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Monday 7 April

09:00 Registration and refreshments
10:00 Location: Theatre C2
Session: Spintronics 1
Invited: Silicon spintronics
R Jansen, National Institute of Advanced Industrial
Science and Technology (AIST), Japan

Location: Theatre D7
Session: Correlated electrons
Invited: Magnetic phenomena in strongly-correlated 5d oxides
A Boothroyd, University of Oxford, UK

10:30 Observation of Rashba zero-field spin splitting in a
Ge 2D hole gas
C Morrison, University of Warwick, UK

Far from equilibrium behaviour of spin ice materials
C Castelnovo, University of Cambridge, UK

10:45 Spin accumulation and detection in a single CoFe
nanoparticle
R Temple, University of Leeds, UK

Multiferroics and frustrated magnets
A Bombardi, Diamond Light Source, UK

11:00 Kondo physics in non-local metallic spin transport
devices
L O'Brien, University of Minnesota, USA

Low-temperature magnetism in the honeycomb systems SrRE2O4
O Petrenko, University of Warwick, UK

11:15 Spin filtering through ferromagnetic insulating
manganite tunnel barriers
B Prasad, University of Cambridge, UK

Artificial spin triplet superconductivity from
superconductor/ferromagnet heterostructures
J Cooper, STFC, UK

11:30 Temperature dependence of spin hall
magnetoresistance in thin YIG/Pt films
S Marmion, University of Leeds, UK

The magnetism of spin Frustrated Ba3MTi2O9 M = Ru, Rh, Ir
P Freeman, EPFL SB LQM ICMP, Switzerland

11:45 Curie behaviour in the dilute ferromagnetic
semiconductor (Ga,Mn)As
B Gallagher, University of Nottingham, UK

High resolution lorentz microscopy studies of LaSrMnO 3
K O'Shea, University of Glasgow, UK

12:00 Interfacial contribution to in-plane anisotropic
magnetoresistance
S Jaiswal, Durham University, UK

Spatially homogeneous ferromagnetism below the enhanced
curie temperature in EuO1-x thin films
P Monteiro, Cavendish Laboratory, UK

12:15 Influence of a pure spin current on the
magnetization dynamics of a single nanomagnet
P Keatley, University of Exeter, UK

Order in the short ranged ordered state of Gd3Ga5O12
P Deen, European Spallation Source, Sweden

12:30 Magnonic charge pumping via spin-orbit coupling
C Ciccarelli, University of Cambridge, UK

End of session

12:45 Lunch (location: Foyer)
14:00 Location: Theatre C2
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Location: Theatre D7

Session: Thin films

Session: Magnetic structure and methods

Invited: Thin film head readers from 1 - 2 Tbpsi:
challenges and some solutions
M Kief, Seagate Technology LLC, USA

Invited: Molecular spintronics
G Aeppli, University College London, UK
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14:30 Interdiffusion at the NiFe/Ge interface studied by
x-ray photoelectron spectroscopy
G Bell, University of Warwick, UK

VAMPIRE: open source software for atomistic simulation of
magnetic materials
R Evans, University of York, UK

14:45 Development of magnetostrictive films for MEMS
sensors
N Morley, University of Sheffield, UK

Electronic and magnetic properties of bimetallic L10
cuboctahedral clusters by means of fully relativistic densityfunctional-based calculations
R Cuadrado, University of York, UK

Influence of strain and crystallinity on magnetic
15:00 order and moments in rare earth metal thin films
G Scheunert, Weizmann Institute of Science, Israel
& Queen’s University Belfast, UK

Fluctuating local moments, itinerant electrons and the
magnetocaloric effect: the compositional hypersensitivity of FeRh
J Staunton, university of Warwick, UK

15:15 Realizing a high magnetic moment in rare earth
laminates X/Cr/FeCo (X=Gd, Dy, GdDy and Tb)
C Ward, Queen's University Belfast, UK

Half metallic antiferromagnetic of doped TiO2 Rutile with doubles
impurities (Os, Mo) from Ab initio calculations
M Ouchri, Université Mohammed V-Agdal, Morocco

15:30 Structural and magnetic properties of MBEdeposited Fe films on GaN (0001)
J-Y Kim, University of Cambridge, UK

Stable tetragonal distortions and significantly increased
magnetocrystalline anisotropies in FeCo alloys with C or B
doping
A Edstrom, Uppsala University, Sweden

15:45 Mapping spatial variations in iron oxide phases in
magnetite thin films using infrared reflectance
microspectroscopy
S Thompson, University of York, UK

Mapping the distribution of the electric field in a microwave cavity
by transmission electron microscopy
F J T Goncalves, University of Glasgow, UK

16:00 Investigation of antiferromagnetic structure and
ordering in tetragonal epitaxial CuMnAs
P Wadley, University of Nottingham, UK

Ink-jet printing functional magnetic materials
K V Rao, Royal Institute of Technology, Sweden

16:15 Growth of high-quality nanometre thick yttrium
iron garnet films by sputtering and their magnetic
properties
A Mitra, University of Leeds, UK

Magnetically barcoded microcarriers and fabrication of
nanostructures through self-assembly techniques
D Love, University of Cambridge, UK

16:30 Posters and refreshments (location: Foyer)
18:00 Location: Theatre C2
Special plenary lecture from Professor Sir Andre Geim on magnetic phenomena in Graphene
19:30 Reception and conference dinner (Palace Hotel)
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Tuesday 8 April

09:00 Location: Theatre C2
Wohlfarth plenary lecture: Nano-Spintronic Devices
A Hirohata, University of York, UK
10:00 Refreshment break (location: Foyer)
10:30 Location: Theatre C2

Location: Theatre D7

Session: Spintronics II

Session: Nanostructures and domain walls

Invited: Spin transport in organic materials: from single
molecules to crystals
S Sanvito, Trinity College Dublin, Ireland

Invited: Giant topological Hall effect in strained
Fe0.7Co0.3Si epilayers
C Marrows, University of Leeds, UK

11:00 Understanding organic spin-valves
N Morley, University of Sheffield, UK

In-situ GISAXS study of formation of ordered
nanostructures of NiFe alloy thin films on nano-rippled
Si substrate
S Koyiloth Vayalil, DESY, Germany

11:15 Planar organic spin valves using shaped magnetic
nanostructures
H Alqahtani, King Saud University, Saudi Arabia

Coexistence of vortex and multi-domain states: A novel
magnetization phase in twisted anisotropy bilayers
G Hrkac, University of Exeter, UK

11:30 Hole injection from ferromagnetic material to tris (8hydroxyquinoline) aluminium (Alq3) and subsequent
transport
H Zhang, Queen Mary University of London, UK

MnSb-InGaAs epitaxial films and nano-rings: structure,
magnetism and surfaces
G Bell, University of Warwick, UK

11:45 DMI meter: Dzyaloshinskii-Moryia interaction in materials
with out-of-plane anisotropy
A Hrabec, University of Leeds, UK

A Lorentz microscopy study of states in a chiral soliton
magnet
S McVitie, University of Glasgow, UK

12:00 Extrinsic spin orbit interaction in thin films
A Westerman, University of Leeds, UK

Interface spin clusters in exchange bias systems
R Carpenter, University of York, UK

12:15 Torqueing magnets with electricity
A Ferguson, University of Cambridge, UK

Optimization of domain wall devices for sensing
applications
H Corte-León, National Physical Laboratory / Royal
Holloway University of London, UK

12:30 Time-resolved Kerr imaging of magnetization dynamics
generated by a nano-contact spin transfer vortex oscillator
P Keatley, University of Exeter, UK

Lorentz microscopy of exotic three dimensional domain
walls
C Ferguson, University of Glasgow, UK

12:45 Current-induced torques in ferromagnet/antiferromagnet
bilayers
V Tshitoyan, University of Cambridge, UK

Transmission electron microscopy investigation of
domain walls and interfaces in Ta/Pt/Co/AlOx
D McGrouther, University of Glasgow, UK

13:00 Spin noise correlation in n-doped gallium arsenide
M Hodgson, University of York, UK

High temperature antiferromagnetism in molecular
semiconductor thin films and nanostructures
S Heutz, Imperial College London, UK

13:15 Lunch (location: Foyer)
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14:15 Location: Theatre C2

Location: Theatre D7

Session: Magnetization dynamics

Session: Soft matter and biomagnetism

Invited: 3-dimensional ratchet for spintronic
memory and logic
R Cowburn, University of Cambridge, UK

Invited: Manipulating the dimensionality of moleculebased magnets
T Lancaster, Durham University, UK

14:45 Voltage controlled modification of flux closure domains in
planar nanostructures for microwave applications
S Cavill, University of York, UK

Investigation of spin crossover phenomena in solutionprocessable polymeric materials
G Bovo, Imperial College London, UK

15:00 Dynamic structure of magnetic domain walls and their
trajectory at nanowire vertices
D Burn, Imperial College London, UK

Developing biotemplated nanoparticles for data storage
applications
J Galloway, University of Leeds, UK

15:15 Imaging real and magnetic field driven dynamics of artificial
spin ice using transmission xray microscopy (TXM)
S Morley, University of Leeds, UK

Formation of octapod MnO nanoparticles with
enhanced magnetic properties through kinetically
controlled thermal decomposition of polynuclear
manganese complexes
D MacLaren, University of Glasgow, UK

15:30 Refreshment break (location: Foyer)
16:00 Domain wall reflection and magnonic crystal
P Borys, University of Glasgow, UK

Magnetic transitions and critical performance in CuGuanidinium formate
S Han, Queen Mary, University of London, UK

16:15 Coupled vortex dynamics in arrays of nanomagnets
W Yu, University of Exeter, UK

Dipolar-driven magnetic ordering in a molecular
nanodisc system
F Pratt, STFC, UK

16:30 Fabrication of micro-inductors using
electrochemical deposition of magnetic alloy films
A Walton, University of Edinburgh, UK

Theoretical modelling of electronic structure and
exchange interactions in metal-phthalocyanines
W Wu, University College London, UK

16:45 Modelling the HAMR process in a high anisotropy
FePt granular thin film
L Atkinson, University of York, UK

Controlling spin-exchange at the organic/inorganic
interface: On-surface magneto-chemistry
J Girovsky, Paul Scherrer Institut, Switzerland

17:00 Time-resolved Kerr microscopy of coupled transverse domain
walls in a pair of curved nanowires
P Keatley, University of Exeter, UK

Manipulation of resistivity and molecular dynamics
using ferromagnetic resonance and phonon injection in
hybrid-magneto-organic devices
M Wheeler, University of Leeds, UK

17:15 Correlation of mechanical, high frequency magnetic,
electrical and structural properties of electroplated
ferromagnetic films studied by automated wafer mapping
E Sirotkin, University of Edinburgh, UK

Electron spin relaxation in organic semiconductors by
muon spectroscopy
K Wang, Queen Mary, University of London, UK

17:30 End of conference

Magnetism 2014

5

Poster programme

Topic: Correlated electron phenomena
P.01 Magnetic and electrical properties of spinel Zn(Cr1-xVx)2O4 ( X=0,0.2,0.4,0.6,0.8,1.0 )
Y C Huang, National Sun Yat-Sen University, Taiwan
P.02 Anderson model for two different localized magnetic impurities d and f
P D Mobarakeh, Radboud University Nijmegen, The Netherlands
P.03 Field induced long range magnetic order and percolation transition in Y2Cr1-xGaxSbO7
L Shen, University of Birmingham, UK
P.04 Investigating the anomalous magnetic properties of the strongly coupled antiferromagnetic chain material CsCoO2 using
implanted muons
R C Williams, Durham University, UK
P.05 Electromagnetic waves emitted in ferromagnetic Heusler alloy Ni2,14Mn0,81GaFe0,05 at phase transformations
V Koledov, Kotelnikov Institute of Radio-engineering and Electronics of RAS, Russia
P.06 Highly anisotropic thermal expansion in NiMn(Ge,Si)
O Baumfeld, Imperial College London, UK
P.07 Critical fluctuations in the spin-orbit Mott insulators Sr2IrO4 and Sr3Ir2O7
J G Vale, London Centre for Nanotechnology, UK
P.08 Non-contact ultrasonic techniques for measuring magnetic phase transitions
R S Edwards, University of Warwick, UK
P.09 Observation of dielectric anomaly near the magnetic phase transition in the spin-frustrated ZnV2O4
B L Lee, National Sun Yat-sen University, Taiwan

Soft matter and bio-magnetism
P.10 Anisotropy distributions in magnetic nanoparticles for hyperthermia applications
D Lloyd, University of York, UK
P.11 Magnetic imaging based on singlet exciton fission
M P P Hodges, University of Sheffield, UK
P.12 Direct measurement of spin polarization in ferromagnetic-C60 interfaces using Point-contact Andreev reflection
F Al Ma'mari, University of Leeds, UK
P.13 RKKY interaction between localized magnetic moments in Graphene nanoribbons with zigzag edges
A Akbari-Sharbaf, University of Western Ontario, Canada
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Topic: Spintronics
P.14 Films containing some metallic cobalt exchange coupled to polarized defect states as a source of polarized electrons for
spin injection
W Dizayee, University of Sheffield, UK
P.15 Linear and nonlinear stationary ac response of the magnetization of nanomagnets in the presence of thermal agitation
and spin-transfer torques
D J Byrne, University College Dublin, Ireland
P.16 Spin-current amplification in a lateral spin-valve
R M Abdullah, University of York, UK
P.17 New band-gap measurement technique for a half-metallic ferromagnet
T Alhuwaymel, University of York, UK
P.18 Time resolved optical study of Spin Seebeck Effect (SSE) within a YIG/Cu/Ni 81Fe19 trilayer
H J Mohamad, University of Exeter, UK
P.19 DC measurements of spin and heat transport in lateral spin valves
J T Batley, University of Leeds, UK
P.20 Temperature dependence of spin-orbit torque effective fields in the diluted magnetic semiconductor (Ga,Mn)As
B Howells, University of Nottingham, UK
P.21 Fabrication and measurement of a lateral spin-transfer nano-oscillator
B A Murphy, University of York, UK
P.22 NiO based spintronic devices grown by MBE on MgO (100) and (111) surfaces
G Cheglakov, Cavendish Laboratory, UK
P.23 Spin diffusion length of Vanadium measured in a lateral geometry
G Stefanou, University of Leeds, UK

Topic: Nanostructures & domain walls
P.24 Domain wall pinning in nanowires by exchange bias
I Polenciuc, University of York, UK
P.25 Vortex domain wall logic-gates
K A Omari, University of Sheffield, UK
P.26 Growth optimisation of manganese ferrite films towards nanowire-based atom trapping applications
R C Bradley, University of Sheffield, UK
P.27 Piezoelectrically controlled domain wall creep in perpendicular Pt/Co/Pt
P M Shepley, University of Leeds, UK
P.28 Controlling magnetic domain walls in nanowires with perpendicular magnetic anisotropy
J P Morgan, Univeristy of Cambridge, UK
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P.29 Understanding and controlling stochastic domain wall depinning
T J Hayward, University of Sheffield, UK
Topic: Magnetic structure and methods
P.30 Monte Carlo simulations for antiferromagnetically coupled spins on a triangular lattice
G A Gehring, University of Sheffield, UK
P.31 Atomistic spin model simulations of the magnetic properties of Nidoped ZnO
M Arucu, Marmara University, Turkey and University of York, UK
P.32 Ab initio study of piezomagnetic effect in Mn3NiN
J Zemen, Imperial College London, UK
P.33 Geometrical integration for finite-element micromagnetic modelling
D Shepherd, The University of Manchester, UK
P.34 Diffraction contrast corrected magnetic imaging in STEM
M Krajnak, University of Glasgow, UK
P.35 Fabrication of high quality plan-view TEM specimens using the focused ion beam
K J O’Shea, University of Glasgow, UK

Topic: Thin films I
P.36 Artificial magnetic quasi-crystal
D Shi, University of Leeds, UK
P.37 Crystal ordering of antiferromagnetic polycrystalline heusler alloy thin films
O Whear, University of York, UK
P.38 Development of magnetostrictive energy harvesters
G M Backman, University of Sheffield, UK
P.39 The temperature stability of the bubble lattices in ferrite-garnet films
J A Siryuk, Donetsk National University, Ukraine
P.40 Coercivity enhancement in thin perpendicularly magnetized co films by Ga + ion irradiation
M Hari, University of Bath, UK
P.41 Magnetic characterisation and transport properties of FeRh thin films
J Warren, The University of Manchester, UK
P.42 Anomalous hall effect in thin film devices exhibiting perpendicular magnetic anisotropy
J Wells, National Physical Laboratory, UK
P.43 Magnetically doped topological insulator thin films
L J Collins-McIntyre, Clarendon Laboratory, UK
P.44 Magnetic characterisation of polycrystalline heusler alloys
T Huminiuc, University of York, UK
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P.45 Growth of cobalt manganese aluminum thin films by pulsed laser deposition
M Tabbal, American University of Beirut, Lebanon
P.46 Nonreciprocity in the Goos-Hanchen effect on reflection of antiferromagnets
R Macedo, University of Glasgow, UK
P.47 Linear field demagnetisation of artificial magnetic square ice
J P Morgan, Univeristy of Cambridge, UK
P.48 Weak anti-localization behavior of high mobility 2d hole gas in a strained Ge QW heterostructure
J Foronda, University of Warwick, UK
P.49 Heteroepitaxial growth of ferromagnetic MnSb(0001) films on Ge/Si(111) virtual substrates
C W Burrows, University of Warwick, UK
P.50 Temperature dependence of magnetic dead layer thicknesses in ferromagnet / semiconductor hybrid heterostructures
M Tokac, Durham University, UK
P.51 Negative Goos–Hänchen shift upon reflection of electromagnetic waves from multi-sub-lattice antiferromagnets
V D Poimanov, Donetsk National University, Ukraine
P.52 Optical and magnetic properties of Zn1-xMgxO films
H B Albargi, University of Sheffield, UK
P.53 Controlling study of the influence of target preparation on the quality of magnetic oxide thin films prepared by pulsed laser
deposition (PLD)
H Albargi, University of Sheffield, UK

Topic: Recording
P.54 Anomalous Hall effect studies of exchange coupled composite bit patterned media
R A Griffiths, The University of Manchester, UK
P.55 Exchange bias induced at a Co2FeAl0.5i0.5 /Cr interface
C N T Yu, University of York, UK
P.56 Wavelength-dependent MOKE measurements of remote plasma sputtered L1 0 FePt thin films and patterned media
S Zygridou, The University of Manchester, UK
P.57 The effect of finite size on linear reversal in FePt
M O A Ellis, University of York, UK
P.58 Heat induced phase change exchanged coupled composite media using FeRh.
C Barton, The University of Manchester, UK
P.59 Multi-layered magnetic materials for shielding in recording heads
J K McClung, Queen’s University Belfast, UK
P.60 Optimising the design of Bit Patterned Media
J Talbot, The University of Manchester, UK
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P.61 Effect of deposition temperature on the magnetic properties of epitaxial Co/Pt
A W J Wells, University of Leeds, UK

P.62 Preparation of high quality permalloy thin films by pulsed laser deposition
C A Ferguson, University of Glasgow, UK
P.63 Nanoscale composition control applied on L10 FePtRh film for dot patterning using magnetic phase change
T Hasegawa, Akita University, Japan
P.64 Synthetic Ferrimagnets for use with All - Optical Magnetic Recording (AOMR)
C M Forbes, Queen’s University Belfast, UK
P.65 The consequences of similarity of hysteresis loops for interpreting magnetic particle systems
S Ruta, University of York, UK

Topic: Magnetization dynamics
P.66 Superconductor skyrmion proximity
N Satchell, University of Leeds, UK
P.67 Collective magnonic modes in one dimensional chain of magnetic vortices
S Sugimoto, University of Tokyo, Japan and Center for Emergent Matter Science, Japan
P.68 Spin waves propagation in ferrite film with periodic surface structure
S L Vysotsky, Kotel’nikov IRE RAS, Russia
P.69 Spin waves in metalized magnonic crystals
Y Filimonov, Kotel’nikov IRE RAS, Russia
P.70 Temperature dependent ferromagnetic resonance in FePt via the Landau-Lifshitz-Bloch equation
T Ostler, University of York, UK
P.71 Spin-wave relaxation in nanogranular thin films
D Alba Venero, STFC/ISIS, UK
P.72 Ferromagnetic Resonance Measurements of multilayer films using a Vector Network Analyser
A Johansson, The University of Manchester, UK
P.73 Dynamics of the magnetocaloric LaFe13-xSix first-order metamagnetic transition
E Lovell, Imperial College London, UK
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Session: Spintronics
(invited) Silicon spintronics
R Jansen
National Institute of Advanced Industrial Science and Technology (AIST), Japan
Worldwide efforts are underway to create a revolutionary and energy-efficient information technology in which digital
data is represented by the spin orientation of electrons. Implementing spin functionality in silicon, the mainstream
semiconductor, has the potential to create broad impact. Remarkable advances in the creation and control of spin
polarization in silicon have therefore generated much excitement. This lecture provides a transparent picture of
silicon spintronics, including the key developments and achievements, our current understanding, as well as the
unsolved puzzles and challenges that stimulate researchers in the field.
First, the basic idea of spin-based information technology and silicon spintronics is introduced. Ferromagnets have
non-volatile memory functionality, whereas semiconductors provide amplification and transistor action. What if we
integrate ferromagnets and silicon — magnetic memory and logic computing? Then the main building blocks are
described: one needs to be able to create spin polarization in the silicon, to manipulate it, and thereafter detect the
spins. The generation of a spin flow by electrical means (driven by a bias voltage) or thermal means (driven by a
heat flow) are discussed. Ferromagnetic tunnel contacts are shown to provide a robust method to do this, at room
temperature. The lecture concludes with a prospect on future developments, which certainly includes more surprises
as silicon spintronics comes of age.
[1] R. Jansen, Silicon spintronics, Nature Materials 11, 400-408 (2012).
[2] J.C. Le Breton, S. Sharma, H. Saito, S. Yuasa and R. Jansen, Thermal spin current from a ferromagnet to silicon
by Seebeck spin tunnelling, Nature 475, 82-85 (2011).
[3] S.P. Dash, S. Sharma, R.S. Patel, M.P. de Jong and R. Jansen, Electrical creation of spin polarization in silicon at
room temperature, Nature 462, 491-494 (2009).

Observation of Rashba zero-field spin splitting in a Ge 2D hole gas
C Morrison1, M Myronov1, P Wiśniewski2, A Hassan1, S D Rhead1 and D R Leadley1
1

University of Warwick, UK, 2 Polish Academy of Sciences, Poland

Spin transport in semiconductors has seen increasing interest in recent years, in particular materials are being
investigated and engineered to maximise the spin lifetime. To date most studies have used Si as the spin transport
channel. However, Ge has a higher hole mobility than both GaAs and Si, and is compatible with standard Si
technology. Ge also has a higher spin lifetime than GaAs. Primarily, however, Ge is exciting for applications in spin
devices because it exhibits high spin-orbit coupling. This enables the exciting prospect of direct control (modulation)
of spin transport using an applied electric field, for example a gate voltage, the ultimate logical extension of this
property being the creation of a spin field effect transistor. We report the first observation of Rashba spin splitting in
a Ge 2D hole gas (2DHG).
Ge 2DHGs grown by reduced pressure chemical vapour deposition have been shown to have extremely high hole
mobilities at all temperatures. The mobility and sheet carrier density of this 2DHG at 300mK are 450,000cm 2/Vs
and 5.9x1011cm-2, respectively. Zero-field spin splitting can be observed through Shubnikov-de Haas oscillations in
Magnetism 2014

11

the magnetoresistance at low temperatures. An example magnetoresistance curve for a 10nm Ge 2DHG at 400mK
is shown in figure 1. We show that, through Fourier analysis of the oscillations, the spin-orbit parameter can be
extracted (8.7x10-12eVm) and the Rashba spin-splitting energy (4.6meV). This is comparable to 2D electron gases
in III-V semiconductors and illustrates the suitability of Ge for modulated hole spin transport devices.

Figure 1: Magnetoresistance (blue) and Hall resistance (black) of the 10nm Ge 2D hole gas measured at 400mK.
Spin accumulation and detection in a single CoFe nanoparticle
R C Temple, B J Hickey and C H Marrows
University of Leeds, UK
Incorporating nanoparticles into tunnel junction structures allows current to be controlled down to the single
electron sequential level. When magnetic materials are used in the right conditions, spin accumulation is induced
on the magnetic island. Spintronics is examined on a nanometre scale. Our recent theoretical research [Temple et
al. Phys. Rev. B 88, 184415 (2013)] has highlighted the possibilities of using such structures as simultaneous spin
injectors and detectors. Here we present experimental evidence of spin accumulation in a single nanoparticle.
Isolated nanoparticles are produced using a gas aggregation particle source and transferred to a scanning
tunnelling microscope (STM). STM characterises both the shape and size of the nanoparticle and also the electronic
transport properties though scanning tunnelling spectroscopy (STS) type measurements at 25 K. We show evidence
for spin accumulation in the magnetic island, and characterise several other junction parameters in a single I-V
sweep of high information density. Indirectly we show that the spin lifetime on the island is enhanced by a large
factor of 106 compared to bulk CoFe.
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Figure 1: Shows STS data with Coulomb blockade features. Simulation of data shows spin accumulation is occurring
and gives a spin lifetime >106 times bulk relaxation time. Inset the diagram shows the measurement set up with the
STM tip above the nanoparticle.
Kondo physics in non-local metallic spin transport devices
L O’Brien1,2, M Erickson1, D Spivak1, H Ambaye3, R Goyette3, V Lauter3, P A Crowell1 and C Leighton1
1

University of Minnesota, USA, 2University of Cambridge, UK, 3Spallation Neutron Source, Oak Ridge National
Laboratory, USA
By separating spin currents from electrical currents, nanoscopic lateral non-local spin valves (NLSVs) provide a
direct probe of spin injection and relaxation in metals. In addition to their potential to fill the considerable gaps in
our fundamental understanding of spin transport in metals, NLSVs are also relevant to future spintronic devices such
as CPP GMR sensors. Primary among such gaps in our understanding is the perplexing non-monotonicity in the
temperature-dependent spin accumulation in non-local ferromagnetic (FM)/non-magnetic metal (NM) structures,
where the measured non-local resistance is found to unexpectedly decrease at low temperatures. In this work, by
significantly expanding the range of FM/NM combinations previously studied, we demonstrate that this effect is
strongly correlated with the ability of the FM to form a dilute local magnetic moment in the NM. Shown in Fig 1 is the
non-local spin resistance, for various FM/N combinations. Remarkably, the data clearly show that the nonmonotonic temperature dependence cannot be attributed to a single FM or N material, rather being a property of
certain combinations. We argue that local moments, formed by FM/NM interdiffusion, suppress the injected spin
polarisation and diffusion length via a manifestation of the Kondo effect, thus explaining all observations. We further
show that this suppression in spin accumulation can be completely quenched, even at interfaces that are highly
susceptible to the effect, by insertion of a thin non-moment-supporting interlayer. This work thus highlights the
dramatic effect interfacial-moment-forming impurities have on spin injection and relaxation in metallic systems, and
presents an important new challenge for the theoretical description of these spin transport devices.
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Figure 1. Spin accumulation signal, ΔRNL, as a function of T (log scale) for various FM materials, using a) Cu (red
data) and c) Al (blue data) as the NM channel material. The FM contact material is indicated by: Fe, closed squares;
Ni80Fe20, open triangles; Co, closed triangles; Ni, open circles.
Spin filtering through ferromagnetic insulating manganite tunnel barriers
B Prasad and M G Blamire
University of Cambridge, UK
In view of practical application, the investigation of the spin-filtering nature of a few nanometer-thick ferromagnetic
insulator in tunnel devices is limited by the ability to grow such an ultrathin film while preserving chemical and
structural compatibility with the electrodes [1]. The most studied materials such as europium chalcogenides [2-4],
GdN [5,6] and ferrites [7,8] do not stand well in this respect. On the other hand, perovskite manganites are easy to
grow as ultrathin films as well as in the form of lattice matched epitaxial heterostructures with abundantly available
perovskite-type oxide electrodes. Manganites have been extensively studied as an electrode in all-oxide magnetic
tunnel junctions but have not been explored as a tunnel barrier in spin filter tunnel junctions. In this work, we
demonstrate the spin-filtering through an ultrathin manganite ferromagnetic-insulator Sm0.75Sr0.25MnO3 (SSMO)
layer in a LaNiO3/SSMO/LaNiO3 nanopillar tunnel junction. Our spin filter tunnel junction (SFTJ) exhibits a spinpolarization up to 75 % at 5 K, which is much higher than reported oxide based SFTJ. Additionally, in this study
many novel features are observed, such as a large zero bias anomaly at low temperature, a strong decrease of spin
polarization at lower bias and hysteretic magnetoresistance at low temperature. These results widen the potential
application of manganites and open the door for other manganites based materials for spin-filter application.
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Figure 1 The temperature dependence of the junction resistance of a LaNiO3/SSMO/LaNiO3 nanopillar tunnel
device. As the tunnel junction is cooled down below the ferromagnetic transition temperature of SSMO layer (TC =
100 K), the junction resistance decreases due to the lowering of tunnel barrier height for up spin electron caused by
the exchange splitting. This provides the clear evidence of spin-filtering in our SFTJ. Inset shows the dynamic
conductance versus voltage plot of the tunnel junction at 120 K. The nearly parabolic shape of the dynamic
conductance curve reveals that the dominating mode of electron transport through the junction is tunneling.
[1] J. S. Moodera, T. S. Santos, T. Nagahama, J. Phys: Condens. Matter 2007, 19, 165202.
[2] J. S. Moodera, X. Hao, G. A. Gibson, R Meservey, Phys. Rev. Lett. 1988, 61, 637.
[3] J. S. Moodera, R. Meservey, X. Hao, Phys. Rev. Lett. 1993, 70, 853.
[4] T. S. Santos, J. S. Moodera, Phys. Rev. B 2004, 69, 241203(R).
[5] A. Pal, K. Senapati, Z. H. Barber, M.G. Blamire, Adv. Mater. 2013, 25, 5581.
[6] K. Senapati, M. G. Blamire, Z. H. Barber, Nat. Mater. 2011, 10, 849.
[7] M. G. Chapline, S. X. Wang, Phys. Rev. B 2006, 74, 014418.
[8] U. Lüders, A. Barthélémy, M. Bibes, K. Bouzehouane, S. Fusil, E. Jacquet, J. -P. Contour, J. -F. Bobo, J.
Fontcuberta, A. Fert, Adv. Mater. 2006, 18, 1733.
Temperature dependence of spin hall magnetoresistance in thin YIG/Pt films
S Marmion1, B Hickey1, M Ali1, M McLaren1 and D Williams2
1

University of Leeds, UK, 2Hitachi Laboratory Cambridge, UK

We report on the temperature dependence of the recently discovered Spin Hall magnetoresistance in a Yttrium Iron
Garnet (YIG) / Platinum (Pt) thin film. The YIG/Pt layers are an ideal choice as the combination of an insulating
magnetic material and the high spin orbit interaction in Pt gives a relatively large magnetoresistance and no
electrical conduction occurs in the YIG. The temperature dependence of the magnetoresistance was measured
between 1.4 K and 280 K from which the temperature dependence of the spin diffusion length in Pt has been
extracted. We found that the best agreement between our data and the recently published\cite{smrtheory} theory
of the spin Hall magnetoresistance is given by an assumed Elliot-Yafet mechanism of spin relaxation with
temperature independent spin Hall angle and spin mixing conductance. The best estimate for the spin diffusion
length returns values between 0.57 and 3.85 nm.
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Curie behaviour in the dilute ferromagnetic semiconductor (Ga,Mn)As
M Wang, R A Marshall, J Taylor, K W Edmonds, A W Rushforth, R P Campion, and B L Gallagher
University of Nottingham, UK
We have studied in detail the critical behaviour of magnetisation and magnetotransport in the dilute ferromagnetic
semiconductor (Ga,Mn)As. Despite the strong disorder we find that the magnetisation and susceptibility show 3D
Heisenberg behaviour close to the Curie temperature Tc. We use simultaneous magnetometry and electrical
transport measurements to demonstrate that the temperature derivative of resistivity has a cusp like peak at Tc in
this dilute moment system in contrast to the peak in resistivity against temperature, R(T), seen in dense moment
ferromagnetic semiconductors. This confirms our previous observation [1] and demonstrates that recent claims [2]
for high Tc values in (Ga,Mn)As based on identify Tc values with the R(T) maximum are incorrect. Most remarkably
we observe a very large sharp peak in (magnetoresistance/applied field) (see below) which has a functional form
which is similar to that of (magnetisation^2/applied field).
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V. Novák, K. Olejník, J. Wunderlich, M. Cukr, K. Vyborny, A. W. Rushforth, K. W. Edmonds, R. P. Campion, B.
L. Gallagher, J. Sinova, and T. Jungwirth, Phys. Rev. Lett. 101, 077201 (2008).
L. Chen, X. Yang, F. Yang, J. H. Zhao, J. Misuraca, P. Xiong, and S. von Molnár, Nano Lett. 11, 2584 (2011).

Interfacial contribution to in-plane anisotropic magnetoresistance
M Tokac1, M Wang2, S Jaiswal1, D S Schmool3, A Talalaevskyy3, A W Rushforth2, B L Gallagher2, D Atkinson1 and A T
Hindmarch1,2
1

Durham University, UK, 2University of Nottingham, UK, 3IFIMUP and IN – Institute of Nanoscience and
Nanotechnology, Universidade do Porto, Portugal
AMR has been known for over 150 years[1].There have been significant developments in understanding of AMR in
terms of the Mott two current model and the spin-orbit effects. However, an understanding of the thickness
dependence and the interfacial contributions to the AMR is lacking. The thickness dependence was recently
explained in terms of enhanced spin-flip scattering and breakdown of the Mott two current model [2]. Here the
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influence of interfacial effects on AMR and specifically contributions of spin-orbit interactions (SOI) and the
electrical transparency of the interfaces were investigated. Two sets of tri-layered films with Cu or Ir capping layers
were deposted byUHV sputtering: Si/SiO/Ta[3]/Cu[3]/Co[t]/Cu or Ir[3]/Ta[3] where the Co thickness ranged from
2-40nm. Magnetoresistance was measured with a four-point probe technique.
Figure 1 shows anisotropic resistivity change, Δρ, and AMR ratio as a function of the Co for both Cu and Ir capped
samples. The Ir capped Co samples have a higher AMR with the exception to the thinnest cobalt thickness.
Structures with a Cu overlayer have a more electrically transparent interface for majority s-like carriers due to the
similarity between the electronic structures of copper and cobalt. The structures with the Ir overlayer present a more
electrically opaque interface and have broken inversion symmetry. This allows us to isolate the interfacial
contributions to the in-Plane AMR due to anisotropic scattering at the Co/Ir interface. The AMR at the smallest
thicknesses suggest that any difference in interfacial SOI are not significant here.

