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1 Executive Summary

Introduction

The field of spintronics has led both to highest level scientific discoveries and to important industrial
applications, such as hard disk read heads. More recently research has looked at the potential of
manipulation of individual magnetic domain walls and the combination of spintronics with thermo-electricity,
known as spin caloritronics. The commercialisation of these new technologies requires the development of
underpinning metrological infrastructure. This project characterised domain wall devices and developed
reliable measurements both for domain wall devices and for spin caloritronics in magnetic nanosystems.

The Problem

Several particularly promising device concepts are based on the motion of a magnetic domain wall (DW) in a
magnetic nanowire. These could find industrial applications ranging from high-density low-power data
storage to highly localised field and magnetic moment detection. To enable development of these devices a
fundamental understanding of the device physics and reliable measurement capabilities is required.

Additionally the rapidly emerging field of spin-caloritronics has a lack of established methods for reliable
measurements of spin-caloritronic material parameters which are necessary to underpin future material
research.

The Solution
In response to the above problems the SpinCal project has provided new metrology tools and methods for
the characterisation of DW devices and spin-caloritronic materials and devices. Specifically:

1 a new all-electrical measurement scheme has been developed that allows measurement of the
position of a DW in a magnetic nanowire with a few nanometres resolution;

European metrology infrastructure for the characterisation of DW devices has been established;

reliable measurement schemes for the quantitative characterisation of spin-caloritronic key material
properties have been developed and a European measurement infrastructure has been established;

9 first steps towards standardisation of spin-caloritronic key material properties have been taken by
drafting guidelines for Spin-Seebeck measurements, and by developing a new measurement method
that guarantees a good reproducibility of the Spin-Seebeck coefficients.

Impact
The results obtained represent important steps to underpin European research in promising fields of applied

science and thus to strengthen Europe in global R&D competition.

1 European industrial stakeholders will be able to develop more energy efficient ICT devices (e.g. low
power magnetic logic and storage devices) and more sensitive diagnostic tools for bio-sensing and
manipulation of individual biomolecules (e.g. perpendicular magnetic anisotropy DW sensors).

1 The development of a new high resolution measurement tool for DW propagation will significantly
speed up development of DW devices thereby enabling the faster development of new spintronics
products for the international market.

1 The availability of guidelines will allow for the provision of traceable measurements and for a
European and international comparability of material measurements to the benefit of European and
international R&D.

1 The new robust metrology infrastructure has the capability to underpin appropriate policies and
encourage the application of spintronics-based high tech applications, and represents the first steps
towards European and International standardisation in the developing fields of spintronics and spin-
caloritronics.
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2  Project context, rationale and objectives

Background

The field of spintronics has led both to highest level scientific discoveries and to highly important industrial
applications such as hard disk read heads. Here, the controlled propagation and manipulation of individual
magnetic domain walls may in the future allow promising applications in data storage and metrology.
However, many fundamental questions concerning the controlled domain wall motion in magnetic nanowires
need to be answered as a prerequisite for future applications. To answer these questions requires reliable
metrology tools and methods for the characterisation of DW devices.

Spin-caloritronics has recently emerged from the combination of spintronics and thermo-electricity and it
focuses on the interaction of electron spins and heat currents. It has led to the observation of fundamentally
new effects such as the spin-Seebeck effect (SSE) and thermally induced spin injection. Such novel effects
could offer novel device applications for industry and metrology such as magnetic control of heat flux in a
magnetic heat valve. However, to date, many advanced concepts have only a theoretical basis and need to
be studied experimentally. Furthermore, this new field requires reliable measurement techniques of spin-
caloritronic properties to underpin future materials research and applications.

Need for the project

High level European fundamental research in spintronics (the Nobel Prize 2007 was awarded to two

European researchers for the discovery of the giant magneto resistance) has led to important industrial and
metrological applications such as high density data storage devices and automotive sensors. Spintronics is

thus a model for the strong impact of fundamental research on industry and the economy. Today novel and

innovative concepts such as spin-caloritronics are emerging, allowing radically new device applications with

high economic prospects and the importance of this research has been underlinedin FP7'bei ng #f@dat t he
core of the knowledge-b ased soci etyo.

Promising device concepts are based on the motion of a magnetic DW in a magnetic nanowire with
perpendicular magnetic anisotropy. These could find applications ranging from high-density data storage to
nano scale magnetic sensors for bio-tech and health applications. As a basis for all future applications,
industry requires reliable measurement capabilities as underlined in the International Technology Roadmap
for Semiconductors (ITRS)i. Here the fdynamics of domain wall motiond i s explicitly | i st
fespecific challenges for spin mabeé¢eidaks that need advze

More recently a new branch of spintronics has evolved called spin-caloritronics, being a combination of
thermo-electricity and spintronics. Coupling heat driven transport with spintronics allows new device
concepts with promising applications such as innovative spin sources, or more efficient heat thermoelectric
generators. However, many of these theoretical concepts are yet to be tested experimentally, and there is
therefore a scientific need to test and validate theoretical predictions and to develop metrology tools and
methods for reliable measurements to enable future applications.

