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metallics is the large saturation magnetic field required, of '" IT.
However, combining the opposite sign anisotropies of Tb3+ and
Df+ in the compound TbO.27DYo.73F~(a material commercially
known as Terfenol@), the saturation field is reduced down to
'" 2kOe , still with a room temperature MS of 0.12%. This mater
ial is currently that most used for MEL transducers, and can be
prepared in engineering amounts (Fig.S). But the largest MS ever
measured is in TbMn2, where At(40K, H=lST)=0.6% and, which
COt(20K, H=lST)=-1.6%are certainly huge values. But other alloys
not containing RE also show giant volume MS values of0.5-1%, at
near room temperature and at rather modest fields ("'1-5 kOe),
notably FeRh, FeRh1-xPtxand Hf1-xTaxFe2_y, when the applied
magnetic field induces an AF to FM transition. This makes them
also very promising for applications.

As concluding remarks, we have seen that the most funda
mental interactions in solids (exchange, CEF and spin-lattice),
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All the magnets currently used are based on metallic or ionic
lattices. Since about two decades chemists have started a

thorough project of using molecular chemistry techniques to
develop new classes of magnets based on molecules rather than
on metals or oxides. The idea behind this is the challenge of cre
ating new classes ofmaterials from which new exciting properties
may be expected. In a sense this research is the continuation of
that which was successfully developed when itwas discovered that
organic compounds can behave as conductors and superconduc
tors like the classic inorganic materials. In a few years it has been
discovered that purely organic magnets are indeed possible,
although the critical temperatures are still very low. The most
promising results have been obtained using sulfur-nitrogen based
organic radicals which behave as weak ferromagnets below 35 K
[1]. On the other hand, using a mixture of transition metal ions
and organic radicals it has been possible to obtain a room tem
perature ferrimagnet [2], and similar results have been obtained
using derivatives of the old Prussian Blue compounds [3).

Beyond the chemical challenge of assembling new structures
using moderately stable building blocks like organic radicals, the
factors suggesting that molecular magnetism can indeed provide
new interesting classes ofmaterials are:
• The possibility of fine tuning the properties of the materials

by using flexible molecular techniques
• The possibility of building a la carte magnetic molecules of

increasing size which behave as molecular nanomagnets
• The possibility of obtaining multifunctional materials

An example of the last possibility has been recently reported by
Coronado et al. ['4) They used a hybrid approach, assembling
together inorganic building blocks like transition metal oxalato
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taken together with electronic structure, are involved in magne
tostriction, and from which fundamental information can be
extracted. Magnetostriction is a ubiquitous phenomenon in solid
matter, spanning a wide range of values, between "'10-8 (strongly
correlated systems) and "'10-2 (rare earth and other inter
metallics). Applications in sensors and actuators, among many
others, is an active reality and their use in nanostructured
devices is also promising.
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. derivatives and organic radicals like the famous BEDT-TTF, well
known to form conducting and superconducting materials. They
obtained by electrocrystallisation a compound ofgeneral formu
la [BEDT-TTFh[MnCr(oxalatoh]. The structure comprises
honeycomb inorganic layers of [MnCr(oxalatoh]- separated by
stacks of the organic radicals, as shown in Figure 1. The average
charge on the BEDT-TIF molecules is +0.34. The inorganic layer
is insulating while the organic moiety is a conductor. The mag
netic coupling is fairly strong within the inorganic layers and
this, coupled to the fact that weak interactions are operative
between the layers determined a transition to bulk ferromagnetic
behaviour below 5.5 K. Therefore below the critical temperature
the material behaves as a ferromagnetic conductor.Although sys
tems like this are well known starting from iron itself, in the
molecular derivative the magnetic electrons are different from the
conducting electrons, thus offering the possibility of observing
new phenomena.

