: one 
mirror is the free surface and another is the Bragg mirror. The studied 
multilayer structure possesses a number of localized phonon modes with 
frequencies in the range 20 – 30 GHz, corresponding to the stop-bands 
of the superlattices. Optical pump-probe measurements are used to 
stimulate the coherent phonon modes and to detect the magnetisation 
precession via the transient Kerr rotation of the probe signal. By 

applying an external magnetic field we tune the magnetisation 
precession frequency towards the resonant frequencies of the phonon 
cavity, at which points we observe a large enhancement of the 
magnetisation precession amplitude.  

In the second experiment [3] we pattern a lateral periodic grating into a 
Galfenol film in order to localise phonon modes in the form of a surface 
acoustic wave (SAW) at a frequency of ~15 GHz. Optical pump-probe 
measurements reveal a large enhancement of the magnetisation precession amplitude when the precession 
frequency of the ferromagnetic grating is tuned to the frequency of the localised phonon modes by the application 
of an external magnetic field (Figure 1). 

These experiments are prospective for exploring and engineering the coupling between magnon and phonon modes 
in nanostructures and may find applications in sensors as well as quantum computing and quantum 
communications. 
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In recent years magnetic hyperthermia is proposed as a viable alternative for cancer treatment. It consists of 
inserting magnetic nanoparticles inside the tumorous cell and applying an oscillating magnetic field. These produce 
heat which can destroy the cancer cell without affecting the surrounding tissue. Understanding the mechanisms of 
magnetic heating is crucial for synthesizing the optimal particles and to control the heating inside the human body. 
Full understanding of the hyperthermia heating process requires a model incorporating these key elements: it must 
span the full range of applicability beyond the linear response regime, 2) include the effects of intergranular 
interactions, 3) take into account the distribution of properties (size, anisotropy, easy axis orientation, etc.), and 4) 
be fully time-quantified to allow frequency dependent studies. Although individual investigations incorporate some 
of these factors, a generalised model unifying all the key factors for hyperthermia is needed if hyperthermia is to be 
developed and optimised as a therapy. 

Our study is based on the kinetic Monte-Carlo [1] modelling and contains all the complexity mention above. We 
explore the limitations of the linear response theory developed by Rosensweig [2] (LRT), which is practically always 
used in the technology design and optimization. We demonstrate, for the first time, that there is a formal link 
between the LRT and the kMC approach via the underlying master equation formalism, which gives a 
mathematically consistent modelling method essential for unified description of fast and slow time scales relevant 
in the superparamagnetic and hysteretic regimes of nanoparticle systems.  

We show that the magnetic behaviour can be categorized in 3 regions in terms of the applied field: 
a) the low field region where the linear response theory approximation, developed in previous studies, can be used, 
b) the large field region where full hysteresis models are applicable and c) an intermediate region where the 
transition between the two behaviour occurs and the conventional approaches no longer apply [3]. In this way, our 
work leads to a discovery of importance of the transition region between the superparamagnetic and the fully 
hysteretic behaviour for maximizing the heating power in applications. 

The investigation reveals some ‘simplicity within the overall complexity”, in particular the importance of two 
homogeneous scaling parameters between the interaction energy, anisotropy energy and thermal energy, which 
gives rise to different effects of interactions in the ‘superparamagnetic’ and fully hysteretic regimes. 
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In recent years much research has been directed towards the use of spin waves (SWs) for signal processing at 
microwave and subterahertz frequencies due to the possibility to carry the information signal without the 
transmission of a charge current [1,2]. Recent theoretical and experimental studies suggest that strain can be used 
to engineer energy-efficient complicated 2D and 3D piezoelectric material and heterostructures. The effect of the 
electric field on the magnetic configuration results from the modification of the effective internal magnetic field. The 
latter is changed due to inverse magnetostriction (Villary effect) as a result of the local deformation of the magnetic 
film [3].  

Here we report the experimental observation of the spin-wave coupling [2] in different magnonic structures based on 
the asymmetric adjacent magnonic crystals (MCs) [4], adjacent magnetic yttrium iron garnet (YIG) stripes [5] and 
array of magnetic stripes [6], which demonstrates the collective spin-wave phenomena such as the discrete soliton 
formation. We show, that the combination of frequency and spatial filtering features of the MC and spin-wave 
coupling in the adjacent magnetic waveguide leads to the realization of the tunable magnonic drop filter [4]. We 
also identify the mechanism of the efficient spin-wave power transmission between the magnonic crystals and 
adjacent magnetic stripes. As a major result, we have demonstrated by the means of the space-resolved Brillouin 
light scattering (BLS) technique, that non-identical MCs within close proximity demonstrates the efficient spin-wave 
coupling at the frequency of the magnonic forbidden gap of one of the MCs. Thus MCs can be used not only to 
achieve the spatial and frequency filtering of spin-wave signal but also to provide the phase condition with an 
efficient spin-wave power transfer from the input to drop port of magnonic coupler. We show the voltage-controlled 
spin-wave transport along bilateral magnonic stripes. A model describing the spin-wave transmission response and 
predicting its value is proposed based on the self-consistent equations. Our work shows that the strain-mediated 
spin-wave channels provide a useful window into the transformation of the spin-wave spectra and spin-wave 
dynamics. This revelation is of particular importance when we consider the practical advantages that the composite 
magnon-straintronic structure could provide to fabricating magnonic platforms for energy-efficient signal processing. 
The obtained results open new perspectives for the future-generation electronics using integrated magnonic 
networks.  