Figure 1: Variation of resistivity change, Δρ, and AMR for Ir and Cu capped Co as a function cobalt layer thickness.
[1]
[2]

W. Thomson, “On the electro-dynamic qualities of metal: Effects of magnetization on the electric
conductivity of nickel and iron” Proc. Roy. Soc., vol. 8, pp. 546-550, 1857.
R.M Rowan-Robinson et al, submitted to PRL

Influence of a pure spin current on the magnetization dynamics of a single nanomagnet
P Keatley1, A Aziz2,3, M Ali4, M Blamire2, B J Hickey4 and R J Hicken1
1

University of Exeter, UK, 2University of Cambridge, UK, 3University of Lancaster, UK, 4University of Leeds, UK

Time-resolved (TR) and quasi-static scanning Kerr microscopy (QS-SKM) have been used to examine the effect of
spin accumulation on the magnetization dynamics of a single nanomagnet in a non-local geometry. Current
perpendicular-to-plane (CPP) nanopillars were fabricated from a Cu(200nm)/IrMn(10nm)/CoFe(12nm)
/Cu(200nm)/NiFe(4nm) multilayer. A combination of photolithography and 3D focused ion beam milling (3DFIB)[1] was used to define a CPP stack at the center of a coplanar waveguide. Charge current flowed from the
bottom Cu contact, through the CoFe polarising layer, to the Cu top contact without
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passing through the NiFe free layer. The NiFe free layer was milled so as to define a nanomagnet directly above the
polariser. Current densities of ~ 2.2 to 4.2x107 Acm-2 were achieved when a time-varying current was passed
through the device. Magnetization dynamics are excited within the nanomagnet by the combined action of Oersted
field and STT resulting from spin accumulation at the Cu/NiFe interface. TRSKM was used to measure the response
of the out-of-plane component of the dynamic magnetization to a pulsed current via the polar Kerr effect, revealing
small differences in the frequency, amplitude, and relaxation of the precession for opposite current directions. QSSKM was used to eliminate the Oe-field excitation and demonstrate that a small out-of-plane canting of the
magnetization can be used to detect the spin accumulation. By fitting TR traces of a macrospin model to the
experimental data the strength of the STT was estimated and found to be of similar magnitude to that achieved by
direct injection of spin-polarised current.

[1]

M.C. Wu et al., Nanotechnology 19, 485305 (2008).

Keywords:
Non-local spin current, Spin transfer torque, Single nanomagnet, Time resolved scanning Kerr microscopy.
Magnonic charge pumping via spin-orbit coupling
C Ciccarelli1, K M D Hals2, A Irvine1, V Novak3, Y Tserkovnyak4, H Kurebayashi5, A Brataas2 and A Ferguson1
1

University of Cambridge, UK, 2Norwegian University of Science and Technology, Norway, 3Institute of Physics ASCR,
Czech Republic, 4University of California, USA, 5University College London, UK
In ferromagnetic materials with broken spatial inversion symmetry, the relativistic coupling between spin and orbital
momentum allows an electric current to reorient the magnetisation via the spin-orbit torque. Here, we report the
experimental observation of charge pumping in which a precessing ferromagnet pumps a charge current,
demonstrating direct conversion of magnons into high-frequency currents via the relativistic spin-orbit interaction.
To demonstrate charge pumping we choose (Ga,Mn)As. The generated electric current, differently from spin currents
generated by spin-pumping, can be directly detected without the need of any additional spin to charge conversion
mechanism and contains amplitude and phase information about the relativistic current-driven magnetisation
dynamics. Moreover, the lack of paramagnet/ferromagnet interface rules out dual contributions from the spin Hall
effect and spin-orbit torque, which are present in the metallic heterostructures.
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The charge-pumping phenomenon is generic and gives a deeper understanding of the recently observed spin-orbit
torques, of which it is the reciprocal effect and which currently attract interest for their potential in manipulating
magnetic information.
Session: Correlated electrons
(invited) Magnetic phenomena in strongly-correlated 5d oxides
A T Boothroyd
University of Oxford, UK
Third row (5d) transition-metal oxides, such as iridates and osmates, exhibit a wide range of intriguing correlated
quantum phenomena. Metallic ground states are expected, due to the extended 5d orbitals which lead to wide
bands and small Coulomb interactions. However, many 5d transition-metal oxides exhibit metal-insulator transitions
and insulating magnetic ground states. These phenomena have been explained as a result of the large spin–orbit
interaction which causes an effective band narrowing and thus magnifies the effect of electronic repulsions.
In this talk I shall introduce some of the interesting phenomena found recently in iridates and osmates. I shall
present structural, electrical and magnetic data which reveal a variety of interesting phase transitions, and I shall
present the results of neutron and synchrotron X-ray scattering experiments which have been performed to search
for microscopic understanding of the different phases. In particular, I will describe results for Sr 3Ir2O7, which
indicate that the behaviour of this material is in between that of a Mott insulator and a correlated metal, and I will
present a detailed study of LiOsO3 [1], a material that remains a conventional metal down to the lowest
temperatures but which exhibits a structural transition that is exactly analogous to the ferroelectric transition in the
well-known ferroelectric LiNbO3. This possibility of a “ferroelectric” structural transition in a metal was first
postulated by Anderson and Blount in 1965, but LiOsO3 is the first clear-cut realisation of such a material.
[1]

Y. Shi et al., Nature Materials, 12, 1028 (2013)

Far from equilibrium behaviour of spin ice materials
C Castelnovo1, S Mostame2, R Moessner3 and S Sondhi4
1

University of Cambridge, UK, 2Harvard University, USA, 3Max Planck Institute for the Physics of Complex Systems,
Germany, 4Princeton University, USA
Non-equilibrium physics in spin ice is a novel setting which combines kinematic constraints, emergent topological
defects, and magnetic long range Coulomb interactions. In spin ice, magnetic frustration leads to highly degenerate
yet locally constrained ground states. Together, they form a highly unusual magnetic state -- a ``Coulomb phase''
-- whose excitations are pointlike defects -- magnetic monopoles -- in the absence of which effectively no dynamics
is possible. At low temperatures, the monopoles are sparse and dynamics becomes very slow.
These systems are therefore prone to falling out of equilibrium at low temperatures, for instance following
comparatively rapid changes in temperature or applied magnetic field. In this regime, a
wealth of dynamical phenomena occur, including reaction diffusion behaviour, slow dynamics due to kinematic
constraints, as well as behaviour that mimic the deposition of interacting dimers on a lattice. The situation is further
complicates by the presence of disorder that, even at small densities, appears to have a sizeable effect on the low-
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temperature dynamics of these systems. Here we investigate some of these phenomena and we propose how to
effectively extend existing theories to to describe spin ice far from equilibrium.
Recent results from x-ray resonant and non-resonant magnetic diffraction on functional materials
A Bombardia
Diamond Light Source Ltd., Rutherford Appleton Laboratory, Didcot OX11 0DE, United Kingdom.
The relationship between a crystal’s atomic structure and its X-ray diffraction pattern has provides us with a unique
tool to understand the structure of matter. Since the original discovery of the two Braggs, our knowledge of possible
complex and subtle periodical arrangements in crystals allowing for the Braggs' law to be satisfied has enormously
increased and, now a day, exploiting magnetic periodicity, resonances, sensitivity to structural and magnetic
chiralities we can access elusive properties of the materials. During this presentation I will focus on recent results
obtained at I16, the Materials and Magnetism beamline at Diamond, on various functional materials (multiferroics)
that will give a flavor of what is currently possible using the astounding performances of modern synchrotron based
beamlines.
Such possibilities range from the determination of magnetic structure using x-ray resonant magnetic scattering
together with non-resonant magnetic diffraction [1], to the detection and quantification of charge ordering in
magnetically and orbitally frustrated systems [2], to the mapping of magnetic domains and clarification of the
coupling mechanism between the electrical and magnetic properties in the most studied multiferroic (BiFeO3) [3],
to the detection of tiny magnetostrictive displacements associated with the magnetic ordering in complex
materials[4].
[1]
[2]
[3]
[4]

C. Vecchini et al, Phys. Rev. Lett. 110, 137203, 2013
G. L. Pascut et al,Phys. Rev. Lett. 106, 157206, 2011
R.J. Johnson et al, Phys. Rev. Lett.110, 217206 2013
C. Vecchini et al, Phys. Rev. B 89, 125114 2014

Low-temperature magnetism in the honeycomb systems SrRE2O4
O A Petrenko1, T J Hayes1, O Young1, T H Cheffings1, D Brunt1, G Balakrishnan1, M RLees1, A R Wildes2, B Ouladdiaf2,
L C Chapon2, P Manuel3, D D Khalyavin3 and P P Deen4
1

University of Warwick, UK, 2Institut Laue Langevin, Grenoble, France, 3ISIS Facility, UK, 4European Spallation
Source ESS, Sweden
We discuss the magnetic properties of three members of the SrRE2O4 family, RE= Er, Dy and Ho. The RE ions in
these compounds are linked in a network of triangles and hexagons. By combining bulk property measurements
with neutron scattering methods we have been able to make progress in understanding the unusual physics arising
from geometrically frustrated magnetism in these compounds. Neutron diffraction reveals that the magnetic order in
SrEr2O4 has two components, a long-range k=0 ordered structure appearing below 0.75 K and a short-range
ordered incommensurate structure associated with strong diffuse scattering. The moments in the LRO and SRO
structures point along the [001] and [100] axes respectively. In SrHo2O4, the situation is similar to SrEr2O4,
although the moments in the SRO structure point along the [010] axis and the k=0 structure has a limited
correlation range. Powder neutron diffraction measurements show that SrDy2O4 remains magnetically disordered
down to 50 mK.
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The magnetisation process in SrRE2O4 compounds (see Fig. 1) appears to be rather remarkable even in the context
of the unconventional phase transitions observed in other geometrically frustrated systems.

Fig. 1. Magnetic H−T phase diagram of SrDy2O4 for H//[010] obtained from the heat capacity measurements.
Artificial spin triplet superconductivity from superconductor/ferromagnet heterostructures
J F K Cooper1, C J Kinane1, S Langridge1, N Satchell2, J Kim2, G Burnell2, P J Curran3, S Bending3, A Isidori4, M
Eschrig4, M G Flokstra5 and S Lee5
1

STFC, UK, 2Leeds University, UK, 3Bath University, UK, 4Royal Holloway, University of London, UK, 5St Andrews
University, UK
Superconductivity and ferromagnetism are usually antagonistic phenomenon; however, by artificially juxtaposing
them into nanoscale heterostructures we are able to create novel electronic states. One such state can be created
from a conventional singlet superconductor, and results in a spin aligned triplet Cooper pair. This triplet state is
unusual and distinct from those found in heavy fermion systems in that its wave-function is an odd function of its
Matsubara frequency. This “Odd Frequency Superconductivity” is not based on strong correlations and as such can
be studied under the framework of the BCS theory1.
Several recent experiments have used a non-collinear magnetic interface in close proximity to a conventional
superconductor to create a triplet state2. The electrons in a Cooper pair scattering from a
superconductor/ferromagnet interface are able to penetrate different distances depending upon their spin direction
relative to the ferromagnet. This creates a phase difference between the electrons, in a manner analogous to the
Goos-Hänchen shift, which gives the Cooper pair a net magnetic moment.
We have used polarised neutron reflectivity (PNR) to study these effects. PNR is sensitive to interfaces and
magnetism within layers, therefore we are able to use it as a tool to probe the magnetic moment of the triplet state.
We observe a modification of the magnetic state below the transition temperature of the superconductor, this
modification can be modelled and has allowed us to give an upper and lower bound on the size of the moment
change. The moment size is in good agreement with theory.
[1]
[2]

Bergeret, F. F., Volkov, A. & Efetov, K. K. Rev. Mod. Phys.77, 1321–1373 (2005).
Robinson, J. W. A., Witt, J. D. S. & Blamire, M. G. Science329, 59–61 (2010).
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The magnetism of spin frustrated Ba3MTi2O9 M = Ru, Rh, Ir
P G Freeman1, K Prsa2, H M Ronnow2, K Rolfs3, D Sheptyakov3, G Nilsen4, Y Su5, R Sharma6, T Dey6 and A V
Mahajan6
1

EPFL SB LQM ICMP, Switzerland, 2LQM, EPFL, Switzerland, 3PSI, Switzerland, 4ILL, France, 5JCNS, Germany, 6ITT,
India,
Lattices with triangular patterns of magnetic ions have been under intensify investigation in the 3d transition metaloxides to understand the influence of resulting spin frustration, as a potential route to gapless quantum spin liquid
state (QSL). Notably, systems based on the Ba3MX2O9 structure have recently been attracting great attention as
candidate QSLs due to their large spin frustration, specifically in the S = 1/2 Ba3CuSb2O9 [1], and the S = 1
Ba3NiSb2O9 materials [2], On exchanging the 3d to a 4d, or a 5d transition metal ion the spin-orbit interaction
strengthens and plays a prominent role in the magnetism of materials. Spin–orbit coupling interaction opens the
possibility for realisation of new magnetic phase, such as the quantum compass model[3]. Experimental studies of
4d and 5d transition metal oxide materials are therefore crucial in studies of spin frustrated systems. In this
presentation we will present neutron scattering results on the spin frustrated Ba3MTi2O9 M = Ru,, Rh, Ir systems
which have previously been identified as promising materials for studying spin frustration in materials with
significant spin-orbit coupling.
[1]
[2]

S. Nakatsuji et al., Science 336, 559 (2012) ; J. Quilliam et. al. Phys. Rev. Lett 109, 117203 (2012).
J. G. Cheng et. al. Phys. Rev. Lett. 107, 197204 (2011).

[3]

T. Dey et. al., Phys. Rev. B 86, 140405(R) (2012), T. Dey et. al., Eur. Phys. J. B 86, 247 (2013).

High resolution lorentz microscopy studies of LaSrMnO3
K J O’Shea, D McGrouther and D A MacLaren
University of Glasgow, UK
La0.67Sr0.33MnO3 is a highly attractive candidate for microelectronic applications as a result of its room temperature
ferromagnetism and colossal magnetoresistance [1]. However, its magnetic properties are intimately related to
structural perfection, which can be compromised by spatially-variable factors including substrate-induced strain and
intermixing [2].
We showcase recent work using a customized JEOL ARM200F electron microscope with sub-nanometer resolution in
Lorentz imaging and high performance nano-analytical capabilities: a system uniquely capable of correlating local
structure to function. Chemical aspects can be mapped down to the atomic scale, as illustrated in figure 1a, which
shows a HRSTEM image of a LaSrMnO3/SrTiO3 interface; EELS was used to analyse the interface in detail (green
box). Furthermore, the magnetic induction can be mapped across a microstructured film (figure 2b), illustrating a
multi-domain configuration. Using Lorentz microscopy, we present detailed magnetic domain wall profiles allowing
us to extract fundamental material properties such as the magnetocrystalline anisotropy. We will discuss aspects
including optimised growth protocols, sample preparation and patterning, enabling magnetic behaviour to be
correlated to structural imperfections.
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Figure 1. (a) HRSTEM image of a LaSrMnO3/SrTiO3 interface showing good epitaxial growth, with a chemical map
as inset. (b) Colour map of magnetic induction of LSMO, showing a vortex configuration.
[1]
[2]

A.-M. Haghiri-Gosnet, J.-P. Renard, J. Phys. D: Appl. Phys. 36, R127 (2003).
Y. Suzuki, H. Y. Hwang, S.-W. Cheong, R. B. Van Dover, Appl. Phys. Lett. 71, 140 (1997).

Spatially homogeneous ferromagnetism below the enhanced curie temperature in EuO1-x thin films
P M D S Monteiro1, P J Baker2, A Ionescu1,M Barbagallo1, N D M Hine1, J F K Cooper1, N-J Steinke1, C H W Barnes1, C
J Kinane2, T R Charlton2, Z Salman3, A Suter3, T Prokscha3 and S Langridge2
1

Cavendish Laboratory, University of Cambridge, UK, 2 ISIS, Harwell Science and Innovation Campus, STFC, UK,
Paul Scherrer Institut, Switzerland

3

The archetypal ferromagnetic semiconductor europium monoxide (EuO) has been widely studied because it offers
the ability to control spin-polarised electrical currents[1]. This possibility is limited by the low Curie temperature,
TC=69 K, of pristine EuO, but electronic doping by, for example, oxygen vacancies can more than double the TC[2].
The physical origin of this elevated ordering temperature is controversial and has been discussed in terms of indirect
exchange[3], bound magnetic polarons[4] and chemical phase separation[5]. We have undertaken experimental
and theoretical studies to investigate how the TC and magnetic moment varies as a function of oxygen vacancies [2]
and thicknesses [6] in EuO1-x thin films. The results show that the TC starts at 69 K for pristine EuO, peaks at 2.5%
oxygen deficiency and drops again for
higher oxygen vacancy concentrations. The thickness dependence measurements show that the magnetic moment
and the TC decrease as the thickness is reduced. Finally, to investigate the nature of the elevated TC, oxygen
deficient EuO films (Fig. 1) were studied using low energy implanted muons as a volume sensitive probe of the
magnetic properties of the thin films [7].
We found that static and homogeneous magnetic order persists up to the elevated TC in the doped samples and the
muon signal displays the double dome feature also observed in the sample magnetisation. Our results appear
incompatible with either the magnetic phase separation or bound magnetic polaron descriptions previously
suggested to explain the elevated TC. They are however compatible with an RKKY-like interaction mediating
magnetic interactions above 69 K.
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Figure 1: Fitted parameters for the zero field muon data (a-c) and weak transverse field data (d): (a) Fast relaxation
rate, Λ. The lines are guides to the eye. (b) Slow relaxation rate, λ. (c) Static magnetic volume fraction, Pmag, for
the three samples. (d) Relaxing asymmetry, Ar. The vertical dotted lines denote the TC for each sample.
[1]
[2]
[3]
[4]
[5]
[6]
[7]

J. F. Gregg, Nature Materials 6, 798 (2007).
M. Barbagallo, N. D. M. Hine, J. F. K. Cooper, N.-J. Steinke, A. Ionescu, C. H. W. Barnes, C. J. Kinane, R. M.
Dalgliesh, T. R. Charlton, and S. Langridge, Phys. Rev. B 81, 235216 (2010).
A. Mauger, Physica Status Solidi (b) 84, 761 (1977).
J. B. Torrance, M. W. Shafer, and T. R. McGuire, Phys. Rev. Lett. 29, 1168 (1972).
S. G. Altendorf, A. Efimenko, V. Oliana, H. Kierspel, A. D. Rata, and L. H. Tjeng, Phys. Rev. B 84, 155442
(2011).
M. Barbagallo, T. Stollenwerk, J. Kroha, N.-J. Steinke, N. D. M. Hine, J. F. K. Cooper, C. H. W. Barnes, A.
Ionescu, P. M. D. S. Monteiro, J.-Y. Kim, et al., Phys. Rev. B 84, 075219 (2011).
P. M. S. Monteiro, P. Baker, A. Ionescu, C. H. W. Barnes, Z. Salman, A Suter, T. Prokscha, and S. Langridge,
Phys. Rev. Lett. 110, 217208 (2013)

Order in the short ranged ordered state of Gd3Ga5O12
P P Deen1,2, H Jacobsen2,1, O A Petrenko3, J Paddison4,5 and M T Fernandez-Diaz6
1

European Spallation Source, Sweden, 2Niels Bohr Institute, University of Copenhagen, Denmark, 3University of
Warwick, UK, 4University of Oxford, UK, 5Rutherford Appleton Laboratory, UK, 6Institut Max von Laue Paul Langevin,
France
Despite considerable theoretical and experimental attention to the magnetic state of the frustrated compound with
the highest frustration index, Gd3Ga5O12 (GGG), there is little insight into the spin correlations of the low
temperature disordered phase [1,2,3,4]. We present powder and single crystal neutron scattering results on the
short ranged ordered magnetic state of this archetypal frustrated hyperkagome compound using the recently
developed Reverse Monte Carlo technique to compare the expected single crystal scattering profile determined from
powder neutron scattering to single crystal neutron diffraction profiles obtained using the hot neutron four circle
diffractometer of the ILL, D9. These results reveal, for the first time, the neutron scattering profile of GGG in the [h k
0] plane. The magnetic order is composed of fluctuating dimerised magnetic ions and magnetic triangular loops.
The spin directions are strongly perturbed with strong magnetic components along the crystalline axes and in the [1
1 1] plane. Bergholtz [5] indicates that the magnetic ground state of a hyperkagome crystalline structure are
interlinked decagons loops surrounded by dimers and trimers. It is possible that the magnetic correlations observed
in GGG at 0.175 K are a precursor. These salient results shed much light on magnetic frustration in GGG.
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[2]
[3]
[4]
[5]

P. Schiffer, A. Ramirez, D. Huse, P. Gammel, U. Yaron, D. Bishop and A. Valentino, Phys. Rev. Lett 74 2379
(1995).
O.A. Petrenko. D. Mck Paul, C. Ritter, T. Zeiske and M. Yethiraj, Physica B 266, 41 (1999).
W. I. Kinney and W. P. Wolf, J. Appl. Phys. 50, 2115 (1979).
P. P. Deen, O. Petrenko, G. Balakrishnan, B. Rainford, C. Ritter, L. Capogna, H. Mutka and T. Fennell, Phys.
Rev. B 82, 174408 (2010).
E. J. Bergholtz. A. M. Läuchli and R. Moessner, Phys. Rev. Lett. 105, 237202 (2010).

Session: Thin films
(invited) Thin film head readers from 1 - 2 Tbpsi: challenges and somesSolutions
M T Kief, T Boonstra, D Dimitrov, S-H Gee, D Hong, J Jayashankar, D Song, D Sullivan, L Youtt, C VanDorn, S
Viswanathan and D Wang
Seagate Technology, USA
The HDD industry has historically shown an Areal Density growth near 40%. This remarkable trend has been
sustained through countless innovations such as spintronic devices and steady scaling into deep sub-micron critical
dimensions (CD). Simple scaling to 2 Tbpsi implies reader dimensions must shrink below 20 nm for shield to shield
spacing (SSS) and below 25 nm for reader width (RW). This presents significant challenges for current TMR readers
which are constrained in SSS by the relatively high number of film layers and thicknesses. Manufacturing of the
reader at RW near 25 nm will require improved methods to control CD means, sigma and costs. In this presentation
we review critical challenges and introduce some possible solutions for reader from 1 to 2 Tbpsi.
To meet the linear density requirements we suggest a new Dual Free Layer (DFL) reader design [1]. This design has
a very simple structure consisting of two Free Layers separated by a TMR junction. The total thickness of such a
sensor can be reduced substantially and linear density for 2 Tbpsi can be achieved. While the DFL design can
achieve high linear density it brings its own risks of stability. We will discuss a novel DFL implementation that
achieves stability without loss in density. Modeling and large-scale data confirm the benefits.
To insure a manufacturable and cost effective path to RW < 25 nm, we introduce nanoimprint lithography (NIL) as
an alternative to optical lithography. We report the first readers manufactured using NIL. We compare capabilities of
NIL vs optical lithography and validate this approach with competitive electrical performance. We conclude with an
outlook towards future challenges.
[1]

US patent 7035062 B1

Interdiffusion at the NiFe/Ge interface studied by x-ray photoelectron spectroscopy
G R Bell, C Morrison, J Foronda, M Walker, V A Shah, M Myronov and D R Leadley
University of Warwick, UK
Spin transport in semiconductors is under intense investigation by physicists around the world, motivated by both
new insights into condensed matter and the huge potential for novel devices and ensuing technologies. Ge is
compatible with Si technology, has a longer spin life time than GaAs, a higher room temperature hole mobility than
GaAs or Si, and better modulation properties than Si due to its higher spin-orbit coupling. Ferromagnetic contacts to
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Ge require careful design to enhance spin injection/extraction and realise room-temperature spin devices. As with
all electrical spin injection devices, the nature of the ferromagnet-semiconductor interface is critical and we need to
understand how magnetic thin films (a few nm thick) interact with the underlying Ge.
The depth dependence of elemental compositions in a NiFe (7.5nm)/Ge(001) thin film was studied using x-ray
photoelectron spectroscopy (XPS) (figure 1). The film was grown at room temperature, then post-annealed in ultrahigh vacuum. Utilisation of two take-off angles (TOA) (30º and 90º) allows the surface and bulk composition to be
studied, respectively. As the film is annealed, Fe begins to segregate to the top of the film, with Ni diffusing
downwards into the Ge. Ge diffuses upwards into the NiFe region. These effects occur at temperatures as low as 150
ºC. We compare our results to previous modelling and experimental work on metal/semiconductor interdiffusion
and surface segregation in transition metal alloys. It is clear that great care must be taken during device fabrication,
as significant interfacial disruption occurs at temperatures below semiconductor device annealing temperatures.

Figure 1: Atomic abundance derived from XPS for sputtered thin films of permalloy (7.5nm) on Ge(001).
Development of magnetostrictive films for MEMS sensors
N A Morley1, A Caruana Finkel1, N Reeves-McLaren1 and A Javed1,2
1

University of Sheffield,, UK 2University of the Punjab, Pakistan

Magnetic MEMS sensors are being developed for a wide range of application including wireless mass sensors for
airborne toxins and water based nutrients. To achieve the sensitivities required for these applications the magnetic
films used have to have a large magnetostriction constant (>50ppm) and a small anisotropy field (<10kA/m). The
work presented here has investigated a range of different magnetostrictive films, including Fe-Ga [1], FexCo(1-x) and
NiFe/FexCo(1-x), to achieve these required parameters. The structural properties such as grain size, homogenous
stress and lattice constant were determined from x-ray diffraction (XRD), while the magnetic properties (coercive
and anisotropy field and magnetostriction constant) were measured on a MOKE magnetometer. For Fe10Co90 films
grown on a soft magnetic NiFe underlayer, the anisotropy fields decreased to <10kA/m, due to the reduction in the
stress in the Fe10Co90 films. Also it was found that it was possible to tune the magnetostriction constant of the
Fe10Co90 films, by the thickness of the NiFe film (Figure 1), i.e. for a 15nm NiFe/25nm Fe10Co90 film the
magnetostriction constant was +10ppm, while for a 30nm NiFe/25nm Fe10Co90 film the magnetostriction constant
was -12ppm. In comparison the largest magnetostriction constants for Fe-Ga films measured were ~80ppm, but
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the anisotropy fields were ~20-50kA/m. These were achieved for the films grown at the lowest chamber pressure
[1].
In conclusion, fabrication of Fe-based magnetostrictive films can be adapted (growing on soft magnetic layers, low
deposition pressure) with the aim to achieve the required magnetic properties for magnetic MEMS sensors.

Figure 1. Magnetostriction constants of Fe10Co90 films as a function of underlayer thickness.
[1]

A. Javed, et al Acta Materialia, 58, 4003-4011, (2010)

Influence of strain and crystallinity on magnetic order and moments in rare earth metal thin films
G Scheunert1,3, C Ward1, W R Hendren1, R Hardeman2, M A Gubbins2 and R M Bowman1
1

Queen's University Belfast, UK, 2Seagate Technology Ireland, UK, 3Weizmann Institute of Science, Israel

We present the results of a comprehensive experimental investigation of in-plane magnetic properties of thin films of
various rare earth (RE) metals and alloys, namely Gd, Tb, Dy, DyGd and DyTb. Being neighbours in the lanthanide
series, Gd, Tb, Dy and their alloys share hexagonal crystal structure with similar lattice parameters. Contrary to
intuition, Gd with the smallest atomic number has the largest unit cell volume owing the “lanthanide contraction” 1.
This effect of a shrinking unit cell concomitant with an increasing number of electrons to the 4f shell, was suggested
to be connected with incommensurate magnetic order, i.e. a helical magnetic phase of Dy and Tb 2. By clamping
films in Ta/RE/Ta trilayer stacks, large positive strain was achieved, expanding the hexagonal unit cell and thus
suppressing the helical phase in Tb and Dy. This favourable simple paramagnetic-ferromagnetic ordering however is
accompanied by a strong loss of magnetic moment, making positively strained RE metals undesirable for highmoment applications such as solenoid pole pieces for superconducting solenoids 3.
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(a)

(b)
Figure 1 (a) shows the high-field magnetisations of quasi-strain-free RE thin films, all with large maximal
magnetisation. Figure 1 (b) in comparison elucidates the significant moment drop of strained layers. Both with
reference to the present standard high-moment alloy for room temperature applications Fe65Co35.
[1]
[2]
[3]

K.N.R. Taylor and M.I. Darby, editors, Physics of Rare Earth Solids (Chapman and Hall, London, UK, 1972).
I.D. Hughes, M. Däne, A. Ernst, W. Hergert, M. Lüders, J. Poulter, J.B. Staunton, A. Svane, Z. Szotek, and
W.M. Temmerman, Nature 446, 650 (2007).
M.L. Spano, A.E. Clark, and M. Wun-Fogle, IEEE Trans. Magn. 26, 1751 (1990).

Realizing a high magnetic moment in rare earth laminates X/Cr/FeCo (X=Gd, Dy, GdDy and Tb)
C Ward1, G Scheunert2, W R Hendren1, V A Venugopol3, R Hardeman3, M A Gubbins3 and R M Bowman1
1

Queen's University Belfast, UK, 2Weizmann Institute of Science, Israel, 3Seagate Technology Ireland, UK

The search for materials or systems that exhibit a high magnetic saturation has been an area of longstanding
scientific and technological importance. The Fe-Co system with a maximum saturating magnetisation of μ0Ms =
2.45T [1], around room temperature, has remained unsurpassed for decades. Building on previous transition metalrare earth (TM-RE) multi-layered systems [2] it has been suggested that increased saturation could be achieved
through a coupling of the transition metal via a spacer layer to the rare earth.
Previously, we have reported on Gd/Cr/Fe70Co30 multilayer stacks deposited at T = 350°C on 150mm SiO2
wafers. A reduced but yet modulating magnetic moment of the system [3] as a function of Cr thickness showing an
RKKY-like oscillation is observed (Fig. 1).
In this paper we will report the development of the coupling evaluation, as for the RE/Cr/ Fe 70Co30 trilayer stack
system, but with Dy, GdDy and Tb being investigated the RE metal. Each one of these RE materials on its own
clearly exceeds Gd magnetisation at cryogenic temperatures in large applied fields, making them suitable
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candidates to achieve higher overall moments in a RE/Cr/FeCo trilayer stack, given full ferromagnetic coupling of
the RE to the TM Fe70Co30.

Figure 1. (a) In plane saturation magnetisation (H = 50kOe) of Gd (6nm)/Cr (xnm)/Fe70Co30 (4.23nm) showing
modulation. Included are Gd (6nm) and Fe70Co30 (4.23nm) for reference purposes. (b) Maximum saturating
magnetisation taken at 4K (H=50kOe) with respect to Cr interlayer thickness highlighting the oscillatory nature of
the coupling.
[1]
[2]
[3]

P. Weiss and R. Forrer, Ann. Phys. 12, (1929).
B. Sanyal, C. Antoniak, T. Burkert, B. Krumme, A. Warland, F. Stromberg, C. Praetorius, K.
Fauth, H. Wende, and O. Eriksson, Phys. Rev. Lett. 104, 156402 (2010).
C. Ward, G.Scheunert, W.R. Hendren, R. Hardeman, M.A. Gubbins and R.M. Bowman, Appl.
Phys. Lett. 102, 092403 (2013)

Structural and magnetic properties of MBE-deposited Fe films on GaN (0001)
J-Y Kim1, A Ionescu1, R Mansell1, J F K Cooper2, N J Steinke2, C J Kinane2, S Langridge2, F Oehler3, S N Holmes4 and
C H W Barnes1
1

University of Cambridge, UK, 2Rutherford Appleton Laboratory, UK, 3University of Cambridge, UK, 4Toshiba
Cambridge Research Laboratory, UK
Fe films with thicknesses of 1 to 10 nm were deposited by molecular beam epitaxy (MBE) on three different types of
GaN (0001) surfaces; Hydride vapour phase epitaxy (HVPE), metal-organic chemical vapour deposition (MOCVD)
and ammonothermal-bulk (Ammono) GaN. Low-energy electron diffraction and reflecting high-energy electron
diffraction (RHEED) patterns show disordered Fe films for a thickness up to 1 nm, indicating a 3D growth mode. Xray reflection results indicate that GaN/Fe interface roughness increases from 0.2 to 1.0 nm as the Fe thickness
increases from 1 to 10 nm. The saturation magnetisation, measured by SQUID, vibrating sample magnetometry and
polarised neutron reflection (PNR), indicates that below the Fe thickness of ~ 4 nm, the magnetic moment drops
below the bulk-b.c.c. Fe value. Similar results were obtained in Fe/GaAs and Fe/InAs heterostructures [1]. Angleaveraged coercivity values from M-H measurements increase from around 5 Oe at 1.0 nm to around 20 Oe at 10
nm, smaller than previously reported [2]. Angular remanence measurements demonstrate a uniaxial magnetic
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anisotropy of 180° at 1 nm, followed by 90° and 60° components as the Fe thickness increases. Substrate
surface curvatures measured by a multi-beam optical scanner record (0.01 ± 0.03), (- 0.03 ± 0.01) and (- 0.16 ±
0.04) m-1, for Ammono, MOCVD and HVPE GaN.

(Left) RHEED patterns of 0 to 5 nm of Fe/GaN(0001). (Middle) Saturation magnetisation and (right) M-H coercivity
vs Fe thickness.
[1]
[2]

J.-B. Laloe et al., IEEE Transactions on Magnetics 11 (2004) 2933.
P. K. J. Wong et al., Phys. Status Solidi A 208 (2011) 2348.

Mapping spatial variations in iron oxide phases in magnetite thin films using infrared reflectance microspectroscopy
C S Kelley1, S M Thompson1, D Gilks1, S Poon1, V K Lazarov1, S LeFrancois2 and P Dumas2
1

University of York, UK, 2SMIS Beamline, SOLEIL Synchrotron, France

Magnetite is an important material for spintronics as it is predicted to be halfmetallic, with 100% spin polarisation
at the Fermi energy[1]. However, thin film deposition of magnetite is a difficult process as the phase diagram of
magnetite is extremely complex[2]. Uniform magnetite phase films are therefore hard to grow reproducibly, requiring
very specific growth parameters which need to be held constant over extended periods. This is important as the
relative concentration of different oxide phases in the film strongly affects the material’s electronic and magnetic
properties. As each iron oxide phase has a distinct phonon resonance profile, infrared spectroscopy enables the
determination of which phases are present and microspectroscopy enables this to be determined with spatial
resolution. In this work reflectance microspectroscopy at the SOLEIL synchrotron was used for the first time to study
several different magnetite thin films gown on a variety of substrates and in a variety of growth conditions. A spot
size of 20x20μm was used to map the spectroscopy across the films and detect variations in the iron oxide
resonances. Some films showed no chemical variation across the surface, whilst others showed up to a 50%
variation in total reflected intensity and a variation in relative iron oxide peak intensity. Modelling of the spectra
revealed that both the fraction of the film which had been oxidised and the relative amounts of the different oxides
present. This indicates that whilst some films have a very uniform chemical composition across hundreds of
microns, some have a spatially varying oxide structure which would lead to compromised devices. These findings
were correlated with magnetic and transport measurements and high resolution transmission electron microscopy.
This study also demonstrates the value of using infrared microspectroscopy to rigorously analyse the uniformity of
the structure of complex oxide thin films, providing valuable input into the determination of optimum growth
conditions.
[1]
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“Electronic structure and interface states at the Fe3O4/MgO(100) interface”,R. Arras, L. Calmels, B. WarotFonrose, J. Phys.: Conf. Ser., 200(7) 2008 (2010) [2] - “Handbook of Chemistry and Physics.”, D. R. Lide,
CRC Press, 88th edition, (2008).
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Investigation of antiferromagnetic structure and ordering in tetragonal epitaxial CuMnAs
P Wadley1, V Hills1, J Gaquez , R Campion1, V Novak2 , K Edmonds1, B Gallagher1, T Jungwirth2
1

University of Nottingham, UK, 2Institute of Physics Prague, Czech Republic

Recent work has demonstrated the viability of using antiferromagnetic (AF) materials as active layers in spin
transport electronic (spintronic) devices [1,2]. Demonstrations of spin valve devices based on tunnelling anisotropic
magnetoresistance (TAMR), where the active layer is an antiferromagnet, of the order 100% show huge potential.
The absence of stray fields and insensitivity to external magnetic fields are among the features that make AF
spintronics an attractive alternative to its ferromagnetic counterpart. We recently reported on the discovery of a new
addition to this family of compounds, tetragonal CuMnAs, a room temperature AF with in-plane lattice parameters
closely matching GaP and Si [3]. Simple collinear spin ordering, large exchange-bias and compatibility with existing
III-V semiconductors make this system a test bed for exploring the physics of spintronic phenomena in
antiferromagnets. We report a detailed study of the temperature-dependence of antiferromagnetic order in epitaxial
CuMnAs films using neutron diffraction and electrical transport techniques.