Another important feature of molecular magnets is that they
are in general ins~ators, therefore they are much more transpar
ent to UV-visible light than classic magnets. Therefore it is
possible to use light to induce magnetic transitions. This
approach has been used by the groups of Verdaguer and
Hashimoto for instance. [5,6] Prussian blue derivatives are com
plex cyanides of general formula ABC(CN). When B= Fe2+ and
C= C03+the compound is diamagnetic because both ions are in
their low spin, non-magnetic state. By illuminating with red light
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... fl!L..1.; The structure of [BEDT-TIFMMnCr{oxalatoh].
a) overview of the lattice; b) the organic layers; c) the inorganic
layers.
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be considered as small particles ofmanganese oxides, all identical
to each other. In this particular case the particles crystallise in a
tetragonal space group, and therefore they are also iso-oriented in
the lattice. At low temperature the system is in the ground S= 10
state, with the eight S= 2 spins ofmanganese(Ill) up and the four
S= 3/2 of the manganese(IV) ions down. The clusters have a high
Ising type magnetic anisotropy, due to the local anisotropies of
the distorted manganese(II1) ions. This means that the magneti
sation is preferentially oriented parallel to the tetragonal axis of
the cluster and to reorient itself it needs a high activation energy.
At 2 K the relaxation time of the magnetisation becomes so long
that the individual molecules become permanently magnetised,
like tiny magnets. They show magnetic hysteresis and in principle
information can be stored in one molecule, thus reaching the
highest possible level of miniaturisation. But the excitement does
not stop here, because Mn12Ac shows a rich range of quantum
properties, and it has been proved to be an ideal test ground for
theories of quantum effects in magnets. Clear evidence of tun
nelling of the magnetisation has been achieved by observing
stepped hysteresis. More controversial still is the possibility to
observe quantum coherence.

The advantage ofmagnetic molecules over other types ofmag
netic particles is that they are absolutely monodisperse, and that
in principle they can be diluted and organised using supramolec
ular chemistry techniques. Many efforts are currently made to
derivatise the magnetic molecules to organise them on suitable
supports, like gold or silicon, in order to be able to address them
individually. The dream of storing information in one molecule
may become reality!

After Mn12 a few other types of single molecule magnets have
been discovered and investigated. Among these a cluster contain
ing eight iron(Ill) ions has been found to show oscillations of the
tunnel splitting in the presence of a an applied transverse mag
netic field. This is the signature of the Berry phase in magnets
which was first reported by Sessoli and Wernsdorfer in 1999. [8]

Recently it has been discovered that similar effects of slow
relaxation can be observed in one-dimensional magnets. [9]A
compound containing C0 2+ ions regularly alternating in space
with organic radicals behaves as a one dimensional ferrimagnet.
Below 20 K the relaxation time of the magnetisation rapidly
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Fe2+-C-N-Co3+ - Fe3+-C-N-Co2+

... Fig. 2: Scheme of the light induced interconversion of Prussian
blue derivatives.

A schematic drawing of the light induced transformation is
shown in Figure 2. The material orders as a bulk ferrimagnet
below 50 K. If the irradiation is performed below this temperature
we observe a transition to bulk magnetic order induced by light.
Therefore these materials can be considered as magnetic switch
es operated by light. It is also possible to perform the opposite
transition by irradiating the Fe3+-C02+pairs with blue light: the
electron is back transferred from cobalt to iron and the system
reverts to the diamagnetic state.

The most exciting developments of molecular magnetism of
the last few years has been the discovery that some discrete mole
cules can behave at low temperature as tiny magnets. [7] The
archetypal molecule is:

Mn12Ac for short. The structure ofthe dodecanuclear manganese
cluster is shown in Figure 3. It comprises an external ring of eight
manganese(II1) ions and a tetrahedron of manganese(IV) ions,
bridged by oxide bridges, like in a manganite. Acetic acid mole
cules complete the environment ofthe metal ions, in fact blocking
the growth of the oxide particles. In other terms these clusters can

however it is possible to induce an electron transfer in which Fe2+
is changed to low spin Fe3+, with one unpaired electron, and Co3+
to high spin C02+ with three unpaired electrons:

.. Fig. 3: Sketch of the structure of Mn12Ac.
... Ei.9.,.~ The structure of [M075Fe301 clusters.The yellow circlesJJ?~

are iron(lll) ions. ,(1\17; .
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increases on decreasing temperature,with a barrier for the re-ori
entation of the magnetisation larger than 150 K. Also in this case
magnetic hysteresis is observed which is associated with a high
magnetic anisotropy of the easy-axis type. A semi quantitative
explanation has been provided using a model proposed by
Glauber in 1963.This opens an exciting perspective, that ofallow
ing the storing of information in segments of a polymer, which
therefore behaves like a magnetic nanowire.