This work was partially supported by the Grant from Russian Science Foundation (#18-79-00198).  
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P:81 Investigation the structural and magnetic properties of ZnO films doped with either metallic Co, CoO, or Co3O4 
by Pulsed Laser Deposition 

A Saeedi1, S Heald2, M Fox3 and G Gehring4 

1University of Sheffield, UK, 2UMM Al-Qura University, Saudi Arabia, 3University of Sheffield, UK, 4Argonne National 
Laboratory, USA 

ZnO doped with a small amount of transition metal ions has attracted increased attention in the field of spintronics 
due to the prediction of room temperature ferromagnetism. In spite of the work that has been done on Co doped 
ZnO system, the origin of magnetism is still controversial.  

We investigate the structural, magnetic, and magneto-optical properties of Co-doped ZnO thin films grown by the 
PLD technique. The Co-doped ZnO films were grown from three different targets containing ZnO and either metallic 
Co, CoO, or Co3O4 as the precursor. The amount of oxygen in these targets varies due to the precursor; it is lowest for 
metallic Co and highest for Co3O4[1].  

The films made from these different targets were grown with differing values of the oxygen pressure in the PLD 
chamber; at base pressure and at four additional oxygen pressures up to 100 mTorr. The aim of this work is to 
compare the effect on the magnetic properties of the films of changing the oxygen content of the target with that of 
changing the oxygen pressure in the PLD chamber.  

It was observed that the changed precursors affected the films in a different way compared with the oxygen pressure 
introduced into PLD chamber.  

[1]  M. J. Ying et al., "Advantageous use of metallic cobalt in the target for pulsed laser deposition of cobalt-
doped ZnO films," (in English), Applied Physics Letters, Article vol. 109, no. 7, p. 5, Aug 2016, Art no. 
072403. 

P:82 Effect of annealing on structural and magnetic properties for both cobalt and europium implanted ZnO films 
prepared by ion implantation  

A Saeedi1, 2, N Peng3, M Alshammari4, S Heald5, A Fox1 and G Gehring1  

1University of Sheffield, UK, 2UMM Al-Qura University, Mecca, Saudi Arabia, 3Surrey University, UK, 4King Abdulaziz 
City for Science and Technology, Saudi Arabia,  5Argonne National Laboratory, USA 

Spintronics has attracted much attention due to the possibility to deliver a new generation of technology in the 
future. This calls for magnetic semiconductors and there are a very large number of ways that magnetism may be 
induced in ZnO. Some involve a local moment on an incorporated magnetic ion and others depend on magnetic 
states induced by various crystalline in homogeneities such as surfaces, grain boundaries and point defects [1-3].  

We report on a series of experiments of ZnO films which have been implanted with 4%Co, 4%Eu, or 4%CoEu and 
were annealed in vacuum and air in various temperature. Large room temperature was observed and the origin of 
this magnetism is studied.  

These films were investigated by annealing at different temperatures and in vacuum and also in air. XRD,EXAFS, and 
Raman spectroscopy measurements were used to invesitgate the structural properties. The superconducting 
quantum interference device SQUID was used to measure the magentic properties of the films.  
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P:83 Mapping magnetisation in compensating synthetic ferrimagnets with negative remanence 

J Scott1, W Hendren1, R Bowman1, R Chantrell2, R Evans2, R Hicken3, M Dabrowski3, T Nakano3, D Burn4, A Frisk4, G 
van der Laan4 and A N’Diaye5 

1Queen’s University Belfast, UK, 2University of York, UK, 3University of Exeter, UK, 4Diamond Light Source, UK, 
5Advanced Light Source, USA 

Synthetic ferrimagnets (SFM), two ferromagnetic layers 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 [1,2]. 

The atomistic simulation package, VAMPIRE [3], is used in conjunction with SQUID magnetometry and x-ray 
magnetic circular dichroism (XMCD), to characterise a series of perpendicular, compensating Ni3Pt/Ir/Co SFMs, 
fabricated by magnetron sputtering. Designing and creating these structures requires knowledge and control of 
several fundamental magnetic parameters, the magnetisation with temperature, M(T) and the anisotropy, K(T), of 
the individual ferromagnetic layers and the exchange interaction between them, Jij. 

Unexpectedly, these Ni3Pt/Ir/Co SFM exhibit regions of negative remanent magnetisation, MR, observed in 
experiment and replicated in simulation, just below the compensation point, Tcomp.This can be described as an 
interplay between anisotropy, exchange and Zeeman energies of the system [4]. XMCD measurements confirm the 
distinct nature of SFM layers and the negative MR, Fig 1. 