Figure 1 – (left) z-resolved STEM image of the bc plane. (bottom centre) overlaid intensity profiles of the rows
showing the z resolved atomic sites of the three elements. (top centre) overlaid model of CuMnAs showing perfect
agreement (Cu - blue, Mn - purple and As- orange). (right) Unit cell of CuMnAs.
[1]
[2]
[3]

Park, B. G. et al., Nat. Mater. 10, 347–351 (2011).
Wang, Y. Y. et al., Phys. Rev. Lett. 109, 137201 (2012).
Wadley,P. et al., Nat. Commun. 4:2322 doi: 10.1038/ncomms3322 (2013).

Growth of high-quality nanometre thick yttrium iron garnet films by sputtering and their magnetic properties
A Mitra, O Cespedes and B J Hickey
University of Leeds, UK
Observation of Spin seebeck effect (SSE) in magnetic insulators [1] has led to dramatic advances in spin currents
research and its applications for thermo-spintronics devices. Here we report deposition of very high-quality nm-thick
yttrium iron garnet (YIG) film on gadolinium gallium garnet (GGG) by RF magnetron sputtering. The morphology and
magnetic properties of the films were studied by using AFM and VSM respectively. The films in the 14-60 nm
thickness range have surface roughness of 0.1-0.3 nm, and (111) orientation. Our results show that the magnetic
properties of YIG depend strongly on thickness: the magnetic moment has linear dependence and the coercivity
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varies from 0.85 Oe at 71nm to 0.3 Oe at 30 nm. The saturation magnetisation and the coercive field observed in
our thick sputtered films are 132emu/cc and 0.85 Oe, respectively. Our findings widen the applications of
sputtered YIG and hybrid multilayers for better understanding the physics of SSE in magnetic insulators.

Fig.1: (a) Variation of saturation magnetisation with thickness.AFM image (inset). (b) Variation of coercivity with
thickness of YIG film.
[1]

Spin Seebeck insulator. Uchida, K. et al. Nature Mater 9, 894 – 897 (2010).

Session: Magnetic structures and methods
(invited) Molecular spintronics
G Aeppli
University College London, UK
We describe magnetometry, electron paramagnetic resonance and electrical measurements on thin films and
nanowires of transition metal phtalocyanines which are common dye molecules used for paints and organic solar
cells. Particularly noteworthy findings are large exchange couplings for the Co molecules and long classical
relaxation and quantum decoherence times for th Cu-centred molecules. Applications to solar energy and
information processing are discussed.
VAMPIRE: open source software for atomistic simulation of magnetic materials
R F L Evans, W J Fan, P Chureemart, T A Ostler, M O A Ellis and R W Chantrell
University of York, UK
Atomistic spin models are an important tool in understanding the underlying physical processes of the behaviour of
magnetic materials and devices, including ultrafast magnetisation dynamics, heat assisted magnetic recording,
interface and surface effects, exchange bias and reversal dynamics beyond the usual micromagnetic description.
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VAMPIRE[1,2] is a free and open source software package designed to make models of atomistic spin dynamics
more accessible to theoretical and experimental researchers in the field. A wide variety of features make VAMPIRE
highly flexible and able to simulate almost any magnetic material with full atomic resolution. An intuitive input-file
interface allows simple generation of systems with a variety of particle shapes, crystal structures and system
geometries, as well as controlling in-built simulations such as the calculation of hysteresis loops and temperature
dependent magnetisation. The code is parallelized using the Message Passing Interface (MPI) enabling it to run
efficiently on multicore PCs and clusters. We describe the implementation of parallel atomistic spin models in the
VAMPIRE code and their application to a variety of magnetic problems. These problems serve as a set of standard
tests for the atomistic spin model, which should aid other researchers interested in developing their own code. A
typical calculation from these tests is the finite size dependence of the temperature dependent magnetisation,
shown for a nanoparticle in Fig. 1.

Fig. 1 Calculated temperature dependent magnetization and Curie temperature for truncated octahedron
nanoparticles with different size. A visualization of a 3nm diameter particle is inset.
[1]
[2]

R. F. L. Evans, W. J. Fan, P. Chureemart, T. A. Ostler, M. O. A. Ellis and R. W. Chantrell, J. Phys. Condens.
Matt. (2014) [In Press]
vampire.york.ac.uk

Electronic and magnetic properties of bimetallic L10 cuboctahedral clusters by means of fully relativistic densityfunctional-based calculations
R Cuadrado and R W Chantrell
University of York, UK
An important physical quantity in magnetic recording is the magnetic anisotropy energy(MAE). It determines the
tendency of the magnetization to align along some specific axis in solids and clusters. The binary transition metal
nanoparticles(NPs) based on Fe or Co alloyed with a nobel metal are good candidates to be used in the fabrication
of new recording media, especially those phases chemically L10 ordered[1].
To obtain the MAE using the framework of density functional theory(DFT) implies a huge computational resources
since a fully relativistic(FR) and a full potencial(FP) treatment becomes necessary. We have carried out a FR
calculations of the magnetic moments(MMs), density of states and the MAEs within the generalized gradient
approximation of L10 cuboctahedral FePt, CoPt, FeAu and FePd based NPs using a recent implementation[2] in
SIESTA code[3] under the pseudopotential approximation.
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We have restricted the total number of atoms to the magic numbers: 13, 55, 147 and 309, ranging the diameters of
the NPs from 0.6 nm for Ntot=13 up to 2.2 nm for Nto=309. After a conjugate gradient relaxations the L10 structure
remains its original stacking in each NP, however the atoms feel small displacements from their original bulk
positions and together with the known L10 magnetic properties and the different surface morphology, it is shown
that the MAE is sensitive to the size and surface shape (see figure1). Further, as the size of the NPs increase the
value of the net MM/at range from 1.1\mu_{B} for Fe5 Au8 up to 1.66\muB Fe67 Pt80.

Evolution of the total energy as a function of the magnetization angles for one CoPt NP.
[1]
[2]
[3]

Markus E. Gruner, et al., Phys. Rev. Lett. 100, 087203 (2008).
R. Cuadrado and J. I. Cerdá J. Phys.: Condens. Matter 24, 086005 (2012).
J.M. Soler, et al., J. Phys.: Condens. Matter, 14, 2745, (2002).

Fluctuating local moments, itinerant electrons and the magnetocaloric effect: the compositional hypersensitivity of
FeRh
J Staunton1, R Banerjee1, M dos Santos Dias2, A Deak3 and L Szunyogh3
1

University of Warwick, UK, 2Forschungszentrum Julich, Germany, 3Budapest University of Technology and
Economics, Hungary
We describe an ab-initio Disordered Local Moment Theory for materials with quenched static compositional disorder
traversing first order magnetic phase transitions. It accounts quantitatively for metamagnetic changes and the
magnetocaloric effect. For perfect stoichiometric B2-ordered FeRh, we calculate the transition temperature of the
ferromagnetic-antiferromagnetic transition to be Tt =495K and a maximum isothermal entropy change in 2 Tesla of
DS|= 21.1 J K-1 kg-1. A large (40%) component of |DS| is electronic.
The transition results from a fine balance of competing electronic effects which is disturbed by small compositional
changes - e.g. swapping just 2% Fe of `defects' onto the Rh sub-lattice makes Tt drop by 290K. This
hypersensitivity explains the narrow compositional range of the transition and impurity doping effects.
Half metallic antiferromagnetic of doped TiO2 Rutile with doubles impurities (Os, Mo) from Ab initio calculations
F Lamrani1,3, M Ouchri1, M Belaiche3, E Kenz1, M Loulidi1, A Benyoussef1,2
1

Université Mohammed V-Agdal, Morocco, 2Moroccan Foundation for Advanced Science, Innovation and Research,
Morocco, 3Université Mohammed V-Agdal, Morocco
Electronic and magnetic calculations based on density functional theory within the generalized gradient
approximation for II-VI compound semiconductor 2 TiO doped with single impurity Os and Mo; these compounds are
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a half-metallic ferromagnet in their ground state with a total magnetic moment of 2 B m for both systems. Then, 2
TiO doped with double impurities (Os, Mo) have been performed. As result, 1 2 2 Ti Os Mo O - x x x with x=0.065 is
half-metallic antiferromagnets with 100% spin polarization of the conduction electrons crossing the Fermi level,
without showing a net magnetization.
Moreover, 14 32 Ti OsMoO compound is stable energetically than 1 2 Ti Mo O -x x and 1 2 Ti Os O -x x . The
antiferromagnetic interaction in 1 2 2 Ti Os Mo O - x x x system is attributed to the double exchange mechanism,
and the latter could also be the origin of their half metallic.

Fig. 1: Total (a) and Partial (b) density of state of 1 2 2 Ti Os Mo O - x x x with x=0.0625. DOS of Os 5d and Mo 4d
in the right (b). The zero energy value corresponds to the Fermi level f E .
Stable tetragonal distortions and significantly increased magnetocrystalline anisotropies in FeCo alloys with C or B
doping
A Edström, E Delczeg-Czirjak, M Werwinski, J Rusz, and O Eriksson
Uppsala University, Sweden
Magnetocrystalline anisotropy energy (MAE) is one of the most important properties in permanent magnets.
Achieving large MAE, without the use of rare earths or other heavy and scarcely available elements, is a difficult and
important challange to overcome from application perspective. FeCo alloys are known to exhibit enormous MAE
under certain tetragonal distortions1. Here, carbon or boron doping, with C or B atoms in interstitial positions, is
suggested as a method of inducing tetragonal distortion in FeCo alloys. A number of such (Fe1−xCox)yX, X=B, C are
studied via density functional theory (DFT). After revealing stable systems with tetragonal strain by structure
optimizations, the MAE is evaluated and compared through two different DFT codes, namely SPR-KKR2 where
alloying is treated with the coherent potential approximation (CPA) and WIEN2k3 where alloying is treated by virtual
crystal approximation (VCA).
Among (Fe1−xCox)yC we observe enormous anisotropies up to MAE = 133.5 μeV/atom = 1.92 MJ/m3 for
(Fe0.35Co0.65)16C when using WIEN2k and VCA.
VCA is, however, known to overestimate MAE in FeCo4. Hence, calculations have been performed also using the
more reliable CPA . As expected, the MAE is significantly lower than that from VCA. Nonetheless, respectable values
such as MAE = 41.6 μeV/atom = 0.59 MJ/m3 are obtained for (Fe0.4Co0.4x)16C, making these systems very
interesting in a permanent magnet context.
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Similar results are obtained and presented for (Fe1−xCox)yB systems.
The authors acknowledge support from ERC project REFREEPERMAG.
[1]
[2]
[3]
[4]

Burkert et al. Phys. Rev. Lett., 93(2):027203, 2004.
Ebert et al. Reports on Progress in Physics, 74(9):096501, 2011.
Blaha et al. WIEN2k, An Augmented Plane Wave + Local Orbitals Program for Calculating Crystal Properties,
2001.
Turek et al. Phys. Rev. B, 86(17):174430, 2012.

Mapping the distribution of the electric field in a microwave cavity by transmission electron microscopy
F J T Goncalves1, G Paterson1, D McGrouther1, E Sirotkin2, D S Schmool3, T Drysdale1 and R L Stamps1
1

University of Glasgow, UK, 2University of Edinburgh, UK, 3Universite Perpignam Via Domitia, France

We describe an experimental method which allows the mapping of the e-field of a microwave device by transmission
electron microscopy (TEM). We have designed and fabricated a microwave device compatible with a TEM sample
holder. This device consists of a microstrip with a loop shaped cavity at its centre [1]. The centre of the loop cavity is
aligned with the electron beam and is transparent to it. In operation, a remarkable degree of interaction between the
microwave fields and the electron beam has been observed. In the figure 1 we show four different shapes of the
electron beam at different microwave frequencies. One should note that a completely unaffected beam would
correspond to a circular spot. This behaviour strongly correlates with the impedance conditions within the region of
the loop cavity that is being probed by the electron beam. We used CST Microwave Studio to calculate the
impedance characteristics and the distribution of the electromagnetic fields as function of frequency and time. The
frequencies with higher electric field amplitude correspond to the largest deflections of the electron beam.
In conclusion, we used numerical simulations to determine the distribution of the electromagnetic fields in the loop
shaped cavity. The results compare well with the experimental data and reveal a strong dependence of the electron
beam on the frequency of excitation in the microwave device. Our results demonstrate the possibility to map with
high resolution the dynamic field distribution of a microscale circuit operating in real time at microwave frequencies.

Figure 1- Experimental data showing the deflection of the electron beam at different frequencies: a) 2 GHz, b) 4.3
GHz, c) 7.9 GHz d) 12 GHz.
[1]
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Ink-jet printing functional magnetic materials
K V Rao
Royal Institute of Technology, Sweden
Ink-jet printing offers an ideal answer to the emerging trends and demands of depositing picolitre droplets of oxide
solutions into functional thin films and device components with a high degree of pixel precision at low temperatures.
It is a direct single-step mask-free patterning technique compatible with pre-existing patterns and allows for multilayer and 3D patterning. This method is fast, simple, easily scalable to meter format, precise, and highly
inexpensive and cost effective compared to any of other methods available. Because low temperatures are used
and no aggressive chemicals are required for ink preparation, ink-jet is compatible with a very broad range of
functional materials, including polymers, proteins and even live cells, which makes it highly desirable for fabrication
of inorganic/organic/bio hybrids, bio-sensors and lab-on-chip architectures. This presentation will focus particularly
on fabrication and performance of magnetic thin films and devices utilizing oxide functional components by ink-jet
printing, be they for electronics, bio-sensing, targeted drug delivery, solar energy conversion, or components for
opto-electronics and spintronics. For each material and application concerned, the ink is designed specifically
targeting the application of choice. Broadly speaking, we have investigated three classes of inks: nanoparticle
suspension based, surface modified nanoparticles based, and direct precursor solution based. Examples to
illustrate the relevance of the use of these three classes of inks will include:
a) Designing Magnetic photonic crystals: suspensions of spherical SiO2 produced by chemical hydrolysis;
b) (ZnO)1-x(TiO2)x composite films printed and used to fabricate dye sensitized solar cells;
c) Room temperature ferromagnetic spintronic materials: defect induced and Fe doped MgO and ZnO synthesis to
investigate the origin of magnetism in these materials.
*In collaboration with Mei Fang, and Wolfgang Voit. Project supported by Hero-M Vinn Centre of
Excellence.
Magnetically barcoded microcarriers and fabrication of nanostructures through self-assembly techniques”
D Love
University of Cambridge, UK
We are working towards a novel lab-on-a-chip technology based on suspended magnetically encoded microcarriers.
Our new generation of microcarriers consist of up to fourteen individual magnetic elements encapsulated within a
SU8 polymer and gold layer, which both offer routes to bio-functionalization through surface epoxide groups and
thiol chemistry. The writing/reading of the digital magnetic codes is achieved through coercivity engineered
magnetic elements. The global addressability of these bits is achieved by utilizing shape anisotropy. The possibility
of attaching different fluorescent labels to each side of the microcarriers enables a positive control in binding
assays. Potential applications for this platform range from DNA/protein analysis for genotyping and point-of-care
diagnostics to drug development and combinatorial chemistry.
The use of self-assembly and bottom-up techniques for the fabrication of highly periodic nanostructured films is
becoming increasingly important in interface science. I will present our recent work on self-assembled diblock
copolymers, polystyrene bead templates and Bosch processing for the fabrication of magnetic gyroids, concavities
and stacked cantilever nanostructures. These structures can be used to enhance the detection sensitivities of
various sensor platforms and are often inspired from naturally occurring photonic crystals.
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Wohlfarth plenary lecture: Nano-spintronic devices
A Hirohata
University of York, UK and Japan Science and Technology Agency, Japan
Recent advancement in nanofabrication and growth allows the utilisation of spin-polarised electrons in transport
and dynamics, resulting in the development of spintronic devices [1]. In the spintronic devices, the key technologies
are injection, manipulation and detection of spin-polarised electron in a non-magnetic media with high efficiency.
Conventionally such a spin-polarised electron current has been injected into a non-magnetic material by flowing an
electrical current through a ferromagnetic layer. However, its spin polarisation is dependent upon the interfacial
properties, such as conductance matching, junction resistance and interfacial resonant states. We recently
succeeded to fabricate an abrupt Fe/GaAs(001) interface for the first time and have demonstrated reproducible
spin transport across the interface [2]. This system offers an ideal junction to form a spin-polarised field effect
transistor for example.
The spin injection efficiency can be increased significantly by employing a half-metallic ferromagnet, e.g., Heusler
alloys [3]. In particular, Co-based Heusler alloys have very high Curie temperature, good lattice matching with major
substrates and large bandgaps for minority spins. We investigated their crystallisation processes and found the
optimum growth mode for device fabrication. These alloys can be used in magnetic memories and read heads.
By utilising these fundamental building blocks, we can also develop a large variety of new devices.
This work was partially supported by the EPSRC (EP/I000933/1 and EP/K03278X/1), Royal Society Industry
Fellowship, EC (NMP3-SL-2013-604398) and JST-PRESTO.
[1]
[2]
[3]

A. Hirohata and K. Takanashi, J. Phys. D: Appl. Phys. (in press).
L. R. Fleet et al., Phys. Rev. B 87, 024401 (2013).
A. Hirohata et al., Appl. Phys. A 111, 423 (2013).

Session: Spintronics II
(invited) Spin transport in organic materials: from single molecules to crystals
S Sanvito
Trinity College Dublin, Ireland
The description of spin transport in organic devices poses a formidable challenge to theory and modeling. One has
to understand first how spins are injected from a ferromagnetic metal into an organic material and then a theory
should be at hand for describing spin transmission across the organic. These two aspects require a theory which is
microscopic in nature, but also scalable to large and complex organic crystals, namely they call for a fundamental
multi-scale approach.
In this talk I will review how such a multi-scale approach can be constructed. Firstly I will look at the problem of spin
injection into an organic molecular layer. In particular I will correlated electronic structure theory results with spinand energy-resolved two photon photoemission data. Such comparison will reveal that electron-phonon coupling
plays an important role in determining the spin polarization of injected current. Secondly, I will present our multiscale approach to the calculation of the mobility and spin-relaxation length of organic materials. In particular I will
show how a coarse-grained theory can be obtained by combining density functional theory with maximally localized
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Wannier functions, and how this can be solved with Monte Carlo techniques. Results on rubrene and durene single
crystals will be presented.
Understanding organic spin-valves
N A Morley1, M P P Hodges1, M Willis2, A J Drew3, H Zhang3, A Barlow4, F L Pratt5, J S Lord5, M Grell1 and D J Morgan7
1

University of Sheffield, UK, 2Sichuan University, P.R. China, 3Queen Mary, University of London, UK, 4Newcastle
University, UK, 5Rutherford Appleton Laboratory, UK, 6Cardiff University, UK
Organic spintronics is the study of the behaviour of spin carriers in organic semiconductors, which can either be
conjugated polymers (regio-regular poly(3-hexylthiophene) (P3HT), Poly(2,5-bis(3-hexadecylthiophen-2-yl)
thieno[3,2-b] thiophene) (PBTTT)) or small molecules tris(8-hydrixyquinolate) aluminium (Alq3), pentacene) [1]. The
work presented here has used a range of techniques to study organic spin-valves, including x-ray
photospectroscopy (XPS) to investigate the bottom and top interfaces, muon spectroscopy to investigate the spin
and charge transfer in polymers and magnetoresistance measurements to study the spin transportation. From the
XPS measurements, it was determined that P3HT and Alq3 chemisorb onto the magnetic electrodes, with the
bonding stronger when deposited on an oxide layer (Figure 1). It was also found that the chemisorption of Alq 3 on to
the NiFe surface changed the NiFe magnetic hysteresis loop, which was taken to be due to the interface states
being altered, as predicted by the SHIPS model [2]. For the top electrode, the XPS data showed that the Ni
interacted with the sulphur in the P3HT, to change the chemical make-up of the interface. Lateral spin-valves have
also been investigated to remove this interaction and therefore increase the magnetoresistance of the devices. From
the muon spectroscopy data, it was found that P3HT undergoes a transition from 3D to 1D transport upon cooling,
originating from a delocalisation of the system along the chains and possibly even between the chains. In
conclusion, understanding the interfaces and the transport behaviour of the organic semiconductor is important for
the development of organic spin devices.

Figure 1. The Al(2p) spectra for the FeCo/Alq3 films and NiFe/Alq3 films, before and after washing with chloroform.
The existence of Al after washing shows that Alq3 is still on the surface of the electrode. The dashed lines are fitted
peaks to the data.
[1]
[2]

V. A. Dediu, et al Nature Materials, 8, (2009), 707 - 716.
C. Barraud, et al Nature Physics, 6, (2010), 615
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Planar organic spin valves using shaped magnetic nanostructures
H AlQahtani1, M T Bryan2, T J Hayward2, M P Hodges2, M-Y Im3, P Fischer3, M Grell2 and D A Allwood2
1

King Saud University, Saudi Arabia, 2University of Sheffield, UK, 3Lawrence Berkeley National Laboratory, USA

Planar organic spin valves were fabricated by evaporating organic semiconductor PTCDI-C13 onto pairs of patterned
Ni80Fe20 magnetic nanowires separated by 120 nm. Control over the relative alignment of magnetisation in the
nanowires was achieved by including a domain wall ‘nucleation pad’ at the end of one of the wires to ensure a large
separation in magnetic switching fields. Switching behavior was investigated by optical and x-ray magnetic imaging.
Room temperature organic magnetoresistance of -0.35% was observed, which is large compared to that achieved in
vertical spin valves with similar materials. We attribute the enhanced performance of the planar geometry to the
deposition of the semiconductor on top of the metal, which improves the quality of metal-semiconductor interfaces
compared to the metal-on-semiconductor interfaces in vertical spin valves.
[1]
[2]

Ohishi, M., et al., (2007). Japanese Journal of Applied Physics Part 2-Letters & Express Letters, 2007.
46(25-28): p. L605-L607.
AlQahtani, H., et al. (2014). Organic Electronics, 15, 276–280.

Hole injection from ferromagnetic material to tris (8-hydroxyquinoline) aluminium (Alq3) and subsequent transport
H Zhang, T Kreouzis, W Gillin, and A Drew
Queen Mary University of London, UK
Previously it has been argued that transition metal ferromagnetic metals (FM) such as NiFe and Co are inefficient
electron injectors due to their unfavourable work functions (e.g. ~2eV barriers between LUMO of Alq3 and work
function of NiFe) [1, 2]. However, others claim that Alq3 is poor hole transporter as it is often labelled as an
electron transport material because of primary role it performs in OLEDs [3]. Recently, it has been shown that the
inclusion of a thin layer LiF between a NiFe cathode and Alq3 in a spin valve resulted in a change in sign of
magnetoresistence (MR) [4]. It was interpreted by reversing the sign of the spin-polarization of the charge carriers in
Alq3 [5].
Using the charge mobility measurements by Time of Flight (ToF) and dark injection (DI) transients on single organic
layer devices consisting of: ITO or NiFe, Alq3, Al or Au, we explicitly show that the inclusion of a FM electrode
introduces trap-like states with an energy between the HOMO and LUMO, previously termed hybrid interface states
which is accompanied by a spin-dependent broadening and a spin-dependent energy shift of the density of states
in the molecular monolayer [6].
Conclusively, it is holes not electrons been injected from NiFe and Alq3 is not a bad hole transporter. Therefore
transition metal FM/Alq3 based organic spin valves have their charge carrier transport dominated by holes.
[1]
[2]
[3]
[4]
[5]
[6]
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Z.H. Xiong et al, Nat. 427, 821-824 (2004).
R. Lin, et al, Phy. Rev. B, 81, 1-6 (2010).
V.A. Dediu et al, Nat. Mat. 8, 707-716 (2009).
D. Dhandapani et al, Magnetics, IEEE Transactions, 46, 1307-1310 (2010).
L. Schulz, et al, Nat. Mat. 10, 39-44 (2010).
C. Barraud, et al, Nat. Phys. 6, 615-620 (2010)
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DMI meter: Dzyaloshinskii-Moryia interaction in materials with out-of-plane anisotropy
A Hrabec1, N Porter1, A Wells1, M-J Benitez2, S McVitie2, D McGrouther2, G Burnell1, T Moore1 and C Marrows1
1

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

It has been understood recently that the broken spatial symmetry plays an extremely important role in currentinduced domain wall (DW) motion process as demonstrated in Pt/Co/AlOx [1]. The efficient current-driven
magnetisation switching was attributed to the presence of the Rashba electric field but soon after this experiment it
was noted that Pt is a very good source of net spin-polarized current. Pt is able to inject a net angular momentum to
the adjacent ferromagnetic film and eventually plays a significant role in the fast DW motion process. It has been
demonstrated that the DW motion can be significantly enhanced by applying a longitudinal magnetic field which
distorts the Bloch wall and stabilizes the Néel wall [2]. Such a type of DW has a better spin texture for efficient
response to a spin Hall current due to the Slonczewski-like torque. Soon after this demonstration a series of
theoretical [3] and experimental [4] works showed that such a magnetic field can exist intrinsically due to the
broken inversion symmetry and presence of an interfacial Dzyaloshinskii-Moryia interaction (DMI). Such an effective
field can stabilise the Néel for of the DW and also fix its chirality. The DMI can be measured via several techniques
but the magnetic field-based method [5] avoids all the problems with patterning and potential mixing with currentrelated effects such as the spin Hall effect or the Rashba field. It has been suggested that the observation of Walker
breakdown would be a direct measure of the DM constant D [3]. However, this is extremely difficult experimentally
as the Walker breakdown is often hidden in the creep regime or not even experimentally reachable.
In our experimental work we show that we are able to measure the constant D even in the creep regime which is
experimentally very easy to achieve. To demonstrate this technique we grow multilayers of Ta(3 nm)/Pt(5
nm)/Co(0.8 nm)/Ir(t)/Pt(3.5 nm) where t is varied from 0 nm up to 1.3 nm. The choice of Pt/Co and Co/Ir
interfaces is motivated by the fact that one would expect DMI contribution of the same sign from these opposite
interfaces [6], therefore the Co film should experience higher effective DMI from the two DMI active layers. The
magnetic field-induced DW displacement is detected by Kerr microscopy in the polar configuration. By symmetrybreaking due to an in-plane magnetic component and measuring the DW velocity in the creep regime we are able to
extract the intrinsic DM magnetic field and therefore the constant D. We show that by inserting an atomically thin
layer of Ir we are able to switch the DM field from -100 mT in the case of Pt/Co/Pt to about +50 mT for tIr>0.5 nm.
The control of the DM field also means that we are able to control the Neel wall chirality and its stiffness. We also
comment on the origin of the DMI in the Pt/Co/Pt stack, showing that this nominally symmetric system can show
strong effects due to changes in growth quality. The presented technique opens a simple way of exploring DMI in
materials with perpendicular magnetic anisotropy.
[1]
[2]
[3]
[4]
[5]
[6]

Miron, I.M. Gaudin, G. Auffret, S. Rodmacq, B. Schuhl, A. Pizzini, S. Vogel, J. Gambardella, P. Nature
Materials 9, 230-234 (2010)
Haazen, P. P. J. Mure, E. Franken, J. H. Lavrijsen R. Swagten, H. J. M. Koopmans, B. Nature Materials 12,
299-303 (2013)
Thiaville, A. Rohart, S. Jue, E. Cros, V. Fert, A. EPL, 100, 57002 (2012)
Emori, S., Bauer, U., Ahn, S. M., Martinez, E., Beach, G. S. Nature Materials 12, 611-616 (2013); Ryu, K.S. Thomas, L. Yang, S.-H. and Parkin, S. Nature Nano. (2013)
Je, S.-G.. Kim, D.-H Yoo, S.-C. Min, B.-C. Lee, K.-J. and Choe, S.-B. Phys. Rev. B 88, 214401 (2013)
Chen, G Ma, T. N’Diaye, A. T. Kwon, H. Won, Ch. Wu, Y. Schmid, A. K. Nature Comm. 3671
(2013)
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Extrinsic spin orbit interaction in thin films
A L Westerman1 , M Ali1, M Gradhand2 and B J Hickey1
1

University of Leeds, UK, 2University of Bristol, UK

Recent interest in producing spin Hall devices with a giant spin Hall angle (SHA) via extrinsic effects has inspired
research into the ordinary Hall effect (OHE). Resonant spin-dependent scattering in the spin Hall effect (SHE) has
been studied previously [1] with a focus on dilute alloys of CuIr, which has been shown experimentally to produce
an extrinsic scattering contribution to the SHA [2]. The approach of quantum confinement, in the presence of
discontinuous delta layers of dopant materials at varying position, has also been outlined theoretically for the SHE,
consisting of Pt within Au [3]. The ordinary Hall angle (OHA), ΦH=ρxy/ρxx, is the ratio of the ordinary Hall resistivity
ρxy and linear charge resistivity ρxx. This is the same definition as the SHA, if ρxy is substituted for the spin Hall
resistivity.
In this study, Ta, W and Ir impurities are placed as delta layers within Cu and Pt within Au via DC magnetron
sputtering with a shadow mask. Delta layers of thickness 1.6-2.2 Å are achieved within films of thickness 160 Å.
The linear and Hall resistivities were then measured at 4.2K. Fig. 1 shows the trend in the OHA at an applied field of
1 T for Ta, W and Ir within Cu. This trend has been shown to be independent of thickness up to 720 Å. Pt within Au
gave similar trends, but much smaller in magnitude. Capping also reduced the magnitude for Ta within Cu.
Accompanying theoretical work is underway.

Fig. 1: Trend in the OHA for Cu doped with Ta, W and Ir. Differences from the OHA for a sample with an impurity
layer on the substrate are plotted to enable the trends to be viewed more clearly.
[1]
[2]
[3]

A. Fert and P.M. Levy, Phys. Rev. Lett. 106 157208 (2011)
Y. Niimi, M. Morota, D. H. Wei, C. Deranlot, M. Basletic, A. Hamzic, A. Fert and Y. Otani, Phys.
Rev. Lett. 106 126601 (2011)
C. Herschbach, M. Gradhand, D. V. Fedorov and I. Mertig, Phys. Rev. B 85 195133 (2012)

Torqueing magnets with electricity
A Ferguson
University of Cambridge, UK
I will describe experiments performed in my group in Cambridge which examine the way electricity affects the
magnetization in several spin-orbit coupled magnetic systems. We measure spin-orbit torque in the ferromagnetic
semiconductor (Ga,Mn)As. An electrical current in this spin-orbit coupled ferromagnet leads to a spin polarization of
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the charge carriers and consequently a torque is applied to the magnetization. In our experiments we apply a
microwave frequency alternating current to resonantly drive the magnetization [1]. In such a spin-orbit
ferromagnetic resonance technique we are able to simply determine the symmetry and magnitude of the spin-orbit
torque vector. The first experiments in (Ga,Mn)As measured a field-like torque. More recently we observe an antidamping torque, with similar magnitude to the field-like torque [2]. This anti-damping torque is due to the Berry
phase acquired by charge carriers accelerating in the spin-orbit coupled bandstructure. We also study Co/Pt
ferromagnetic metal multilayers and confirm the origin of a ‘Rashba’ field, which opposes the current induced
Oersted field, as the Co thickness is reduced towards 1 nm [3].
[1]
[2]
[3]

D. Fang et al. Nat. Nano. 6, 413 (2011).
H. Kurebayashi et al. Nat. Nano. (in press).
T. Skinner et al. Appl. Phys. Lett. 104, 062401 (2014).

Time-resolved Kerr imaging of magnetization dynamics generated by a nano-contact spin transfer vortex oscillator
P S Keatley1, S R Sani2,3, T H J Loughran1, J Åkerman2,4 and R Hicken1
1

University of Exeter, UK, 2KTH Royal Institute of Technology, Sweden, 3NanOsc AB, Sweden, 4University of
Gothenburg, Sweden
Time-resolved scanning Kerr microscopy (TRSKM) has been used to image the magnetization dynamics excited in
the vicinity of a nano-contact spin-transfer vortex oscillator (NC-STVO). A Au NC with circular shape and 250 nm
diameter was fabricated in a SiO2(30) insulating cap at the center of a 8×16 μm2 mesa formed from a
Pd(5)/Cu(15)/Co(6)/Cu(6)/NiFe(3.5)/Cu(3)/Pd(5) spin valve (SV) stack (thickness in nm). The frequency of autooscillations, excited by passing a DC current IDC through the NC and SV stack, were detected using a spectrum
analyser and found to be tuneable through a number of multiples of the repetition frequency of the pulsed laser
used for TRSKM. A microwave circulator was used to inject RF current with frequency fRF in order to phase lock autooscillations at a multiple of the pulsed laser frequency (fRF = 160 MHz, power PRF = -10 dBm). Images were
acquired at a fixed value of IDC corresponding to the locking range. TR images were also acquired at fRF/2 with fRF
= 320 MHz, i.e. for a fractionally locked STVO. TR images with fRF = 160 MHz show a complicated response
consisting of a localized large amplitude oscillation accompanied by a gyrotropic-type motion that may be
associated with the vortex core. Images of fractionally locked dynamics revealed a weaker response with evidence
of dynamics at fRF and fRF/2. These results are important in understanding how multiple NC-STVOs may be
mutually phase locked or used to transfer information through common magnetic layers.

Keywords
Nano-contact, Spin transfer oscillator, Injection locking, Time-resolved Kerr microscopy.

Magnetism 2014

43

Current-induced torques in ferromagnet/antiferromagnet bilayers
V Tshitoyan1, C Ciccarelli1, A Mihai2, T Moore2 and A J Ferguson1
1

University of Cambridge, 2University of Leeds, UK

The operation of most modern spintronic devices is governed by spin-dependent transport characteristics of
ferromagnets (FM), for example, the tunnel magneto-resistance effect enables the reading of magnetic random
access memories [1]. Much less attention has been paid to antiferromagnets (AFM) due to their zero net
magnetization which makes investigation of the magnetic order harder. However, recent experiments suggest that
antiferromagnets can also be used as active components of spintronic devices [2]. We use a ferromagnetic
resonance (FMR) technique [3] to study current-induced magnetic fields in IrMn(AFM)/NiFe(FM) bilayers (Fig. 1).
We demonstrate that the antiferromagnetic layer in such AFM/FM structures generates current-induced effective
fields acting on FM magnetization, even in the absence of exchange bias field. We study temperature and
antiferromagnetic layer thickness dependence of these effective fields. In addition, symmetries are studied by
varying the direction of external magnetic field with respect to the current direction, showing field-like symmetry of
induced torques. This result, in addition to impacting the modern day memory technology, with further investigation
can lead to new architectures of spintronic devices.

