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Publishable executive summary

Nanotechnology, that is, the use of structures whose dimensions are on the nanometre scale to build
new materials and devices, is the key to future developments in a wide range of technologies,
including materials science, information technology and healthcare. An important aspect of
nanotechnology is the recognition that sufficiently small pieces of matter (nanoparticles) have
electronic, magnetic and optical properties different from the bulk material. In addition their
properties are size-dependent and so nanoparticles can be considered as new building blocks of
matter or ‘giant atoms’, whose properties can be tailored. The state of the art in nanotechnology
(sometimes referred to as incremental nanotechnology) uses this novel property of nanoparticles in
the building of new materials and devices. The next phase (or evolutionary nanotechnology) is to
functionalise the nanoparticles themselves, by making them from more than one element or as core-
shell structures so that each one becomes a device.

In the NANOSPIN project the aim is to functionalise magnetic nanoparticles smaller than 5nm so
that each one becomes capable of storing one bit of classical information at room temperature or
forms a superposition of states to store a qubit for a quantum computer. In principle one could do
this with elemental nanoparticles of Fe or Co but their magnetic softness means that larger particles
are required for magnetic blocking at room temperature or ultra-low temperatures to produce a
superposition. The project will also explore ways of organising the particles into ordered arrays and
of reading from and writing to the nanoparticles using scanning probes. This involves enormous
technological challenges, whose solution requires a better fundamental understanding of magnetic
interactions between atoms, the switching behaviour of magnetic nanoparticles and the interactions
between scanning probes and nanoparticles. The technological problems to be solved fall into three
basic types illustrated in Fig. 1. One must learn how to construct suitable magnetic nanoparticles
with the desired magnetic behaviour (WP1, WP2, WP3, WP4), find ways to order them into
ordered assemblies (WP6) and having determined the fundamentals of their switching processes
(WP5) find ways of changing the magnetic state of individual nanoparticles (WP7). Mid-term in the
project it was decided to take advantage of the Targeted Third Country (TTC) call by the EC and to
build extra strength into the scanning probe part of the programme and incorporate a new partner
from Russia who specialise in magnetic force microscopy (MFM). This group will carry out extra
tasks based on MFM theory and experiment contained in an extra workpackage (WP9) that are
complementary to the rest of the programme.

The project is a now a consortium of nine contractors from five countries, that is, UK, Italy, Spain,
Ukraine and the Russian Federation who belong to universities, research institutes or industry. The
contractors and their contact details are given in the table below and also available on the project
website (www.nanospin.le.ac.uk).

Table 1 Contractors and their affiliation and contact details
Contractor Affiliation Contact

Prof. Chris Binns University of Leicester, UK cb12@le.ac.uk
Prof. John Blackman University of Reading, UK j.a.blackman@reading.ac.uk
Dr. Kalliope Trohidou NCSR “Demokritos”, Athens, Greece trohidou@ims.demokritos.gr
Prof. Stanislav Denisov Sumy State University, Ukraine denisov@sumdu.edu.ua
Prof. Alberto Testa CNR-ISM Rome, Italy albertomaria.testa@ism.cnr.it
Prof. Javier Tejada Universitat de Barcelona jtejada@ffn.ub.es
Dr. Peter Zhdan University of Surrey, UK P.Zhdan@surrey.ac.uk
Mr. Andrew Schubin NT-MDT Co., Zelenograd, Russia shubin@ntmdt.ru
Dr. Victor Mironov
(new participant)

. IPM-RAS, Nizhny Novgorod, Russia mironov@ipm.sci-nnov.ru
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Fig. 1
Diagrammatic representation of the approach to
overcoming the three basic technological
challenges in the programme. WP1-WP5 focus
on the magnetic nanoparticles themselves, how
their behaviour depends on their internal spin
configuration, how they switch and how to
control their behaviour by changing their
material construction. WP6 examines methods
for forming ordered arrays of the functionalised
nanoparticles. Processes for reading from and
writing to the nanoparticles using scanning
probes are researched in WP7 and WP9