VAMPIRE is used to successfully reproduce the main features of the magnetic behaviour and yield insights to the 
magnetisation dynamics on the atomic scale. The simulations can be presented as a map of the MR dependence on 
Jij and T so creating a ‘phase diagram’ (Fig 2), revealing the regions of distinct magnetic behaviour, for a particular 
SFM. This further demonstrates the ability of VAMPIRE to elucidate and enhance new synthetic material 
development. 

 

Fig 1: Ni3Pt(8.5nm)/Ir(0.5nm)/Co(1nm) (a) SQUID measurement of MR vs T, (b) XMCD at T < T-Mr, Tcomp, (c) XMCD at T-Mr < T < 
Tcomp 
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Fig 2: (a) VAMPIRE phase map of Ni3Pt(11nm)/Ir(0.5nm)/Co(1nm) of MR as a function of Jij and T. The red regions mark the 
point at which the Ni3Pt is the first layer to reverse. Below Tcomp, the higher moment of the Ni3Pt layer results in negative MR. The 
black line marks the experimental Jij vs T of a Ni3Pt(11nm)/Ir(0.5nm)/Co(1nm) SFM calculated from minor loops (b) MR vs T 

cross section of the data plotted on the VAMPIRE remanence map compared to that measured via SQUID 

[1]  S. Mangin et al, Nature Materials 13, 286 (2014) 
[2]  R. F. L. Evans et al, Appl. Phys. Lett. 104, 082410 (2014) 
[3]  R. F. L. Evans et al, J. Phys.: Condens. Matter 26, 103202 (2014) 
[4]  K. Takanashi et al, Appl. Phys. Lett. 63, 1585 (1993) 
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P:85 Observation of the evolution of magnetic domain structures related to magnetic polaron cluster formation in a 
single crystal of EuB6 

D Sivananda1, A Kumar1, M Ali1, S Banerjee1, P Das2, J Müller3 and Z Fisk4 

1Indian Institute of Technology Kanpur, India, 2Indian Institute of Technology Delhi, India, 3Goethe-University 
Frankfurt, Germany, 4University of California, USA 

Behaviour of magnetism in a system with strong electronic correlations is a fascinating and important area of 
research with potential for applications in spintronics. In some divalent hexaboride systems, despite the presence of 
low charge density, there is a strong effect on magnetism in these systems. In systems like EuB6, the presence of 
itinerant electrons which interact with localised moments lead to magnetic ordering. In these systems, a complex 
interplay of the kinetic energy of the delocalized electrons with the exchange-energy result in the formation of 
magnetic excitations called magnetic polarons. Such magnetic polarons have been proposed to exist in a simple 
cubic system like EuB6. EuB6 is a ferromagnetic semi-metal below 12 to 13 K. It shows colossal magnetoresistance 
behaviour below a characteristic temperature of Tc1~15.5K. Between 15K and 12 K transport measurements show 
regimes with significant enhancement in noise along with the emergence of nonlinearities. While a lot of literature 
exists on the study of bulk magnetization and transport properties of EuB6, local magnetization response in this 
system has not been sufficiently well explored. Here, we have performed high sensitivity magneto-optical imaging of 
EuB6 which images the local magnetic field distribution on the surface of a sample. From our measurements, we 
identify three characteristic boundaries, T*(H), T * c1 (H) and Tc2(H), in a field - temperature magnetic phase 
diagram. Using scaling and modified Arrott’s plot analysis of isothermal bulk magnetization data, we identify critical 

139



 

transition into a ferromagnetic state below Tc2= 12.0 ± 0.2 K [1]. Our analysis suggests the presence of large critical 
fluctuations between Tc1 and Tc2. The critical fluctuations in this system are sensitive to the applied magnetic field, 
which leads to field dependence of boundaries in the magnetic phase diagram. High-resolution imaging of magnetic 
domains reveals large magnetized domains below Tc2. With increasing T(>Tc2) the magnetic domains disintegrate 
into finger-like patterns before fragmenting into disjoint magnetized puddles at T*c1and ultimately disappearing at 
T*. At T *c1 we observe a significant increase in the spatial inhomogeneity of the local magnetic field distribution 
associated with the magnetic domain structure disintegrating into smaller magnetized structures. We explain our 
results via the formation of magnetic polaronic clusters and their coalescing into larger domains. 