Figure 1: Measurement schematic. When we apply an electric current jmw oscillating at a microwave frequency,
effective magnetic field heff oscillating at the same frequency is induced. This field results in an oscillating torque Teff
acting on the magnetization M of the FM layer, setting it into precession around the total magnetic field Htot. Due to
anisotropic magnetoresistance (AMR) effect, precessing magnetization results in oscillating resistance, which
combined with the oscillating current of the same frequency leads to frequency mixing effect, thus generating a
directly measurable DC voltage.
Spin noise correlation in n-doped gallium arsenide
M Hodgson, G Marchetti, I D'Amico and R Chantrell
University of York, UK
Spintronic devices created using n-doped Gallium Arsenide have shown some promise. Here we simulate the
electron population in a spin depolarised Gallium Arsenide sample using the Ensemble Monte Carlo technique. This
technique treats the electron population classically with additional scattering events, derived from quantum theory.
Here we treat the interaction between the electrons and the ionized impurities via a classical electrostatic
approximation and introduce phonon interactions (here we consider acoustic and polar optical phonons) via a
scattering mechanism.
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We investigate the noise present in a spin depolarised electron sample, observing both the bulk properties (the
fluctuations in the total spin of all the electrons) and the local noise felt by a single magnetic impurity interacting
with the electron population via an Exchange mechanism. In both cases we observe that the noise cannot be
accurately considered to be white noise on timescales of up to 100 picoseconds. The electron spin fluctuations
appear to more closely resemble pink noise, with a strong bias towards low frequency fluctuations. This may have
significant impact on device performance when working on electron populations with low spin polarisation.
Session: Nanostructures and domain walls
(invited) Giant topological Hall effect in strained Fe0.7Co0.3Si epilayers
N A Porter1, P Sinha1, M B Ward2, A N Dobrynin3, R M D Brydson2, T Charlton4, C J Kinane4, M D Robertson5, S
Langridge4, C H Marrows1
1

University of Leeds, UK, 2SPEME, University of Leeds, UK, 3Diamond Light Source, UK, 4ISIS, Rutherford Appleton
Laboratory, UK, 5Acadia University, Canada
The coupling of electron spin to real-space magnetic textures leads to a variety of interesting magnetotransport
effects. The chiral spin textures, such as skyrmion lattices, found in B20-lattice magnets [1,2] give rise, via realspace Berry phases and associated emergent magnetic fields, to the topological Hall effect [3], but it is typically
rather small. Here we show that B20-ordered Fe0.7Co0.3Si epilayers grown on Si (111) substrates display a giant
topological Hall effect due to the combination of three favourable properties: they have a high spin-polarisation, a
large ordinary Hall coefficient, and a large emergent magnetic field. Moreover they show enhanced ordering
temperatures due to the presence of epitaxial strain [4]. The topological Hall resistivity is as large as ~750 nΩcm at
helium temperatures, an order of magnitude larger than in MnSi [5] and roughly four times that found in MnGe [6].
Furthermore, we observed a drop in the longitudinal resistivity of ~100 nΩcm at low temperatures in the same field
range, suggesting it is of topological origin [7]. That such strong effects can be found in material grown in thin film
form on commercial silicon wafer bodes well for skyrmion-based spintronics [8].
We would like to acknowledge funding from EPSRC and the FP7 ITN Q-NET.
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]

Mühlbauer, S. et al. Skyrmion lattice in a chiral magnet. Science 323, 915 (2009).
Yu, X. Z. et al. Real-space observation of a two-dimensional skyrmion crystal. Nature 465, 901 (2010).
Bruno, P., Dugaev, V. K. & Taillefumier, M. Topological Hall effect and Berry phase in magnetic
nanostructures. Phys. Rev. Lett. 93, 096806 (2004).
P. Sinha, N. A. Porter, & C. H. Marrows, Strain-induced effects on the magnetic and electronic properties of
epitaxial FeCoSi thin films. arXiv:1307.7301 [condmat.mtrl-sci] (2013).
Ritz, R. et al. Giant generic topological Hall resistivity of MnSi under pressure. Phys. Rev. B 87, 134424
(2013).
Kanazawa, N. et al. Large topological Hall effect in a short-period helimagnet MnGe. Phys. Rev. Lett. 106,
156603 (2011).
Yi, S. D., Onoda, S., Nagaosa, N. & Han, J. H. Skyrmions and anomalous Hall effect in a DzyaloshinskiiMoriya spiral magnet. Phys. Rev. B 80, 054416 (2009).
Sampaio, J. et al. Nucleation, stability and current-induced motion of isolated magnetic skyrmions in
nanostructures. Nature Nano. 8, 839–844 (2013).
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In-situ GISAXS study of formation of ordered nanostructures of NiFe alloy thin films on nano-rippled Si substrate
S K Vayalil1, A Gupta2, G Santoro1, S Yu1, Z Peng1 and S V Roth1
1

Deutsches Elektronen-Synchrotron, Germany, 2UGC-DAE Consortium for Scientific Research, India

Recently, nano-rippled Si substrates produced by low energy ion beam erosion have been used as templates for
growing nanostructured metallic thin films with tunable functional properties. The structure of the nanopatterned
substrate is expected to affect significantly the growth behavior of the metallic thin film, inducing anisotropy in the
morphology. Therefore it is important to understand the effect of the structure of the nanopatterned substrate on the
growth behavior of metallic thin films.
In this work, growth of potentially important soft magnetic thin films of NiFe alloy on nanorippled Si substrates at
two different deposition geometries (i) normal incidence (ii) glancing angle deposition have been described. Grazing
incidence small angle measurements coupled with highly sophisticated sputtering chamber enabled a detailed
growth study at nanoscale with time resolution in the order of milliseconds. It has been found that, growth is highly
anisotropic along and normal to the ripple wave vectors in both the cases. The annealing followed by the deposition
generates large range ordered nanowires of NiFe. Further, magnetic measurements have been done using magnetooptical Kerr effect by rotating the sample in azimuthal direction.
The mechanism of the observed magnetic anisotropy has been explained by correlating with the GISAXS results.
Coexistence of vortex and multi-domain states: A novel magnetization phase in twisted anisotropy bilayers
G Hrkac1, MT Bryan1,2, T Thomson3 and L J Heyderman4
1

University of Exeter, UK, 2University of Sheffield, UK, 3University of Manchester, Manchester, UK, 4Paul Scherrer
Institut, Switzerland
Recently interest in systems with non-uniform anisotropy, creating exchange spring effects [1] and stress-induced
domain wall motion [2] has shown that non-uniform changes in the balance between competing anisotropies can
lead to novel magnetization behaviour.
Micromagnetic simulations were used to study an 800 nm square composed of a 9.6nm Co/Pd multilayer with a
30nm of Ni80Fe20. The out-of-plane magnetocrystalline anisotropy constant, K, of the Co/Pd multilayer
determined the out-of-plane magnetic characteristics of the structure, while the in-plane magnetization structure
depended on demagnetization factors. Three magnetization structure phases were identified. In the
demagnetization-dominated phase (K<150kJm-3), the Co/Pd multilayer magnetization was dominated by in-plane
magnetization configuration of the Permalloy layer (PL). In the exchange spring phase (K>325kJm-3), the out-ofplane magnetization angle, θ, rotated smoothly throughout the structure thickness, from angles up to θ=30° at the
bottom of the Co/Pd to θ=90° (wholly in-plane) at the top of the PL. Intermediate K revealed a novel phase in
which domains formed in the Co/Pd were transferred to the PL, superimposed on to the in-plane magnetization
structure imposed by the PL (fig.1). Surprisingly, this meant that θ was larger in the Permalloy layer during the
intermediate phase than at larger K. The angular rotation in the domains was always <180°, even in the Co/Pd
multilayer. When the in-plane configuration formed a vortex, the vortex core penetrated through both layers. The
vortex core could be used to modify the out-of-plane domain configuration, forming a coupling mechanism between
the in-plane and out-of-plane magnetization structure.
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Figure 1: Magnetization structure in (a) The Co/Pd and (b) the Permalloy (Ni80Fe20) layers
[1]
[2]

G Asti, et al., Phys. Rev. B, 73, 094406 (2006)
MT Bryan, et al., Phys. Rev. B, 85, 144411 (2012)

MnSb-InGaAs epitaxial films and nano-rings: structure, magnetism and surfaces
G R Bell1, C W Burrows1, M J Ashwin1, S E Glover1, P J Mousley1, T P A Hase1 and S N Holmes2
1

University of Warwick, UK, 2Toshiba Research Europe Ltd., Cambridge Research Laboratory, UK

Realisation of advanced semiconductor spintronic devices brings potentially stringent requirements on hybrid
ferromagnetic / semiconducting materials systems. An attractive combination is InxGa1-xAs and MnSb. InxGa1-xAs
possesses high carrier mobility, low Schottky barrier height, high Landé g-factor and strong Rashba spin-orbit
coupling [JVSTB 27 (2009) 2066]. MnSb is a weakly metallic ferromagnetic compound (TC = 587K) with double
hexagonal close-packed (dhcp) structure. It is chemically and epitaxially compatible with III-V semiconductors. In
this work, we have grown MnSb(0001) epitaxially on relaxed In0.5Ga0.5As (001) and (111) surfaces by molecular
beam epitaxy (MBE). we show the effects of MBE growth conditions (Sb/Mn flux ratio and substrate temperature) on
the structural and magnetic properties of 100nm thick MnSb films. High quality epitaxial films can be grown on the
two substrates with very different epitaxial orientation and magnetic anisotropy.
Synchrotron X-ray diffraction highlights the presence of half-metallic ferromagnetic cubic MnSb polymorphs under
certain growth conditions on (111) substrates, and highlights the effectiveness of protective Sb capping in
preventing atmospheric degradation. MnSb can be processed by wet chemical means similar to those developed for
the III-Vs, and we also describe split nano-ring structures in MnSb films, discussing evidence for magnetic vortex
states in these elements from magneto-optic Kerr effect (MOKE) measurements and micromagnetic simulations. We
discuss the intriguing possibility of a surface state on Sb-terminated MnSb with Dirac-fermion like dispersion in the
minority spin band-gap.
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Figure: electron micrograph and MOKE signal (blue shading indicates possible vortex state contribution) from a wetetched split nano-ring in MnSb.
A Lorentz microscopy study of states in a chiral soliton magnet
S McVitie1, D McGouther1, R Stamps1, Y Nishimori2, T Koyama2, Y Togawa2, Y Kousaka3, J Akimitsu3
1

University of Glasgow, UK, 2Osaka Prefecture University, Japan, 3 Aoyama Gakuin University, Japan

We present results from an initial study of helicoidal spin ordering in the chiral crystal Cr1/3NbS2 [1] observed
using Lorentz microscopy. Transmission electron microscopy was performed using a JEOL Atomic Resolution
Microscope equipped with probe aberration correction and capable of nanometre scale Lorentz microscopy. A thin
sectioned sample was prepared with the c-axis in-plane and imaging was carried out at 110 K using a liquid
nitrogen cooling rod, allowing the crystal to be imaged below the Curie temperature of the crystal (127 K).
Quantitative magnetic induction maps of the states were acquired by the differential phase contrast mode of
scanning transmission electron microscopy [2].
By applying field perpendicular to the in-plane c-axis we were able to generate defects (fig 1(a) and observe
different periodicities in region of crystal with opposite crystal chirality (fig 1(b)). Results of this study will be
presented together with predictions of how such states are formed.

Figure 1. Differential phase contrast images of magnetic states in chiral soliton lattice. (a) A single magnetic defect
and (b) different priod structure in region of opposite chirality in the presence of a magnetic field.
[1]
[2]
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Interface spin clusters in exchange bias systems
R Carpenter, G Vallejo-Fernandez and K O’Grady
University of York, UK
Exchange bias occurs when a ferromagnetic (F) and antiferromagnetic (AF) layer are in contact. It manifests as a
horizontal shift in the hysteresis loop (Hex) and an increase in the coercivity (HC) upon field cooling.
A major hurdle to the understanding and modelling of exchange bias is the interface between the F and AF layers.
The spins at the F/AF interface are subject to a number of interactions which leads to a pseudo-independent
behaviour of the interface from the bulk AF grains and F layer. The behaviour of the temperature [1] and field
dependence [2] of the interface leads to a conceptual model. In this the interfacial spins behave as clusters [3]
which exhibit ordering similar to that of a system of fine particles [4].
In this work we will cover a number of recent experiments which have begun to shed light on the behaviour of these
interfacial spin clusters. One example of these is the setting field dependence (Hset) of the training effect
(ΔHC1).Where training is the decrease in the first coercivity with repeat measurements. This has been shown to be
due to changes at the interface which is further confirmed by the increase in ΔHC1 with setting field. This increase is
shown in figure 1and is consistent with an increase in order at the interface during the setting process.

Figure 1. The variation in Hex with Hset for the first and second measured loops.
[1]
[2]
[3]
[4]

V. Baltz, B. Rodmacq, A. Zarefy, L. Lechevallier, B. Dieny, Phys. Rev. B., 81, 052404 (2010)
L. E. Fernandez-Outon, K. O’Grady, S. Oh, M. Zhou, M. Pakala: IEEE Trans. Magn., 44, 2824-2827 (2008)
K. O’Grady, L. E. Fernandez-Outon, G. Vallejo-Fernandez, J. Magn. Magn. Mater. 322, 883-899 (2009)
R. Carpenter, G. Vallejo-Fernandez, K. O’Grady, J. Appl. Phys, EP-13 – In Print

Optimization of domain wall devices for sensing applications
H Corte-León1,2, P Krzysteczko3, H W Schumacher3, A Manzin4, V Antonov2, and O Kazakova1
1

National Physical Laboratory, UK, 2Royal Holloway University of London, UK, 3Physikalisch-Technische
Bundesanstalt, Germany, 4Istituto Nazionale di Ricerca Metrologica, Italy
The control of Domain Walls (DWs) has been widely studied for their potential applications in computation logic 1,2,
sensors2–4, etc.
Here we exploit Anisotropic Magnetoresistance effect (AMR) to track the DW pinning/depinning processes in Lshaped permalloy nanostructures proposed for single magnetic nanoparticle detection3. To complement and
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interpret magnetotransport measurements, the experimental results have been supported by micromagnetic
modelling5.
The studied devices are comprised of two 4-m length nanowires with a width w = 50-400 nm (Fig. 1a inset). Each
arm ends in a circular pad, which minimizes the stray field5. These nanostructures can be characterised by a
single/double domain state at B=0 with absence/presence of a DW pinned at the corner.
Typical magnetotransport measurements5,6 for the device with w = 200 nm oriented to the field at θ = 9° are
presented in Fig. 1a. The field is ramped from B<<0, with a DW pinned, to B>>0, where a different DW is pinned.
Transition between two resistance levels occurs through depinning of the initial DW and pinning of the new DW. The
fields at which these events happen have been extracted and averaged for different angles (Fig. 1b).
For sensing applications, the proximity of a small magnetic object will result in a shift of the DW
pinning/depinning fields. From our experiments, it is clear that the most reliable measurements can be achieved in
the range -15°<θ<+15° were the pinning/depinning field distributions do not overlap.

Fig. 1. a) Typical magnetoresistance curve for the device with w = 200 nm at θ = 9°. Field is ramped from negative
to positive. b) Extracted depinning/pinning fields at different angular orientations.
[1]
[2]
[3]
[4]
[5]
[6]

D.A. Allwood et al., Science 309, 1688 (2005).
A. Kunz et al., 2010 Int. Conf. Electromagn. Adv. Appl. 248 (2010).
M. Donolato et al., Nanotechnology 20, 385501 (2009).
P. Vavassori et al., J. Appl. Phys. 107, 09B301 (2010).
A. Manzin et al., IEEE Trans. Magn. In Press, (2014).
A. Beguivin et al., J. Appl. Phys. In Press, (2014).

Lorentz microscopy of exotic three dimensional domain walls
C A Ferguson, D A MacLaren and S McVitie
University of Glasgow, UK
Walker breakdown is predicted to be suppressed for the propagation of magnetic domain walls (DWs) in cylindrical
nanowires and nanotubes, which has prompted their study as a candidate for memory and logic devices [1]. These
DWs have a complicated three dimensional, and possibly chiral, structure with interesting topologies whose
character is not fully understood. We use micromagnetic simulations to predict the stability of asymmetric
transverse DWs [2] and Bloch point walls and characterise their structure in square cross-section nanowires. We
also show preliminary results of their characterisation using Lorentz transmission electron microscopy.
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Figure 1: 3-D view of asymmetric transverse DW. Arrows indicate the direction of magnetisation while the colour
map shows the axial component of magnetisation.
[1]
[2]

D. A. Allwood, G. Xiong, C. C. Faulkner, D. Atkinson, D. Petit, and R. P. Cowburn, Science 309, 1688
(2005).
N. Biziere, C. Gatel, R. Laselle-Balier, M.C. Clochard, J.E. Wegrowe and E. Snoeck, Nano Lett. 2013, 13,
2053-2057

Transmission electron microscopy investigation of domain walls and interfaces in Ta/Pt/Co/AlOx
D McGrouther1, M-J Benitez-Romero1, S McVitie1, A Hrabec2, T A Moore2, G Burnell2, C H Marrows2,
1

University of Glasgow, 2University of Leeds, UK

The structure and behaviour of domain walls (DWs) in ultrathin, <1 nm thick, Co layers in multilayer structures has
been the focus of much recent attention [1-3]. Due to the physical nature of the coupling with spin-orbit metals (eg
Pt, Ta, Ir) new phenomena involving magnetisation switching and current induced DW motion have been observed.
We have applied a range of Transmission Electron Microscopy (TEM) methods to investigate DW structure and the
interfaces between layers in a Ta(3.2 nm)/Pt(3.0nm)/Co(0.8nm)/AlOx(5.3nm) multilayer.
The structure of DWs in ferromagnetic films is governed by energetic competition and for ultrathin films, Bloch type
DWs should be preferred. Plan view Lorentz TEM imaging, has been applied to image DWs formed in Ta/Pt/Co/AlOx
and we have proved that Néel type DWs are actually preferred. In line with recent findings [1-3], we conclude that
this is due to a chiral Dzyaloshinskii-Moriya interaction induced by the Pt layer.
Aberration corrected scanning transmission electron microscopy (STEM) has been used to image, with atomic
resolution, the structure of the layers and interfaces, shown in figure 1. In systems lacking inversion symmetry,
where Co is sandwiched between a spin-orbit metal and an oxide layer, a Rashba type electric field is predicted to
exist that can induce strong magnetic field effects when current flows [1]. Using the Differential Phase Contrast
(DPC) mode of Lorentz STEM we have observed significant phase contrast in the Co layer. Work is currently
underway to understand the nature of this contrast which may have an electric field as its origin.
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Figure 1. High resolution HAADF STEM image of Ta/Pt/Co/AlOx multilayer
[1]
[2]
[3]

I. M. Miron, et al., Nature Materials 9, 230 (2010)
S. Emori et al., Nature Materials, 12, 611 (2013)
K. S. Ryu, et al., Applied Physics Express 5, 093006 (2012)

High temperature antiferromagnetism in molecular semiconductor thin films and nanostructures
M Serri1, W Wu1,2, L R Fleet1, N M Harrison1, C F Hirjibehedin 2, C W M Kay 2, A J Fisher2, G Aeppli2, S Heutz 1
1

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

Molecular materials are interesting alternatives to inorganic semiconductors and offer advantages such as light
weight, low cost, chemical and mechanical flexibility and ease of processing. Applications are currently appearing
with organic light emitting devices and organic solar cells entering the marketplace. However, their magnetic
properties have so far received relatively little attention.
This presentation will focus on phthalocyanines (Pc), archetypal molecular semiconductors and industrial dyes that
can accommodate a transition metal at their centre and therefore carry spin. They can be processed as thin films
and nanowires from the vapour phase and crystallise as a range of polymorphs. This leads to the formation of spin
chains, and may give rise to magnetic exchange whose sign and magnitude depends on the nature of the transition
metal and crystal structure [1]. We focus particularly on a recent milestone reached by CoPc, which exhibits
antiferromagnetic coupling, with an exchange energy reaching 100 K [2]. This interaction is up to two orders of
magnitude larger than in other first-row transition metal Pcs and can be obtained on flexible plastic substrates. The
combination of magnetic and semiconducting properties above the boiling point of liquid nitrogen makes molecular
materials ideal candidates for spintronic applications.
[1]
[2]
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(invited) 3-dimensional ratchet for spintronic memory and logic
R Cowburn
University of Cambridge, UK
Most spintronic device concepts to date are intrinsically 2-dimensional: data are held and moved in a plane. Fully
3-dimensional devices, in which data can be held and moved in and between different layers in a multi-layered
device are very attractive as a means of beating the density constraints imposed by lithography. In this talk I
demonstrate experimentally one of the key pieces of physics needed to make such a device architecture possible: a
vertical ratchet. The ratchet allows the magnetisation state of one magnetic layer in a superlattice to be copied
synchronously to the layer above and hence shifted layer-by-layer from the bottom of the superlattice to the top,
potentially allowing data storage and retrieval from a 3-dimensional structure. Beyond spintronic devices, I also
show how the ratchet can be used as a valuable tool in materials science, allowing local magnetic properties of
individual buried layers in a superlattice to be measured.
Voltage controlled modification of flux closure domains in planar nanostructures for microwave applications
S A Cavill1,2, R Beardsley3, D E Parkes3, S Bowe2,3, I Isakov4, P Warburton4, R Campion3 and A W Rushforth3
1

University of York, UK, 2Diamond Light Source, UK, 3University of Nottingham, UK, 4University College London, UK

Voltage controlled modification of the magnetocrystalline anisotropy in a PZT/ferromagnet composite device has
been studied using Photoemission Electron Microscopy (PEEM) with XMCD as the contrast mechanism. The
experimental results demonstrate that the large magnetostriction of the epitaxial Fe81Ga19 layer [1] allows for
large scale domain changes in laterally confined nanostructures. In addition, micromagnetic simulations
demonstrate that the strain induced modification of the magnetic anisotropy enables voltage tuneability of the
natural resonances in the system. These results open up the possibility for using such materials in low-power
voltage tuneable magnetic microwave oscillators.
[1]

“Non-Volatile voltage control of Magnetization and Magnetic domain walls in magnetostrictive epitaxial thin
films”. D. E. Parkes, et al. Appl. Phys. Lett. 101, 072402 (2012)

Dynamic structure of magnetic domain walls and their trajectory at nanowire vertices
D M Burn, S K Walton, M Chadha, L F Cohen and W R Branford
Imperial College London, UK
With modern lithographic patterning techniques the fabrication of magnetic structures on a lengthscale comparable
with that of magnetic domains and domain walls (DWs) has become prevalent. Studies on such structures have
improved our understanding of fundamental magnetic and magnetisation reversal processes and also show
potential for the development of novel spintronic devices.
Engineering of nanostructure geometry and applied field sequences have become a popular approach to investigate
DWs and their interaction with geometrical structural features. Much of this previous work considers the quasi-static
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field driven behaviour of DWs with features described by their magnetisation, chirality and topology governed by
energy minimisation effects.
More recently, an increasing interest in DW dynamics has developed due to the high speeds required for the
development of novel spintronic devices. In this regime, time-dependent changes in micromagnetic structure
become significant over the minimised energy states which dominate the quasi-static regime. Propagating DWs
have distorted structures; and with driving fields in excess of the Walker field even periodic transformations in DW
type and chirality take place.
In this work both experimental focussed MOKE techniques and micromagnetic simulations are used to explore these
dynamic effects for a DW arriving at a nanowire vertex. The final trajectory shows how dynamic effects can dominate
over a quasi-static understanding of this system. This work has implications for future technological applications as
well as suggesting processes that may govern magnetisation reversal in artificial spin ice structures comprising of
many nanowire vertices.
Imaging real and magnetic field driven dynamics of artificial spin ice using transmission xray microscopy (TXM)
S A Morley1, D A Venero2, A Stein3, M Rosamond1, A Hrabec1, P Shepley1, M-Y Im4, P J Fischer4, J Morgan5, S
Langridge2 and C H Marrows1
1

University of Leeds, UK, 2STFC, UK, 3Brookhaven National Laboratory, USA, 4Lawrence Berkeley National
Laboratory, USA, 5University of Cambridge, UK
Artificial spin ices are arrays of nanomagnetic islands confined to a two-dimensional plane, their shape anisotropy
and size means they can be considered as single domain Ising-like spins and as such, provide an interesting, and
more importantly, tuneable toy statistical model. In this study, a square ice array has been fabricated on a SiN
membrane and measured using transmission X-ray microscopy (TXM). The size of the islands was varied from the
largest having lateral dimensions of 80 x 250 nm down to the smallest, 30 x 113 nm. Previous studies have used a
completely field driven method for reversal and a pseudo-thermalisation, where only an effective thermodynamics is
realised. However, some recent papers have shown thermal behaviour either using macroscopic measurements
such as magneto-optic kerr effect (MOKE) [1] or remanent imaging methods such as photo-emission electron
microscopy (PEEM) [2] or magnetic force microscopy (MFM) [3]. In this study, as full field microscopy is used, a
large area and consequently a significant number of islands have been studied simultaneously, as depicted in
figure 1. Also, due to this “photon-in-photon-out” method, it is possible to apply a magnetic field during imaging,
which is not possible in PEEM or MFM. Real-time magnetic reversal of the spin ice was studied as a function of field
step (fig. 1). We also observed changes in the coercive field with temperature and have been able to study the
reproducibility of flipping events with temperature as compared with field driven flips. Possible future applications
for return point memory are discussed.

Figure 1: A topographic image from the transmission X-ray micrscope (TXM) of some 80 x 250 nm, 13nm thick,
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CoFeB islands is shown in (a). Magnetic contrast images show 3 field steps in a hystresis loop, with the field values
(b) 200 Oe, (c) 240 Oe and (d) 300 Oe. The sample was take to negative saturation then back through zero and to
positive saturation field in order to see the full reversal of the sample via propogating strings (visible in b and d).
Contrast is obtained at constant xray polarisation and from dividing images with the opposite magnetic moment
orientation.
[1]
[2]
[3]

V. Kapaklis andU. B. Arnalds, A. Harman-Clarke, E. Th. Papaioannou, M. Karimipour, P. Korelis, A. Taroni, P
C. W. Holdsworth, S. T. Bramwell, and B. Hjrvarsson. Melting aritificial spin ice. New J. Phys, 14, 2012.
A. Farhan, P. M. Derlet, A. Kleibert, A. Balan, R. V. Chopdekar, M. Wyss, J. Perron, A. Scholl, F. Nolting, and
L. J. Heyderman. Direct observation of thermal relaxation in artificial spin ice. Phys. Rev. Lett.,
111:057204, Aug 2013.
Sheng Zhang, Ian Gilbert, Cristiano Nisoli, Gia-Wei Chern, Michael J. Erickson, Liam O/’Brien, Chris
Leighton, Paul E. Lammert, Vincent H. Crespi, and Peter Schiffer. Crystallites of magnetic charges in
artificial spin ice. Nature, 500:553–557, 2013.

Domain wall reflection and magnonic crystal
P Borys1, W Wang2, H Fangohr2 and R Stamps1
1

University of Glasgow, UK, 2University of Southampton, UK

Transmission and reflection from a magnetic domain wall in a ferromagnetic film with Dzyaloshinskii-Moriya
interactions (DMI) are calculated for long wavelength spin waves. We examine how DMI leads to a hybridization of
traveling and local modes associated with the wall, thereby also causing DMI induced reflection of spin waves
incident normally on the wall.
The DMI together with a domain wall structure is reminiscent of a potential barrier to spin wave propagation. With
this in mind, we show that regularly spaced magnetic domain walls in stripes can form a one dimensional magnonic
crystal. Spin waves can suffer Bragg scattering at the domain walls leading to formation of a band structure. Gaps
proportional in size to the DMI appear in the bands.
A spin wave theory excluding magnetostatic energies is used to illustrate the basic concept and obtain qualitative
results for the band structure. Example spin wave dispersions are shown in the figure. The formation of frequency
gaps is a result of the DMI and can be explained in terms of the transmission and reflection coefficients. Domain
walls in the interfaces allow the change of sign in the magnetization saturation.
In the absence of the DMI this domain walls correspond to a reflection-less potential for the spin waves, however
when the DMI is considered this is no longer the case and standing spin waves appear at the edges of the first
Brillouin zone.
A numerical micromagnetic approach is then used to study the dipole, and dipole-exchange energy and wavelength
ranges using parameters appropriate for magnetic stripes composed of Py/Pt.
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Figure. Magnonic crystal band structure calculated using spin wave theory. In b), gaps proportional to the DMI
appear in the frequency axis at the boundaries of the first Brillouin zone as opposed to a) where no DMI is
considered.
Coupled vortex dynamics in arrays of nanomagnets
W Yu1, P S Keatley1, P Gangmei1, M K Marcham1, S A Cavill2, J R Childress3, J A Katine3, and R J Hicken1
1
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Coupled vortex dynamics within arrays of square ferromagnetic nano-elements have been studied by time resolved
scanning polar Kerr microscopy (TRSKM). The nano-elements were fabricated upon a co-planar waveguide (CPW)
and excited by an in-plane RF magnetic field, while their magnetic response was probed by means of the magneto
optical Kerr effect using a focused laser beam of 400nm diameter. By imaging the arrays at a fixed phase of the RF
excitation the variation in the gyrotropic phase can be observed across the array. We demonstrate that TR polar Kerr
microscopy can be used to detect vortex gyration in square nanomagnets with size smaller (250nm) than the
focused beam diameter, and reveal the difference in the phase of gyration between elements within an array with
separation larger than the spot size. However, the formation of the vortex state is not always reproducible. In an
array with separation smaller than the beam size, coupling of the vortex gyration mode in only some elements was
observed by TRSKM. Micro-magnetic simulation reveals that for smaller separation, different combinations of
element ground states lead to different coupling of the gyration as well as beating. The beating is strongly affected
by the vortex polarity. This suggests that by carefully controlling the chirality and the polarity of the vortices, phase
locking can be achieved without high frequency beating. Control of the dynamic coupling between the vortex
gyrotropic mode within closely packed arrays has potential for phase locking of spin-torque vortex oscillators for onchip wireless microwave technologies.
Fabrication of micro-inductors using electrochemical deposition of magnetic alloy films
R Walker1, E Sirotkin1, J G Terry1, S Smith1, J Murray1, M P Y Desmulliez2 and A J Walton1
1

University of Edinburgh, UK, 2Heriot-Watt University, UK

The integration of magnetic materials with integrated circuit (IC) technology has huge potential for a wide range of
next generation device technologies. Highly efficient power conversion requires magnetic components, such as
matched inductors and transformers. Fabrication of high performance magnetics is not achievable using standard IC
processes and as a result, power conversion has traditionally been carried out using poorly matched, off-chip
magnetic components.
There is considerable interest in overcoming this limitation, which could lead to a future of on-chip power supplies
with improved device performance providing greener technologies, smaller packages and lower costs.
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This presentation will highlight the issues that arise when fabricating micro-inductor devices using processes that
are designed to be compatible with IC technology. The deposition of thick magnetic films, such as NiFe alloys, is
required that can only be practicably done by electroplating on to conductive seed layers. Of particular importance
is the film stress that can build up during the deposition of these thick layers.
Specially designed microelectronic mechanical test structures to wafer map strain will be reported in combination
with x-ray analysis. These enable the characterisation of film stress and how it is affected by the iron content of the
NiFe alloy films, and the effects of using non-magnetic and magnetic materials for the seed layer of the
electrodeposition. In addition, planar spiral microinductors have been employed to determine the enhancement in
electrical performance that the choice of seed layer can achieve as a result of enhanced magnetic and resistive
contributions.

Figure: Micro-inductor devices comprising copper windings and NiFe core, fabricated using IC compatible
processing, with plots of the achieved Q-factor (dashed lines) and Inductance, showing the importance of seed
layer choice, together with stress sensors and a wafer map of strain.
Modelling the HAMR process in a high anisotropy FePt granular thin film
L J Atkinson, R F L Evans, and R W Chantrell
University of York, UK
The heat assisted magnetic recording (HAMR) process has been simulated to investigate the associated physics.
The model uses a Voronoi construction to determine the physical structure of the nano granular thin _lm recording
media; and the Landau-Lifshitz-Bloch (LLB) equation is solved to evolve the magnetic system in time. The reduction
of the magnetisation is determined over a range of peak system temperatures and for a number of anisotropy
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values. The results show that the HAMR process is not simply magnetisation reversal over a thermally reduced
energy barrier.
To achieve full magnetisation reversal (for all anisotropies investigated) an applied field strength of at least 6000Oe
is required and the peak system temperature must reach at least the Curie point (Tc). When heated to Tc the
magnetisation associated with each grain is destroyed, which invokes the non-precessional linear reversal mode.
Reversing the magnetisation through this linear reversal mode is favourable, as the anisotropy field and intergranular fields (magnetostatic and exchange) are effectively removed and the barrier to reversal has been reduced
to overcoming the thermally induced superparamagnetic effects, which are similar for all anisotropies. Under these
conditions, as the temperature decreases to ambient, the magnetisation recovers in the direction of the applied
field, completing the reversal process. Also the model produces results which are consistent with the concept of
thermal writability; when heating the media to Tc, the smaller grains require a larger field strength to reverse the
magnetisation.
Time-resolved Kerr microscopy of coupled transverse domain walls in a pair of curved nanowires
P S Keatley1, W Yu1, L O'Brien2,3, D Read4,5, R P Cowburn3, R J Hicken1
1

University of Exeter, UK, 2University of Minnesota, USA, 3University of Cambridge, UK, 4University of Cardiff, UK,
5
Imperial College London, UK
Time-resolved scanning Kerr microscopy (TRSKM) has been used to image coupled transverse domain walls (TDW)
in a pair of closely-spaced, curved nanowires (NW). A pair of 300 nm wide NWs with 1.5 μm radius of curvature and
inner edge-to-edge separation of 30 nm were fabricated between the tracks of a Ti/Au(200 nm) coplanar stripline
that was used to apply an out-of-plane pulsed magnetic field. Electron-beam lithography was used to fabricate the
NWs from a thermally evaporated Ni80Fe20 (10 nm) film on a Si substrate. TDWs were nucleated at the point of
closest separation by applying a ~2 kOe in-plane magnetic field perpendicular to the NWs. The field was then
reduced to remanence (< 20 Oe). The response to a pulsed magnetic field was used to identify the ferromagnetic
resonance frequency (~3.9 GHz) within the domains to either side of the TDW. TR polar Kerr images, acquired at a
precessional antinode with a spatial resolution of ~500 nm, revealed reduced signal strength at the center of the
NW pair where the TDWs are expected to form. The NWs were next magnetized parallel to their length before TR
images were again acquired at remanence. The reduced Kerr signal corresponding to the TDWs was found to vanish
above a decoupling field of ~50 Oe in good agreement with simulation and previous reports. The results suggest a
new method by which the DC and RF decoupling fields of TDWs may be explored in closely spaced NW systems.