Scientific and technical objectives

This project addresses fundamental research and enabling metrology for domain wall devices and spin-
caloritronics with the following objectives:

1. To develop, realise, and investigate magnetic nanodevices allowing the detection, manipulation, and
control of individual magnetic domain walls in advanced magnetic materials with perpendicular magnetic
anisotropy (PMA).

2. To develop, realise, and investigate new functional magnetic nanodevices exploiting the interplay of
spin-polarised transport and thermal gradients.
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3 Research results

In the following the research which was carried out to address the two objectives will be described in more
detail. Due to the explorative nature of the project within the ffundamentaloEMRP Call, some of the research
explicitly addressed fundamental questions, such as the thermoelectrical properties of a single DW in a
magnetic nanowire, while other aspects of the research addressed an increase in the reliability of
measurements in the field of spin-caloritronics or DW devices.

3.1 Objective 1. Magnetic nanodevices allowing the detection, manipulation, and control
of individual magnetic domain walls

3.1.1 Development of a new tool for thermo-electrical detection of DW propagation with nanometer
resolution

The demonstration of domain wall (DW) detection with below 20 nm spatial resolution using the anomalous
Nernst effect (ANE) is a large step beyond the state of the art. Prior methods for DW nano scale detection
were either slow, complex, or invasive. The new thermo-electrical detection technique allows easily
accessible and fast all-electrical measurement of the DW propagation in PMA micro and nanowires. This
technique will enable new studies on dynamic properties of DW propagation in these highly relevant
materials stimulating developments of new sensor and memory device concepts.

This work has been achieved in collaboration of the four project partners PTB, NPL, UCAM, and FZU. Only
this collaboration making use of the unique facilities and capabilities of the different partners allowed
accomplishment of this major achievement. Among the different techniques and capabilities that were
required in this collaboration were the growth of high quality PMA thin films (UCAM), patterning of PMA thin
films by electron beam lithography (PTB), development of highly sensitive thermoelectrical measurement
setups (PTB), MFM DW manipulation with in-situ magneto-transport (NPL), as well as cryogenic transport
measurements in combination with optical Kerr microscopy.

Recent concepts for high-density memory, logic, and sensor devices rely on the controlled positioning and
propagation of narrow magnetic domain walls (DW) in nanowires with perpendicular magnetic anisotropy
(PMA). To study and develop such systems requires a reliable high-resolution tool for detecting the DW
position inside the wire. While magneto-optical microscopy is limited in spatial resolution, high-resolution
imaging such as spin resolved electron microscopy, nhanomagnetometry, or magnetic force microscopy
(MFM) can be complex, time consuming and, for MFM, invasive. The anomalous Hall effect (AHE) allows to
probe the position and motion of a DW inside a PMA Hall cross with nanometer resolution however the DW
position inside the PMA wire itself is not accessible. Other electrical measurements like giant magneto
resistance detection can only be applied on specific spin valve nanowires. Over the last years, the field of
spin-caloritonics has explored the interplay of heat and spin currents in spintronic materials and devices. At
the same time the anomalous Nernst effect (ANE) moved into focus from being part of careful analysis of
spin-caloritronic measurements to detection of magnetisation reversal and magnetisation dynamics in
magnetic thin films.

In this work it was shown that ANE provides a powerful tool to detect DW propagation in magnetic nanowires
with nano scale resolution. Using a simple thermoelectrical measurement setup allows the probing of current
induced, magnetic field induced, and MFM induced DW propagation as well as DW depinning from individual
nano scale pinning sites. To highlight the generic character of this method, it was applied to two distinct
ferromagnetic PMA systems, namely: metallic Pt/CoFeB/Pt wires with high Curie temperature, and wires
patterned from a (GaMn)(AsP)magnetic semiconductor film with Curie temperature below room temperature.
DW position detection with spatial resolution down to 20 nm comparable to the DW width in typical PMA
materials has been demonstrated.
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Figl. (A) Electrical setup for measurement of DW displacement. An in-plane thermal gradient £Ty (arrow)
is generated using a heater line. The PMA magnetic wire (e.g. of Pt/CoFeB/Pt) has magnetisation Mz
perpendicular to BT, operated at an ac frequency f. The resulting ANE voltage Vane can be detected at
the wire ends and depends on the orientation of the magnetisation. Full magnetisation reversal measured
by ANE is shown in (B). For magnetisation reversal by motion of a single DW the ANE signal is
proportional to the position of the DW inside the wire.

Fig 1 shows the geometry allowing DW detection by ANE. In this geometry the thermal gradient BTy, the
wires PMA magnetisation Mz and the ANE voltage probes are all oriented perpendicular to each other
allowing ANE detection of magnetisation reversal. A typical ANE signal for full magnetisation reversal of the
wire is shown in (B). If a single DW moves along the wire during magnetisation reversal the normalised ANE
signal is proportional to the position of the DW inside the wire. This fact can be used to detect the movement
of an individual magnetic DW with high resolution. In our work we have demonstrated a spatial resolution
down to 20 nm which is comparable to the width of the DW in typical PMA materials. This easily accessible
high resolution metrology tool will allow a variety of future applications and will foster research and
development of DW sensors and devices.

