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Polynuclear compounds of magnetic transition metal ions are
attracting large interest after the discovery that their magnetisa-
tion may relax very slowly at low temperature. Since their
behaviour is similar to that of bulk magnets they may be called
single molecule magnets. Here we review the magnetic proper-
ties of iron(ir) clusters showing such features which may be
interesting for future applications, as well as strategies for
designing new molecules with increased performances.

Introduction

The magnetic properties of large polynuclear compounds
containing transition metal and/or rare earth ions have become
the focus of much attention in the last few years 2 after the
discovery that the magnetisation of a cluster comprising twelve
manganese ions, [M n12012(M 6002)16(H20)4] -2M eC02H
-4H,0.5 Mn12Ac, relaxes so dowly at low temperature that the
individual molecules behave in manner reminiscent of bulk
magnets.® In fact if amoleculeis magnetised at 2 K by applying
a magnetic field, after 2 months the magnetisation is still ca.
40% of the saturation value, if the sample is kept at that
temperature. In order to achieve the same result at 1.5 K it will
be necessary to wait for ca. 40 years! Clusters, which behave
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like Mn12Ac, have been called single-molecule magnets.t In a
sense this is a misnomer, because the term magnet must
rigorously apply only to systems in which the spin correlation
length diverges, i.e. goes to infinite, and this is clearly not
possible in a cluster with a finite size. However the term is
evocative, and in our opinion it can be used, provided its true
meaning is understood.

One of the features of Mn12Ac which has attracted much
interest is that the slow relaxation of the magnetisation gives
rise to hysteresis effects, similar to those observed in bulk
magnets, but of molecular origin: therefore it becomes in
principle possible to store information in one single molecule.®
The second appealing feature of Mn12Ac is that the relaxation
of its magnetisation shows clear quantum effects, and the single
molecule magnets can be used to investigate the macroscopic
range in which quantum and classical behaviour coexist.”8 In
principle these features can be exploited for developing new
classes of computers in which quantum coherence is used to
store and elaborate information. Currently the most promising
results seem to be achieved using NMR techniquesin solution,®
but also Josephson junctions and magnetic nanoparticles can be
taken into consideration.

In order to be considered for real applications, single
molecule magnets must have the highest possible blocking
temperature. The blocking temperature is that below which the
relaxation of the magnetisation becomes slow compared to the
time scale of a particular investigation technique. For instance
for NMR the time scale is 10-8-10-° s, while for ac
susceptibility measurements it is 10-2-101 s. Therefore the
magnetisation of amolecule may appear asblocked in NMR but
still dynamic in ac susceptibility measurements. Further it is
also important that the molecules show clearly observable
quantum effects.

After Mn12Ac, many attempts have been made in order to
increase the blocking temperature of the single molecule
magnets. In order to reach this goal it is necessary to build
molecules which have the largest possible value of thetotal spin
Sin the ground state. Mn12Ac itself has S = 10 in the ground
state, with the magnetisation corresponding to that of an atom
with twenty unpaired electrons,1° but molecules with up to 33
unpaired electrons have been reported.1! We must emphasize
that in general these molecules have many spin states which are
thermally populated, therefore the properties associated to the
ground state will only show up at low temperatures, when the
excited states are depopulated. Clearly in order to increase the
blocking temperature it is required that the ground state is the
only populated one at relatively large temperatures.

The second requisite for observing single molecule magnet
behaviour is that the ground state must have a high magnetic
anisotropy of the easy-axis (Ising) type. This means that the
magnetisation at low temperature may be stable either parallel
or antiparallel to agiven axis, and that an energy barrier must be
overcome during the reversal of the magnetisation, passing for
instance from the orientation ‘up’ to the orientation ‘down’. In
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a system with spin Sthis occurs when the components with M
= + Slielowest (—S < M < 9). For axidly distorted systems
the energies of the M components are given by E(M) = M2D,
where D is the axiad zero-field splitting (zfs) parameter.
Therefore an Ising type anisotropy will be observed when D is
negative. For Mn12Ac this condition is met and the barrier for
the re-orientation of the magnetisation has been observed to be
ca. 44 cm—1or 64 K.