Keywords
Nanowire, Transverse domain wall, Magnetization dynamics, Time-resolved Kerr microscopy.
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Correlation of mechanical, high frequency magnetic, electrical and structural properties of electroplated
ferromagnetic films studied by automated wafer mapping
E Sirotkin, S Smith, R Walker, J G Terry and A J Walton
University of Edinburgh, UK
The electroplating technique is considered today as the most powerful and efficient manufacturing process for
producing of ferromagnetic films with thicknesses ranging from hundreds of nano-meters up to tens of micro-meters.
These ferromagnetic films are essential for design of micro-inductors, micro-transformers, flux-gates, MEMS
actuators and some other magnetic micro-devices. In this work we bring together simultaneous characterizations of
intrinsic physical properties of electroplated ferromagnetic films. The basic properties considered for the device
application usually include: permeability, electrical resistivity and mechanical strain. These parameters should be
measured versus film’s composition and thickness. Here by means of automated wafer mapping measurements we
demonstrate the correlation between mechanical strain, high frequency permeability, sheet resistance and chemical
composition. The spatial deviations of the film’s chemical composition and thickness over the wafer area are
normally causing the variations in the measured response parameters. Therefore these studies are essentially
required in order to (i) evaluate the distribution of the response parameters over the wafer and (ii) determine the
optimal compromise between magnetic, electric and mechanical stress properties favourable for the particular
device application. For example, in case of micro-inductor the mentioned above parameters will determine
respectively: inductance, resistive core loss and mechanical reliability. In order to assist such measurements the
special test mask has been designed (figure 1) and the corresponding automated test routines have been
implemented.

Figure1: (a) Floorplan of the single cell 5x5mm² of 4-inch photo-mask used for fabrication of the test structures. The
fragment includes: mechanical strain MEMS test structures (centre), high frequency permeability test structures
based on skin depth effect measurements (top and second bottom rows) and sheet resistance electrical test
structures (bottom row). The additional dummy areas are used for XRF measurements of the chemical composition
of the film in each point of the wafer. (b) Example of the wafer mapping for chemical composition of the
electrodeposited Ni80±xFe20±x film on silicon wafer.
[1]

Walton, A. & Smith, S., A Review of Test Structures for Characterising Microelectronic and
MEMS Technology, Advances in Science and Technology, 54, 356, p. 356-365
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Session: Soft matter and biomagnetism
(invited) Manipulating the dimensionality of molecule-based magnets
T Lancaster
Durham University, UK
Although the solid state provides many examples of model quantum systems, the role of disorder and the details of
atomic-scale chemistry hinder our ability to control the crucial parameters in any systematic way. Molecule-based
magnets are materials whose principal structural building blocks are organic molecules, and they embody a
quantum component (transition metal ions in well-defined geometries) coupling via a flexible and highly tunable
organic framework. Here I will discuss examples of where we have been able to manipulate the dimensionality of a
magnetic system, allowing us to tune from cases in which magnetic interactions are constrained to act within a
plane, to those where they act along a chain, to those where they act within effectively zero-dimensional clusters. I
will emphasise the use of muon-spin relaxation as a probe of these materials, which has allowed us to determine
magnetic ordering that is invisible to many conventional measurement techniques. This is especially useful in lowdimensional and frustrated magnetism where strong thermal and quantum fluctuations often make transitions to
states of long-range magnetic order difficult to observe. Muons also allow us a powerful insight into the transport of
excitations, which I will illustrate with the example of diffusion in one dimension.

Figure: (Left) Structure of [Cu(pyz)(gly)](ClO4) showing spin dimers; right: applied field-temperature phase diagram
showing regions of quantum disorder (QD), XY order and ferromagnetism (FM).
Investigation of spin crossover phenomena in solution-processable polymeric materials
G Bovo1, I Braeunlich2, W R Caseri2, N Stingelin1, T D Anthopoulos1, D D C Bradley1, K G Sandeman1 and P N
Stavrinou1
1

Imperial College London, UK, 2ETH Zurich, Switzerland

Under suitable stimuli some materials can exhibit electronic spin crossover (SCO), namely a transition from a lowspin to a high-spin state. The stimulus, often a temperature variation, may also result in a thermal hysteresis and
thereby a bistability that can be used in a memory device[1].
In the present work we have investigated thermal SCO in a class of polynuclear iron(II)-triazole derivatives where the
chemical properties can be tailored to achieve solubility in common solvents by adding appropriate sidechains to
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the main backbone[2]. Two different compounds have been studied, with short and long sidechains, to examine
how cooperativity between molecules is affected by the substituents. Characterisation of magnetic properties,
performed on powders, gels and pellets, serves to highlight the impact of the molecular environment on the SCO
behaviour.
In addition, thermal expansion measurements with a dilatometer provide a macroscopic measure of the hysteresis
in the volume change accompanying the transition, which reflects the expansion/contraction of the Fe coordination
sphere at the atomic level.
Solution processing of the materials has further enabled the preparation of smooth and continuous thin films which
were stable toward oxidation. Optical and electrical characterisations confirm the retention of SCO properties by
assessing the thermochromism and the dielectric behaviour at the micro and nanoscale.
[1]
[2]

O. Kahn, Science 1998, 279, 44.
O. Roubeau, Chem. Eur. J. 2012, 18, 15230.

Developing biotemplated nanoparticles for data storage applications
J M Galloway1, K Critchley1 and S S Staniland2
1

University of Leeds, UK, 2University of Sheffield, UK

Magnetic nanoparticles (MNPs) are used in technologies from data storage to cancer treatment. For these
applications, MNPs must have a uniform magnetic behaviour, so they must have a uniform size and shape.
Fabricating thin-films of MNPs for data storage usually requires high temperatures, clean-rooms, photolithography
and sputtering, which is costly and extremely energy intensive. Biotemplating molecules are able template specific
crystallographic phases to form uniform nanoparticles under physiological reaction conditions in vivo and in vitro.[1,
2] Here I will discuss recent work in which we showed that the biomineralisation protein Mms6 biotemplated high
quality magnetite nanoparticles when immobilised onto a patterned surface.[3, 4] This was the first time that
magnetic materials have been biotemplated onto surfaces. As magnetite has a low coercivity, these MNPs are not
suitable for use in data storage, so we have been using a biotemplating peptide to form CoPt onto surfaces.[5] We
are optimising the formation of the L10 phase of CoPt, which has a high out of plain magnetic anisotropy, so this
can be used in data recording. By using these bioinspired approaches, we should be able to create arrays of
biotemplated magnetic materials under mild reaction conditions that may be suitable for use in data storage.

[1]
[2]
[3]
[4]
[5]

J.M. Galloway et al., Chem. Eur. J. (2013) 19 8710.
J.M. Galloway et al., J. Mater. Chem. (2012) 22 12423.
J.M. Galloway et al., Small (2012) 8 204.
J.M. Galloway et al., J. Nano Res. (2012) 17 127.
J.M. Galloway et al., MRS Spring, San Francisco, USA (2013) 1569 LL02.
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Formation of octapod MnO nanoparticles with enhanced magnetic properties through kinetically controlled thermal
decomposition of polynuclear manganese complexes
F J Douglas1, D A MacLaren1, F Tuna2, W M Holmes1, C C Berry1 and M Murrie1
1

University of Glasgow, UK, 2University of Manchester, UK

Manganese oxide nanoparticles (NPs) have attracted substantial recent interest. In bulk form, MnO is
antiferromagnetic but as NPs it exhibits weak, low temperature ferromagnetism that varies inversely with particle
size and is attributed to the presence of uncompensated surface spins [1,2]. In addition, MnO NPs are regarded as
potential contrast agents for magnetic resonance imaging (MRI) studies since they can be functionalized and are
largely biocompatible [3]. Importantly, they give positive T1 contrast (rather than the negative T2 contrast of many
Fe-based agents), which may arise from the presence of surface Mn ions. For both magnetic and nanomedical
applications, there is therefore a strong rationale for the synthesis of non-spherical MnO NPs with a high surface to
volume ratio.
Here, we demonstrate polynuclear complexes to be advantageous in NP synthesis since they offer a new degree of
freedom that can be optimised for the formation of distinct morphologies. We describe the synthesis of unusual
‘octapod’ single-crystal MnO nanoparticles that are bounded by negativelycurved, out-of-equilibrium surfaces. The
increased surface area substantially enhances the NPs’ low temperature ferromagnetic behaviour compared to their
spherical counterparts. We also find the octapods to be readily functionalized with PEGDPA, retain good biological
cell viability and show great promise as MRI contrast agent across a wide particle range.

[1]
[2]
[3]

W. S. Seo, H. H. Jo, K. Lee, B. Kim, S. J. Oh and J. T. Park, Angew. Chem., Int. Ed., 2004, 43, 1115;
H. Na, J. Lee, K. An, Y. Park, M. Park, I. Lee, D.-H. Nam, S. Kim, S.-H. Kim, S.-W. Kim, K.-H. Lim, K.-S. Kim,
S.-O. Kim and T. Hyeon, Angew. Chem., Int. Ed., 2007, 46, 5397.
R. Xing, F. Zhang, J. Xie, M. Aronova, G. Zhang, N. Guo, X. Huang, X. Sun, G. Liu, L. H. Bryant, A. Bhirde, A.
Liang, Y. Hou, R. D. Leapman, S. Sun and X. Chen, Nanoscale, 2011, 3, 4943.

Magnetic transitions and critical performance in Cu-Guanidinium formate
S Han1, V Mohandos1, C Aristizabal1, F Pratt2, A Philips1, S Giblin3 and A Drew1
1

Queen Mary, University of London, UK, 2Rutherford Appleton Laboratory, UK, 3Cardiff University, UK

Cu-Guanidinium formate [C(NH2)3][CuII(HCOO)3] (CuGD), which is a metal-organic framework proveskite, has
been studied using the MuSR technique. This material is a potential ferroelectric, and its chain-like arrangement of
Cu ions results in 1D spin correlations at around 50K, before exhibiting long-range antiferromagnetism at 4.6K[1].
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The magnetic transitions and magnetoelectric coupling of this hybrid material are studied. The temperature
dependence of the MuSR spectrum are shown in Fig.1 (a) to (e). The
long-range magnetic order below Neel temperature is found to be complicated with five different oscillations
indicating five muon sites in this material. The critical behaviour of those five oscillations is studied and fitted to the
power law, shown in Fig.1(f). Based on MuSR measurement, both static and dynamic critical behaviors are
analysed. The critical component β is found to be from 0.3 to 1.23 and w is fitted to be 0.7. The low dimension
short-range correlation is also found in a larger temperature range (from above Neel temperature to 120K compared
to the case in the susceptibility measurement). Attracted by its multiferroic properties, the magntoelectric coupling
in this hybrid material is also investigated by measuring MuSR response when applying external electric fields.
However, we were unable to measure any electric field induced change to the magnetic properties of the material
with muons.

Figure 1 MuSR spectra at (a) 300mK, (b) 4.2K, (c) 6K, (d) 25K and (f) 150K . Oscillations indicating long range
magnetic order below Neel temperature is shown and short-range correlation from above Neel temperature to 120K.
(f) Cirtical performance of five oscillations in Cu-Guanidinium formate.
[1]

Z. W. Ke-Li Hu, Mohamedally Kurmoo and S. Gao, Chem. Eur. J 15, 12050 (2009).

Dipolar-driven magnetic ordering in a molecular nanodisc system
F L Pratt1, E Micotti2, P Carretta3, A Lascialfari3,4, P Arosio3,4, T Lancaster5, S J Blundell6 and A K Powell7
1

STFC Rutherford Appleton Laboratory, UK, 2Istituto di Ricerche Farmacologiche "Mario Negri" - IRCCS", Italy,
Universita di Pavia and CNISM, Italy, 4Universit degli studi di Milano, Italy, 5Durham University, Durham, UK,
6
University of Oxford, UK, 7Karlsruhe Institute of Technology, Germany
3

Magnetic ordering at 1.2 K in the molecular magnetic nanodisc system Fe19 has been detected using implanted
muons as a local magnetic probe. Two distinct groups of muon sites are identified from the two component muon
spin relaxation data, reflecting sites near the magnetic core and sites distributed around the periphery of the
molecule. Dipole field calculations and Monte Carlo simulations confirm that the transitions in the two known
members of the Fe19 family are consistent with magnetic ordering driven by interactions between molecules that
are predominantly dipolar in nature. The triclinic crystal structure and o_-axis easy spin direction of this system
gives the dipolar field a significant component transverse to the easy spin axis and the parallel component provides
a dipolar bias closely tuned to the first level crossing of the system. These factors enhance the quantum tunnelling
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between levels, thus enabling the system to avoid spin freezing at low temperatures and efficiently reach the dipolar
ordered state.

FIG. 1: (a) The S=35/2 spin arrangement within the Fe19 molecule resulting from superexchange between the 19
Fe atoms in the core. (b) The ordering pattern driven by dipolar interactions between the molecules.
Theoretical modelling of electronic structure and exchange interactions in metal-phthalocyanines
W Wu1,2, A Fisher2, N Harrison1, M Serri1, S Heutz1, T Jones3 and G Aeppli2
1

Imperial College London, UK, 2University College London, 3University of Warwick, UK

Organic magnets have recently attracted much attention owing to their chemical processibility, structural flexibility,
and long spin-lattice relaxation time. Understanding exchange interaction in organic magnets provides a key
foundation for quantum molecular magnetism, molecular spintronics, and quantum information processing [1-3].
We have systematically performed first-principles calculations using hybrid-exchange density functional theory for a
range of chain geometries in lithium- (spin-1/2), cobalt- (spin-1/2), chromium- (spin-2), and copper (spin-1/2)-Pc
molecular chains [1-2, 4-8]. In LiPc, we have found a spin density wave phase that could explain the previous
experimental results, and a large exchange interaction up to 1000 K [6]. A combination of experiments and
theoretical calculations has shown that in CoPc there is a high magnetic transition temperature well above the
boiling point of liquid Nitrogen [7,8]. This large anti-ferromagnetic interaction, which is due to the out-of-plane
orbital dz2, could be useful for spintronics and quantum information process. We have also assessed the potential of
CrPc (spin-2) to test the Haldane’s conjecture of the spin excitation gap in the integer-spin chain [9].
Our calculations have not only rationalized the related experimental results, but also provided important guidance
for the fabrication of spintronic materials with high-transition temperature and predicted interesting physics in these
organic low dimensional strongly correlated systems.
[1]
[2]
[3]
[4]
[5]
[6]
[7]
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Controlling spin-exchange at the organic/inorganic interface: On-surface magneto-chemistry
J Girovsky1,C Wäckerlin1, K Tarafder2, S-X Liu3, J Nowakowski1 , M Jaggi3, D Siewert4, A Shchyrba4, T Hählen1, A
Kleibert1, F Nolting5, S Decurtins3, P M Oppeneer2, T A Jung1 and N Ballav5
1

Paul Scherrer Institut, Switzerland, 2Uppsala University,Sweden, 3University of Bern, Switzerland, 4University of
Basel, Switzerland, 5Indian Institute of Science Education and Research, India
Spin-bearing magnetic molecules (e.g. metallo-porphyrins) provide interesting model systems to study the magnetic
exchange interaction at organic / inorganic interfaces as they are relevant for organic spintronics. Paramagnetic
metallo-porphyrins adsorbed on ferromagnetic substrates can acquire a sizable magnetic moment which is
stabilized by the spin-exchange interaction with the magnetic substrate [1]. The ordered magnetic moment can be
modified a) by varying the substrate-molecular interaction, e.g. by introducing a spacer layer [2,3,4] and/or b) by
coordination of the metal center ion with an external ligand (NO, NH3) [5,6]. Here we present four distinctly
different magnetochemical effects: spin reduction (Si > Sf), quenching (Si ≠ 0 -> Sf = 0), flipping (Si > 0 -> Sf < 0),
and spin induction (Si = 0 -> Sf ≠ 0) for different ad-porphyrins upon coordination with different chemical ligands.
Further, we employ synthetically directed self-assembly to fabricate a highly ordered, two-dimensional chessboardlike structure consisting of Fe and Mn spin-systems which is exchange-coupled to a suitable ferromagnetic substrate
[6]. On-surface magneto-chemistry [7] thereby provides a means to reversibly control the magnetic moments in this
Fe-Mn-Fe spin-chessboard lattice via the selective response of the two components to an ammonia ligand.
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[2]
[3]
[4]
[5]
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A. Scheybal et al., Chem Phys Lett 411, 214 (2005).
D. Chylarecka et al., J. Phys. Chem. Lett. 1, 1408 (2010).
C. F. Hermanns et al., Adv. Mater. 25, 3473 (2013).
J. Girovsky et al., Chem. Commun. (2014), accepted manuscript
C. Wäckerlin et al., Chem. Science 3, 3154 (2012).
C. Wäckerlin et al., Adv. Mater. 25, 2404 (2013)
N. Ballav et al., J. Phys. Chem. Lett. 4, 2303 (2013)

Manipulation of resistivity and molecular dynamics using ferromagnetic resonance and phonon injection in hybridmagneto-organic devices
M C Wheeler, T Moorsom, G Burnell, B J Hickey, O Cespedes
University of Leeds, UK
We have designed a new way to operate molecular devices, by using the phonons generated in ferromagnetic
resonance (FMR) to increase the conductivity of Co/C60/Au tunnelling devices. This method results in a resistance
change of 6 % as a result of phonon-assisted tunnelling through the organic C60 spacer (top right figure). The
decrease in resistance with microwave irradiation correlates well to phonon injection because the temperature
dependence of electron transport through C60 is hopping-like [1]. In order to study the induced changes in
molecular vibrations, we use an FMR set up that can be adapted to perform Raman spectroscopy measurements or
transport measurements simultaneously (left figure). FMR is generated with a parameter network analyser to source
the radio frequency (RF) pulses up to 26 GHz through a waveguide that has a sample face down on top. We
fabricated C60 on Co electrodes and performed Raman spectroscopy on the C60 with the Co on/off FMR (bottom
right figure). The quasi-particles generated during FMR are transmitted into the organic and cause shifts in energy
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and intensity of the vibrational modes of the C60. Here it is evident that the Ag(2) vibrational peak increases in
relative intensity compared to the Hg(7) and Hg(8) breathing modes, suggesting the Ag(2) pinch mode is excited as
a result of charging effects and changes in the molecular interactions due to phonons and/or spin waves being
transmitted into the C60.

[1]

M. Gobbi et al, Advanced Materials. 23(14):1609 (2011)
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Electron spin relaxation in organic semiconductors by muon spectroscopy
K Wang1, A Misquitta1, J Lord2 and A Drew1
1
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Identifying the individual contribution of spin-orbit coupling (SOC) and hyperfine interaction (HFI) to electron spin
relaxation (eSR) is a big issue in organic spinstronics. Measuring the electron spin relaxation as a function of
temperature, magnetic field, and targeted chemical substitution can differentiate between the individual
contributions, which requires reliable quantitative method. The muon has been shown to be a powerful probe of
intrinsic eSR in organic materials, especially in high fields, where the avoided level crossing (ALC) spectroscopy can
be applied [1,2]. In the low field limit away from the resonance, however, the interpretation of experimental data in
terms of muon dynamics remains elusive.
Motivated by an attempt to extract the magnetic field dependent eSR rate, from which the relative contribution of
the HFI and SOC mechanisms can be extracted, we have modelled the multiple mechanisms of muon spin
relaxation. Some of our recent experiments have shown that the theories that have been successfully applied in high
fields muon ALC resonance are incomplete or insufficient to explain the low field investigation. Therefore, we have
investigated a range of different dynamic models (eSR, electron hopping, the role of proton coupling, fluctuating
electronic wave function, and dynamics of a secondary electron) at a variety of characteristic frequencies on the
muon’s spin relaxation. We will compare this to our experimental data and show under what conditions it is possible
to extract the magnetic field dependent eSR at low fields.
[1]
[2]
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P.01 Magnetic and electrical properties of spinel Zn(Cr1-xVx)2O4 ( X=0,0.2,0.4,0.6,0.8,1.0 )
Y C Huang1, C C Chou1, Y K Yang1, D Y Chen1, H C Wu1, B L Lee1 and H D Yang1
National Sun Yat-Sen University, Taiwan
The spinel systems of ZnCr2O4 and ZnV2O4 have studied by the structural, magnetic and dielectric measurements. It
was observed that an antiferromagnetic transition at TN = 12.5 K on a polycrystalline ZnCr2O4. The other feature is a
dielectric peak appears at 50K. These features indicate that ZnCr2O4 might be a multiferroic system. ZnV2O4 has the
same structure with ZnCr2O4 and also has an antiferromagnetic transition about 48K and appears a peak at 40K.
Dielectric constant and magnetic susceptibility have been measured on the powder of Zn(Cr1-xVx)2O4, X=0,0.2,0.4,
0.6,0.8,1.0. Therefore, we synthesized Zn(Cr1-xVx)2O4, X=0,0.2,0.4,0.6,0.8,1.0 and studied multiferroic properties
for all series.
P.02 Anderson model for two different localized magnetic impurities d and f
P D Mobarakeh and T Rasing
Radboud University Nijmegen, The Netherlands
The Anderson impurity model (AIM) is an emergent many-body phenomenon that, even after years of study,
continues to unfold newer levels of insight and application in condensed matter physics especially stronglycorrelated electron physics. This model based upon the interaction between a localized magnetic impurity and the
spins of the conduction electrons of the host metal, in which the host metal was supposed as an electron gas and
the correlation between electrons ignored because of spatial divergence of s-orbital. Anderson added the impurity of
d-orbital kind to the S host metal and showed there is a sharp transition between magnetic and non-magnetic
region [1-3].
In this research work, I studied the magnetic properties of materials in electron-electron interaction frame for two
different localized magnetic impurities d and f by the use of perturbation and retarded Green function and Anderson
model. Embedding of two magnetic atoms in normal metal leads to variety of interesting effects. Two different
magnetic impurities which is coupled to the Fermi sea of the host metal may lose or not its magnetic properties, so I
used the Anderson model procedure for two different localized magnetic orbital impurities and could drive four self
consistent equations to analyze the necessary conditions for the presence or absence of magnetism in two different
localized magnetic states d and f in metals. Consequently, numerical analyze of Anderson model determines that
whether we can add another kind impurity to a nonmagnetic host metal to get a maximum magnetization or not. An
answer to this question leads to find the process of magnetic change for different impurities. After solving of
Anderson model for two impurities, we achieved the graphs with the correlation and symmetry results that would
help us to evaluate different impurities to reach the maximum magnetization. In a certain interval of energy, there
are some points in which their md and mf are correlated to magnetization tend from maximum to minimum (Fig. 1).
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P.03 Field induced long range magnetic order and percolation transition in Y2Cr1-xGaxSbO7
L Shen, E Blackburn, C Greaves and M Long
University of Birmingham, UK
Magnetism in pyrochlore oxides A2B2O7has been studied intensively over the past decades.The complicated
geometry gives rise to frustrated ground states, and this has led to discoveries such as spin ice. This also makes it
difficult to access a pure long range magnetic order in those systems. In Y2Cr1-xGaxSbO7the Cr3+is the magnetic ion,
andis diluted by the presence of both the Sb5+and the Ga3+to balance the valence on B site. A novel magnetic field
induced transition is detected in Y2Cr1-xGaxSbO7 (Figure 1). The magnetic frustration, which is often present in
systems such as Y2Mn2O7, Ho2CrSbO7at low temperature region, is also remarkably suppressed by nonmagnetic ion
doping. A percolation transition happens when x is between 0.2 and 0.4, which fits the theoretical prediction value
xc= 0.24.It would be helpful if we compare Y2Cr1-xGaxSbO7 with both Y2Mn2O7and Ho2CrSbO7: the absence of A-B
coupling and dilution of B-sites are indispensable. We think the complex Cr3+-Cr3+-exchange interactions and 1-D
Cr3+-chains could possibly be responsible for this unique behavior.

Figure 1. (LHS) Susceptibility against temperature scan of Y2CrSbO7 at (from top to bottom) : μ0H = 1T, 2T, 2.5 T, 3T
,4 T, 5T. The inset plots the critical temperature (extracted from differentiated χ – T curves ) versus field. (RHS)
Magnetic moment per unit cell against temperature of Y2Cr1-xGaxSbO7 at μ0H = 5 T. (From top to bottom: x = 0, 0.2,
0.4, 0.6, 0.8) Inset: critical temperature versus doping value x.
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P.04 Investigating the anomalous magnetic properties of the strongly coupled antiferromagnetic chain material
CsCoO2 using implanted muons
R C Williams1, T Lancaster1, F Xiao1, S J Clark1, N Z Ali2, M Jansen2 and S J Blundell3
1

Durham University, UK, 2Max Planck Institute for Solid State Research, Germany, 3Oxford University, UK

Oxocobaltates possess a diverse range of interesting and useful physical properties. The recently synthesized
material CsCoO2 comprises tetrahedrally coordinated 3d6 Co3+ ions, arranged in an infinite, two-dimensional
polyoxoanion of edge- and corner-sharing tetrahedra. The bulk magnetic properties of this material show some
intriguing magnetic features [1]. Canted antiferromagnetic order occurs below the transition temperature of 430 K,
reflecting very strong magnetic coupling. However, the interplay between a monoclinic distortion at around 100 K
and the magnetic structure is not fully understood.
Here we present the results of muon-spin relaxation (µSR) measurements of this system; the first local probe study
of the material. The appearance of clear oscillations below TN in the zero-field positron asymmetry confirms the
presence of long-range magnetic order [see Fig 1(a)], accompanied by critical behaviour characteristic of threedimensional magnetic interactions. Significantly, broad features in the magnetic behaviour were observed in the
muon asymmetry fit parameters around the anomalous 100 K region where the structural transition occurs. We will
also present Bayesian dipole moment analysis [2] and density functional theory calculations exploring the energies
associated with possible magnetic ground states.

Caption: (a) Decay positron asymmetry spectra, showing the clear single-frequency oscillations in the ordered
regime (the 210 K data are offset by 6 % for clarity). (b) The fitted precession frequency, with TN and the anomalous
region around 100 K indicated.
[1]
[2]

N. Z. Ali et al. Inorg. Chem. {51}, 12336 (2012).
S. J. Blundell et al., Physics Procedia {30}, 113 (2012).

P.05 Electromagnetic waves emitted in ferromagnetic Heusler alloy Ni2,14Mn0,81GaFe0,05 at phase transformations
A P Kamantsev, D V Kalenov, V V Koledov, D S Kuchin and V G Shavrov
Kotelnikov Institute of Radio-engineering and Electronics of RAS, Russia
In this paper we investigate experimentally the electromagnetic response and the ability to electromagnetic wave
self-radiation at a free surface of the ferromagnetic Heusler alloy Ni2,14Mn0,81GaFe0,05 sample in the wavelength
range of 8 mm. This alloy, as it is known, there are the following PTs: the 2nd order para/ferromagnetic (Tc = 90º C)
and the 1st order structural PT from austenite to martensite (Tm = 45 - 65º C) [1]. The original experimental setup
was developed for investigation of the radiation of the sample and separation of the contributions to radiation that
appears due to PT and the contribution due to change in the reflection coefficient of thermal radiation environment
in the range 28 - 32 GHz. It consist of Heusler alloy sample as a plate with dimensions 10x10x0.5 mm 3 with a
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temperature control system in the range from 0 to +120º C, magnetometer for in situ registering the magnetic
susceptibility of the sample, the radiometer with the waveguide in direct contact with the sample, circulator and
radiating load whose temperature can vary from room temperature to the temperature of liquid nitrogen. Miniature
temperature sensor is installed directly on the surface of the sample.

Fig.1. Temperature dependences of the magnetization and the radiation intensity of the sample.
[1]

A.A. Cherechukin et al., Physics Letters A, 291, 175 (2001)

P.06 Highly anisotropic thermal expansion in NiMn(Ge,Si)
O Baumfeld1, Z Gercsi1,2 and K G Sandeman1,3
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The MnP-type (space group Pnma) binary and ternary compounds are an ideal playground to study the interplay of
magnetism and structure. They show a rich variety of magnetic transitions ranging from complex non-collinear
antiferromagnetic (AFM) structures such as helical and cycloidal spin ordering to collinear and non-collinear
ferromagnetism (FM) and regimes of metamagnetism. Furthermore it has been shown theoretically and
experimentally that, although the complicated low symmetry structure allows for a vast number of different coupling
and exchange interactions, it is actually the nearest Mn-Mn distances which are dictating the strength of the acting
exchange interactions hence determining the magnetic ground state [1].
This study focuses on the NiMnGe1-xSix system which shows depending on the Si content helicoidal AFM (0 < x <
0.25), AFM-FM-type metamagnetism (0.3 < x < 0.55) or collinear FM (0.55 < x < 1) [2]. Due to the smaller atomic
radius of Si, its introduction decreases the lattice parameters in general and the nearest Mn-Mn separations in
particular. We examine in detail the changes in structure as a function of temperature and chemical composition by
means of high resolution neutron powder diffraction. We find a remarkable, quasi-one-dimensional thermal
expansion whose origin can be related to the Mn-Mn separations. The results are compared to magnetisation
measurements and theoretical calculations to investigate the relation between interatomic distances and magnetic
interactions.
The research leading to these results has received funding from the European Community’s 7th Framework
Programme under Grant agreement 310748 “DRREAM”.
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P.07 Critical fluctuations in the spin-orbit Mott insulators Sr2IrO4 and Sr3Ir2O7
J G Vale1, S Boseggia2,3, E C Hunter4 and D F McMorrow1
1
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Edinburgh, UK
The 5d transition metal oxides provide a novel route to exotic magnetic and electronic phenomena as a
consequence of the subtle interplay between the large spin-orbit coupling, electron correlation and local crystal field
present in these compounds. In particular the iridate perovskites Sr2IrO4 and Sr3Ir2O7 have been implicated as
examples of a potential Jeff = ½ state. [1-3]
We have demonstrated via resonant magnetic X-ray scattering at Diamond Light Source and PETRA III that the
critical fluctuations in the two compounds differ significantly; in Sr3Ir2O7 the critical fluctuations decay just above TN,
whereas for Sr2IrO4 the magnetic Bragg peak exhibits a remnant intensity significantly above TN. The in-plane
correlation length exhibits a crossover from 3D to 2D behaviour at high temperature; with the high temperature
behaviour consistent with the interpretation of a 2D Heisenberg antiferromagnet on a square lattice. This partly
differs from the work by Fujiyama [4], and suggests decoupling between the Ir-O layers and an anisotropy term in
the Hamiltonian that has not yet been considered for Sr2IrO4.
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B. J. Kim, Hosub Jin, S. J. Moon, J.-Y. Kim, B.-G. Park, C. S. Leem, Jaejun Yu, T. W. Noh, C. Kim, S.-J. Oh, J.H. Park, V. Durairaj, G. Cao, and E. Rotenberg, Phys. Rev. Lett. 101, 076402 (2008).
S. Boseggia, R. Springell, H.C. Walker, H.M. Rønnow, Ch. Ruegg, H. Okabe, M. Isobe, R.S. Perry, S.P.
Collins, and D.F. McMorrow, Phys. Rev. Lett. 110, 117207 (2013).
S. Boseggia, R. Springell, H. C. Walker, A. T. Boothroyd, D. Prabhakaran, D. Wermeille, L. Bouchenoire, S.
P. Collins, and D. F. McMorrow, Phys. Rev. B. 85, 184432 (2012).
S. Fujiyama, H. Ohsumi, T. Komesu, J. Matsuno, B. J. Kim, M. Takata, T. Arima, and H. Takagi, Phys. Rev.
Lett. 108, 247212 (2012).

P.08 Non-contact ultrasonic techniques for measuring magnetic phase transitions
R S Edwards, O Trushkevych and Y Fan
University of Warwick, UK
Ultrasonic measurements are an established technique for determining elastic constants of materials, and have
been used to measure phase transitions in magnetic materials. However, standard measurement techniques require
physical contact between the ultrasonic transducer and the sample, which can affect the ultrasonic propagation,
and the couplant required between sample and transducer can fail during thermal cycling. Recently, non-contact
ultrasonic transducers have been developed which operate using electromagnetic principles. Their non-contact
nature means that couplant is not required, and the transducer gives a more reliable measure of the ultrasonic
attenuation. In addition, the efficiency of generation and detection can be directly linked to the magnetic phase of
the material.
We present new, optimised electromagnetic acoustic transducers (EMATs) for measurements of single crystals at
cryogenic temperatures, and highlight their benefits by presenting results on magnetic materials including
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Gd64Sc36, an alloy which shows a series of magnetic phases. The EMATs are shown to provide additional
information related to the magnetic phase transitions, and results identify a conical helix phase in Gd64Sc36 in the
magnetic field orientation H//c.

P.09 Observation of dielectric anomaly near the magnetic phase transition in the spin-frustrated ZnV2O4
B L Lee, H C Wu, C C Chou, Y C Huang and H D Yang
National Sun Yat-sen University, Taiwan
The purpose of this study is to search for new multiferroic material in the spin-frustrated ZnV2O4. The geometrically
frustrated spinel ZnV2O4 prepared using solid state reaction method followed by annealing temperature up to 800
°C has been studied by x-ray diffraction (XRD), dielectric and magnetic measurements. An intriguing anomaly in
dielectric measurement near the magnetic phase transition is observed at 50 K. Moreover, the magnetization of
zero-field-cooled shows a broad peak at 8 K is like spin-glass-like behavior.
Topic: Soft matter and bio-magnetism
P.10 Anisotropy distributions in magnetic nanoparticles for hyperthermia applications
D Lloyd1, G Vallejo-Fernandez1 and K O'Grady1,2
1

University of York, UK, 2Liquids Research Ltd, UK

Hyperthermia in magnetic nanoparticles is due to hysteresis heating [1]. Thus, the role of anisotropy needs to be
understood. For magnetite nanoparticles the anisotropy is dominated by shape effects. The variation of the shape
anisotropy Ks with particle elongation gives rise to a significant distribution of anisotropy constants g(K) [2]. Figure
1 shows the temperature decay of remanence for a CGP ferrofluid sample containing magnetite nanoparticles
suspended in water. This measurement allows for the average value of K to be determined if the median particle size
is known.
[1]
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The grain size distribution was measured via TEM giving a lognormal distribution with Dm= 11.4nm and σlnD= 0.28.
This resulted in a median value of the total anisotropy Km = 1.3 x 105 ergs/cc. The data shown in figure 1 can then
be fitted to the distribution of D (f(D)) and a lognormal distribution of K (g(K)) [2]. This is shown in the solid line
through the data indicating that the standard deviation of the distribution of K (σlnK) = 0.5. Using an ellipsoidal
approximation, the shape anisotropy distribution was determined. The distribution of elongations ( h(r)) was found to
be lognormal with a median value rm =1.2 and σlnr = 0.71.