Finally I want to mention that magnetic molecules are also
interesting in the case of antiferromagnetic behaviour. Perhaps
the most significant example is that ofa cluster [10] containing 76
M0 6+ ions and 30 Fe3+, which has the structure shown in Figure
4. The molybdenum ions are non-magnetic so the magnetic
behaviour is associated with the interactions between the iron
ions. They are antiferromagnetic, and higWy frustrated due to
the particular topology which corresponds to an icosidodecahe
dron. The compound has not shown quantum effects down to the
mK region, due to the large degeneracy of the low lying states
associated with spin frustration.

Molecular magnets open many new possibilities to observe
quantum and classic effects in mesoscopic matter. The field is
just at its beginning, but many developments can be anticipated in
the next few years. Possible applications may range from quantum
computing to new types of contrast agents for magnetic reso
nance imaging.
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Introduction: diluted magnetic semiconductors

As discussed in accompanying papers, today's research on spin
electronics involves virtually all material families, the most

mature being studies on magnetic metal multilayers, in which
spin-dependent scattering and tunnelling are being successfully
applied in reading heads of high density hard-discs and in mag
netic random access memories (MRAM). However, in the context
of spintronics [1 Jparticularly promising are ferromagnetic
semiconductors [2] since they combine complementaryresources
offerromagnetic and semiconductor material systems. One of the
relevant questions is to what extend the powerful methods devel
oped to manipulate the carrier concentration and spin
polarisation in semiconductor quantum structures could serve
to tailor the magnitude and orientation of magnetisation pro
duced by spins localized on magnetic ions. Another important
issue concerns the elaboration ofmethods ofinjecting and trans
porting spin currents, which may ultimately lead to control over
single spins in solid state environment.
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Already early studies of Cr spinels as well as of rock-salt Eu
and Mn-based chalcogenides led to the observation of a number
of outstanding phenomena associated with the interplaybetween
ferromagnetic cooperative phenomena and scmiconducting
properties [2]. A strong spin-dependent (exchange) coupling
between the band carriers and spins localized on the magnetic
atoms accounts for outstanding properties of these materials. This
coupling gives rise to strong indirect exchange interactions
between the localized moments as well as to giant spin-splittings
of the electronic states, which is proportional to magnetisation of
the spins. The discovery of ferromagnetism in Mn-based zinc
blende Ill-V compounds [3], such as (Ga,Mn)As, followed by the
prediction [4] and observation offerromagnetism in p-type 11-VI
materials [5,6], such as (Zn,Mn)Te:N, allows one to explore the
physics of previously not available combinations of quantum
structures and ferromagnetism in semiconductors. This aspect
of ferromagnetic Ill-V and II diluted magnetic semiconductors
(DMS) will be outlined here together with indications of models
aiming at explaining the nature of ferromagnetism in these
materials.

Carrier-controlled ferromagnetism
It is well established that Mn is divalent in 11-VI compounds and
assumes the high spin d5 configuration characterized by S = 5/2.
Here, Mn ions neither introduce nor bind carriers, but give rise
to the presence of localized spins. For low carrier densities, 11-VI
DMS are paramagnetic but neighbour Mn-Mn pairs are antifer
romagnetically blocked owing to short-range super-exchange
interactions. However, this antiferromagnetic coupling can be
overcompensated by ferromagnetic interactions mediated by
band holes [4-6]. In Ill-V compounds, Mn atoms when substi
tuting trivalent metals supply both localized spins and holes, so
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