At this point in the programme all work packages are up and running and progress is being made on
all the technical challenges being addressed. Assemblies of magnetic nanoparticles are being
produced by a variety of bottom up and top-down methods. The bottom-up methods include
deposition of size-selected gas-phase nanoparticles produced by a gas aggregation source (Fig. 2a),
wet chemical methods (Fig. 2c) that produce ordered assemblies of FePt nanoparticles and
nanosphere lithography. The top-down methods include electron beam lithography and focused ion
beam milling to cut nanoparticles out of a pre-deposited metal film (Fig. 2d). Another cluster
source, based on metal aggregation in liquid He droplets that is designed to produce core-shell
nanoparticles has been constructed but as detailed in previous reports and in section 2.1 we are still
struggling to get this difficult technology to work. The present state of play is that the source is
completed and is producing rare-gas clusters but at too low a flux to routinely make metal clusters
for the consortium. The problems are being addressed and the performance of the source is steadily
improving (see section 2.1 for a detailed report). In terms of the DoW, this delay is causing
problems since the experimental programme is described almost exclusively in terms of core-shell
clusters. The experimental programme has thrived however on the other methods of producing
nanoparticle assemblies and a lot has been learned about the behaviour of nanoparticles varying in
environment from isolated exposed clusters on surfaces to interacting assemblies embedded in
matrices. The publication rate by the consortium is very healthy (see appendix 1). In addition we
have found alternative means of producing core-shell clusters, including so far, Fe/FeO and
Fe/FePd particles. This diverse collection of nanoparticle assemblies has been studied by a wide
range of experimental techniques and modelled using several theoretical approaches.
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 (a) (b)

 (c)

(d)
Fig. 2 Methods used to produce nanoparticles in the NANOSPIN project. (a) Gas aggregation source
deposits size-selected nanoparticles onto surfaces and into matrices by co-depositing an atomic vapour of
the matrix material. (b) He droplet source designed to produce gas-phase core-shell particles. (c) Wet
chemical methods and electro-deposition (several methods being tested for the production of self-organised
FePt nanoparticles). (d) Top-down methods include (top) electron beam lithography (EBL) and (bottom)
focused ion beam FIB) milling. The inset shows an array of 100nm Co dots capped with Au produce by FIB
milling at ULUK.

The samples produced and studied in the project so far are shown in Table 2. The list includes
nanoparticles produced by all the techniques outlined above and a variety of experimental and
theoretical techniques have been applied. The project is making extensive use of central facilities,
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Table 2 Samples Produced and Studied

Experimental or Theoretical Technique

Sample type
VSM or
SQUID

AFM
MFM

µRS EXAFS
(SR)

XMCD
(SR)

XPEEM
(SR)

Ab-
initio

Tight
Binding

MC
simulatn

Fe@Co cluster
deposition (ULUK)

√ √ √ √

Fe@Cu cluster
deposition (ULUK)

√ √

Fe@Ag cluster
deposition (ULUK)

√ √ √

Fe@C cluster
deposition (ULUK)

√

Fe@Pd cluster
deposition (ULUK)
Fe@Ho cluster
deposition (ULUK)

√ √ √

Co@Ag cluster
deposition (ULUK)
and external
collaborator

√ √ √ √

Co@Mn cluster
deposition (ULUK)

√ √ √ √

Co@Fe cluster
deposition (ULUK)

√ √ √ √

Mn@Ag cluster
deposition (ULUK)

√

Pure Fe cluster films
(ULUK)

√ √ √ √ √

Pure Co cluster
films (ULUK)

√ √ √

Fe@FeO sputtering
(CNRI)

√ √

Co nanoparticles
produced by NSL
(ULUK and USUK)

√

Co nanoparticles
produced by FIB
(ULUK and USUK)

√

Fe-Cr nanoparticles
produced by EBL
(IPMRAS)

√

FePt nanoparticles
produced by wet
chemistry
(CNRI)

√ √

Fe@FePd cluster
deposition (ULUK)

√ √

LaPrCaMnO
manganite
External collab.

√

Abbreviations and Nomenclature:
VSM Vibrating Sample Magnetometry
SQUID Superconducting Quantum Interference Device (magnetometry)
A(M)FM Atomic (Magnetic) Force Microscopy
µRS Microwave Resonance Spectroscopy
EXAFS Extended X-Ray Absorption Fine Structure
XMCD X-Ray Magnetic Circular Dichroism
XPEEM X-Ray Photoemission Electron Microscopy
SR Synchrotron Radiation based technique
MC Monte-Carlo
EBL Electron Beam Lithography
NSL Nanosphere Lithography
FIB Focused Ion Beam
Fe@Co (e.g.) Size-selected Fe nanoparticles embedded in a Co matrix



6

including the SRS and DIAMOND so far but applications have also been submitted in the latest
round to SOLEIL and the ESRF. The theoretical techniques have also been applied to generic
systems, such as ferromagnetic/antiferromagnetic core-shell particles as well as specific samples.