Figure 1: Temperature decay of remanence. At particles with the median volume are relaxing.
[1]
[2]

G. Vallejo-Fernandez, et al. J. Phys. D: Appl. Phys. 46 (2013), 312001
G. Vallejo-Fernandez, K. O’Grady. Appl Phys Letts 14 103 (2013), 142417

P.11 Magnetic imaging based on singlet exciton fission
M P P Hodges, N A Morley and D A Allwood
University of Sheffield, UK
We have developed a new form of magnetic imaging based on a photoluminescent phenomenon referred to in the
literature as the "magnetic field effect", which is exhibited by organic semiconductors.
In this work an 80 nm polycrystalline tetracene film was deposited onto a 20×20 mm silicon wafer via thermal
evaporation. The tetracene sample was placed in front of a pair of 5×5×5 mm NdFeB magnets measuring each. The
sample was illuminated with 500 nm light whilst a camera imaged the fluorescent sample both with, and without,
the magnets present. The difference of these images was calculated (figure 1) revealing two lobes of non-uniform
contrast produced by the magnetic stray field interacting with the tetracene film.
The phenomenon observed is understood to be due to a process known as "singlet exciton fission". When a
molecule in the singlet ground state (S0) interacts with a molecule in the first excited singlet state (S1) an
intermediate triplet-triplet dark state (TT) is produced. The spin configuration of the TT state can be modified via
field-modulated interplay between the Zeeman splitting and spin-spin interactions before dissociating into either a
pair of triplet excitons (T1), a triplet and a singlet exciton, or a pair of S1 and S0 excitons. As a molecule excited to
the triplet state cannot produce fluorescence, any change in fission rate from the influence of a magnetic field will
cause the fluorescence intensity to be modified.
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P.12 Direct measurement of spin polarization in ferromagnetic-C60 interfaces using Point-contact Andreev
reflection
F Al Ma'mari, K E Kendrick, M C Wheeler, G Burnell, B J Hickey, T Moorsom and O Cespedes
University of Leeds, UK
Carbon-based, organic semiconductors hold great promise for novel electronics and spintronics because of their
attractive physical properties, such as low spin orbit coupling and hyperfine interaction leading to long spin
lifetimes. Recently, C60 has been implemented successfully in magnetic tunnel junctions and significant
magnetoresistance (MR) values have been obtained at both low and room temperatures in barriers up to 100 nm
thick [1,2,3]. However, the mechanism behind spin injection into C60 remains elusive and yet to be fully
understood. Measuring the spin polarization of the magneto-organic interface [4] is a key step towards the
understanding and implementation of more sensitive devices. We have successfully shown that there is a change in
the spin polarization of magneto-organic interfaces using Point-contact Andreev reflection (PCAR) [5], which we
attribute to spin transfer from the metal into the organic semiconductor. The spin polarization using a modified
Blonder-Tinkham-Klapwijk (BTK) model [6] gives a polarization of 40±2% for Co and 28±2% for Co/C60. The 30%
reduction in spin polarization is attributed to orbital hybridization and spin polarized electron transfer from the metal
into the molecular layer. C60 has a large electron affinity, which will favor this transfer, and an antiferromagnetic
coupling has been predicted at the interface. We are working towards carrying out Meservey-Tedrow [7] and further
PCAR measurements on a range of C60 thicknesses to determine the spin diffusion length and further understand
spin injection into C60.
[1]
[2]
[3]
[4]
[5]
[6]
[7]
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P.13 RKKY interaction between localized magnetic moments in Graphene nanoribbons with zigzag edges
A Akbari-Sharbaf, G Fanchini and M G Cottam
University of Western Ontario, Canada
Localized magnetic impurity centres in graphene can interact through a process involving hopping of pi-electrons
[1]. Theoretical investigations were made for Ruderman-Kittel-Kasuya- Yosida (RKKY) interactions between localized
spins in infinite graphene sheets (see [2]). Here we present a modified RKKY formalism for semi-infinite and finitewidth graphene ribbons with zigzag edges. Specifically we investigate the edge effects on the interaction between
two localized magnetic moments, including their positional dependence, using a tight-binding Hamiltonian to
describe the hopping of the pi-electrons between adjacent sites and a contact term for interactions with the
localized moments. A set of Green's functions is formulated for this system and evaluated by a tridiagonal matrix
method using linear response. In general the excitation spectrum comprises modified bulk modes and localized
edge modes. We have found explicit analytical expressions for the RKKY interaction involving any two sites on the
grapheme lattice (including the edge). Our expressions for the contribution to the RKKY interaction from bulk modes
are dominated by the behaviour at the Dirac point, allowing an analytic expansion about this point. The results
demonstrate an anisotropy for the RKKY interaction between two moments depending on whether their vector
separation is parallel or perpendicular to the zigzag edge. This effect depends partially on the ratio of edge to bulk
hopping parameters, as well as the distances of the impurities from an edge.
[1]
[2]

A. Castro Neto et al., Rev. Mod. Phys. 81, 109 (2009).
S. Saremi, Phys. Rev. B 76, 184430 (2007).

Topic: Spintronics
P.14 Films containing some metallic cobalt exchange coupled to polarized defect states as a source of polarized
electrons for spin injection
X Li1, W Dizayee2, J R Neal, H Blythe2, S M Heald3, A M Fox2 and G A Gehring2
1

Shanxi Normal University, P. R. China, 2University of Sheffield, UK, 3Argonne National Laboratory, USA

Films of ZnO doped with cobalt show hysteretic properties at room temperature. The magnitude of the saturation
magnetisation is enhanced if the films are grown strongly n-type by growing oxygen deficient and by doping with
aluminium [1]. In some cases magnetic films have been found to contain nanoparticles of metallic cobalt that
appear to account for all the observed hysteretic behaviour at low temperatures [2] and in other cases [3] robust
magnetisation that is unrelated to the cobalt ions themselves and occurs in the absence of any metallic cobalt.
Optical magnetic circular dichroism (MCD) [4] indicates that in intrinsic samples the polarised electrons are located
at energies just below the conduction band in the gap of ZnO. This is a narrow band of electron states associated
with oxygen vacancies or ionised aluminium donors. The MCD spectrum expected for nanoparticles of cobalt is
located predominantly at energies well below the band gap and hence it is possible to separate the different
magnetic contributions using MCD [4,5].
The MCD may be used to measure hysteresis loops. If this is done at different energies the coercive field for the two
components may be measured separately. It is found that even when the coercive field is strongly temperature
dependent the two components have the same coercive field. This indicates that the cobalt nanoparticles are
exchange coupled to the spin polarised defect bands.
This allows us to explore the phase diagram that gives us a large coecivity at room temperature coupled with good
carrier density and mobility so that the spin polarised electrons in the defect band may be used for spin injection.
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We have found that films can be made by pulsed laser deposition with a small fraction of metallic cobalt clusters
and magnetisation in the ZnO matrix when metallic cobalt is used to fabricate the target. The presence of cobalt
nanoclusters is necessary to obtain a high coercive field at room temperature and the magnetisation of the matrix is
necessary to obtain spin polarised carriers. Some spin polarised transport has been observed in amorphous
granular alloys [5].
[1]
[2]
[3]
[4]
[5]

A.J. Behan et al Phys. Rev. Lett. 100, 047206 (2008)
M.Opal et al Eu. J. Phys. B 63, 437 (2008)
T. Tietze et al New J. Phys. 055009 (2008)
D.S. Score et al J. Phys. Conf. Series 200, 062024 (2010)
Z. Quan et al A.C.S Appl Mater. Interfaces 5, 3607 (2013)

P.15 Linear and nonlinear stationary ac response of the magnetization of nanomagnets in the presence of thermal
agitation and spin-transfer torques
D J Byrne1, W T Coffey2, Y P Kalmykov3, and S V Titov4
1

University College Dublin, Ireland, 2Trinity College Dublin, Ireland, 3Université de Perpignan Via Domitia, France,
4
Kotel’nikov Institute of Radio Engineering and Electronics of the Russian Academy of Sciences, Russia
Thermal fluctuations of nanomagnets driven by spin-polarized currents are treated via the Landau-Lifshitz-Gilbert
equation generalized to include both the random thermal noise field and the Slonczewski spin-transfer torque term.
The statistical moment method [Y. P. Kalmykov et al., “Spin-torque effects in thermally assisted magnetization
reversal: Method of statistical moments”, Phys. Rev. B 88 (2013) 144406] for the study of out-of-equilibrium time
independent observables of the generic nanopillar model of a spin-torque transfer (STT) device subjected to
thermal fluctuations is extended to the stationary time dependent observables arising from applied a.c. field. The
virtue of our solutions is that they hold for the most comprehensive formulation of the generic nanopillar model, i.e.,
for arbitrary directions of the external field and spin polarization and for arbitrary free energy density, yielding the
STT switching characteristics under conditions otherwise inaccessible. The dynamic magnetic susceptibility is
determined for an a.c. field of arbitrary strength.
P.16 Spin-current amplification in a lateral spin-valve
R M Abdullah1, A J Vick1, B A Murphy1 and A Hirohata1,3
1

University of York, UK, 2Japan Science and Technology Agency, Japan

The observation and manipulation of a pure spin current in lateral spin-valve (LSV) geometries are significant
approach for realising next-generation spintronic devices with ultra low power consumption [1]. However the use of
such geometry in the applications is still hampered by its small magnitude of the spin current. Therefore, spincurrent amplification is crucial. Our research focuses on amplifying the pure spin-current signal by introducing new
geometrical shapes for the first time.
A simplified model has been used to simulate the realistic spin diffusion transport in a two dimensional nonmagnetic (NM) nano-wire using a finite element method [2]. Figure 1(a) shows an example of a particular
geometrical shape in which the conventional NM straight nano-wire has been replaced by a new one with additional
triangular wings. The height ( ) and width ( ) of the wings are two key parameters in controlling of a amplification
factor of the spin signals in the LSV. Here, the amplification factor has been calculated by taking the differences
between the electrochemical potential ( ) of the electrons, moving in opposite directions from right to left in the LSV
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and vice versa. Figure 1(b) shows the amplification factors with respect to . This indicates that the maximum
difference can be achieved at
. We found that the optimum values are
and
for
. We will report the comparison with our experimental measurement.

Fig. 1. (a) Studied geometry and (b) obtained peak values of
(
)
[1]
[2]

from different

with

F. J. Jedema, A. T. Filip & B. J. van Wees, Nature 410, 345 (2001).
http://www.freefem.org/ff++/

P.17 New band-gap measurement technique for a half-metallic ferromagnet
T Alhuwaymel1,2, O Whear1, T Huminiuc1, M El-Gomati1, A Hirohata1,3
1

University of York, UK, 2National Nanotechnology Center, KACST, Saudi Arabia, 3Japan Science and Technology
Agency, Japan
Spintronic devices require further improvements in their spin-polarised electron sources, namely high spin
polarisation with Curie temperature (Tc) above room temperature (RT). Half-metallic ferromagnets (HMFs) can fulfil
such requirements due to their ability to exhibit 100% spin polarisation at the Fermi level.
In this study, we report our new method to measure the HMF band-gap optically (see Fig.1), which is sensitive to
both surface/interface and bulk regions of the HMF by controlling the light penetration. We demonstrate the
potential of our method by measuring the band-gap of Co2FeSi Heusler-alloy films, which are theoretically
predicted to be a HMF at RT1.
Co2FeSi thin films were deposited on MgO (001) and Si/SiO2 substrates by a sputtering system (Plasma Quest
HiTUS). Infrared (IR) light was introduced onto the Co2FeSi films at 45o from the film normal and reflected intensity
were measured at different wavelengths with and without applying a perpendicular magnetic field (~2.2 kOe). By
reversing the magnetic field with maintaining the circular polarisation of the IR light, the optical excitation become
sensitive to either the majority or minority spins. The difference in these signals provides the band-gap. The films
were repeatedly measured after annealing at 400oC up to 6 hours. The measurements show a peak at the
wavelength of 13.2 μm, corresponding to the Co2FeSi band-gap of approximately 0.094 eV. This is one order of
magnitude smaller than the value predicted previously (0.146 eV) using GGA calculations at 0K1. This technique
allows us to characterise the spin band-gap of half-metallic ferromagnets reproducibly.
This work was partially funded by the Royal Society.
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Figure 1: Schematic diagram of the experimental setup.
[1]

H. C. Kandpal et al., Appl. Phys. D 40, 1507 (2007).

P.18 Time resolved optical study of Spin Seebeck Effect (SSE) within a YIG/Cu/Ni81Fe19 trilayer
H J Mohamad1, U A S Al-Jarah1, L R Shelford1, R J Hicken1, S R Marmion2 and B J Hickey2,
1

University of Exeter, UK, 2University of Leeds, UK

Pure spin currents[1], for which there is no associated transport of charge, have the potential to control a new
generation of spintronic devices that are environmentally friendly and energy efficient. The Spin Seebeck Effect
(SSE) may be used to produce the necessary spin voltage[2,3], or spin accumulation, and has been observed in
spin-polarised metals, semiconductors and insulators. We present a new approach to the study of the SSE,
motivated by a proposal for a new optically activated data storage device[4]. Ultrafast laser pulses are used in a
pump-probe method to induce a large thermal gradient within a YIG/Cu/Ni81Fe19 trilayer, and then monitor the
magnetic response by means of the Magneto-Optical Kerr Effect (MOKE), as shown in Figure (1). The thermal
gradient within the YIG generates a spin current that passes through the Cu layer before being absorbed by the
Ni81Fe19 layer. The pump pulse also causes a partial ultrafast demagnetisation of the Ni81Fe19 layer that can excite
precessional magnetisation dynamics. The absorbed spin current exerts a torque that is expected to modify these
magnetisation dynamics. The results obtained from the trilayer are compared with those from reference YIG and Py
films so as to assess the size of the torque resulting from the SSE.

Figure (1): Schematic representation of the pump-probe technique used to study the spin Seebeck effect.
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P.19 DC measurements of spin and heat transport in lateral spin valves
J T Batley, J D S Witt, M C Rosamond, G Burnell, and B J Hickey
University of Leeds, UK
We have investigated the non-local spin and thermal transport properties of lateral Py/Cu/Py spin valves, fabricated
via shadow deposition. This technique utilises a double dose electron beam lithography method and suspended
resist masks enabling the growth of devices with clean interfaces. The transport properties were investigated by the
dependence of the non-local voltage on direct current injection, temperature gradients and applied magnetic fields.
We have explored both the charge and thermally driven spin injection employing different measurement geometries.
The conventional non-local current injection displays charge-induced spin accumulation. Changes in the non-local
spin signal with applied field have been observed with magnitudes up to 1.61 mV/A. Non-local measurements also
show a clear thermal background. This thermal signal is a consequence of heat transport across the spin valve and
apparent due to the difference in conventional Seebeck coefficients for Cu and Py.
Investigation into the dependence of non-local quantities on the separation of the magnetic current-injector and
detector electrodes provide information on spin and thermal diffusion. We obtain both the spin diffusion length and
temperature profile across our lateral spin valves as a function of temperature. These results show a close
relationship between the electronic and thermal phenomena within lateral device structures.

FIG. 1. Non-local spin signal at 280 K and 5 K as a function of applied magnetic field. Data has had offsets
subtracted for comparison.
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P.20 Temperature dependence of spin-orbit torque effective fields in the diluted magnetic semiconductor
(Ga,Mn)As
B Howells, K W Edmonds, R P Campion and B L Gallagher
University of Nottingham, UK
‘Spin-orbit torque’ (SOT) is the mechanism whereby a non-equilibrium spin density produces a torque on local
moments in a single magnetic layer with Dresselhaus and/or Rashba style spin-orbit coupling, and is parameterised
by the associated ‘effective fields’. SOT has generated much recent interest as it is an attractive approach to electric
control of a magnetic state, yet despite several theoretical[1] and experimental[2] studies, a full understanding of
this phenomenon is still lacking.
Here we investigate the temperature dependence of the SOT effective fields in the diluted magnetic semiconductor
(Ga,Mn)As. We apply current densities of +/-1.26MAcm-2 to generate SOT effective fields in our MBE-grown, 25nm
thick, 12% Mn-doped (Ga,Mn)As sample. External field sweep measurements are performed, and the sample’s
magnetization orientation, which is sensitive to the SOT effective fields, is recorded by the planar Hall effect. The
field sweep magnetic switching data is then fitted to by minimising the appropriate magnetic free energy equation
across the measured field sweep range, which allows the size of the SOT effective fields to be extracted. We find that
the Dresselhaus effective fields, which are of the order 0.1mT per MAcm-2, increase with temperature by a factor of
around 2.5 over a range of 27K-133K, while the Rashba effective fields remain constant with temperature within
experimental error.

[1]
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H. Li et al, App Phys Lett, vol 102, p192441, 2013
A. Chernyshov et al, Nature Physics, vol 5, p656-659, 2009

P.21 Fabrication and measurement of a lateral spin-transfer nano-oscillator.
B A Murphy1, A J Vick1, D Allwood2 and A Hirohata1,3
1

University of York, UK, 2University of Sheffield, UK, 3Japan Science and Technology Agency, Japan

Spin-transfer nano-oscillators (STNOs) are one possible future technology for GHz frequency operators [1]. The
novel geometry of the device that we present may also allow for broader applications the control of magnetic
nanoparticles for drug delivery [2]. We have produced a lateral STNO device, where the magnetisation of a
ferromagnetic disc is oscillated by the application of an alternating spin-transfer torque. The device was patterned
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using electron beam lithography and the metallic features were deposited using electron beam evaporation followed
by lift-off.
The resistance of the interface between the Permalloy (Py) and Cu channel was found to be of the order
1×1011Ωcm-2. Preliminary experiments have found the non-local spin signal in a 300nm Cu channel, ΔR/R, to be
0.6 ± 0.03. This predicates the possibility of manipulation of a ferromagnetic disc by the application of a spin
torque.
The oscillator was fabricated in the form of an ellipse of aspect ratio 4:3 with a 200nm major axis and expected to
contain a single magnetic domain due to the Py being 20nm thick [3]. An SEM image of the device is shown in
figure 1. The oscillator was overlaid with a Cu wire to deliver spin currents injected through two Py contacts. The Py
contacts were formed by a discontinuous horse shoe shape that encompassed the disc to encourage magnetic
coupling but avoid conduction to ensure opposing, non-interfering spin sources. The presentation will include the
results from the measurement of the device.

Figure 1. SEM image of the nano-oscillator.
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P.22 NiO based spintronic devices grown by MBE on MgO (100) and (111) surfaces
G Cheglakov1, A Ionescu1, H Reichlova2, J Wunderlich2, L Rokhinson3, J F K Cooper1, S Langridge4, C Kinane4, N
Steinke4, and C H W Barnes1
1

Cavendish Laboratory, UK, 2Institute of Physics ASCR, Czech Republic, 3Purdue University, USA, 4Rutherford
Appleton Laboratory, UK
Nickel oxide is a versatile material due to its useful electronic, magnetic and catalytic properties [1,2]. It is a
Mott insulator crystallising in the NaCl structure with lattice constant a = 4.1771 Å. The magnetic structure is type-II
fcc, i.e. ferromagnetic sheets of spins in the {111} planes, anti-ferromagnetically stacked along the <111>
directions. NiO has a Néel temperature of 523K and a band gap of 4.3 eV at room temperature [3].
These properties make NiO a promising material for applications in antiferromagnetic spintronic devices.
We present the growth of epitaxial NiO thin film by MBE in oxygen partial pressure on MgO (100) and (111)
surfaces. X-ray reflectivity/diffraction, X-ray photoelectron spectroscopy (Fig.1.a.) and RHEED techniques were used
to characterise the structural properties. Optical and resistivity measurements were performed to compare the films
with bulk. Furthermore, for envisaged spintronic device application structures of Ni/NiO and Fe0.8Ni0.2/NiO
Magnetism 2014
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(Py/NiO) were grown on MgO (100) and (111) to study the exchange bias interaction. SQUID magnetometry and
anisotropic magneto-resistance (AMR) (Fig.1.b./c.) were used to analyse the difference between NiO (100) and
(111) surfaces. The effect, which Py and Ni add to the heterostructures at different temperatures will be presented.
Polarised neutron reflectivity measurements were also performed in order to assess the magnetic interface between
the layers.

Figure 1: a) XRD and XPS of an epitaxial 64 nm NiO/MgO(100). b) Py/NiO/MgO(100) anisotropic magnetoresistance transport measurement. c) Schematic of the measurement set-up.
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P.23 Spin diffusion length of Vanadium measured in a lateral geometry
G Stefanou, J Batley, G Burnell and B J Hickey
University of Leeds, UK
Spin diffusion length (lsf), defined as the mean distance that electrons diffuse between spin-flipping collisions1, is
a key parameter in understanding spin transport. There is currently significant interest in the generation of pure spin
currents and in particular their interaction with BCS superconductor materials, such as Vanadium. In Vanadium the
spin diffusion length is approximately 40 nm as measured in Current Perpendicular-to-Plane (CPP) spin valves2.
Another common device geometry for such experiments is the non-local lateral spin valve3,4 in which the nonmagnetic middle electrode is typically copper, but may be replaced with superconducting materials. The problem in
measuring such a small spin diffusion length is that it requires the injector (F1) and detector (F2) to be separated
by a small distance leading to magnetostatic coupling between the two ferromagnetic electrodes.
In this work we discuss an optimised design of non-local lateral spin valve in which the ferromagnets (which are
made of Permalloy) are slightly tilted to overcome the problem of magnetostatic coupling. Our devices are
fabricated using a combination of electron beam evaporation through a shadow mask defined by electron beam
lithography in a PMMA/MMA resist and conventional optical lithography and lift-off techniques. The use of a 3-axes
sample rotation stage coupled with a base pressure 10-10 mbar permits a flexible device design whilst retaining
very clean interfaces between the Vanadium and Py electrodes. Fabricated devices are measured using standard DC
electrical transport measurements in a He flow cryostat. Here we report our latest measurements of the spin
transport in our Vanadium based non-local spin valves.
[1]
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Topic: Nanostructures & domain walls
P.24 Domain wall pinning in nanowires by exchange bias
I Polenciuc1, A Hirohata1,3, A Vick1, G Vallejo-Fernandez1, D Allwood4 and K O’Grady1
1
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The pinning of domain walls in ferromagnetic (F) wires is one possible technique for the creation of a solid state
magnetic memory [1]. Such a system has been under consideration for some time but one of the main limitations
is to achieve uniformity of domain wall pinning. Techniques such as the lithographic definition of notches and steps
in the substrate have had some success in creating uniform pins but have the disadvantage of being expensive to
fabricate and the reproducibility of the domain wall pinning strength is limited [1]. In this work we examine the
viability of a radical alternative strategy to create the pins using crossed F and antiferromagnetic (AF) wires such
that exchange bias can be introduced at the crossing points. Such a system has the advantage of relative ease of
fabrication and the possibility of creating domain wall pins of controlled strength by varying either the degree of
exchange bias or the angle of the exchange bias relative to the direction of the F wire such that the pinning would
align with the angle at which the domain wall forms. [2]

Fig. 1 Schematic of exchange bias racetrack memory device
[1]
[2]

S. S. P. Parkin, M. Hayashi and L. Thomas, Science 320, 190 (2008).
K O’Grady, A Hirohata, G Vallejo-Fernandez, Exchange Bias Racetrack Memory 1218010.5/2013
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P.25 Vortex domain wall logic-gates
K A Omari and T J Hayward
University of Sheffield, UK
Domain walls in planar magnetic nanowires (DW) have been shown to have potentially promising applications in
spintronic logic and memory devices [1]. Current designs predominantly exploit DW position to encode binary data.
However, the DWs also have an additional degree of freedom based on their internal spin orientation (chirality) that
could be utilized to process and store data, and has yet to be fully exploited.
Here we present micro-magnetic simulations of a novel nanomagnetic logic-gate architecture that utilizes the
magnetisation structure of vortex domain walls (vDW) to store and process information. The internal magnetization
structure of the vDWs has either clockwise or anticlockwise rotation, and these two spin structures are used to
represent binary data (1 and 0). vDWs representing input data are propagated through artificially defected
Permalloy nanowires using a swept magnetic field. Each vDW interacts with defect and junction sites in a manner
depending on their internal magnetisation state. The distinct pinning/depinning behaviour resulting from these
interactions then determines the magnetization state of the outputted vDW. We exploit this behaviour to successfully
demonstrate the operation of NOT, NAND and FANOUT logic-gates. These basic logic-gates can then be used to
build any logical architecture, and extended networks of nanowires could be used to perform basic spintronic
calculations.

Figure 1 : Results of micromagnetic simulations showing the operation of a NAND vortex DW logic gate. (Top): Anticlockwise vortex DW’s (0) are initialised at Inputs 1 and 2. (Bottom): A Clockwise vortex DW (1) is produced at the
output.
[1]

D. A. Allwood, et al., “Magnetic domain-wall logic,” Science, vol. 309, pp. 1688-1692, Sep 2005.

P.26 Growth optimisation of manganese ferrite films towards nanowire-based atom trapping applications
R C Bradley, D A Allwood and T J Hayward
University of Sheffield, UK
There is great potential for using ultra-cold atoms as quantum bits in quantum computing. We have previously
proposed a method where the stray field from a domain wall in a planar magnetic nanowire can be used to trap an
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ultra-cold atom. Thus far our calculations and experiments have been performed with Permalloy nanowires.
However, Johnson noise in metallic wires can cause relaxation of the spin-state of the trapped atom, leading to
reduced trap lifetimes. To overcome this problem, we will report on the optimisation of ferrite films for the desired
low coercivity/high resistivity properties. Fe3O4 and MnxFe3-xO4 thin films were deposited onto Si and MgO (100)
substrates using reactive DC magnetron sputtering. Compositional and structural measurements (X-ray diffraction,
X-ray photoelectron spectroscopy and Raman spectroscopy) confirm the successful deposition of spinel ferrite films.
Magneto-optic Kerr effect measurements show the coercivity decreasing by a factor of 3 (300 to 100 Oe) when the
substrate is changed from Si to MgO. Four point I-V measurements demonstrate a dramatic increase in resistance
as x is increased, thus showing that manganese doping provides the high resistance required to suppress Johnson
noise in nanowire-based atom traps. Finally, we will present magnetic measurements of nanostructures created
from these films, and discuss their suitability for use in atom trapping applications.
P.27 Piezoelectrically controlled domain wall creep in perpendicular Pt/Co/Pt
P M Shepley1, A W Rushforth2, G Burnell1 and T A Moore1
1

University of Leeds, UK, 2University of Nottingham, UK

Materials with perpendicular magnetic anisotropy (PMA) have applications in spintronics and nanoscale magnetic
devices, while piezoelectric materials can be used to control the magnetic properties of magnetostrictive materials
via strain. Piezoelectric strain has been shown to modify the magnetic properties of metallic thin films with in-plane
magnetisation [1] and magnetic semiconductors with PMA [2], thus allowing control of domain wall motion. Here
we combine Pt/Co, a model PMA system, with piezoelectric stressors to control domain wall creep motion at room
temperature. A sputter deposited Ta(4.5nm)/Pt(2.5nm)/Co(0.95nm)/Pt(1.5nm) film on 150μm thick glass was
patterned into a 50 μm wide Hall bar and mounted on a biaxial piezoelectric stressor. Application of 150 V to the
piezoelectric produces out-of plane strain of 8x10-4 (with isotropic strain in-plane), which reduces the PMA by 12
kJ/m3 (9 %), measured by extraordinary Hall effect (EHE). We measured domain wall velocity in the creep regime
by EHE at a range of fields and at stressor voltages from -30 V to 150 V (see figure below). The inset to the figure
shows how the pinning energy changes with stressor voltage. We find that the pinning energy barrier Uc is reduced
by 27% by application of strain.

[1]
[2]

N. Lei et al., Nature Communications (2013)
E. De Ranieri et al. Nature Materials (2013)
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P.28 Controlling magnetic domain walls in nanowires with perpendicular magnetic anisotropy
J P Morgan1, A Beguivin1, K Garcia2, L Herrera-Diez2, N Vernier2, D Ravelosona2, B Ocker3 and R P Cowburn1
1

University of Cambridge, UK, 2Université Paris Sud, France, 3Singulus Technologies, Germany

Domain wall (DW) motion in patterned nanowires forms the basis of emerging magnetic memory architectures.1
Materials with strong perpendicular magnetic anisotropy (PMA) possess narrow DWs, ideal for high-density currentdriven data manipulation, however lack the shape anisotropy effects used to control nucleation and pinning in
traditional “in-plane” materials. Reliable DW manipulation in PMA nanowires is hence crucial for developing nextgeneration devices.
We explore focused Ga+ beam irradiation2 and pulsed Oersted fields as means of controlling DWs in Ta(5
nm)/Co40Fe40B20(1 nm)/MgO(2 nm)/Ta(5 nm) wires, ~ 100 – 1000 nm in width, fabricated via sputter
deposition, milling and annealing.3 Spatially-resolved MOKE magnetometry was used to probe out-of-plane
magnetisation under a 10 Hz sinusoidal applied magnetic field.
Localised areal Ga+ doses ≥ 3 × 1013 ion/cm2 were found to reliably reduce PMA promoting local DW nucleation.
Independent of as-fabricated switching field (H0 ~ 100 Oe), DW injection into the nanowire from the irradiated area
occurs at ≈ H0/2, even for PMA-suppressing doses (4.6 × 1013 ion/cm2). Whilst comparable to the DW width in
scale, evidence is found that single pixel line irradiation (≈ 10 nm beam spot) can also create pinning sites, at
relatively larger doses.
Oersted field pulse-assisted switching was studied using overlaid Au wires. Such nanowires were found to be
efficient DW conduits, possessing a propagation field ≈ 10 Oe, ideal for further pinning studies.
[1]
[2]
[3]

Hrkac et al. (2011), Phil. Trans. R. Soc. A 369, 3214
Lavrijsen et al. (2010), APL 96, 222502
Burrowes et al. (2013), APL 103, 182401

P.29 Understanding and controlling stochastic domain wall depinning
T J Hayward
University of Sheffield, UK
Devices based on the controlled propagation of domain walls (DWs) in planar magnetic nanowires have been the
subject of a great deal of research interest. However, such technologies have been hindered by a number of
fundamental problems. One of the most serious of these is the problem of stochastic DW pinning/depinning
phenomena, where DWs arriving at artificial pinning sites randomly form a variety of magnetisation states, or may
even fail to pin altogether [1,2]. These phenomena ultimately must be understood and overcome if the potential of
DW devices is to be realised. While stochastic DW pinning/depinning is well recognised, its underlying cause has
yet to be fully explained, with possible explanations including dynamic transformations of DW structure when DWs
propagate above the Walker breakdown (WB) field [1], or thermally activated transformations of pinned Ws [2].
In this work we use stochastic micromagnetic simulations to comprehensively explain the phenomena of stochastic
DW pinning/depinning. We will show that these effects are the direct result of a complex interaction between
thermal perturbations and Walker breakdown phenomena. We probe dynamics in the viscous regime below WB, the
oscillatory regime above WB, and the turbulent regime observed at large applied fields, explaining how stochastic
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effects manifest in each one. Finally, we will describe two strategies that could be adopted to control stochastic
domain wall pinning, thus facilitating the further development of DW devices.
[1]
[2]

U. H. Pi et. al. Phys. Rev. B. 84, 024426 (2011)
M.Y. Im et. al. Phys. Rev. Lett. 102, 147204 (2009)

Topic: Magnetic structure and methods
P.30 Monte Carlo simulations for antiferromagnetically coupled spins on a triangular lattice
J Poulton1, C Bentham1, S George2 and G A Gehring1
1

University of Sheffield, UK, 2CERN, Switzerland

I sing spins on an antiferromagnetic triangular lattice are frustrated. There is partial order for S>3 where the ground
state order is as shown in figure one. Here the spins on sites ± indicate that Sz = ±S and the spins on sites R take

1
3

any value between S and +S at random. The entropy of this state is given by log e (2S  1) .
For small spins, this will become unstable as vortices can form leading to a higher entropy state. These vortices
occur when three spins on the R sublattice surrounding a central site take the same value as the central site,
leading to this central site becoming random.
We present information about the method of performing Monte-Carlo dynamics for finite spin systems and apply
this method to S=1 and S=3 systems using both Kawasaki and Glauber dynamics. We show Kawasaki dynamics
stabilizes the semi-ordered ground state for S=3 significantly more than Glauber dynamics, but that there is less
difference for S=1.
The sublattice susceptibilities show that when using Kawasaki dynamics there is good evidence of an ordering
transition for S=3 systems but not for S=1.

-

+
-

R
+

R
+

-

Figure 1- a small section of a spin S triangular lattice.

+
-

R

R
+

Figure 2- Spin 1 sublattice susceptibility, Kawasaki and Glauber dynamics.
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Figure 3- Spin 3 sublattice susceptibility, Kawasaki dynamics.