Beyond the obvious chemical variants of Mn12Ac,12-14 other
manganese complexest3.15-17 have been found to behave as
single molecule magnets. A few iron,18-20 chromium2-23 and
vanadium?4 clusters also exhibit similar properties. Certainly
the goal of alarge ground spin state can be most easily achieved
by assembling individual ions with a large ground spin state.
Two ions with S = 5/2 ferromagnetically coupled have a
ground state with S = 5, while it is necessary to assemble a
cluster of ten S =1/2 ions in order to achieve the same resullt.
This is the reason why ions with large spin, like high spin
iron(in) (S = 5/2), manganese(in) and iron(n) (S = 2), have
been largely used.

Iron is certainly a very interesting ion in order to prepare
single molecule magnets, not only because of the large spin
state, but also because ferritin, the iron-storage protein in most
living organisms, can be considered itself as a nanosize
magnetic particle. In fact ferritin has been investigated for
guantum tunnelling effects of the magnetisation.25> Many large
iron clusters have been reported, ranging from binuclear up to
thirty nuclear species. We want to show here how several
clusters containing iron behave as single mol ecule magnets, and
discuss which conditions may favour this behaviour. All the
clusters of this type so far reported are characterised by
antiferromagnetic coupling between the iron(in) ions so that
large spinin the ground state can only ariseif the number of ‘ up’
spins is different from that of ‘down’ spins. Therefore the
clusters behave as single-mol ecul e ferrimagnets. An exampl e of
a bulk ferrimagnet with a similar type of non-compensation of
magnetic moments is maghemite, y-Fe,Os. Ferrimagnetic iron—
oxo clusters can indeed be considered as models of this
prototype mineral.

Properties of iron(ii1) ions and exchange
interactionsin pairs

In order to understand which are the best strategiesfor obtaining
single molecule magnets using iron(in) it is necessary to
understand which are the conditions favouring both a strong
magnetic coupling between the iron ions and a large magnetic
anisotropy. The exchange interactions in oxo-bridged iron(in)
pairs have been much investigated both theoretically and
experimentally, also due to the relevance of these systems to
non-heme metallo-proteins containing binuclear iron units in
their active site2627 The simplest approach considers two
parameters, the average metal—oxygen distance, P, and the
metal-oxygern—metal angle, o. Magnetic data recorded on a
large series of iron complexes suggest that the P-dependence of
the exchange coupling constant, J, is well represented by eqgn.
(l):27

J = 1.753 x 102 exp(—12.663P) 1)

where J is expressed in cm—1, P in A, and the exchange
Hamiltonian isin the form H = JS;-S,. The coupling constant
is largely insensitive to the Fe-O—Fe angle for o« > 120°. For
smaller angles an effect is clearly observed, J becoming smaller
as the angle o is reduced. A systematic study has been
performed in a series of binuclear complexes with two akoxo
bridges?® and similar Fe-O distances. The values of « range
from 102 to 106°, while J varies between ca. 15 and 21 cm—1.
The simplest correlation was found to be of the type given by

egn. (2):
J =148 o — 135 2
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with Jin cm—1 and o in degrees. An extrapolation of egn. (2)
suggests that for o = 90° the coupling should become
ferromagnetic. A justification for these experimental resultswas
found on the basis of extended Hiickel calculations, which
however indicate that for small angles (« = 90°) the coupling
should become antiferromagnetic again, due to the importance
of direct overlap between the iron(in) magnetic orbitals. In fact
if the Fe—O bond distances are kept constant while the o angle
is progressively reduced, the shortening of the Fe-Fe distance
favours direct exchange. More experimental data are certainly
needed to check this prediction. It should be remarked that the
decrease in the antiferromagnetic coupling constant for a<
120° has been predicted aso by a complete exchange model
recently suggested by Guidel and Weihe.29

The anisotropy of the pairs depends on the anisotropy of the
individual ions, and on an additional term that is brought about
by the interaction between the two iron ions.30 The former
contribution is referred to as single-ion anisotropy, while the
latter is known as spin—spin anisotropy. High spin iron(ii) has
a d5 configuration, which yields an orbital singlet 6S ground
term for the free ion. The ground state of the complexed ion is
also orhitally non-degenerate, therefore the Zeeman anisotropy
is very low, with gy= g,= g, = 2.0023. However some
admixture with excited states of lower spin multiplicity is
allowed by spin-orhit coupling and the ground S= 5/2 state
does show zero field splitting, which may easily be of the order
of 1 cm—1. This splitting determines the single ion aniso-
tropy.