Note that the development of this method had not been part of the initial planning of the project. It has been
developed within the project based on the fruitful collaboration of the different partners and based on the joint
competences present in the consortium. This allowed us to use a method developed for the detection of the
DW thermopower from Objective 2 and modify it for use within Objective 1. Therefore these results are an
excellent example of the added value a joint collaborative research can offer over research done by
individual partners alone.

3.1.2 Infrastructure for DW device characterisation

A metrological setup for the characterisation of DW devices has been established at NPL. It allows magneto
transport measurements in vector magnetic fields over a broad temperature range. The metrological setup
has been extensively validated by measurements of NPL in collaboration with REG(UCAM) in the following
types of experimental measurements, involving DW dynamics in different systems and experimental
conditions, i.e. angular measurements (space state), samples with no notches, new bead types, multilayer
CoFeB and Co/Pd devices, test of tapered ends and OLE, MMR measurements. The new setup is highly
reliable and provides highly accurate and reproducible measurements. This setup was used for the
characterisation of DW devices and DW sensors as described in the following.

Measurements of DW propagation in PMA systems

Within the project a significant effort has been undertaken by the SpinCal partners NPL, UBI, UCAM and
INRIM in order to probe the possibility of steady DW motion within nanostructures formed from magnetic
materials exhibiting perpendicular anisotropy (PMA).

The work undertaken can be subdivided into the study of stacks made of 1) well-known PMA materials
exhibiting high Gilbert damping constants and 2) comparatively new materials engineered in order to exhibit
low Gilbert damping. In the case of high damping materials, complementary modelling work has been
undertaken in an attempt to simulate DW propagation within hanowires formed from these materials.

A number of key factors are necessary in order for DW devices to be realised within a particular material:

1 Low-energy, reproducible injection must be achieved at a specific point within the structure.
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1 It should then be possible to move the DW in a controlled manner through the structure, preferably
between pinning sites at specifically engineered locations.
1 Finally, a non-disruptive read-out method is required in order to chart the passage of DWs through
the structure.
The PMA material samples delivered by the SpinCal project partners at the universities of Cambridge and
Bielefeld were as follows:

DW propagation in devices based on high damping materials
Pt/CoFeB/Pt

UCAM have produced a variety of PMA films incorporating one or more layers of ultra-thin CoeoFe20B20
sandwiched between thin platinum spacers. Each PMA stack is fabricated on a substrate of oxidised silicon.
Adhesion to the substrate is ensured via the use of a thin layer of tantalum. The resulting films have been
patterned into a number of different nanostructures and several distinct experiments have been undertaken.
Nanofabrication was initially undertaken at UCAM but has recently been relocated to the clean room at PTB,
which has produced a significant improvement in the yield of working devices. A number of experiments
have been conducted in order to investigate methods for injecting, pinning and measuring the location of
DWs within CoFeB/Pt nanowires.

One or more sample sets using each of the following PMA stacks have been investigated during the SpinCal
project to date:

1 Single layer CoFeB(0.6nm), CoFeB(0.8nm) and CoFeB(1.3nm)
1 CoFeB(0.8nm) bilayer devices, i.e. [CoFeB]2
I (CoFeB(0.6)/Pt)x4 devices for bead sensing, i.e. [CoFeB]4
A DW Nucleation
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Figure 3 nucleation studies of DW injection using tapered ends on PMA nanowires. Column (a) tapered end
geometry and widths studied. (b) coercivietes at tapered end as measured using MOKE microscopy.
(c) MFM of low-field DW nucleation occurring at a tapered end in a CoFeB/Pt nanowire. The MFM images
show one of the issues preventing smooth DW propagation. In this case, the DW has become pinned until a
relatively high field of 40 mT, preventing the observation of smooth, low-field propagation within the wire.
Slight variations in the wire geometry and edge roughness between different fabrication sets is the likely
cause for the observation of this behaviour in some, but not all devices measured.

MOKE microscopy was used to establish that a reduction in coercivity accompanies a reduction in the width
of a CoFeB wire tapered end. This reduction of coercivity may be used to reproducibly inject a DW into the
bulk wire under the application of an external out-of-plane field.

FIB irradiation was also investigated as a method of reducing the anisotropy within a small section of a
CoFeB wire, so that it might act as a nucleation site for DWs under the application of an external applied
field. While some evidence was observed to indicate the creation of reduced nucleation fields at the
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irradiated locations, the control over the irradiation doses and dose profiles was found to be insufficient in
order to achieve reproducible results. As a result, the comparatively simple and reproducible injection offered
by tapered ends on nanowires was implemented within the project.