Figure 4- Spin 3 sublattice susceptibility, Glauber dynamics.
P.31 Atomistic spin model simulations of the magnetic properties of Nidoped ZnO
M Arucu1,2, R F L Evans2, T A Ostler2, R W Chantrell2 and S Aktas1
1

Marmara University, Turkey, 2University of York, UK

ZnO-based diluted magnetic semiconductors (DMS) have received a great deal of attention over the past few years.
Among all known transition metal(TM)-doped ZnO systems, Nickel-based materials have an important place. For
example, Wurtzite-structured ZnO, is used for applications in electronics, magnetic devices, optoelectronics,
photovoltaics and sensors. We have simulated the magnetic properties of Nidoped ZnO using a classical spin
model.
ZnO is a semiconductor with the hexagonal Wurtzite crystal structure, shown in Fig. 1(b). The crystal is randomly
doped with Ni atoms with the desired percentage, to give a diluted magnetic semiconductor. The exchange
interactions are given by the oscillatory RKKY interaction between spins, leading to a spin-glass like behaviour at
low densities. The temperature dependent properties were calculated using the vampire software package[1] using
a Monte Carlo algorithm[2]. A plot of the calculated temperature dependent magnetization for different densities is
shown in Fig. 1(a). The results show a critical dependence of the magnetization with increasing temperature arising
from the spin-glass nature of the material. At higher densities an antiferromagnetic ground state is apparent, arising
from the oscillating distant dependent nature of the exchange interactions. Further calculations include the field
dependence of the magnetization, field cooled magnetization curves, the effects of anisotropy and dynamic spin
dynamic properties.
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Figure 1: a) Magnetization as a function of temperature for a range of Nickel densities. b) A schematic of the
structure of ZnO used in the simulations.
[1]
[2]

http://vampire.york.ac.uk
R F L Evans et al, Atomistic spin model simulations of magnetic nanomaterials, J Phys Condens Matt
(2014) [In Press]

P.32 Ab initio study of piezomagnetic effect in Mn3NiN
J Zemen1, Z Gercsi1,2 and K G Sandeman1,3
1

Imperial College London, UK, 2Trinity College Dublin, Ireland, 3Brooklyn College, USA

The magnetocaloric and magnetoelastic coupling that often occur together in magnetically frustrated materials have
a great potential for practical applications ranging from magnetic refrigeration to data processing and storage. In
this theoretical work we focus on Mn3NiN from the Manganese-antiperovskite family [1,2]. Negative thermal
expansion (NTE) close to the Néel temperature and a large magnetovolume effect have been measured recently in
Mn3NiN using temperature dependent neutron powder diffraction [3]. At the same time a large piezomagnetic effect
has been predicted based on Density Functional Theory (DFT) calculations in a closely related compound Mn3GaN
[4]. We perform a comparative study of the piezomagnetic effect in Mn3NiN building on our previous DFT modelling
of a material exhibiting anisotropic thermal expansion and large magnetoelastic coupling [5]. Both Mn3NiN and
Mn3GaN have non-collinear antiferromagnetic ground states and relatively low spin-orbit coupling so the orientation
and magnitude of the local magnetic moments is sensitive to the lattice distortions mostly due to frustrated
exchange interactions rather than due to magnetocrystalline anisotropy varying with the underlying lattice
(magnetostriction). In our calculations we employ the projector augmented-wave (PAW) method implemented in
VASP code [6].
The research leading to these results has received funding from the European Community’s 7th Framework
Programme under Grant agreement 310748 “DRREAM”.
[1]
[2]
[3]
[4]
[5]
[6]

J.P. Jardin and J. Labbé, Journal of Applied Physics 52, 1627 (1981)
D. Fruchart and E.F. Bertaut, J. Phys. Soc. Jpn. 44 781 (1978)
M. Wu et al., Journal of Applied Physics 114, 123902 (2013)
P. Lukashev et al., Phys. Rev. B 78, 184414 (2008)
Z. Gercsi et al., Phys. Rev. B 88, 024417 (2013)
G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999)
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P.33 Geometrical integration for finite-element micromagnetic modelling
D Shepherd, J Miles, M Heil and M Mihajlović
The University of Manchester, UK
Calculations of the behaviour of ferromagnetic materials commonly use micromagnetic models, for example in the
design of new magnetic devices and in the interpretation of measurements. Dynamic micromagnetic models centre
around solving the Landau- Lifshitz-Gilbert (LLG) equation to determine the behaviour of magnetisation in a sample
over a period of time.
Two important physical aspects of the LLG equation are: constant magnetisation length and energy loss at a rate
governed by the damping constant. Time-integration schemes which conserve such physical properties typically
have reduced total numerical error accumulation[1], and are known as geometric integration schemes. This reduced
error allows larger time steps to be taken without reducing accuracy, thus speeding up simulations. Standard timeintegration schemes (for example, backward differentiation formulas) are not geometric for the LLG equation.
The implicit midpoint rule (IMR) is known to preserve the properties of the LLG equation mentioned above [2], and
therefore should be a fast and accurate time integration scheme for micromagnetics calculations. However it
requires a fully-implicit time-integration. Such a scheme has previously been developed for finite difference based
spatial discretisations but hybrid FEM/BEM schemes are typically solved semi- implicitly (explicit magnetostatic
field calculations coupled to an implicit LLG solver).
We have implemented an efficient fully-implicit FEM/BEM solver with computational cost per time step similar to
that of semi-implicit methods. This allows the full range of conservation properties of the midpoint rule to be
combined with the accurate resolution of non-trivial boundaries provided by the hybrid FEM/BEM method. Our
implementation uses GMRES with preconditioning to deal with the dense BEM block in the fully-coupled Jacobian.
We are also investigating similar preconditioners for the LLG equation itself.
We are in the process of characterising the effect of geometric integration and implicit/semi- implicit integration on
the overall accuracy and stability (and hence speed) of micro- magnetics solvers.
We have also designed and implemented an adaptive IMR algorithm which automatically selects appropriate time
step sizes. Standard techniques for time step adaptivity do not work on this case due to the fact that derivatives are
evaluated away from the times where the values are known. Our algorithm uses a predictor-corrector based scheme
to estimate the local truncation error at each step which is compared with the required accuracy to choose the
appropriate step size.
[1]
[2]
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P.34 Diffraction contrast corrected magnetic imaging in STEM
M Krajnak and S McVitie
University of Glasgow, UK
Development of new detectors in field free scanning transmission electron microscopy makes it possible to explore
new methods to allow potentially significant improvement in detection sensitivity providing increased signal to noise
for magnetic image contributions. In the current practice, differential phase contrast imaging uses a segmented
detector, which allows measurement of the Lorentz deection of the beam due to the in-plane magnetic induction of
the thin specimen [1].
We propose that using a pixelated detector will allow greater exibility in the measurement of the deflection,
particularly in separating out non magnetic signal contributions. For a sample of 20 nm thick polycrystalline
permalloy Fig 1 shows the improvement of in the imaging of a domain wall using a pixelated ((a) and (c)) and a
segmented detector ((b) and (d)). The wall profile is clearly visible in the former whilst the crystalline contrast, on
the 5-10 nm scale, dominates the signal in the latter.

Figure 1: a) image of domain wall in 20nm thick permalloy (pixelated detection), b) image of same wall (segmented
detection), c) line profile of domain wall (pixelated detection), d) same profile (segmented detection)
[1]

The investigation of magnetic domain structures in thin foils by electron microscopy, JN Chapman J. Phys.
D: Appl. Phys, 17 (1984), p. 623

P.35 Fabrication of high quality plan-view TEM specimens using the focused ion beam
K J O’Shea, C Ferguson, D McGrouther and D A MacLaren
University of Glasgow, UK
The focused ion beam (FIB) is an extremely versatile tool for the preparation of high quality specimens for
transmission electron microscopy (TEM) [1]. However, the fabrication of high-quality plan-view specimens remains
problematic, particularly in heteroepitaxial thin film systems, where alternative techniques such as back-etching or
deposition onto lattice-matched membranes are impractical. We present a plan-view specimen preparation
technique for epitaxial materials suitable for metallic, semiconductor and metal-oxide systems, not normally easily
accessible for TEM.
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We describe a technique using a FIB to fabricate high quality plan-view specimens for TEM studies (figure 1). The
technique is site-specific and is capable of fabricating large electron transparent windows within epitaxially-grown
thin films. A film of La0.67Sr0.33MnO3 is used to demonstrate the technique and its structural and functional
properties are surveyed by high resolution imaging, spectroscopy, atomic force microscopy and Lorentz microscopy.
The window is demonstrated to have good thickness uniformity and a low defect density that does not impair its
Curie temperature. The technique will enable the study of in–plane structural and functional properties of a variety of
epitaxial thin film systems.

Figure 1. (a) Schematic illustration of the plan-view TEM specimen preparation method. (c) TEM image of electrontransparent window showing bend contours and thickness fringes. (d) Diffraction pattern shows sharp spots with no
indication of damage.
[1]

R. M. Langford, Y. Z. Huang, S. Lozano-Perez, J. M. Titchmarsh, A. K. Petford Long, J. Vac. Sci. Technol. A
19, 2186 (2001).

Topic: Thin films I
P.36 Artificial magnetic quasi-crystal
D Shi1, C Marrows1, G Burnell1 and A Stein2
1

University of Leeds, UK, 2Brookhaven National Laboratory, USA

We have nanofabricated artificial magnetic quasi-crystals that allow us to study a model system that possesses
similar geometrical frustration to “real” system. A scanning electron micrograph of our Penrose tiling-based system,
built from single domain Permalloy islands using electron beam lithography is shown in Fig.1. Using magnetic force
microscopy, the spin configuration inside the array of islands was directly observed.
The collective behaviour of array in as fabricated state and rotational demagnetized state was investigated. Both of
these methods which have been performed on conventional artificial spin ices, and are regard as the most effective
ways could bring the system close to its ground state [1, 2].
We have also theoretically constructed the ground state of the Penrose pattern using unit decagons. The ground
state has massive degenerate states result of geometry frustration leading to particular spins being flappable with a
fixed skeleton. No close match to the ground state was found in our experiment. Order parameter was used to
evaluate how close the observed states were to the ground state. It turns out that the demagnetized state is more
ordered than as-grown state. I.e. more close to ground state.
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Fig.1 SEM of 2-D Penrose artificial magnetic Quasicrystal array
[1]
[2]

R. F. Wang, C. Nisoli, R. S. Freitas, J. Li, W. McConville, B. J. Cooley, M. S. Lund, N. Samarth, C. Leighton, V.
H. Crespi & P. Schiffer, Nature 439, 19 (2006)
J. P. Morgan, A. Stein, S. Langridge, & C. H. Marrows, Nature Phys 7, 75 (2011).

P.37 Crystal ordering of antiferromagnetic polycrystalline heusler alloy thin films
O Whear, T Huminiuc, A Vick and A Hirohata
University of York, UK
Heusler alloys have potential to produce materials with differing forms of magnetic order. The compositions Fe 2VAl,
Ni2MnAl and Cr2MnSb have been predicted to order in metastable antiferromagnetic (AF) states [1-3]. This leads to
the possibility of creating AF materials which could be used to form exchange bias structures in devices. These
alloys would have improved compatibility with the typical ferromagnetic layers used e.g. CoFe. It would also resolve
the issue of the scarcity of Ir which is commonly used in AF pinned structures.
Thin film samples of thickness 20nm were grown in a HiTUS sputtering system [4]. The samples were annealed in
vacuum (<10-5mbar) for 1-6 hours at temperatures in the range 300-1000oC to find the optimal conditions for B2
and L21 ordering. The films were measured using a Rigaku SmartLab X-ray diffractometer (XRD) 2-theta chi and pole
figure scan. A characteristic (2 2 0) peak was observed for each Heusler alloy and the lattice constant determined.
Phase diagrams showing the effect of the annealing conditions have been made for each of the Heusler alloys
grown. XRD scan results show that there are different phases present in the films, with dominant phases shown as
bands in the phase diagram.
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Fig. 1. Ordering phase schematic as a function of annealing conditions derived from XRD data. The text size
demonstrates the relative dominance of the ordering phase
[1]
[2]
[3]
[4]

Acet et al J. Appl. Phys. 92, 3867 (2002).
D. J. Singh and I. Mazin, Phys. Rev. B 57, 14352 (1998).
I. Galanakis et al, Phys. Rev. B 75 (2007), 172405.
M. Vopsaroiu et al, J. Phys. D: Appl. Phys. 38 490 (2005).

P.38 Development of magnetostrictive energy harvesters
G M Backman1, N C Nshuti1, N Rackham1, N Lupu2 and N A Morley1
1

University of Sheffield, UK, 2National Institute of R&D for Technical Physics, Romania

Being able to harvest energy from mechanical vibrations will provide an alternative solution to batteries, to power
wireless sensor networks. This work has used both computer modelling and experimental work to study the
magnetostrictive energy harvester. The modelling work used COMSOL to model different designs of energy
harvesters, to determine how the different dimensions and shapes (Figure 1), as well as different materials
influenced the natural frequency and the output voltage. This is important as the vibration frequency being
harvested will be unique to the application, and therefore the natural frequency of the cantilever should be matched
to this frequency, which is done by the design of the cantilever. For example for a 20m Metglas cantilever to be
optimised for a 50Hz mechanical vibration, the length and width should be 40mm and 10mm respectively, while for
a 100Hz mechanical vibration, the length and width should be 40mm and 20mm respectively. To achieve the lower
frequencies required for the applications different shapes (Figure 1) are being studied. The experimental work
investigated which magnetostrictive ribbons gave the largest output voltage as a function of vibration frequency. The
ribbons studied included Metglas (magnetostriction constant ~ 30ppm) and four different Fe-Ga ribbons
(magnetostriction constants ~90-130ppm). Thus designing the cantilever correctly is very important in achieving
the maximum power output of the device.
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Figure 1. Images of the different cantilevers investigated for the energy harvesters.
P.39 The temperature stability of the bubble lattices in ferrite-garnet films
J A Siryuk, A V Bezus and V V Smirnov
Donetsk National University, Ukraine
The temperature stability of the bubble lattices has been studied. It was shown that a value of the temperature
interval of stability T depends on the structure of domain boundaries of the bubbles. The investigations were
carried out on the films of different composition with the developed surface 111  . All films have the quality
factor Q  5 at room temperature. With such quality factor, a pulsed magnetic field H puls (perpendicular to the
film plane) creates vertical Bloch lines (VBL) in the domain boundary (DB) [1]. At the same method of forming the
bubble lattice, the number of VBL in the DB is dependent on the magnetic characteristics of the film at given
temperature, in particular, the saturation magnetization. The saturation magnetization is low near TN and TC
(fig.1); because of this a small number of VBL are formed in the bubble domain boundary. The hexagonal bubble
lattice is formed by H puls ; such lattice is equilibrium in the T forming. When the film temperature is changed, the

bubble lattice formed at a certain temperature TF is retained in the temperature range T  T1  T2 (fig.1). In
this case the number of VBL remains in the DB of bubble. As the T2 is approached, the number of VBL in the
domain boundary sharply decreases [2], which causes the the first-order phase transition (PT) in the domain
boundary, and, as a result, the bubble lattice undergoes the first-order PT to the two-phase structure [3]. As the T1
is approached, the bubble lattice undergoes the first-order PT with decreasing number of domains [3]. The width of
the domain boundary increases. The number of the VBL decreases by their untwisting, i.e., a second-order PT occurs
in the DB. The temperature interval of stability of the hexagonal bubble lattice formed by H puls near TN , i.e., with a
small number of the VBL, is maximal. The hexagonal bubble lattice cannot exist near the critical points (i.e., the TN
and the TC ). At these temperatures an amorphous bubble lattice is observed. The amorphous lattice can be formed
at any T , acting on the hexagonal bubble lattice by a planar field that undoes the VBL in the domain boundary
interior. The experiments show that any amorphous bubble lattices have the widest temperature range of stability.
Thus, the temperature stability of the bubble lattices depends on the number of vertical Bloch lines in the domain
boundary of bubble.
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Fig. 1. Temperature dependences of (1) the saturation magnetization 4πMS, (2) the characteristic length l, and (3)
the bubble parameter a of film.
[1]
[2]
[3]

A.Malozemoff, J.Slonczewski Domennye stenki v materialah s tsilindricheskimi magnitnymi domenami. Mir,
Moscow (1982).
F.G.Bar'yakhtar, A.I.Linnik, A.N.Prudnikov, E.F.Khodosov Fiz.Tverd.Tela., 27, №8, (1985) 2503.
Ju.A.Siryuk, A.V.Bezus Fiz.Tverd.Tela., 55, №3, (2013) 547.

P.40 Coercivity enhancement in thin perpendicularly magnetized co films by Ga + ion irradiation
M Hari1, S J Bending1, P Heard2 and T Moore3
1

University of Bath, UK, 2University of Bristol, UK, 3University of Leeds, UK

We have recently observed an irradiation-induced increase in the coercive field, HC, of
SiO2/Ta(4nm)/Pt(3nm)/Co(0.85nm)/Pt(1.8nm) thin film multilayers at low ion doses. As the Ga+ ion dose is
increased the coercive field peaks and then falls quite rapidly. This is in contrast to the established lore that the
coercivity of sub-nanometer thick Co films in Co/Pt multilayers decreases upon increasing the Ga+ ion irradiation[1].
Our samples were patterned into 2mm wide Hall crosses using optical lithography and Ar ion milling and EHE
measurements performed to characterize the M-H behavior. HC for unirradiated Hall crosses was typically ~100Oe
and a range of Ga+ dose levels spanning 0 -0.144 pC/mm2 was explored. We have also performed very careful AFM
measurements on our films after irradiation. A clear correlation between high surface roughness and high coercivity
at very low doses is observed. In this regime we believe that the impinging Ga+ ions promote the formation of
nanoscale regions of ordered alloy at the Co-Pt interface[2], leading to higher roughness and larger interfacial
strain.
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[1]
[2]

C. Vieu et al . , J. Appl. Phys. 91, 3103 (2002).
J. Jaworowicz et al . , Appl. Phys. Lett. 95, 022502 (2009).

P.41 Magnetic characterisation and transport properties of FeRh thin films
J Warren, C Barton, E W Hill and T Thomson
The University of Manchester, UK
Fe0.5Rh0.5 alloys exhibit a first-order hysteric phase transition from an antiferromagnetic (AF) to a ferromagnetic
(F) phase if heated through a critical temperature ≈ 370 K. This behaviour is both highly unusual and scientifically
interesting, with potential applications in data storage, specifically heat assisted magnetic recording and roomtemperature antiferromagnetic memory resistor technology. In this work we present a study of FeRh thin films as a
function of thickness in the range 10 – 40 nm. The samples were fabricated by dc magnetron sputtering onto MgO
(001) single crystal substrates. Our initial experiments were undertaken on FeRh 15 nm thick films where a 2 nm Pd
cap layer was added to inhibit oxidation. Magnetometry measurements (1 T field applied perpendicular to the
plane, temperature swept from 300 K to 375K) show a transition at 350K. The transport properties were determined
using an in-line four-point probe methodology to measure the resistivity of the sample, with the temperature
measured simultaneously using a thermocouple. An in-plane field of ≈ 0.65 kOe was applied in order to align the
newly created ferromagnetic regions. The samples were steadily heated from room temperature to 465 K. Below the
transition temperature normal metallic behaviour was observed. The onset of the transition was observed at 315 K
and the resistivity dropped until the maximum temperature was reached. During the subsequent cooling cycle the
resistivity increased with a slight hysteresis. Work is ongoing to correlate the magnetic and electrical measurements
to create a full understanding of the magnetic and transport properties.
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Fig.1: Temperature dependence of resistance for a Fe0.5Rh0.5 15 nm thick film sputtered on an MgO (001) single
crystal substrate. The arrows indicate the heating and cooling data respectively.
P.42 Anomalous hall effect in thin film devices exhibiting perpendicular magnetic anisotropy
J Wells1, H Corte-León1, J P Morgan2, A Beguivin2, R Cowburn2, K Rott3, G Reiss3 and O Kazakova1
1

National Physical Laboratory, UK, 2University of Cambridge, UK, 3Universität Bielefeld, Germany

Controlled manipulation of magnetic domain walls (DWs) within nanodevices promises great potential for data
storage and novel sensors. Minimising energy consumption is critical to future implementation. Recently, attention
shifted towards nanostructures patterned from materials engineered to exhibit strong perpendicular magnetic
anisotropy (PMA). DW devices using PMA materials appeal due to high thermal stability and reduced current density
necessary to induce DW propagation. We report comparisons of nanodevices made of two different PMA materials
through a combination of magnetic imaging and magnetotransport (Anomalous Hall Effect (AHE)) measurements.
The first material is a [Co 0.45nm/Pd1.8nm]9 multilayer, which is known to exhibit strong PMA with highly
rectangular magnetisation switching in the out-of-plane direction [1]. The second, which exhibits weaker PMA,
comprises Ta(4nm)/Pt(x)/CoFeB(0.6nm)/Pt(2nm), where x=3, 5 and 10 nm. This low coercivity PMA material
produces narrow DWs [2], which can assist current driven DW motion [3] .
AHE measurements of devices during magnetisation reversal were conducted. DW nucleation sites were induced by
creating physical defects. Samples were characterised using focussed MOKE microscopy and magnetic force
microscopy (MFM) under a range of fields. These results are correlated with the AHE transport measurements. The
effect of current densities up to 3x1011 A m-2 on DW motion was investigated. Local heating produced by high
current densities was probed using high-resolution thermal imaging. The effects of varying field sweep rates were
investigated. Presented results indicate potential for these materials to be implemented in future devices as more
understanding and control are gained through our studies.
[1]

V. Keskin, “Temperature and Co thickness dependent sign change of the anomalous Hall effect in Co/Pd
multilayers: An experimental and theoretical study,” Appl. Phys. Lett. 102 022416, 2013.

[2]

P. J. Metaxas, “Creep and Flow Regimes of Magnetic Domain-Wall Motion in Ultrathin Pt/Co/Pt Films with
Perpendicular Anisotropy,” PRL 99, 217208, 2007.
G. Tatara, “Theory of Current-Driven Domain Wall Motion: Spin Transfer versus Momentum Transfer,” Phys.
Rev. Lett. 92, 086601, (2004).

[3]
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P.43 Magnetically doped topological insulator thin films
L J Collins-McIntyre1, A A Baker1, A Figueroa-Garcia2, M D Watson1, A Coldea1, C J Kinane3, N J Steinke3, T Charlton3,
S Langridge3, G van der Laan2 and T Hesjedal1
1

Clarendon Laboratory, UK, 2Diamond Light Source, UK, 3STFC Rutherford Appleton Laboratory, UK

Topological insulators (TIs) have gained strong interest from the scientific community as a new class of materials
with fascinating yet exotic physical properties. They offer a great potential for applications in the field of spintronics
and quantum computation. TIs host a gapless topological surface state (TSS) which exhibits a Dirac-cone like
dispersion. The TSS is protected by time-reversal-symmetry (TRS) which leads to a suppression of scattering
mechanisms.
We investigate the influence of 3d transition metal dopants on the structural, magnetic and electronic properties of
the TIs Bi2Se3 and Bi2Te3. The introduction of such dopants into the binary alloy breaks the underlying TRS,
prompting the formation of a gapped surface state. We present results from structural (X-ray, RBS & microscopy),
magnetic (SQuID, PNR & XMCD) and electronic transport measurements characterising thin film samples grown by
molecular beam epitaxy (MBE). It is found that increasing dopant concentrations increase the level of disorder in
the host lattice. Magnetic studies reveal short-range order with the easy axis of magnetisation lying in the plane.
PNR studies reveal magnetization that is inhomogenous across the depth of the sample. XMCD at the Mn L2,3 edges
is performed revealing a mixed d4-d5-d6 character magnetic ground state. This work lays the foundation for future
work on refining the material preparation methods and for the development of TI-based device applications.

Figure 1 - Temperature dependent XMCD of the Mn L2,3 edges.
P.44 Magnetic characterisation of polycrystalline heusler alloys
T Huminiuc, O Whear, A Vick and A Hirohata
University of York, UK
Heusler alloys have significant potential for application in spintronic devices because of the near 100% spin
polarisation at the Fermi level. There are a large range of heusler alloys, some of which exist in a ferromagnetic [1]
state and others which are predicted to have a antiferromagnetic state [2]. The possibility of producing an
antiferromagnetic Heusler alloy would give a material suitable to create an exchange bias pinned layer and a source
of spin polarised electrons. The standard material used to create an exchange biased pinned layer is Iridium which
is a scares element. Fe2VAl, Ni2MnAl and Cr2MnSb were the chosen alloys for which the structural and magnetic
propetires have been studied. Thin films of these materials were deposited using a HiTUS sputtering system [3]. The
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thickness of the films was 20 ± 2 nm. The samples were annealed in a vacuum tube furnace at a base pressure of
10-5mbar at temperatures in the range 300 to 1000oC.
Prior to annealing the samples exhibited a paramagnetic response. It is predicted that the B2 phase of the Heusler
alloys may develop an antiferromagnetic structure. The degree of B2 ordering increases with both annealing time
and annealing temperature. However for the case of Ni2MnAl the magnetic response becomes ferromagnetic after
four hours annealing at 400oC as shown in Figure 1. Fe2VAl also exhibits weak ferromagnetic behaviour after
annealing at temperatures above 500oC. In this latter case we find that this ferromagnetism is the result of Fe
segregation.

Figure 1: The change in magnetic properties of Ni2MnAl after 4 hours of annealing at 400 °C
[1]
[2]
[3]

H. Endo et al, J. Phys. D: Appl. Phys. 44 (2011)
D. J. Singh and I. Mazin, Phys. Rev. B 57, 14352 (1998)
M. Vopsaroiu et al, J. Phys. D: Appl. Phys. 38 490 (2005)

P.45 Growth of cobalt manganese aluminum thin films by pulsed laser deposition
N Skaff, S Isber and M Tabbal
American University of Beirut, Lebanon
Heusler alloys constitute an important class of half metallic ferromagnets that are suitable candidates for room
temperature devices due to their high degree of spin polarization, their structure that matches most of zincblende
semiconductors, as well as their high ferromagnetic transition temperature (>600K). In this work, we are proposing
to investigate the synthesis of Heusler ferromagnetic alloys (Co2MnAl) thin films by the Pulsed Laser Deposition
(PLD). Our goal is to determine the changes in the structural properties of the films as a function of growth
parameters such as laser energy, deposition time and deposition temperature. The films were grown on n-type GaAs
(100). Several characterization techniques were used to characterize the layers. Rutherford Back-Scattering data
show that, with careful adjustment of laser energy, PLD is capable of producing films with a stoichiometry very close
to that of the polycrystalline Co2MnAl. Deposition rates show increase with laser energy except for films grown at
600 oC. At such a temperature, the detected decrease of growth rate with laser energy could indicate re-sputtering
of the growing layers. X-Ray Diffraction analyses show that films grown at 500 oC have a better crystalline quality
than films grown at 400 or 600 oC. This observation is further supported by the AFM images that show well defined
grains with sizes of around 150 nm. The effect of growing a thin buffer layer of GaAs on the GaAs substrate on the
crystalline quality and stoichiometry of the pulsed laser deposited Co2MnAl films will also be discussed.
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P.46 Nonreciprocity in the Goos-Hanchen effect on reflection of antiferromagnets
R Macedo1, R L Stamps1 and T Dumelow2
1

University of Glasgow, UK, 2Universidade do Estado do Rio Grande do Norte, Brazil

Nonreciprocal effects on reflection of magnetic structures have attracted considerable attention in the past
decade[1]. The Goos-Hanchen shift can be thought of as a lateral displacement D of the reflected beam from the
position predicted by geometrical optics [2]. This effect can occur in antiferromagnetic crystals close to the magnon
resonance frequencies [3] and it can show nonreciprocity in the presence of an externally applied magnetic field, so
that D(+ 1) 6= -D(- 1), where _1 represents the angle of incidence. In this work we consider the behavior of
electromagnetic beam obliquely incident on the surface of an antiferromagnetic crystal (MnF2) whose easy axis lies
in the plane of incidence, parallel to the crystal surface. In the absence of an external field, the resulting shift has
the same magnitude for both positive and negative incident angles. We show that the magnitude of the shift may be
different for opposite incidence angles when an external magnetic field pointing perpendicular to the incidence
plane is applied, due to nonreciprocal effects. As we can see in Fig. 1, at a particular given frequency the shift in the
reflected beam can have different magnitudes depending on the sign of 1. These nonreciprocal effects also lead to
a lateral shift of the reflected beam at normal incidence.

Figure 1: Calculated overall power intensity (in terms of the magnitude of the time-averaged Poynting vector)
showing intensities for a beam of width 0.2 cm obliquely incident in vacuum/MnF2 interface at frequency 9.125 cm
1 in the presence of a magnetic field of 1.5 T. (a) i = + 60° and (b) i = - 60°
[1]
[2]
[3]

N. S. Almeida and D. L. Mills, Phys. Rev. B 37, 3400 (1988).
Goos F and H•anchen H, Ann. Phys. 1, 333 (1947)
F. Lima, T. Dumelow, E. L. Albuquerque, and J. A. P. da Costa, J. Opt. Soc. Am. B
28, 306 (2011).

P.47 Linear field demagnetisation of artificial magnetic square ice
J P Morgan1, A Bellew2, A Stein3, S Langridge4 and C H Marrows2
1

Univeristy of Cambridge, UK, 2University of Leeds, UK, 3Brookhaven National Laboratory, USA, 4STFC Rutherford
Appleton Laboratory
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Artificial spin ices form part of a prominent contemporary research movement in which 2D arrays of nanomagnets
are designed and patterned to enforce geometrical frustration and competing interactions1-3. The shape anisotropy
of elongated single-domain ferromagnetic elements allows for the behaviour of bulk frustrated materials (such as
water ice and spin ice) and model Ising systems common to statistical mechanics to be mimicked. Possessing a
“designer” Hamiltonian, ground state (GS) access has formed an important focus of their study. Field- and
thermally-driven protocols have been utilised to coerce such systems into well-defined states.
We report magnetic force microscopy studies which address the magnetic square ice states formed under a linearlydecreasing rotating in-plane field. The nanomagnets are 85nm by 280nm in area, with a thin film structure of
Ti(3nm)/NiFe(26nm)/Al(2.5nm). Contrary to previous reports2, the strongest bulk GS ordering yet reported following
a field-driven process is found, achieved by tuning the system’s lattice constant and the protocol’s field ramping
rate. The ordering strength is attributable to sufficiently low levels of quenched disorder (inherent from
nanopatterning) relative to dipolar interaction strength as well as a characteristic field step.
The domain structure, formed due to the doubly degenerate square ice GS, is comparable to that reported following
thermal annealing, with domains large enough to study further the field-response of the GS and phase boundaries.
[1]
[2]
[3]

Morgan et al., (2011) Nature Physics 7, 75
Morgan et al., (2013) Frontiers in Condensed Matter Physics 1, 28
Wang et al., (2007) JAP 101, 09J104

P.48 Weak anti-localization behavior of high mobility 2d hole gas in a strained Ge QW heterostructure
J Foronda, C Morrison, M Myronov, J E Halpin, S D Rhead and D R Leadley
University of Warwick, UK
Ge is a promising platform for future semiconductor based spintronics, particularly in p-type devices. Along with its
high hole mobility, the Dresselhaus Spin Orbit (SO) interaction is absent, which causes additional spin relaxation in
III-V materials. Ge also has a higher Rashba Spin Orbit interaction than Si. This is vital to the operation of the
proposed spin field effect transistor, which uses the Rashba effect to control spin precession via the application of
an electric field. The strength of this spin orbit interaction can be extracted from magnetoresistance curves when
weak localisation (WL) or weak anti-localisation (WAL) is present. WL is a quantum effect that occurs at low
temperatures and low magnetic fields, in which the resistance of a material will increase above classical values. This
is due to the constructive interference of partial electron waves. In high SO systems, an additional phase difference
causes the quantum contribution to become negative, this particular phenomenon has not been seen in Ge.
We present magnetoresistance measurements on a B modulation doped, high mobility Ge quantum well, over a
range of temperatures between 300mK and 14K. WL is seen at temperatures below 2K, before following WAL-like
behaviour between the temperatures 3K and 12K. The log temperature dependence of the quantum correction over
this range however, is analogous to WL. This transition into WAL at higher temperatures is unexpected, but may be
explained by the summation of WL and WAL effects in the 2D hole gas and parallel conduction channels.
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Fig. 1. Low field MR curves (offset for clarity) taken between 300mK and 14K, displaying both WL and WAL-like
behaviour.
P.49 Heteroepitaxial growth of ferromagnetic MnSb(0001) films on Ge/Si(111) virtual substrates
C W Burrows1, A Dobbie1, M Myronov1, T P A Hase1, S B Wilkins2, M Walker1, J J Mudd1, I Maskery1, M R Lees1, D R
Leadley1 and G R Bell1
1

University of Warwick, UK, 2Brookhaven National Laboratory, USA

Magnetic materials which are chemically and epitaxially compatible with mainstream semiconductors are crucial in
the development of next-generation spintronic devices. MnSb is a ferromagnetic compound (TC = 587K) with a
double hexagonal close-packed (dhcp) structure. It has been grown epitaxially on III-V semiconductors for many
years but in the present study we show how high quality MnSb(0001) can be grown on Ge/Si(111) virtual
substrates, demonstrating compatibility with the dominant semiconductor material system. Structural data from
reflection high energy electron diffraction (RHEED) and synchrotron X-ray diffraction (XRD) confirm the epitaxial
relationship and dhcp structure of the 70 nm thick MnSb films. The Ge/MnSb interface is sharp and X-ray
photoelectron spectroscopy (XPS) implies that Ge segregation through the MnSb film does not occur, in contrast to
Ga segregation when grown on GaAs substrates. Magnetometry confirms the ferromagnetic character of the MnSb
with coercivity and saturation magnetization similar to films grown on GaAs. We also show electrical transport
measurements at room temperature and 77 K.
The surface reconstructions of the MnSb(0001) films are shown and compared to those observed for MnSb on
GaAs(111) substrates, and the prospects for all-epitaxial growth of MnSb/Ge/Si multi-layer structures are
discussed.

Figure: MnSb/Ge/Si structure (centre panel) with example magnetometry and XRD reciprocal space mapping data.
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P.50 Temperature dependence of magnetic dead layer thicknesses in ferromagnet / semiconductor hybrid
heterostructures
M Tokac1 , C J Kinane2, D Atkinson1 and A T Hindmarch1
1

Durham University, UK, 2Rutherford Appleton Laboratory, UK

The magnetically dead layers which may form during deposition processes due to interface diffusion causes
magnetic moment loss in the ferromagnetic layer on the order of a few monolayers.
The formation of a magnetically dead layer and its thickness depend on the ferrromagnetic material, temperature
and the materials making the interface with the ferromagnetic layer. It is very important to precisely determine the
thickness of any dead layer in the film because the magnetic dead layers do not contribute to the magnetic volume.
This can have consequences for spintronics systems which rely on interfacial magnetism such as magnetic tunnel
junctions and spin-injection devices.
The magnetisation depth profile of 10 nm Co(28)Fe(28)B(14)Ta(30) amorphous film grown on GaAs(001) and
Si/SiO wafers were investigated as a function of temperature using Polarised Neutron Reflectometry (PNR). The
CoFeTaB layer is designed to have Curie temperature below room-temperature, in order that the temperature
dependence of dead-layer thickness may be easily studied without causing further interfacial diffusion. The reduced
Curie temperature also means that we can extract the structural scattering length density profile directly from PNR
measurements at room temperature.
Dead layers in CoFe films on GaAs (001) have previously been studied at room temperature by Park et al. [1] who
measured a dead layer thickness of 0.6 nm using PNR and Oguz et al. [2] have found 0.7nm dead region for CoFeB
films on Si/SiO substrates also at room temperature. We find that the dead-layer thickness varies with temperature
in the region 1 to 3nm, and the interfacial dead-layer thickness for CoFeTaB on GaAs(001) differs from that on
Si/SiO. This is an important consideration in designing ferromagnet-semiconductor hybrid spintronic devices.
[1]
[2]

S. Park et al., J. Appl. Phys. 104, 083905 (2008).
K.Oguz et al. J. Appl. Phys. 103, 07B526 (2008).

P.51 Negative Goos–Hänchen shift upon reflection of electromagnetic waves from multi-sub-lattice
antiferromagnets
V D Poimanov1 and V V Kruglyak2
1

Donetsk National University, Ukraine, 2 University of Exeter, UK

Recently, significant efforts have been applied both to investigation of properties of electromagnetic waves in
negative refractive index (left-handed) materials and to search for materials and meta-materials possessing this
property. In particular, a marked progress has been achieved in design of left-handed meta-materials, while the use
of natural left-handed media, such as some magnetic materials, has been limited to low (GHz) frequencies due to
the lack of high frequency resonance that could couple to ac magnetic field. However, the recent theoretical
discovery of anisotropic left-handed materials (in which negative permeability is not a prerequisite for observation of
negative refraction) has both lifted this limitation and initiated search for materials with required form of the
dielectric tensor.
Here, we investigate interaction of electromagnetic waves with multisublattice antifferromagnets not possessing
inversion symmetry, under condition of antiferro-electric resonance. For example, spin dynamics of (four-sublattice) hematite
are described by four resonance branches, two of which are low frequency acoustic

104

Magnetism 2014

magneto-active modes while the other two are electro-dipole active modes of exchange origin. We demonstrate that
the latter resonances can lead to negative Hoos-Hänchen shifts for TM-polarised electromagnetic waves incident on
the sample under the angle of total internal reflection. We present results of investigation of the observed effects
upon both parameters of a more general antiferromagnetic sample and applied magnetic field value, and
demonstrate that a negative Goos–Hänchen shift could be achieved even for reflection from a right-handed material.
P.52 Optical and magnetic properties of Zn1-xMgxO films
H B Albargi1, M Fox1, G Gehring1, A Masood2, A Riazanova2, L Belova2 and K V Rao2
1

University of Sheffield, UK, 2 Royal Institute of Technology, Sweden

There have recently been many reports of oxide magnetism in thin films that do not involve any transition metals
with a strong dependence on film thickness. Magnetism has been seen in pure ZnO and pure MgO and most
recently in Zn1-xMgxO [1,2] prepared by sputtering. In a continuation of this work we investigate films of Zn 1-xMgxO
fabricated by PLD. Theory suggests that larger magnetisations may be obtained in oxides by increasing the band
gap [3] and the band gap of in Zn1-xMgxO increases linearly in the region of small x [4].
In this work we have grown films of Zn1-xMgxO (x = 5%) by pulsed laser deposition. The oxygen content has been
controlled by adjusting the oxygen pressure in the deposition chamber from 9µbar to 150µbar. Films were grown
with thicknesses between 55nm and 228nm on sapphire substrates. The thickness of the films was measured
using a focused ion beam.
The optical absorption was measured and used to obtain the band gap which was found to reduce from 3.72eV to
3.53eV as the pressure increased from 9µbar to 50µbar but then remained constant up to 150 µbar. The
magnetisation per unit volume depended strongly on the film thickness but reduced only slightly for those grown at
higher oxygen pressures. The thinnest film, with thickness of 55nm, showed an impressive magnetisation of
45emu/cm3.
We show plot of the magnetisation as a function of thickness. The green triangles represent those films that were
grown as a function of thickness at a fixed oxygen pressure of 20 μB; the black squares are films grown at higher
oxygen pressures and the red dot represents the film grown at the lowest oxygen pressure of 9 μB.
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SK Mahadeva et al Mater. Res. Soc. Proc. 1494, 260 (2013)
SK Mahadeva et al Mater. Res. Soc. Proc.1577, 509 (2013)
T. Dietl et al Science 287, 1019 (2000)
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P.53 Controlling study of the influence of target preparation on the quality of magnetic oxide thin films prepared by
pulsed laser deposition (PLD)
H Albargi, H Blythe, M Fox and G Gehring
University of Sheffield, UK
Diluted magnetic oxides with Curie temperatures at or above room temperature have attracted a great deal of
interest. Among these materials Fe-doped In2O3 is a promising ferromagnetic semiconductor for spintronics device
application because of the high solubility up to 20% of Fe ions in the In2O3 matrix. The fabrication technique and
film conditions are crucial to obtain the correct oxygen content and degree of crystallinity in order to obtain good
magnetic properties of such materials.
In this study we investigate the influence of using different precursors, FeO, Fe2O3 and Fe3O4, in the target
preparation in order to control the oxygen content and to observe their effects on the on magnetic, optical and
magneto-optic properties of (In1-xFex)2O3 (x = 0.01, 0.02, 0.03, 0.04, 0.05). The targets are made by a solid
state reaction where the powders are ground together and sintered three times and pressed into a target and
sintered again, then thin films are deposited by a Xe-Cl excimer laser on to a sapphire substrate. The optical
absorption of the films are measured and the magnetisation and MCD spectra obtained. The absorption edge shifts
to indicate the different levels of oxygen present in the films and different magnetic properties are obtained as
shown below for 5% Fe. These show that contrary to usual behavior, the magnetization decreases as the films are
made more oxygen deficiency.