[1]  Dibya J. Sivananda, Ankit Kumar, Md. Arif Ali, S. S. Banerjee, Pintu Das, Jens Muller and Zachary Fisk Phys. 
Rev. Material 2, 113404 (2018) 

P:86 Oscillatory Magnetoresistance in Nanowires of a Candidate Topological Superconductor and an s-wave 
Superconductor  

B Steele and S Sasaki 

University of Leeds, UK  

Topological superconductors are characterised by a superconducting bulk, non-trivial topology and the potential to 
harbor Majorana bound states on the surface, which are of great fundamental interest and provide paths to 
topological quantum computation. One candidate system to exhibit topological superconductivity is in 
superconducting topological crystalline insulators. We have studied vapour transport grown nanowires of p-type Sn1-

xInxTe, a superconducting topological crystalline insulator, and sputter grown niobium, a well-studied topologically 
trivial superconductor. In both cases, superconducting oscillatory magnetoresistance (SOMR) has been observed in 
the transition from superconducting to normal state. The origin of SOMR in superconducting nanowires is poorly 
understood with a variety of explanations including: vortex edge barrier modulation from interference between 
transport current, screening currents and external magnetic field [1]; SQUID-like interference due to flux quanta 
passing through structural grain boundaries [2]; vortex motion, trapping and pinning [3]; and a Weber blockade 
model [4] in which the addition of vortices only at certain field values gives resistance.  

Through our study we aim to recognise the physical origins of SOMR. So far no model previously considered explains 
all of our observations such as aperiodic peaks in magnetoresistance, peak fields that reduce with increasing 
temperature and applied current (Fig. 1a and 1b respectively), a non-local SOMR, a large peak resistance in 
nanoribbons as field is applied near to in-plane and a large out of phase SOMR component in AC measurements. 
With this information we are constructing a picture of how vortices contribute to the resistance of the 
superconducting nanowires.  
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Fig. 1: Evolution of the resistance peak field values. a) Temperature dependence of SOMR in a Nb nanoribbon with thickness = 
40 nm, width = 1 μm, Tc = (6.96 ± 0.05) K. b) Current Dependence of SOMR in a Nb nanoribbon with thickness = 20 nm, width 

=0.8 μm, Tc = (4.5 ± 0.4) K. Lines guide the eye to show the evolution of equivalent peaks. 

[1]  G. R. Berdiyorov, et al. Phys. Rev. Lett. 109, 057004 (2012).  
[2]  J. Wang, et al. Nano Res. 2, 671 (2009).  
[3]  S. A. Mills, et al. Phys. Rev. B 93, 224504 (2016).  
[4]  D. Zhang, et al. Phys. Rev. B 84, 165120 (2011). 
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P:88 Monotonicity in the spin signal by controlling the growth of silver in Py/Ag/Py lateral spin valves  

G Stefanou, K Moran, M Rosamond, M Ali, G Burnell and B Hickey 

University of Leeds, UK 

The origin of the downturn of the spin signal - and in extension the spin diffusion length - at temperatures below 30 
K, split the scientific community. Most studies are pointing the finger at either surface scattering1, 2, magnetic 
impurities either in the bulk 3 or at the interfaces4, 5 or grain boundary scattering6. The missing piece of the puzzle, 
though, is a study that includes two separate sets of devices with and without a downturn for comparison. We 
managed to switch off the downturn in the spin signal at low temperatures by changing the deposition rate of the 
NM channel. Spin relaxation from scattering on the surface, oxidation and small MI positioned at the interfaces 
cannot be accounted for the downturn7.  

[1]  T. Kimura et al, PRL 100, 066602 (2008)  
[2]  H. Idzuchi et al, APL 101, 022415 (2012)  
[3]  J.T. Batley et al, PRB 92, 220420(R) (2015)  
[4]  H. Zu et al, APL 101, 082401 (2012)  
[5]  L. O’Brien et al, Nature com. 5 (2015)  
[6]  E. Villamor et al, PRB 87, 094417 (2013)  
[7]  O. Ujsaghy et al, PRL 76, 13, 2378-2381 (1996)   
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P:89 Coupled spin-lattice dynamics simulations 

M Strungaru1, M Ellis2, R Evans1 and R Chantrell1 

1University of York, UK, 2Trinity College Dublin, Ireland 

Magnetisation relaxation is governed by the damping mechanism, which has a great importance from both 
fundamental point of view and applications. The damping process is phenomenologically described by Landau-
Lifshitz-Gilbert (LLG) equation and is understood by the coupling of the magnetic modes (given primarily by the 
atomic spin) with the non-magnetic modes (lattice vibrations and electron orbits), and has been used in 
micromagnetics and atomistic simulations to study magnetisation dynamics. In reality, both the magnetic and 
lattice sub-systems are coupled, and the damping mechanism is induced by the transfer of angular momentum 
between the two subsystems. Rather than including the damping mechanism phenomenologically, a coupled 
spinlattice model where atoms are free to move from their crystal structure, could contribute to a better 
undestanding of magnetisation dynamics. 

In this work we investigate what are the possible coupling terms that can act as a sufficient thermal bath to the 
system and what impact they have on the two subsystems. As described in literature, possible coupling terms 
involve the pure exchange mechanism[1], a pseudo-dipolar interaction or an anisotropy term[3]. As an application 
and validation of this model we study bcc Fe. Our final aim is to have a complete model of spin-lattice in which the 
damping mechanism appears purely from the lattice vibrations. Our results show that it is difficult to achieve 
thermal equilibrium of the magnetisation for the coupled spin-lattice system. We conclude that it is necessary to 
carefully equilibrate the lattice and to apply constant pressure algorithms to allow the physical expansion of the 
lattice. 