Collaboration in the project is strong with every group producing at least one paper or conference
report jointly with another contractor and publications including up to four groups. The links will
strengthen further in the last year of the project and some of the deliverables, which are reviews, are
expected to include the entire consortium. Fig. 3 shows the links representing joint publications.

Fig. 3 Diagram showing
the l inks that have
produced joint papers or
conference reports. Every
group has published at
least one paper with a
partner and some papers
have inc luded four
contractors

A large volume of work has emerged from the work of the consortium and this is detailed in section
2 of this report but a few highlights are presented below.

The work on trying to understand the spin configuration in complex magnetic particles has
produced a sophisticated model able to determine the minimum energy configuration taking into
account canted magnetic moments. An example is shown in Fig. 4 of the predicted arrangement of
spins in Mn particles containing 13, 15 and 19 atoms.

Fig. 4. Spin orientation in Mn13, Mn15 and Mn19 clusters. Results from calculations with collinear restriction
are indicated by red and green atoms (spins up and down). Net moment are 0.78, 1.24, 0.79 µB respectively.
Typical local moments and energy differences between collinear and non-collinear alignments are displayed.

Joint papers and conference presentations

IPM-RAS
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The model has been extended to core-shell systems and the initial structures to be studied are Co
clusters with a Mn shell. Fig. 5 shows the energy minimised structure expected for 147-atom and
200-atom particles with a 55-atom Co core, the remainder forming the Mn shell.

(a)                                                                                         (b)
Fig. 5 (a) 147-atom and (b) 200-atom Co@Mn structures used for the calculations. In each case the co-
ordinates for pure Co clusters were used and the outermost atomic layers replaced with Mn (blue) to leave a
55-atom Co core (red), The atoms were then relaxed to give a new energy minimum.

EXAFS has now been applied to a number of embedded Fe and Co nanoparticle assemblies in
various matrices as a function of volume fraction. General trends have been identified, the most
important of which is that when embedded in a matrix, the atomic structure of the clusters is
determined to a large extent by epitaxy with the matrix. Thus both Fe and Co nanoparticles can be
formed in the fcc or bcc phase by a suitable choice of matrix material. This knowledge was used to
predict that Fe clusters, which adopt the fcc phase in Cu matrices, would undergo an fcc to bcc
phase transition by increasing the volume fraction past some critical value. This was indeed
observed and as shown in Fig. 6, the structural transition is accompanied by a low-spin to high spin
magnetic transition.

Fig. 6 Saturation Magnetisation of 1.8nm
diameter Fe nanoparticles in Cu matrices as
a function of the volume fraction of the
particles. The structure of the Fe particles
determined by EXAFS as a function of
volume fraction is indicated and it is evident
that the fcc – bcc structural transition is
accompanied by a switch from a low-spin to a
high-spin state.

A comprehensive magnetometry study of 180-atom Co nanoparticles embedded in a Mn matrix
showed the development of a super-spin glass at low temperature arising from exchange coupling
of the clusters through the Mn matrix. Fig. 7 compares the magnetisation of Co clusters in Ag,
which at room temperature show perfect paramagnetism and at low temperature simple blocking,
with Co clusters in Mn, which exhibit a significant exchange bias and other complex behaviour
characteristic of ferromagnetic/antiferromagnetic interfaces.

fcc bcc
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Fig. 7 Hysteresis cycles of Co
nanoparticles embedded in a Mn
matrix at low volume fraction after
ZFC and FC at 5 K. The inset shows
the temperature dependence of the
coercive and exchange bias field,
and the fitted curves as explained in
the text. The open circles are for Co
nanoparticles in a Ag matrix.

A sophisticated Monte-Carlo (MC) model developed by the Demokritos group that includes dipolar
and exchange forces in systems with a ferromagnetic and antiferromagnetic interface has been
highly successful in explaining the behaviour of highly complex systems. In particular, Fe/Fe oxide
ferromagnetic/ferrimagnetic (FM/FI) core-shell particles produced by the Rome group. Numerical
investigations of the effect of the shell size on the magnetothermal history of these systems showed
that as long as the shell thickness at low temperature is higher than two layers, the aging effect,
typical of this kind of system is the same, in agreement with the results on the effect of shell
thickness on the exchange bias field. Fig. 8 shows a comparison of measured and calculated
remanent magnetisation, exchange field and coercivity for this system as a function of waiting time.
It would be extremely difficult to understand the behaviour of such a difficult system without a
realistic theoretical model.
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= 60 s. Solid lines are guides to the eye.