Topic: Recording
P.54 Anomalous Hall effect studies of exchange coupled composite bit patterned media
R A Griffiths, P W Nutter and E J L McInnes
The University of Manchester, UK
The growth in hard disk drive storage density using continuous granular media is reaching physical limits, and
according to predictions cannot grow beyond 1 Tb/in2 (terabit per square inch) [1]. Exchange coupled composite
bit patterned media (ECC BPM) [2], which involves patterning an ECC continuous film into nanoscale magnetic
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islands [3], is a promising candidate for enabling storage density growth beyond 1 Tb/in2. Existing studies of ECC
BPM have used MOKE which has the downside that an ensemble consisting of thousands of islands must be
studied to achieve sufficient SNR. We are taking an alternate approach of using the anomalous Hall effect (AHE) to
study ECC BPM. In this technique a single magnetic island can be patterned onto a Hall cross, and its hysteresis
loop obtained by measuring the transverse voltage when a current is passed through it. This project builds upon
previous studies in our group on ECC continuous films, and the use of the AHE to study BPM [4]. Results will be
shown for initial studies of ECC films and ECC BPM using the AHE.
[1]
[2]
[3]
[4]

Shiroishi, Y. et al. (2009), Future options for HDD storage, IEEE Trans. Mag.
McCallum, A. T. et al. (2011), L10 FePt based exchange coupled composite bit patterned films, Appl. Phys.
Let.
Griffiths, R. A. et al. (2013), Directed self-assembly of block copolymers for use in bit patterned media
fabrication, J. Phys. D.
Alexandrou, M. et al. (2010), Spatial sensitivity mapping of Hall crosses using patterned magnetic
nanostructures, J. Appl. Phys.

P.55 Exchange bias induced at a Co2FeAl0.5 i0.5 /Cr interface
C N T Yu, A Vick, K O’ Grady and A Hirohata
University of York, UK
Among HMFs, Heusler alloys hold greatest potential due to their theoretically predicted half-metallicity, structural
matching with substrate materials and high Curie temperatures (Tc) at room temperature[1]. Co2FeAl0.5 i0.5 is an
attractive half metallic material because of its high Tc (~1000K), finite band gap in one spin channel and large
tunnelling magnetoresistance[2]. Large remanent magnetisation is another requirement for spintronics device
application which can be achieved by introducing exchange bias [3].
In order to archive the exchange bias, Cr layer is introduced to act as anti-ferromagnetic layer as theoretically
expected [4]. Cr is selected because it has a good epitaxial relationship with CFAS. Sample with a stack structure of
MgO//Cr(3)/Ag(30)/CFAS(3)/Cr(0.9)/CFAS(3)/Cr(0.9)/CFAS(3)/Cr(0.9)/Au(3),(nm),was prepared by ultrahigh
vacuum (UHV) molecular beam epitaxial (MBE). No annealing was performed during deposition to avoid interdiffusion of Cr layer.
Our current results clearly indicate the anisotropic nature of this sample as shown in Fig.1. The saturation
magnetisation of this sample was found to be 1060 emu/cc which is around 4% less than the theoretical value. It
has proven that the insertion of Cr does not destroy the half metallic property of CFAS. Figure 1b shows the polar
representation of angular dependence of remanence. It shows that Cr stretched itself to sit on CFAS. However, this
phenomenon only shows along <1 1 1> crystalline axis which has a loop shift of 10Oe. This may be induced by the
lattice matching between the CFAS and Cr layers which can be confirmed by XRD since the lattice constants very
depending on the orientation.
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Fig 1a: As deposited sample hysteresis loops carried out with different field angle; 1b: As deposited sample
remanence polar plot
[1]
[2]
[3]

I Galanakis et al, J. Phys. D: Appl. Phys. 39, 765 (2006)
N. Tezuka et al, Appl. Phys. Lett., vol 94, 162504 (2009)
H. Endo et al, J. Phys. D: Appl. Phys. 44, 145003 (2011) 4. C. A. Culbert et al, J. Appl. Phys. 103, 07D707
(2008)

P.56 Wavelength-dependent MOKE measurements of remote plasma sputtered L10 FePt thin films and patterned
media

S Zygridou, P W Nutter and T Thomson
The University of Manchester, UK
For the next-generation high-density magnetic data storage media, materials with high perpendicular anisotropy are
required and L10 ordered FePt is currently the leading candidate material [1]. The fabrication of chemically ordered
L10 FePt remains challenging since high temperatures are required. Here equatomic FePt thin films are fabricated
using a remote plasma sputtering system which offers good control of the film growth in particular to incident Ar ion
energy [2]. The thin films are sputtered at four different temperatures, in the range of RT-300oC, following which
post-deposition annealing up to 800oC.
In this work both continuous thin films and patterned islands are studied in order to i) understand the fundamental
magnetic properties of remote plasma sputtered FePt and ii) assess its potential as bit patterned media (BPM). The
chemical ordering of FePt is detected by changes in the crystal structure and its magnetic properties. The magnetic
properties of the FePt films are performed using vibrating sample magnetometry (VSM), while for the measurement
of the BPM a novel magneto-optical Kerr effect (MOKE) system with four lasers of different wavelengths has been
built. In figure 1 out-of-plane hysteresis loop of an ordered FePt film is illustrated and compared with MOKE
measurements for the 514 and 640nm wavelength, which show best SNR. The data show good agreement and are
promising for the characterisation of FePt BPM.
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Figure 1. Out-of-plane VSM and MOKE measurements of FePt thin film sputtered at 200oC and post-annealed at
800oC.
[1]
[2]

T.W.McDaniel, J. Appl. Phys., 112, 093920, 2012.
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P.57 The effect of finite size on linear reversal in FePt
M O A Ellis, R F L Evans, and R W Chantrell
University of York, UK
The properties of L10 FePt are of paramount importance for the next generation of high density magnetic recording
technology, in particular Heat Assisted Magnetic Recording. HAMR switches the grains close to the Curie
temperature and therefore an understanding of the dynamical behaviour of the FePt grains at elevated temperatures
is essential. Switching in bulk systems has been shown to proceed by a linear route rather than the usual
precession within a small temperature range close to Tc[1]. Until now, the role of linear reversal in nanometre sized
systems, typical for high density magnetic recording has remained an important open question.
Nanometre grains of FePt have been simulated using atomistic spin dynamics, parameterized from ab-initio
calculations[2]. Using this model the reversal paths and free energy barriers of different system sizes have been
calculated for a range of temperatures. The calculations of the temperature dependence of the magnetisation shows
that the Curie temperature behaves as described by finite size scaling methods. In the range of system sizes
investigated there is a significant drop in the Curie temperature. The reversal paths are shown in figure 1 for a range
of systems sizes, L, for different temperatures in a 1T reversing field. The reversal paths show that for smaller system
sizes the magnetisation reverses linearly at lower temperatures but the temperature range over which the reversal
switches is broader. This is consistent with the finite size scaling of the Curie temperature and the temperature
dependence of the magnetisation.
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FIG. 1. The reversal paths of 2.316nm, 3.088nm, 3.860nm and 4.632nm systems using a reversing field of 1T. The
reversal paths are calculated at 4 different temperatures slightly below the Curie temperature. For the larger system
sizes the lower temperatures have not reversed with in the simulation time limit but as the system size decreases at
the same temperature the system now reverses within the give time.
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[2]

J. Barker, R. F. L. Evans, R. W. Chantrell, D. Hinzke, and U. Nowak, Applied Physics Letters 97, 192504
(2010).
O. N. Mryasov, U. Nowak, R. W. Chantrell, and K. Y. Guslienko, Europhysics Letters 69, 805 (2005).

P.58 Heat induced phase change exchanged coupled composite media using FeRh.
C Barton
The University of Manchester, UK
Heat assisted magnetic recording (HAMR) is one of the likely candidates to succeed current magnetic recording
technology exceeding areal densities of 1Tbit/in2 1. In order to reduce the heat requirements that are typically
encountered when considering HAMR technology, exchanged coupled composite (ECC) media can be used to assist
magnetisation reversal through the exchange—spring effect2. Here the magnetisation write field can be tuned by
varying the coupling between magnetic layers of differing anisotropy by means of an interlayer.
Using a temperature dependant interlayer the magnetisation reversal of a high anisotropy material can be
accomplished at lower temperatures and write fields. Fe50Rh50 with equiatomic stoichiometry will stabilise in the B2
CsCl type ordered structure and exhibits a first order phase transition when heated above a transition temperature
Tc3. The transition occurs between the FeRh α’’—phase and α’—phase resulting in a metamagnetic phase transition
from antiferromagnetic (AF) to ferromagnetic (F) ordering. As far as known the FeRh is unique in having a AF to F
phase transition where Tc is of technological significance.
Samples prepared by dc magnetron sputtering have been investigated using vibrating sample magnetometry.
Temperature dependent hysteresis of the magnetisation through the α’’and α’—phases has been studied for FeRh
film thicknesses of 10, 20 and 40 nm, figure (1a). It is found that that the normalised switching temperature
distribution (STD) as a function of film thickness for heating and cooling cycles converges as the film thickness
increases, figure (1b). This demonstrates the sensitivity of the magnetostructural transition, highlighting the possible
fabrication processes that can be tailored to the desired application.
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Figure 1: a) (colour online) M vs T for heating and cooling cycles for film thickness 10, 20 and 40 nm and b) the
normalised switching temperature distribution as a function of film thickness tFeRh.
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B. C. Stipe, T. C. Strand, C. C. Poon, H. Balamane, T. D. Boone, J. A. Katine, J. L. Li, V. Rawat, H. Nemoto, A.
Hirotsune, O. Hellwig, R. Ruiz, E. Dobisz, D. S. Kercher, N. Robertson, T. R. Albrecht, and B. D. Terris, Nat
Photonics 4 (7), 484 (2010).
J. U. Thiele, S. Maat, and E. E. Fullerton, Appl Phys Lett 82 (17), 2859 (2003).
S. Maat, J. U. Thiele, and E. E. Fullerton, Phys Rev B 72 (21) (2005).

P.59 Multi-layered magnetic materials for shielding in recording heads
J K McClung1, S O’Reilly1, C B Hill1, R M Bowman1, W R Hendren1 and M A Gubbins2
1

Queen’s University Belfast, UK, 2Seagate Technology, UK

Future requirements of the recording industry are for read/write head shields exhibiting high permeability while
demonstrating minimal magnetostriction. Tolerances in recording heads are on the nanometre scale so dimensional
changes of the order 10-6 due to magnetostriction are an unwanted phenomenon hence zero magnetostriction is the
optimum objective. Shielding which shows high permeability can be used to screen against stray magnetic fields
due to ferromagnetic resonance (FMR) with the range of frequencies excluded increased by use of exchanged
biased (EB) multi-layers consisting of ferromagnetic (FM) and antiferromagnetic (AFM) materials. Previous work has
demonstrated that magnetostrictive effects for NixFe100-x [1], layers are dependent on composition and layer
thickness with NiFe20 proving most suitable for minimal magnetostriction. Recent research conducted on the FMR
response of FM/AFM [2] layers using NiFe/FeMn multilayers has observed increasing FMR broadband response
with varied FM/AFM composition, layer thickness and number of layers present. This project will further examine
NiFe/FeMn layers and other FM/AFM combinations such as FeCo/IrMn to achieve maximum broadband response,
while exhibiting minimal magnetostriction. Multi-layered samples are prepared by magnetron sputtering on silicon
wafers with the deposited layers characterised by X- ray diffraction. Magnetostriction is tested by B-H Looper using
the Villari effect [3] and magnetic properties further tested by vibrational sample magnetometer. Permeability is
obtained by a vector network analyser to access the viability of the multilayer under study. The objective is to
achieve a multilayer system exhibiting a wide frequency broadband response while maintaining minimal
magnetostriction in the layers deposited.
[1]

C. Hill, Manipulation and Magnetostriction of NiFe Films for Advanced Reader Shielding Applications
Queen’s University Belfast: Unpublished Ph.D. Thesis (2013).
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S. O’Reilly, Magnetic characterisation of thin film NiFe/FeMn multilayers. Queen’s University Belfast:
Unpublished Ph.D. Thesis (2013).
C. Hill, et al., Meas. Sci. Technol. 24, 045601 (2013).

P.60 Optimising the design of Bit Patterned Media
J Talbot1, J Miles1 and J Kalezhi2
1

The University of Manchester, UK, 2Copperbelt University, Zambia

In Bit Patterned Media (BPM) it is crucial to use high field gradients in order to minimise the probability of
overwriting adjacent islands. Therefore when BPM islands are optimised for a particular head field it would be
natural to fix a the switching field of the islands to be equal to value of the head field at the position of maximum
head field gradient, making this the write point. This is often an important part of optimising BPM design. We
investigate the effect of varying the write point of Exchange Coupled Composite(ECC) islands, by modelling islands
with a range of hard layer anisotropies, corresponding to head field write points between 0 to 20 nm from the centre
of the head field, in steps of 1nm. We have shown that assuming Bit Error Rates(BER) of 10 -4 and 10-6, the
maximum write window available for writing an island does not occur when using a write point where the head field
gradient is highest, but instead when it is closer to the pole; i.e. when the hard layer anisotropy is higher than would
be selected by optimising a BPM system to have a write point at the maximum head field gradient. We conjecture
that this is due to thermal excitation, which affects the probabilities of writing the target island and surrounding
islands.
P.61 Effect of deposition temperature on the magnetic properties of epitaxial Co/Pt
A W J Wells1, A P Mihai1, A L Whiteside1, E J Canwell1, C H Marrows1, M J Benitez2, D McGrouther2, S McVitie2, S
McFadzean2, T A Moore2
1

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

Co/Pt is currently of great interest for the study of the physics of domain walls and spin torque [1,2]. We deposit
epitaxial samples in order to study the effects of microstructure on magnetic properties. Here we show that the
growth temperature during the DC-magnetron sputtering of epitaxial Co/Pt bilayers on C-plane (0001) sapphire
controls the degree of crystallographic order. Using X-ray diffractometry we find that as the temperature is increased
from 450°C to 600°C during Pt seed layer deposition, the intermixing and roughness at the sapphire/Pt interface
increase by up to a factor of two, but not enough to disturb the epitaxial (111) structure of the Pt.
With further deposition of a Co/Pt (111) bilayer, the coercivity increases from 50 to 400 Oe with increasing growth
temperature between 100 and 250 °C, indicative of a greater number of pinning sites, as well as an increase in the
anisotropy measured by SQUID-VSM. We find that the best conditions for fast domain-wall creep are obtained for
Co/Pt deposition at the lower end of the temperature range [3]. The Dzyaloshinskii-Moriya interaction (DMI) has
been detected from asymmetric domain propagation imaged in a Kerr microscope (Figure 1) and has been found to
increase with deposition temperature from a negligible effect at 100°C bilayer-deposition temperature up to an
effective field of 300 Oe at 450°C.
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Figure 1: Kerr microscope images of domain wall propagation for low temperature bilayer growth (100°C), A, and
higher temperature (250°C), B, showing the asymmetric effect of DMI on the domain wall propagation.
[1]
[2]
[3]

S.-G. Je et al., Phys Rev B 88, 214401 (2013)
P. Haney et al., Phys Rev B 88, 214417 (2013)
A. Mihai et al., Appl. Phys. Lett. 103, 262401 (2013)

P.62 Preparation of high quality permalloy thin films by pulsed laser deposition
C A Ferguson, P Parreira, D A MacLaren and S McVitie
University of Glasgow, UK
Pulsed laser deposition (PLD) is a thin film technique renowned for good transfer of stoichiometry from target to
substrate [1], an advantage it holds over evaporation and sputter deposition. It is therefore ideally suited to the
deposition of functional compounds and alloys. Here, we assess the efficacy of PLD for the deposition of permalloy
(Py) thin films and show them to be of exceptional quality. Structural properties are evaluated using transmission
electron microscopy and atomic force microscopy, which indicate smooth, polycrystalline films. The magnetic
properties are investigated by conventional magnetometry and Lorentz microscopy (Figure 1), with the films shown
to give a near-ideal Bs value of ~ 1 T. We assess the spatial distribution of droplets, which can often be problematic
in PLD of metals [2]. Using scanning electron microscopy, we show that optimised deposition conditions can
significantly reduce droplet density. The scope of the work is extended to include multilayer samples and an
exploration of the issues associated with implantation and intermixing.

Figure 1: (left) Fresnel image of a magnetic domain wall in a 25 nm thick permalloy thin film and (right) low angle
diffraction image. Film shows strong magnetic contrast and minimal domain wall pinning. The Lorentz deflection
angle is consistent with Bs ~ 1 T.
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Pulsed Laser Deposition of Thin Films: Applications Led Growth of Functional Materials, Wiley 2007, edited
by Robert Eason
J. Shen et al., Surface Science Reports 52 (2004) 163–218

P.63 Nanoscale composition control applied on L10 FePtRh film for dot patterning using magnetic phase change
T Hasegawa and S Ishio
Akita University, Japan
By substituting Rh for Pt in the equiatomic FePt alloy, the resultant L10 FePt1-xRhx film has high Ku over 2.0 × 107
erg/cm3, and the films with x-values of 0–0.32 and 0.34–0.40 are ferromagnet (FM) and antiferromagnet (AF),
respectively.1 Disk surface planarity of bit-patterned media is an important parameter. In this study, a planar
pattern was fabricated by locally diffusing a small percentage of Fe and Pt atoms in an FePtRh film by annealing at
823 K. Figure 1(a) shows an MFM image. Circular dots are observed; hardly any contrasts are detected outside the
dot areas. It is evident that only the magnetic phase of the dot areas changed from AF to FM. Figure 1(b) shows an
MCD hysteresis curve obtained at 5 K after field-cooling (FC) by applying a field of +100 kOe from 300 K to 5 K. A
slight vertical shift, which may suggest the existence of uncompensated spins, is observed on the raw data.
However, the dashed line corresponding to corrected data do not show any loop shifts. This result could be due to a
random spin arrangement as the spin glass or the paramagnet, or the AF-III type of spin arrangement.

Fig. 1. (a) MFM image. The designed values of the dot diameter and the spacing width are 50 and 100 nm,
respectively. (b) MCD hysteresis curve measured at 5 K after FC.
[1]

T. Hasegawa et al., J. Appl. Phys. 106, 103928-1 (2009).

This work was supported by NEDO (11B07008d).
P.64 Synthetic Ferrimagnets for use with All - Optical Magnetic Recording (AOMR)
C M Forbes1, W R Hendren1, I Radu2 and R M Bowman1
1

Queen’s University Belfast, UK, 2Helmholtz--‐Zentrum Berlin, Germany

AOMR has sparked great interest in recent years as it has future potential for high density, ultrafast recording.
It has been found that using the helicity of a femtosecond laser all-optical magnetisation switching can be
performed on the picosecond regime using Rare Earth - Transition Metal (RE-TM) alloys such as GdFeCo [1]. On
closer inspection it was discovered that the different dynamics of the RE and TM sublattices combined with an
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ultrafast transfer of angular momentum to cause magnetisation switching [2][3]. This leads to the question is AOMR
specific to RE-TM alloys.
Synthetic ferromagnetic materials have been produced in order to mimic the properties of RE-TM alloys. Magnetron
Sputtering was used to produce samples and characterised using XRD, VSM, SQUID and Cryo-MOKE.
It was found by comparing the magnetic moment and Curie temperature of single films of Ni 3Pt, Fe50Pt50, Co and
CoPt3 that several different synthetic ferromagnetic structures could be produced. By tailoring the deposition
conditions and introducing a spacer layer such as Ir or Ru it was possible to produce perpendicular anisotropy and
antiferromagnetic coupling between Ni3Pt and Co. The compensation temperature (Tcomp) of this ferrimagnet is
shown in figure 1 and was found to be below 150K. Tcomp could be tailored by fine--‐tuning the thickness of each
layer. Therefore a synthetic ferrimagnet of Ni3Pt/Ir/Co is a structure that could be used within AOMR as it has similar
temperature dependent properties as RE‐TM alloys.

Fig 1: Cryo--‐MOKE results showing the effect of temperature on the amplitude of both the rotation and ellipticity. It
can be clearly seen that the compensation temperature of Ni3Pt(6nm)/Ir(0.5nm)/Co(1nm) is below 150K.
[1]
[2]
[3]

C.D. Stanciu et al. Phys. Rev. Lett. 99, 047601 (2007);
I. Radu et al. Nature. 472, 09901 (2011)
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P.65 The consequences of similarity of hysteresis loops for interpreting magnetic particle systems
S Ruta1, O Hovorka2, R Booth3, S Majetich3 and R Chantrell1
1

University of York, UK, 2University of Southampton, UK, 3Carnegie Mellon University, USA

One of the challenges in understanding interacting magnetic particle (MP) assemblies is the interpretation of their
physical parameters from magnetization measurements. A common framework has been based on the Langevin
function approach, applicable in the superparamagnetic limit of weakly interacting MPs . If interactions are
significant or in case of thermally blocked MPs the issue becomes complicated by the presence of memory effects
and hysteresis, and the question of uniqueness of parameter identification arises. To study this question, we
consider a kinetic Monte-Carlo model of dipolar interacting Stoner-Wohlfarth MP, including volume and anisotropy
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distributions. By applying the grid search methods combined with the least squares fitting approach we map the
parameter regions of hysteresis loops indistinguishable within a statistical confidence. This allows to show that a
unique extraction of model parameters is indeed possible only in a certain range of MP concentrations and
temperatures. Thus the hysteresis loop similarity prohibits a reliable parameter identification - being a fundamental
issue that may potentially be resolved only by devising different measurements protocols.
Topic: Magnetization dynamics
P.66 Superconductor skyrmion proximity
N Satchell, N A Porter, P Sinha, C H Marrows and G Burnell
University of Leeds, UK
At the interface between a superconductor and ferromagnet, an inhomogeneity can convert singlet Cooper pairs into
the (spin aligned) long ranged triplet component (LRTC) [1]. Previous works in this field have created the LRTC in
systems where this necessary inhomogeneity is either an intrinsic material property for example in Holmium [2], or
is engineered in a multilayered structure for example in spin valves [3]. The former has the advantage of having
fewer interfaces, whilst the latter allows the LRTC to be tuned by controlling the magnetisation of the spin valve.
Magnetic vortex states, such as the topological Skyrmion lattice in Fe0.7Co0.3Si, offer a novel method to generate
triplet pairing [4]. Recent work in our group has shown in Fe0.7Co0.3Si the Skyrmion lattice is present at low
temperatures. It is also dependent upon a field history allowing measurement at an applied field in either the
ferromagnetic or Skyrmion state [5].
We have observed in a bi-layer of Fe0.7Co0.3Si/Nb a negative shift in Tc when a field history creates the Skyrmion
or helical topological state relative to the Tc in the ferromagnetic state. Both topological states are expected to
produce the LRTC. This result is consistent with theoretical predictions [6] and results in spin valve structures [3].

Fig.1: Shift in Tc (ΔTc) plotted with the Topological Hall Effect (ρxyT) when a field history creates the topological
states relative to the ferromagnetic state.
[1]
[2]
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P.67 Collective magnonic modes in one dimensional chain of magnetic vortices
S Sugimoto1,2*, H Fujimori1, N Hasegawa1, Y Niimi1, Y Fukuma3, S Kasai4, and Y Otani1,2
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The idea of the magnonic crystal (MC)[1] is inspired by the analogy of spin wave propagations in the periodical
magnetization configuration with wave functions in crystals. Here the concept of alternative type of MC via coupling
particle-like dynamics is studied by exploiting unique translational mode (TM)[2] of the magnetic vortex[3]. We
have demonstrated diode measurements by exploiting current synchronized AMR oscillation at TM[4,5], and
observed that collective dynamics of magnetostatically coupled two vortices show some equivalencies with actual
diatomic molecules in its energy scheme[6]. The coupled quasi-particles move in acoustic or optical manners
forming bonding and anti-bonding states by solving degeneration of single vortex. Besides, two degrees of freedom
of the vortex structure, the polarization of the core and the chirality of the vortex configuration, affect the bonding
symmetry of the dipolar interaction, thereby leading to changes in dispersion. We have further demonstrated
formation of a band structure using simplest form of in-plane dipolar coupling, 1-dimensional extension. One can
generalize the rules for paired vortices: mode spitting can be regarded as changes in node numbers N of collective
dynamics of quasi-particles. Increased numbers of vortices also increase possible node numbers thus result in
creating a continuous dispersion curve in 1-dimensional chain of coupled vortices[7]. The band structure of 1
dimensional MC of vortices should be tunable by switching polarities and chiralities. Such new-type MCs might offer
the advantages of limitless switchable-vortex-state and vortex-gyration-propagation when using negligible damping
materials.

Figure: (a) Frequency splitting in resonant spectra of two paired vortices. (b) The energy scheme of two coupled
vortices labelled by polarities p1p2, chiralities c1c2 and the phase difference of two cores .
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P.68 Spin waves propagation in ferrite film with periodic surface structure
S L Vysotsky1, Y A Filimonov1, S A Nikitov1, A I Stognij2 and V G Shadrov2
1

Kotel’nikov IRE RAS, Russia, 2Scientific-practical materials research centre of NAS of Belarus

The array of grooves ~1 μm in depth and ~5 μm in width was ion-etched on yttrium iron garnet (YIG) film’s surface
with period Λ~9 μm. The obtained sample was placed on the exciting and receiving microstrip antennas with the
width w=50 μm spaced by 4 mm and could be rotated at angle α between axis of a groove and bias magnetic field
directed along antennas corresponding to surface spin waves (SSW) excitation. Transmission characteristics S21(f)
and dependence of the phase (and extended phase) of the transmitted signal on the frequency f were studied in the
range 1-8 GHz for different values of angle α. Bragg forbidden gaps were not found because microstrip antenna
couldn’t excite SSW wavelength λ short enough to satisfy the Bragg condition 2Λ = nλ (n=1, 2,…). In comparison
with smooth enough S21 YIG(f) characteristic for SSW in YIG film the studied S21(f) ones could include (depending
on α) a) narrow frequency regions of SSW losses down -60 dB or b) broadband stop band or c) dipole-exchange
waves’ resonances. Effective excitation of exchange spin waves and possibility of control of SSW dispersion were
also shown.
This work was supported by the Russian Foundation for Basic Researches (Grants No. 14-07-90001-Bel-a, 13-0700941-a, 14-07-00896-а), by the Grant of the Government of the Russian Federation (Contract No.
11.G34.31.0030) and European Community's Seventh Framework Program under Grant Agreement No 247556
(NoWaPhen).
P.69 Spin waves in metalized magnonic crystals
Y Filimonov1, S Vysotsky1, M Krawczyk2, M Mruczkiewicz2, S Nikitov1, E Pavlov1
1

Kotel’nikov IRE RAS, Russia, 2Adam Mickiewicz University, Poland

The propagation of surface spin waves (SSW) in a one-side metallized one-dimensional magnonic crystal (MC)
based on yttrium iron garnet film was studied. This structure is an example of the medium with broken invariants of
coordinate and time conversion that is able to support the propagation of waves with non-reciprocal dispersion law.
It was shown that in MC the SSW spectrum include bandgaps occur at frequencies corresponding to the so-called
exchange Bragg condition [1]. Thus, depending on the size of the dielectric gap between the metal and MC’ surface
and on the structure’s parameters one can observe effects of both suppressing and the frequency shift of the
bandgaps in the SSW spectrum [2-4 ]. The effect can be used to control of the microwave signal parameters [5].
[1]
[2]
[3]
[4]
[5]
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P.70 Temperature dependent ferromagnetic resonance in FePt via the Landau-Lifshitz-Bloch equation
T Ostler and R Chantrell
University of York, UK
Using the Landau-Lifshitz-Bloch equation for ferromagnetic materials, we derive analytic expressions for temperature
dependent absorption spectra as probed by ferromagnetic resonance (FMR). We develop a micromagnetic model
based on the LLB equation and test the FMR expressions numerically for a range of temperatures below the Curie
point using a single macrospin model. We use the technologically relevant material L10 FePt to test our expressions.
We show that the analytic temperature dependent FMR curves remain valid if we consider a multi-macrospin
approximation with the inclusion of stochastic fields. Temperature dependent FMR curves are also presented for
FePt thin films including demagnetizing effects. The results show enhanced damping for thin films at temperatures
approaching the Curie point.

Figure 1: Absorbed power as a function of frequency as probed by ferromagnetic resonance for a range of
temperatures. The inset shows the ratio of the measured damping in thin films compared with the bulk value
showing a large increase as the Curie temperature (660K) is approached.
P.71 Spin-wave relaxation in nanogranular thin films
D Alba Venero1, J Alonso2, M L Fdez-Gubieda3, A Svalov3 and L Fernández Barquín4
1

STFC/ISIS, UK, 2University of South Florida, USA, 3Universidad del Pais Vasco, Spain, 4Universidad de Cantabria,
Spain
We have studied spin wave relaxation in FexM(100-x) (M = Au(x = 7), M = Ag(x = 7, 14) and M = Cu(x = 9))
nanogranular thin films ( 200 nm thick) deposited by DC-magnetron sputtering. Due to the finite size of the
nanoparticles a gap is induced between the ground state and the first excited state [1] the Bloch law is modified to:
M/Ms=1-BTα
Despite the small size of the magnetic particles (around 3 nm) [2], we did not found any deviation from the Bloch
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law, recovering the α=3/2 expected for bulk materials. However, a reduce value (with respect to the bulk Fe
BFe=3.42x10-6 K-2/3) of the B coefficient has been found, spanning from 1.3x10-4 to 3.4x10-5 K-2/3 for Fe9Cu91 and
Fe14Ag86 respectively.
A Curie Weiss component has been found at low temperatures. This is possibly linked to the existence of subnanometric clusters dissolved in the matrix [3] which helps to enhance the magnetic interactions. This makes the
interactions important at concentrations where a superparamagnetic behaviour would nominally be expected.

Fig. 1: Temperature dependence of the DC magnetisation at H = 45 kOe and the fit to a combination of a Bloch law
plus a Curie Weiss term
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P. V. Hendriksen et al. Phys. Rev. B 48 7259 (1993)
J. Alonso et al. Phys. Rev. B 82 054406 (2010)
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P.72 Ferromagnetic resonance measurements of multilayer films using a vector network analyser
A Johansson, T Thomson and A Rezazadeh
The University of Manchester, UK
Ferromagnetic Resonance (FMR) is a phenomenon which can be used to probe anisotropy, exchange interactions,
damping, and magnetisation dynamics. Being able to understand and engineer these properties is essential to
several emerging spintronics technologies for data storage and processing.
Using a Vector Network Analyser (VNA) together with a Co-Planar Waveguide (CPW) is a common methodology to
measure FMR in thin films. In order to accurately measure the samples it is important to design an instrument that
ensures maximum signal to noise whilst minimising parasitic resonances. We have performed extensive
electromagnetic simulations of the CPW to be used in our VNA-FMR system. In particular, we have looked for the
optimal parameter set to give a close match to the 50Ω impedance of the VNA, as well as a low dissipation loss
across the VNA’s frequency range of 10MHz-43GHz.
The parameter space searched includes substrate (Quartz, Sapphire, Si) and waveguide (Au, Cu) materials and
thickness (1nm-10μm), as well as the signal/ground dimensions shown in figure 1b). Results of the simulations are
shown in figure 1c). These simulation results will be compared to measurements of the final waveguide which is
currently being fabricated.
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P.73 Dynamics of the magnetocaloric LaFe13-xSix first-order metamagnetic transition
E Lovell1, A M Pereira2, K Morrison3, O Gutfleisch4 and L F Cohen1
1

Imperial College London, UK, 2Universidade do Porto, Portugal, 3Loughborough University, UK, 4Technische
Universität Darmstadt, Germany
Magnetocaloric materials with a Curie temperature near room temperature are of interest for application in highefficiency solid state cooling. Several promising families of materials exist including the LaFe 13-xSix system which
offers large magnetocaloric entropy change [1], low hysteresis, and tunability of the metamagnetic transition by
introduction of interstitial hydrogen [2] or partial substitution on the La or Fe sites. Studies have previously been
done on the dynamics of the metamagnetic transition for bulk and fragmented samples by correlating the sweep
rate of the magnetic field with hysteresis of the M-H loop [3]. More recently, long-time relaxation of bulk
magnetometry as a function of field orientation has been used to analyze the influence of demagnetization on the
transition dynamics and the dimensionality of growth for the nucleating phase [4]. Nevertheless, literature is
currently divided on the source of these dynamics.
Using magnetometry, we have studied the dynamics of first-order LaFe13-xSix samples with x=1.4 prepared by
induction melting, in order to better understand the processes involved and extract the contributions from heating
and the nucleation and growth process. This becomes vital when approaching field rates useful for a magnetic heat
pump when the increase in the metamagnetic hysteresis of millimetre-sized samples becomes considerable and
detrimental to cooling power. Understanding the causes and how to reduce these effects is essential for application
in providing a basis for better design of refrigeration systems.
The research leading to these results has received funding from the European Community’s 7th Framework
Programme under Grant agreement 310748 “DRREAM”.
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