DW Pinning: MOKE microscopy was also used to study potential methods for pinning a DW within a CoFeB
nanowire after low-field injection at a tapered ends. The pinning effect of a variety of geometrical distortions
was examined. Results indicated that, while significant depinning field amplitude and reproducibility was
attainable, the majority of pinning geometries had a negligible effect. Observation of DW pinning at notches
in nanowires is dependent upon the propagation field within the rest of the PMA nanowire being lower than
this pinning field. If too many defects exist within the magnetic wire, then the pinning effect of the notch may
be masked by the high-density pinning events throughout the wire.

For straight wires with no Hall crosses or pinning sites, it was observed that DW motion becomes smoother
in thinner wires. The likely cause for this behaviour is that the thinner wires have a smaller surface area and
therefore the probability of defects occurring is reduced.
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Figure 4 (a) Diagram showing MOKE method for measurement of pinning potentials at notches in PMA
nanowires. (b) schematic of notch types studied; (c) depinning fields obtained for 400 nm deep notches in
600 nm wide wires; (d) depinning fields for 200 nm deep notches in 300 nm wide wires.

Measurement of DW propagation: A number of electrical read-out methods have been successfully
demonstrated within the SpinCal project. These are divided into longitudinal magnetoresistance
measurements, transverse measurements of the anomalous Hall Effect and caloritronic measurements
based upon voltages resulting from the anomalous Nernst effect in the presence of a thermal gradient.

Longitudinal measurements: 4 probe magnetoresistance measurements have been demonstrated as a
possible method to chart the magnetisation reversal process along a length of a PMA wire. In our
measurements, we have found that, while the MMR signal is negligible within PMA stacks containing a single
layer of CoFeB, within stacks containing two or more CoFeB layers ([CoFeB]2 and [CoFeB]4) it is possible to
detect a signal from the magnetisation switching. Conversely, it is also noted that the density of pinning sites
within the PMA nanowires increases dramatically within [CoFeB]2 - [CoFeB]4 stacks.

Transverse measurements: The anomalous Hall effect is a well-documented method for measuring the local
magnetisation within PMA structures. Hall crosses were initially fabricated from CoFeB films and shown to
provide clear magnetisation reversal signals. Steps within the hysteresis loops of these Hall crosses
indicated DWs stochastic pinning at the cross junctions. The large variation in the depinning fields from these
junctions meant that the Hall crosses were not suitable for use as pinning sites as the reproducibility of
depinning from notches was significantly greater. In order to reduce the obstacles to smooth DW propagation
within the PMA wires, a new geometry was conceived. A continuous overlying electrode made from non-
magnetic material was deposited over the PMA nanowire. A reduced amplitude signal from the AHE was still
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measurable, while the obvious advantage of the non-magnetic overlying lead is such that measurement of
the local magnetisation could be conducted without interrupting the smooth passage of DWSs through the
device.

Figure 5. (Left) In situ MFM images showing two domain walls nucleating from a notch within a [CoFeB]s
nanowire. (Right) Longitudinal resistance measurement of the [CoFeB]4 wire. The complex hysteresis curves
are related to the propagation of multiple DWs through the device. The feature labelled By marks the DW
nucleation.

Thermopower measurements: The anomalous Nernst effect has been demonstrated as a powerful tool for
measuring the passage of DWs through PMA nanowires as described above. This measurement has a great
potential for device development as it offers high-resolution imaging of DW position along the nanowire,
while also avoiding the need to pass current through the magnetic element. Current-based degradation of
the magnetic stack may therefore be avoided using this technique.

Co/Pd Samples

UBI has delivered a number of nanostructure samples made of different PMA stacks. The stacks have
included multiple layers of ultrathin Co sandwiched between Pd spacers.

1 Ta5[Co 0.45nm/Pd1.8nm]s MgO2nm
i Ta5[Co00.4Pd1.2]:2Ta3Ru3
i Ta5[Co00.4Pd1.8]sTa3Ru3

DW Injection and Pinning: No evidence for DW injection or propagation has been observed in any of the
measured nanostructures. The use of tapered ends, mechanically induced defects and FIB irradiation have
been attempted in an effort to nucleate domain walls within Co/Pd nanowires. A range of geometrical pinning
sites (notches, bumps, Hall crosses) has been investigated using both MOKE microscopy and transport
measurements. As a conclusion the magnetisation reversal in these sample is dominated by the strong
crystalline anisotropy. Therefore a controlled DW injection or nucleation is difficult to achieve hindering direct
applications of these materials for DW devices.

Electrical Measurements: The same types of longitudinal (MMR based) and transverse (AHE based)
magnetisation monitoring methods described for CoFeB/Pt have been successfully demonstrated within the
Co/Pd devices. Signal amplitudes in each case are significantly elevated as comparted to CoFeB/Pt
samples. Due to the instantaneous switching of whole devices, which were observed in almost all devices,
these measurements have not yet been used to track DW progress through Co/Pd devices.