The Sumy group has studied the effect of the dynamical magnetisation of nanoparticle systems
caused by a rotating magnetic field orthogonal to the particle magnetisation, which, as shown in
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Fig. 9, introduces an anisotropy in the precession angle of the magnetic moment. For a given
direction of magnetisation the particle maintains a stable direction of magnetisation for one sense of
rotation of the applied field but reversing the direction causes the particle magnetisation to switch
above some critical amplitude of the field. This could be an important finding in write processes for
switching the magnetisation in single nanoparticles in ordered arrays since a rotating field could be
applied to a whole array of nanoparticles below the critical field for switching. This would reduce
the size of the normal field required to produce a reversal and a scanning probe could apply a weak
local field to switch just one particle.

(a)                                           (b) (c)
Fig. 9 (a) Schematic representation of the natural precession of the magnetic moment of a magnetic
nanoparticle. (b) Applying rotating magnetic field orthogonal to the precession axis introduces an asymmetry
of the precession angle, whose direction depends on the sense of rotation of the applied field. (c) Diagram
showing that for one combination of magnetisation and sense of rotation the particle magnetisation direction
is stable while for the opposite sense of rotation the particle magnetisat6ion switches for an applied field
amplitude greater than hcr.

Significant progress has been made by the Rome group on the synthesis of FePt nanoparticles, in
the hard magnetic phase. As shown in Fig. 10, by including lyophilised NaCl during the synthesis
and carefully adjusting the synt6hesis conditions there has been a significant improvement in the
last 6 months in both the monodispersity of the particles and in their magnetic behaviour. Various
methods of depositing these particles as ordered arrays on surfaces are being tested as described in
the WP6 report in section 2.

(a) (b) (c)
Fig. 10 (a) Process for producing the fcc-fct phase transformation in FePt nanoparticles. (b) TEM image and
magnetisation curves of fct particles produced at the 18M stage. (c) TEM image of fct particles and
magnetisation curves for particles available now (note the different length scales in the TEM images.)
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The USUK group in collaborations with NT-MDT have been developing high-resolution MFM
probes that are also chemically stable. Fig. 10(a) shows a high aspect ratio probe and Figs. 11(b)
and (c) are topographical and MFM images of individual 50nm FePt particles produced in Rome
This resolution is close to the state of the art for MFM.

(a)                                                  (b)                                              (c)
Fig. 11 (a) Very high aspect ratio polysilicon tips produced by NT-MDT. (b) topography and (c) MFM images
of individual 50nm FePt particles.

During this period the group at the University of Barcelona have carried out experiments with a
microwave generator with the aim of resetting the magnetisation of the nanoparticles with
negligible heating of the material. Experiments on the effect of microwaves to magnetoresistivity of
several samples prepared at Leicester and by external collaborators have been done. Further
developments include determination of the correlation between the observed effects and the
variation of the microwaves response induced by the magnetoresistance of the samples.

The new workpackage (WP9) introduced with the inclusion of the new partner (IPMRU) will focus
on the details of read/write processes to individual nanoparticles using MFM. Fig. 12(a) shows a
model of a storage medium of single domain particles and an MFM tip used to read/write. In Fig.
12(b) are shown the allowed values of tip/medium distance plotted against tip radius that will
enable a successful write operation in which the magnetisation direction of an individual particle is
maintained changed without changing the magnetisation of the tip.

(a) (b)
Fig. 12(a) A square array of particles of radius r used as a magnetic storage medium. (b) The red areas
show the values of the tip radius and the tip-particle distance, relative to r for which writing is possible.

The exploitable knowledge falls into three basic classes, that is, the know-how to make spin-
functionalised nanoparticles, the know-how to make ordered assemblies of the nanoparticles and the
know-how to image and change the magnetic state of individual nanoparticles. At present there is

High aspect ratio probes
(cone angle ~5ϒ).

R/r

l/r
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no IPR protection for most of the work but a full description of the exploitable results is given
appendix 1.

The project also has a highly developed exploitation plan developed by Elisabetta Agostinelli from
the Rome group to engage the public and has attracted a significant press coverage. It has been used
by the commission as a ‘good example’ for public engagement. Details of public dissemination are
given in appendix 1.