[1] Ma, Pui-Wai, C. H. Woo, and S. L. Dudarev. "Large-scale simulation of the spin-lattice dynamics in 
ferromagnetic iron." Physical review B 78.2 (2008): 024434 

[2] A. I. Akhiezer, S. Peletminskii, and V. G. Baryakhtar, “Spin waves,” 1968. 
[3] Perera, Dilina, et al. "Reinventing atomistic magnetic simulations with spin-orbit coupling." Physical 

Review B 93.6 (2016): 060402. 

P:90 Anisotropic damping of magnetisation dynamics in Non-Centrosymmetric Ferromagnet 

A Sud1, S Khan1, K Yamamoto2, N Zhao1, K Yamanoi1, H Sukegawa3 and H Kurebayashi1 

1University College London, UK, 2Japan Atomic Energy Agency, Japan, 3National Institute for Materials Science, 
Japan 

The magnetic relaxation processes following the dynamical excitation of the spin systems of ferromagnet are 
investigated by ferromagnetic resonance (FMR) using half-heusler NiMnSb, a ferromagnet with the zinc-blende 
(inversion asymmetric) crystal structure, as a prototype system. Due to the strong spin-orbit coupling and well 
understood band structure, the material is well suited to this investigation. Understanding the mechanism and 
controlling of magnetic relaxation including Gilbert damping and extrinsic effects, pave a path for ultra-low power 
and high performance spintronic devices based on spin transfer and spin orbit torques[1]. The experiments, 
performed at several different microwave frequencies and static magnetic field directions, enabled to observe a 
strong in-plane anisotropy of the FMR linewidth. Here, linewidth refers to the half-width at half maxima of resonance 
absorption spectra. We attribute the linewidth anisotropy contribution from intrinsic Gilbert damping and extrinsic 

142



 

inhomogeneous broadening and two-magnon scattering process, supporting this by calculations of possible 
linewidth broadening mechanisms. Our findings will enrich the understanding of magnetisation relaxation 
mechanisms and can provide a route towards the search for anisotropic damping in other ferromagnetic structures. 
In the past investigations, most attention has been concentrated on the resonance field, Hr, with a relatively little 
consideration for the information contained in the peak-to-peak linewidth, ΔHp-p. In this work, we focus specifically 
on linewidth, ΔHp-p, looking on material with high spin-orbit interaction which plays an important role in damping[2-
3]. The observed symmetry of anisotropic damping has been found to be correlated to the Dresselhaus spin orbit 
symmetry expected from the bulk inversion asymmetry in the crystal structure which along with non-Gilbert type 
relaxation explains the anisotropic linewidth mechanism. Hence, we show the combined effects of intrinsic and 
extrinsic contribution to linewidth as shown in Fig.1(a) and (b). Apart from this effect of thickness dependence on 
magnetic relaxation mechanisms is also studied. Two relaxation channels, i.e. dissipative Gilbert damping as well as 
anisotropic two-magnon scattering are simultaneously identified. It is demonstrated that the film thickness 
influences the relaxation channels and can be used to tune the relaxation rates. 

 

Fig 1: (a) Magnetic field angle dependence of intrinsic damping parameter, α, for 20nm NiMnSb. Α gradually increases from 
[1-10] to [110]. The anisotropic damping shows two-fold symmetry; (b) The calculated values of linewidth obtained by adding 

ΔHinhom, Gilbert damping and two-magnon contribution. 

[1]  V. Kambersky. Canadian Journal of Physics, 48(24):2906 2911, 1970 
[2]  J. Pelzl, R. Meckenstock, D. Spoddig, F. Schreiber, J. Flaum, and Z. Frait. Journal of Physics: Condensed 

Matter, 15(5): S451, 2003. 
[3]  H. Ebert, S. Mankovsky, D. Kodderitzsch, and P. J. Kelly. Phys. Rev. Lett., 107: 066603, Aug 2011 

P:91 Characterisation of size distribution and positional misalignment of nanoscale islands by small-angle x-ray 
scattering with high statistical significance  
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1The University of Manchester, UK, 2Paul Scherrer Institut, Switzerland, 3University of St Andrews, UK, 4ETH Zurich, 
Switzerland 

An investigation into the high statistical significance of Small-Angle X-ray Scattering (SAXS) in comparison to 
Scanning Electron Microscopy (SEM) was performed on ordered magnetic nanostructures [1]. Such highly ordered 
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nanoarrays play a key role in many aspects of modern science and technology, such as in artificial spin ices [2], as 
resonant enhancers in plasmonics [3] and in magnetic data storage drives as Bit Patterned Media (BPM) [4]. The 
fabrication process involves several steps, which inevitably lead to a certain distribution of structural parameters. It 
is therefore essential to know parameters including mean diameter, standard deviation of the diameter and the 
positional misalignment. These parameters can then be used to optimise the fabrication process [5] or in 
theoretical calculations and simulation to predict the performance of such arrays, for example in BPM [4].  