Co/Pd Prospects: While transport measurements have indicated great potential for measuring the
magnetisation of Co/Pd nanostructures, no evidence for steady DW propagation has yet been observed in
any of stack types used so far. Without advancement in the fabrication and understanding of the PMA
material, the prospect for steady DW motion within this material remains bleak.
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Figure 6. Transverse (black) and longitudinal (blue) electrical hysteresis measurements of a Co/Pd nanowire.
A clear signal is seen from the anomalous Hall effect and the magnon magnetoresistance. If DW injection
and propagation can be achieved in this material then electrical read-out methods will be a strong tool in
device development.

DW propagation in devices based on low damping materials

The magnetisation damping is a defining parameter for the efficiency of spin transfer torque. Therefore one
of the planned work within the project was the investigation of DW propagation in nanostructures formed
from low-damping materials. Therefore materials and nanowires with varying rations of Mn:Ga were
delivered from UBI. The following magnetic component compositions were measured:

T Mnl.6Ga
1 Mn2.46Ga
1 Mn2.7C00.3Ga

Unfortunately all of the low damping samples measured were found to exhibit exceptionally high coercivites,
which placed great restrictions on their use in developing magnetic nanostructures. In addition to their
prohibitively high coercivites, all of the samples measured were found to exhibit magnetisation reversals
across a very wide field range. This is consistent with the nucleation of a large number of bubble domains
within the wires as opposed to the nucleation and propagation of a single DW through the devices. Due to
the high coecivities necessitating the use of a superconducting magnet coil, and the lack of any evidence for
single DW nucleation or propagation, the use of low-damping materials within the SpinCal project was
terminated at mid term of the project.

Modelling

A significant body of work has been undertaken at INRIM in an attempt to simulate DW nucleation and
propagation within PMA nanostructures. Simulations were developed of field-induced DW motion along thin
ferromagnetic stripes with high PMA. Two equilibrium states were found depending on the width and
thickness of the strip: Bloch DW and Néel DW.

Different aspects have been investigated, such as:

1 inclusion of thermal effects via Langevin approach;

1 stochastic distribution of anisotropy properties;

1 inclusion of randomly distributed defects (e.g., small non-magnetic regions);

1 inclusion of Dzyaloshinskiii Moriya interaction.
In spite of the ever increasing level degree of complexity in the simulations, little evidence has yet been
observed to support a well-understood steady domain wall motion within the devices.

Evidence is observed for low-field nucleation of domain walls at the tapered ends in the CoFeB/Pt
nanowires. Steady DW motion through the wire is not observed, however as in all simulations the DW is
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seen to pin at the point, at which the nanowire widens from the tapered end. Bubble domain nucleation is
then observed throughout the bulk wire at an elevated field (Fig. 7).

Due to the large number of degrees of freedom, it was very difficult to obtain modelling results, which would
describe the experimental system fully and adequately. Further information on the main physical parameters
and microstructural properties of the PMA film could help to improve the simulations. As found in a number of
modelling works, a small variation in the physical parameters might strongly influence the output. This means
that knowledge of the real system parameters is of an utmost importance in order to accurately model the
system. Unfortunately, the experimental data to date indicates that even nominally identical PMA devices
made from identical stacks deposited and patterned using the same recipes can differ greatly in their
characteristics.
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Figure 1 Simulation results for 300 nm wide [CoFeB]:1 wire incorporating a tapered end and a notch.

Conclusions: A large and varied number of PMA samples have been investigated during the SpinCal
project. At the moment, very limited results have been obtained, which would support steady DW motion
within nanostructures. The most promising data has so far been obtained from single layer CoFeB/Pt
devices with CoFeB thickness of 0.6 nm. However, even for this material the reproducibility of behaviour
between nominally identical sample fabrications remains very poor.

In spite of the issues with long range propagation of DWs in PMA nanowires, the project has recently
demonstrated a proof of concept for a DW based magnetic bead sensor. The device implements a direct
measurement of the nucleation event at a notch within a nanowire using the AHE and thus circumnavigates
the need for smooth DW propagation over long distances or the engineering of pinning sites.

3.1.3 Prospects for DW based magnetic nanosensors:

As described above within SpinCal the prospects for establishing devices based on steady domain wall (DW)
motion within magnetic nanostructures exhibiting perpendicular magnetic anisotropy (PMA) were evaluated.
Evidence was demonstrated for the injection, propagation and controlled pinning of DWs; primarily within
CoFeB/Pt devices.

Previously published results on DW devices suitable for the detection of magnetic beads have employed
controlled DW pinning and depinning processes within in-plane magnetised materials. By detecting a
modulation of the DW depinning field when a magnetic particle is in close proximity to the device, the
presence of the bead may be inferred. The lack of reproducibility in DW propagation and depinning within the
PMA materials studied in the SpinCal project meant that MNP detection based on a similar pinning/depinning
mechanism within PMA materials was not a realistic outcome within the timeline of the project.

Alternatively, the nucleation and propagation of domain walls within PMA materials have been successfully
imaged and electrically measured in CoFeB/Pt devices. Once the issues with stochastic behaviours,
unwanted pinning and unsteady DW propagation within CoFeB had been recognised, efforts to implement
the nucleation event as the detection mechanism for magnetic particles using PMA materials were
undertaken.
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In order to implement DW nucleation in a sensor device, a highly reproducible nucleation event must be
demonstrated within a structure. An electrical read-out method suitable for detecting the nucleation event is
also a requirement. A notch placed within an otherwise uniform PMA nanowire reduces the local anisotropy
at that feature, thus producing a highly reproducible nucleation site under applied out-of-plane fields, see
Fig. 5.

The details of the initial development of a CoFeB/Pt nucleation based sensor, based on a notched CoFeB/Pt
nanowire can be found in publication No. 23. This paper documents the development of a nucleation based
sensor where a non-magnetic electrode overlying a notch in a PMA wire is used to monitor the nucleation
event at the notch under applied out-of-plane fields. The paper provides an initial demonstration of device
functioning by comparing the reversal behaviour of the clean device with that of the device in the presence of
a relatively large permanent magnet - NdFeB microbead. A single NdFeB micropatrticle attached to the apex
of an AFM probe is initially held above the sensor junction,and t he shi ft in the

measured. After this, the sensor volume of the device is mapped by scanning the bead across the device
surface at varying lift heights, while recording the AHE at each probe position. A small bias field (of opposite
polarity to NdFeB bead magnetisation) is applied during measurements in order to ensure that the device
magnetisation returns to its original state after the bead has passed. The technique measures the volume, in
which the stray field component of the NdFeB patrticle is sufficient in order to nucleate domain walls within

the device junction. DW nucleation as a direct resul

to 800 nm. This is double the distance measured in Py devices using the same type of particle, and
represents a significant improvement in device sensitivity when using PMA materials.

Despite being a very significant improvement to the previous works, in terms of real-world applications, the
detection of NdFeB particles is of limited interest. These particles are strongly ferromagnetic (i.e. prone to
agglomeration due to dipole interaction) and formed from potentially toxic material. For most Life Science
studies using magnetic labelling, the particles of choice are formed from iron oxides and exhibit
superparamagnetic behaviour. Therefore, after proving the potential of the nucleation sensor, studies moved
to attempts to detect iron oxide particles using the technique. AFM probes were prepared with different type
of iron oxide nanopatrticle fixed at the apex. A range of particle diameters, i.e. 3 micron, 1 micron, 100 nm,
were so far studied (Fig. 8).

Figure 8: AFM probes tipped with 3 micron, 1 micron and 100 nm diameter iron oxide particles.

Superparamagnetic iron oxide particles exhibit no remanent magnetisation, meaning that without external
magnetic field they would be unable to nucleate domain walls within the sensor junction just by passing close
to the device. The effect of a stationary particle situated abovethe sensor junction on
loop was, however, investigated. Fig. 9 shows a diagram of a sensor junction and its remagnetisation
process in the left column (Fig. 9 a1 c), with an example of a hysteresis loop of the clean device in (Fig. 9d).
Fig. 9h demonstrates a hysteresis loop measured from the same device as in Fig. 9 d, however an iron oxide
particle has been placed off-site of the notch, as depicted in Fig. 9e-g. The particle is situated 20 nm above
the device. The hysteresis loop in Fig. 9h shows a clear step as a result of the proximity nanoparticle,
indicating that the particle has modified the remagnetisation behaviour of one half of the junction. A possible
schematic of this behaviour is shown in Fig. 9 a-c.
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Figure 9. (a-c) schematic of DW nucleation process in a clean device junction; d) AHE hysteresis loop for a
clean junction. (e-g) schematic of magnetisation reversal at a device junction in proximity to a MNP; h) AHE

hysteresis loop for a device in proximity to a MNP.
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Fig. 10 further studies the effect of an iron oxide nanoparticle on a sensor junction. It plots the hysteresis
loop transitions in each polarity for a device with a 3 micron iron oxide particle situated above one half of the
sensor junction. In each field direction a reduction in the coercivity of one half of the junction is observed in
the presence of the particle. The magnitude of the coercivity shift is ~3.6 mT.
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Figure 10. Superpositions of negative (left) and positive (right) transitions in hysteresis loops measured for a
clean device and a device in the presence of a 3 micron particle placed to once side of the sensor junction.

In an attempt to understand the results shown in Figs. 9 and 10, a schematic of the proposed
remagnetisation process for a junction in the presence of a particle is shown in Fig. 11. The interaction
process between the device and particle begins in a saturated state as shown in (a), as the field is increased
in the opposite direction the low coercivity of the iron oxide particle causes it to reverse at a lower field than
the nucleation field of the clean notch. After the particle has remagnetised, its stray field enhances the local
field above one half of the junction. As a result of the contribution from the particle, the nucleation field for
one half of the junction is reached at a slightly reduced applied field (c).

Final Publishable JRP Report -14 0f 30 - Issued: Nov 2016
Version V1.0



EXL04 SpinCal /‘\.
EURAMET

Figure 11: lllustration of a possible mechanism for remagnetisation process of device in presence of a bead.