Ordinarily a real space imaging technique such as Atomic Force Microscopy (AFM) or SEM is used for analysing 
nanostructures. However, these serial methods are limited in the number of islands that can be measured in a 
single image, resulting in appreciable measurement times. Consequently, the statistical significance of these 
experiments is often difficult to obtain, especially in applications with large numbers of nanoislands (>>105). We 
report on the use of SAXS, shown in Fig 1, to investigate a very large number of nanoislands simultaneously, 
reducing measurement times to the order of seconds.  

 

Fig 1: A schematic of small angle x-ray scattering measurement and example of the raw data. 

This provides a method of characterising large arrays of highly ordered nearly uniform nanoislands with high 
statistical significance [1]. A systematic series of samples was measured with the principal variable set as the 
periodicity of the islands, varying between 50 nm and 250 nm. The individual island diameter ranged between 15 
nm and 40 nm with the largest islands corresponding to the arrays of greatest period. This resulted in arrays with 
diameter/pitch ratios varying between 0.16 and 0.30, which covers a significant part of the range of ratios 
encountered in the literature [3-4].  

[1]  G. Heldt, P. Thompson, R. V. Chopdekar, J. Kohlbrecher, S. Lee, L. J. Heyderman, T. Thomson, Journal of 
Applied Physics, 2019.  

[2]  L. J. Heyderman. Interactions and dynamics Journal of Physics, 2013.  
[3]  L. Zhao, K. L. Kelly, and G. C. Schatz, The Journal of Physical Chemistry B, 107(30): 7343–7350, 2003.  
[4]  P.W. Nutter, Yuanjing Shi, B.D. Belle, and J.J. Miles. Magnetics, IEEE Transactions on, 44(11): 3797–3800, 

2008.  
[5] Nalwa, H. (2002). Handbook of thin film materials. Boston: Academic Press.  
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P:92 Epitaxial growth of YPtSb on c-plane sapphire by DC magnetron co-sputtering 

M Vaughan and G Burnell 

University of Leeds, UK 

YPtSb is a half Heusler alloy (HHA) that is a potential topological insulator (TI), importantly applying strain opens a 
band gap to allow for the observation of the topological surface states associated with TIs [1]. By using co-
sputtering and growing on a c-plane sapphire substrate we can grow highly order HHA phase, and by using x-ray 
crystallography and TEM we can observe a strong preference for the [111] orientation as well as applied strain by 
lattice mismatch (Fig: 1). Low temperature transport measurements of YPtSb shows a weak semiconductor and low 
carrier density of 3x1020cm-3 but as of yet no clear signs of topological phase. Since the lattice constant is similar 
for other half Heusler alloys like YPtBi and YbPtBi co-sputtering should also work well with these materials extending 
the options for other possible TIs by this method. 

 

Fig 1: TEM of YPtSb grown epitaxially on c-plane sapphire. Highly Crystalline film orientated with the substrate and strain in the 
plane. 

[1]  Stanislav Chadov et al., Nature materials, 9(7):541-5 (2010). 
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1University of York, UK 2The Chinese University of Hong Kong(Shenzhen), China, 3Beihang University, China  

Magnetic skyrmions have potential applications in next-generation spintronic devices with ultralow energy 
consumption.[1] In this work, we report the dynamics of a skyrmion in a narrow ferromagnetic nanotrack channel 
with voltage-controlled perpendicular magnetic anisotropy (VCMA), which can be used to build the skyrmion diode 
and ratchet memory and avoid from the Skrmion hall effect(SkHE).[2] This work will be useful for the design and 
development of the skyrmion transport channel, which is a building block for any future skyrmion-based information 
devices. The size of the simulation model is set as 1000 nm * 80 nm * 1.2 nm which is shown in Fig.1 (a). The 
model is discretized into tetragonal volume elements with the size of 2 nm × 2 nm × 0.4 nm. The micromagnetic 
simulations are performed with the Object Oriented MicroMagnetic Framework (OOMMF). The shape of the 
anisotropy profiles is given in Fig.1(b)-(d) which depend on the x axis position. 
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Fig 1 (a) A Schematic of the magnetic nanotrack where a magnetic skyrmion is initially placed. The out-of-plane magnetization 
component is represented by the red (−z)-white (0)- blue (+z) color scale. (b) A linear anisotropy profile. (c) A periodical 

repetition of a linear anisotropy profile with a period w. (b) Sinusoidal function of x with a period w. 

[1]  S. Muhlbauer, B. Binz, F. Jonietz, C. Pfleiderer, A. Rosch, A. Neubauer, R. Georgii, and ¨ P. Boni, Science ¨ 
323, 5916 (2009)  

[2]  W. Jiang, X. Zhang, G. Yu, W. Zhang, X. Wang, M. B. Jungfleisch, J. E. Pearson, X. Cheng, O. Heinonen, K. L. 
Wang, Y. Zhou, A. Hoffmann, and S. G. E. te Velthuis, Nat. Phys. 13, 162 (2017). 
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P:95 High frequency ferromagnetic resonance study of synthetic antiferromagnetic structures 

H J Waring, I J Vera-Marun and T Thomson 

The University of Manchester, UK 

Synthetic antiferromagnetic spintronics has generated much interest for device applications due to wide ranging 
tunability of their magnetic properties [1]. The structure of a synthetic antiferromagnet (SAF), two ferromagnetic 
layers separated by an ultrathin (~0.8nm) nonmagnetic, here ruthenium, spacer layer is shown in Fig. 1(a). In such 
a stack, the magnetic properties can be tailored through the RKKY interaction with the presence of ferromagnetic or 
antiferromagnetic interlayer coupling dependent on the thickness of the spacer layer. In the antiferromagnetic case, 
similarly to natural crystalline antiferromagnets [2], much faster spin dynamics compared to the single film or 
ferromagnetically coupled state are displayed due to the interlayer coupling introducing additional resonant modes 
[3,4]. In this work, fabrication of SAFs incorporating Co0.2Fe0.6B0.2 as the ferromagnetic components has been 
carried out due to its proven ability to form a SAF [4]. The SAFs have been fabricated using magnetron sputtering 
and characterized by X Ray Reflectivity (XRR) to measure layer thickness, Vector Vibrating Sample Magnetometry 
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(VSM) to verify basic antiferromagnetic coupling and a Vector Network Analyzer – Ferromagnetic Resonance (VNA-
FMR) setup which allows key dynamic properties to be explored. Fig. 1(b) shows the resonant spectra obtained in 
the case of a single CoFeB film and CoFeB SAF. 

 

Figure 1: (a) A synthetic antiferromagnet comprised of FM (Ferromagnetic)/NM (Non-Magnetic)/FM stack. The arrows represent 
the magnetisation direction of each ferromagnetic layer when antiferromagnetic interlayer coupling is present. (b) Resonant 
spectra for a single layer CoFeB and an antiferromagnetically coupled CoFeB/Ru/CoFeB trilayer at a range of different fields. 

[1]  Jungwirth, T et al. Nature nanotechnology, 11, 231 (2016). 
[2]  J. Walowski et al. J. Appl. Phys. 120, 140901, (2016). 
[3]  H. V. Gomonay et al. Low Temp. Phys. 40, 17 (2014). 
[4]  S. Li et al. Adv. Funct. Mater. 26, 21 (2016). 

P:96 WITHDRAWN 

P:97 Magnetic skyrmions in synthetic systems  
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The discovery of synthetic antiferromagnets (SAF) has triggered a major research effort leading to the discovery of 
the GMR and the birth of spintronics. Basic SAF structures are composed of two magnetic layers separated by a 
non-magnetic spacer layer (Fig. 1 (a)). By tuning the thickness of non-magnetic layer, the interlayer exchange 
coupling between the two magnetic layers can be changed from ferromagnetic (parallel) to antiferromagnetic 
(antiparallel) [1]. The tunability of SAF due to spacer layer thickness has huge potential in spintronic sensor and 
memory devices [2].  

Recent publications on the potential of SAF to support skyrmions present a new direction for skyrmion-based 
devices. Due to the skyrmion Hall effect (SkHE), skyrmions in magnetic multilayers move with a transverse velocity 
[3] (Fig. 1 (b)). It has been shown that in a SAF structure, the creation of one skyrmion in the top layer will lead to a 
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skyrmion nucleation in the bottom layer due to AFM coupling. AFM-coupled skyrmions are capable of suppressing 
SkHE protecting them from annihilation by touching the edge of the nanotrack [4].  

In this work, we aim to develop and understand the characteristics of skyrmion-based devices on such synthetic 
structures. The SAF stacks will be fabricated by magnetron sputtering and characterised via X-Ray Reflectivity (XRR) 
/X-Ray Diffraction (XRD), Atomic Force Microscope (AFM) and Scanning Electron Microscope (SEM). The technique 
we use to image skyrmions is Scanning Transmission X-ray Microscope (STXM) which provides the capability to 
investigate magnetic properties with high spatial resolution (~10 nm) and has been previously used to demonstrate 
nanoscale room temperature skyrmions [5]. This work will offer a new method of controlling skyrmion and utilising 
different stack structures for skyrmion-based devices.  

 

Fig. 1: (a) Schematic illustration of synthetic antiferromagnet with out of plane magnetisation. Figure was taken from [1]; (b) 
Schematic illustration of the skyrmion Hall effect. Figure taken from [6]. 