Having demonstrated a clear signal from the 3 micron iron oxide particles, the 1 micron diameter particles
were then investigated. Fig. 12 plots averaged (5 sweep) curves for a clean device, and in the presence of 3
and 1 micron particles positioned off-side the notch. Although the curves are slightly smoothed due to the
averaging process, a clear reduction of the switching field is still measureable for the 1 micron particle.
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Fig. 12: Effect of 3 micron and 1 micron iron oxide particles on a switching field of the device as compared
with the clean hysteresis loop.

The next test of the nucleation sensor was to investigate the bead-sensor separation, at which iron oxide
particles could be detected. Fig. 13 shows results for 3 micron, 1 micron and 100 nm (nanoflower, NF)
particles at varying distances above a sensor junction. The y axis is the width of the magnetisation reversal
in the hysteresis loop. The value marked Z is the width of the transition in a clean device, i.e. a zero reading
in this experiment. For 3 micron particles, a significant effect is observed, which is detectable at large bead-
sensor separations of more than 600 nm. A less complete data set has so far been obtained for the 1 micron
particle, although a reduced amplitude signal is observed which appears to follow a similar decay with
separation to the 3 micron. A single data point has so far been obtained for the 100 nm patrticle. While no
step is immediately observable within the data for this particle type, a slight widening of the transition does in
fact occur in the presence of the particle. As these results are very interesting and highly applicable, it is
intended to carry on with the experimental work outside the frame of SpinCal project, to attain a complete
data set for all particle types at all lift heights (until signal extinguished). This is a highly time consuming and
delicate process due to the nature of scanning probe imaging, the tendency of the system to drift laterally
during the measurement of hysteresis loops, the tendency for particles to disintegrate or fall off probes and
the possibility of damage occurring to the sensor device itself after being scanned many times with a probe
and carrying current for long periods of time.
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Figure 13. Shift in switching fields of device hysteresis transition for 3 types of iron oxide particles at varying
heights above the sensor. Dashed lines show projected relationships for incomplete data sets.

The data so far obtained indicates that the nucleation sensor technique using PMA materials has great
potential for the high-sensitivity detection of iron oxide magnetic nanoparticles. Further improvements in
sensitivity may be achieved by further variation in the device design, however the demonstrated device is
capable of detecting particles with direct interest for diagnostic and immunoassay applications. As a result of
this experiment, a collaborative study is planned with the NPL biotechnology group in order to test the effect
of functionalisation on the nucleation sensor devices, and to investigate the possibility of using functionalised
devices to capture nanoparticles from solution and read-o u t the captured nanopart:.
electrical means. As such the prospects for detecting magnetic beads using magnetic nanoparticles are very
positive, with additional work planned to continue device development in the period after SpinCal ends. The
PMA film coercivities, defect densities and magnetoelectrical properties vary greatly between different
sputtering depositions. After processing into nanostructures the variation in device behaviours can be
significant. Similarly the yield of functioning devices between different fabrications can vary greatly. For
example, only the most recent deliveries of samples have shown approximately 80%, 50% and 0% device
yields. For DW sensors based on PMA materials to have real commercial prospects, the reproducibility and
yield of devices must be addressed.

Conclusions:

Based on the intense collaboration of the project partners various aspects of DW propagation in magnetic
nanodevices have been investigated. New metrology infrastructure has been established and new metrology
tools have been developed. Using the new tools various aspects of the physical foundation of DW devices
have been studied. Based on these results new and promising sensor concepts suitable for the detection of
magnetic beads have been developed. These new sensor concepts will be investigated with respect to bio-
tech applications in future collaborations of the involved project partners.
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3.2 Objective 2: new functional magnetic nanode vices exploiting the interplay of spin -
polarised transport and thermal gradients

The research with respect to Objective 2 focussed on two main aspects of the field of spin-caloritronics which
will be described in the following:

1 Development of reliable measurement tools and methods for measurements of the spin-Seebeck
effect

1 Measurements of fundamental spin-caloritronic properties of magnetic nanodevices

3.2.1 Reliable spin-Seebeck measurements

The coupling between spin and charge transport in condensed matter is studied in the lively field of
spintronics, that could provide extremely low power ultrasmall electronic devices. However, heat currents
dissipated in such devices are coupled to both charge and spin currents. Spin caloritronics now additionally
combines thermoelectrics with spintronics and nanomagnetism, and offers the possibility to use waste heat
for the operation of electronics.

In particular, we concentrated on Spin-Seebeck materials and devices. In the so-called Longitudinal Spin
Seebeck Effect (LSSE), a ferromagnetic insulator with magnetisation in the film plane is covered by a thin
Platinum layer. When a temperature gradient is applied to this system perpendicular to the film plane, a
voltage is generated in the Platinum that can drive, e.g., a current for supplying other devices. The source of
the voltage is the Inverse Spin Seebeck Effect that converts a spin current into a charge current.

At the start of SpinCal, however, LSSE measurements suffered from a very poor reproducibility concerning
the Spin Seebeck Coefficient (the measured voltage divided by a geometric factor and the temperature
gradient across the ferromagnet). We contributed to develop a new method that uses the heat flow (given in
Watts per Square-meter) instead of the temperature gradient (given in Kelvin per Meter) as external variable.
This method has been successfully established in a worldwide Round Robin experiment and now
guarantees a good reproducibility of the Spin Seebeck coefficients that are given in Watts /(Volt Meter).