[1]  R. A. Duine, et al., Nat. Phys. 14, 217–219 (2018).  
[2]  S. S. P. Parkin, et al., Proc. IEEE 91, 661-680 (2003).  
[3]  W. Jiang, et al., Nat. Phys. 13, 162–169 (2017).  
[4]  X. Zhang, et al., Nat. Com. 7, 10293 (2016).  
[5]  C.Moreau-Luchaire, et al., Nat. Nanotechnol. 11, 444–448 (2016).  
[6]  G. Chen, Nat. Phys. 13, 112-113 (2017). 
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K Zeissler1, 2, S Finizio3, A J Huxtable2, J Massey2, M Rosamond2, E Linfield2, A Kleibert3, D Bracher3, A Sadovnikov4, 5, 
S Nikitov4, 5, J Raabe3, T Moore2, O Kazakova1, G Burnell2 and C H Marrows2  

1National Physical Laboratory, UK, 2University of Leeds, UK, 3Paul Scherrer Institut, Switzerland,  4Saratov State 
University, Russia, 5Russian Academy of Sciences, Russia  

Magnetic quasi-particles such as skyrmions are of importance for novel magnetic information storage designs. In 
ultrathin multilayer systems skyrmions are stabilised by the interfacial Dzyaloshinskii-Moriya interaction which is 
present at interfaces between ferromagnets and heavy metals [1]. The room temperature stability of skyrmions in 
these multilayers is a desirable property for technological applications [2-5]. The key areas are electrical skyrmion 
detection and manipulation. In the experiment outlined here we stabilised skyrmions in a 2 μm wire of [Pt/CoB/Ir]. 
Short current pulses (10 ns) were used to move the skyrmions through the wire while a static out of plane magnetic 
field was applied. Scanning transmission microscopy images were taken after two current pulse (Fig. 1 a-c show six 
colour-coded skyrmions and their current induced motion). The applied field was used to access skyrmions with 
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smaller diameters. The velocity and skyrmion Hall angle were evaluated. No diameter or velocity dependence on the 
skyrmion Hall angle was observed. This is attributed to the local energy landscape dominating the motion.  

This work was funded by Horizon 2020 MagicSky and has received funding from the EU‐H2020 research and 
innovation programme under grant agreement N 654360 having benefitted from the access provided by the Paul 
Scherrer Institut in Villigen within the framework of the NFFA-Europe Transnational Access Activity.  

 

Fig 1: (a) to (c) Scanning transmission x-ray microscopy images after two consecutive current pulses. Skyrmion motion along 
the current direction is observed. 
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P:100 Control skyrmion generation in perpendicularly magnetized CoFeB ultrathin films  

X Zheng1, H Yin2, J Wang1, Yu Zhou2, B Kuerbanjiang1, G Li1, X Lu1, Y Wang1, J Wu1, V Lazarov1 and Y Xu1 

1University of York, UK, 2Nantong University, China  

Since the discovery, skyrmions have attracted significant interest, due to their topological spin structures and 
fascinating physical features1. The metastable skyrmion phase favors emerging in materials with both the symmetry 
breaking and Dzyaloshinskii-Moriya (DM) interaction at low applied fields/currents2. However, although skyrmions 
are generated experimentally with the external magnetic field, the field value is empirically adjusted because a 
universal principle is lacking. In this work, the principle that the skyrmion generation relies on the magnetic 
characteristics is elucidated utilizing the first-order reversal curve (FORC) technique. As revealed by the 
magnetization and the structure investigations, the CoFeB multilayer shows a defect-correlated skyrmion generation. 
Utilizing the return magnetization, both the field for skyrmion generation and the stable region for skyrmion existence 
have been determined with the FORC plots. Our investigation demonstrates the relationship between fabrication, 
magnetic characteristics and skyrmions, offering an efficient and universal method to generate skyrmions, tune the 
densities and determine the stable regions. 
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Fig 1: Sample structure and Return magnetization analysis for substrate/Ta(5)/MgO(3)/CoFeB(1.4)/Ta(5) film. Structure 
schematic, out-of-plane hysteresis loop, for a. SiOx/Ta(5)/MgO(3)/CoFeB(1.4)/Ta(5). b, 

SiOx/Ta(5)/CoFeB(1.2)/MgO(3)/Ta(5). Moke images (c-1 and c-3) and the out-of-plane magnetization component (c-2 and c-
4) for two magnetic skyrmions with opposite sign. d, A family of FORCs with an out-of-plane field, showing obvious left-shift 

valleys (the red dash line). The inset is the enlarged plot for FORCs marked in the right rectangle. e, MOKE images for the 
transition from stripe domain to skyrmion in the FORC with Hr = -21.8 Oe. The top-right labels are denoted as (H, Hr) with the 

unit of Oe. The scale bar is 50 m. 

[1]  Mochizuki, M. et al. Thermally driven ratchet motion of a skyrmion microcrystal and topological magnon 
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[2]  Legrand, W. et al. Room-Temperature Current-Induced Generation and Motion of sub-100 nm Skyrmions. 
Nano Lett. 17, 2703-2712 (2017). 
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