Experimental setup: Measurements of LSSE voltage are performed by the system represented
schematically in Figure 14. The system is a closed thermal circuit in which a given quantity of heat flows
through elements that are in series: the thermoelectric elements used as heat flux sensors (c), the sample
under investigation (f), and a couple of power Peltier cells (d), used as heat flux actuators. We use two T-
type thermocouples (a) for the measurement of the temperature difference between the two brass blocks.
We measure the temperature of the heat sink by a standard Pt-100 thermometer (e). The heat sink is
connected to the heat flux actuators and is stabilised to room temperature by a cryo-circulator.

brass blocks

T-type thermocouple

- brass blocks
\ b: g ) / T-type thermocouple

| Seebleck Voltage

Inverse Spin
Hall Voltage

(probg peltier cell)

V> e Peltier cell)
a Joule heatej_ —]

T

e
' -
Heat sink
-
Heat sink
Pt 100
Magnetic field
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Figure 14: experimental setup for the characterisation of the LSSE as a function of the heat flux
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We calibrated the heat flux sensors by using an electric heater resistor as a known Joule heat source placed
between the two heat flux sensors, as shown in figure 14.b. The response of the probe peltier as function of
the heat flow is reported in figure 15.
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Figure 15. Calibration curve of the probe peltier sensor

Measurement methods: We impose and measure a given heat flux by the aforementioned system and
simultaneously we measure the LSSE voltage as the half difference between the voltages at the opposite
values of the saturation magnetic field. The values of LSSE voltage (presented in Figure 16.a) are recorded
by a keithley 2182a nanovoltmeter. The magnetic field is obtained by an electromagnet and is measured by
a Hall probe gaussmeter; it is continuously swept between 70mT and -70mT with a period of 20 minutes. In
Figure 16.b are reported values for the LSSE voltage, normalised with the distance of the electric contacts
wet, @s a function of the heat flux for the saturating magnetic field.
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Figure 16. Normalised LSSE voltage at various heat fluxes through the sample

Dependence of LSSE coefficient on the temperature difference: From the linear fit of data reported in
Figure 16.b it is possible to obtain the normalised spin Seebeck voltage over the heat flux (characteristic of
the sample):

LSSE voltage /wp,
Heat flux

=4.66-107%VmWw 1

The related intensive quantity can be obtained by doing some assumption on the value of the thermal
conductivity of the YIG layer and by taking in account the dimensions of the sample.
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[Sample size]
Pt film:
L,=20mm,L,=6.0 mm, L, =10nm

YIG film:
L,=20mm,L,=6.0 mm,L,=~4 uym

GGG substrate:
Ptfilm YIG film L, =2.0 mm, L= 6.0 mm, L, =0.5mm

GGG substrate

Figure 17. Sample geometry and dimensions

If we assume a thermal conductivity of the YIG layer equal to 6 Wm'1Ki?1, the spin Seebeck coefficient for the
YIG in the device under investigation is equal to 2.8-107 V/K.

This new measurement method developed within SpinCal enables a much more reliable determination of
spin-Seebeck material parameters than before. This underpins reliable R&D and material optimisation for
future application of spin-caloritionic materials.

3.2.2 Fundamental spin-caloritronic properties of magnetic nanodevices

Within the project a variety of fundamental aspects of spin-caloritronics in magnetic nanodevices have been
addressed by the consortium. Among them were the first measurement of the magneto thermo power of an
individual magnetic DW, the first measurement of the magneto-thermoelectric figure of merit of a giant
magneto resistance (GMR) stack and the first measurement of the tunnel magneto thermo current in a
magneto tunnel junction (MTJ) stack. These results will now be described in more detail.

DW thermo power: At PTB a new measurement infrastructure has been developed allowing measurement
of the magneto thermo electric properties of magnetic nano devices at room temperature and in a cryogenic
environment over the temperature range from 1.5 1 300 K in magnetic vector fields up to 1 T. This setup was
used for the characterisation of the thermopower contribution of an individual magnetic domain wall, among
others. This setup was also one of the keys to the development of the new DW detection tool described with
respect to Objective 1.

To measure the thermopower of an individual DW, first DW devices were fabricated from NiFe thin film which
allowed controllablenucleation of a DW at a bent of a nanowire and controllable pin the DW at a notch
between two electrical contact. Generation of a temperature gradient by an electrical heater allowed
measurement of the thermopower of the wire with and without the DW pinned at the notch. In the presence
of a pinned DW at the notch a clear signal was found that could be attributed to the anisotropic magneto
Seebeck (AMS) signal of an individual magnetic DW as shown in Fig. 18. Other contributions like ANE or
planar Nernst effect (PNE) could be ruled out based on simulations.

Fig 18. NiFe nanowire for the measurement of DW thermopower with electrical heater lines.
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