Single ion contributions to the anisotropy cannot be rigor-
ously calculated, and so far even the experimental data are
lacking in the sense that no significant correlation between
structural features and values of D has been established.
Recently Neese and Solomon have suggested3! that it is
possible to caculate the zfs parameters by using a MO
approach, while traditional ligand field models have been
implemented in the Angular Overlap Model, AOM, formal-
ism.32 For instance it has been found that a trigonal distortion
from octahedral geometry yields a negative zfs parameter D for
elongation, and positive for compression. In order to have direct
information on the zfsin model compoundsthe HF-EPR spectra
of a tris R-diketonate complex, Fe(dpm)s, where dpm=
2,2,6,6-tetramethylheptane-3,5-dionate, were recorded.2° The
spectrayieldedD = —0.18 cm—1and E/D = 0.25. Thesevalues
were reproduced in a reasonable way by using the AOM.
However, more experimental and theoretical work is needed in
order to establish useful correlations between structure and zfs
of iron(in) ions. Given their relevance aso for biologica
systems this seems to be indeed an important task.

The anisotropy associated with the spin—spin interaction can
be described to a good approximation by the interaction
between the magnetic point dipoles centred on thetwo ironions.
For a pair of antiferromagnetically coupled ions the dipolar
interaction orients the two spins orthogonal to the vector r
connecting the two centres. In fact the poles of the same sign
would bein contact for an orientation parallel tor. Thereforethe
plane perpendicular to r [Fig. 1(3)] is a hard plane for the
magnetisation of the antiferromagnetic dimer, which is more
easily magnetised when the field is applied parallel to the axis
connecting the two spins. Dipolar interactions thus provide an
Ising-type contribution to the magnetic anisotropy.

These considerations can be extended to polynuclear systems
aswell. In particular, when antiferromagnetically coupled metal
ionsare arranged in a planar structure with axial symmetry, like
in some of the iron(in) clusters described in the forthcoming
sections, nearest-neighbour dipolar interactionsdeterminea XY-
anisotropy with an easy plane of magnetisation when the ground
state has S = 0 [Fig. 1(b)]. In fact, in the lowest-energy
configuration, the individual spins are antiparallel to their
nearest neighbours (owing to exchange interactions) and
perpendicular to the average plane through the metal array
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Fig. 1 Schematic view of the preferred spin orientation due to the dipolar
interaction in an antiferromagnetic dimer (a), in a cyclic antiferromagnetic
cluster (b), and in a ferrimagnetic tetrameric cluster (c).

(owing to dipolar interactions). By contrast, when the ground
state has Sdifferent from zero, i.e. in ferrimagnetic clusters, the
system exhibits an Ising-type anisotropy [Fig. 1(c)]. It is
noteworthy that dipolar interactions alone lead to an Ising-type
anisotropy in planar ferrimagnetic clusters, thus giving the
possibility to observe single molecule magnet behaviour. The
topology of the metal ions can thus strongly influence magnetic
anisotropy via dipole—dipole interactions, establishing a direct
connection between the shape of the cluster and its magnetic
properties.

Iron rings: quantum size effects and anisotropy

Using alkoxides or carboxylates as bridging ligands it has been
possible to synthesise six-,3334 eight, ten-35> and twelve-36
membered iron(in) rings. In all the cases the iron-iron
interaction is antiferromagnetic, yielding aground S = 0 state.
The energies of the lowest lying S states can be expressed by

egn. (3):
E(9= JesS(S+ 1) ©)

where Jg¢s = 4J/N, with N the number of iron ionsin the ring.
Below 1 K the rings are in the non-magnetic ground state, and
consequently under low field conditions the magnetisation is
zero. However, on increasing the field, the excited magnetic
states are stabilised, until eventually they become the ground
state. This givesriseto atypical stepped magnetisation, with a
first jump at the field where the lowest lying S = 1 state
becomes the ground state, then wherethe S = 2 crosses over to
become the ground state, and so on.3537 These observations are
clear evidence for quantum effects, corresponding to the fact
that the lowest S = 0 level is separated by a gap from the first
excited level. The larger the ring the smaller the gap, until
eventually the levels must merge in a continuum. In fact the
magnetisation of one-dimensional magnetic materials, that can
be considered as the extrapolation of rings to infinite, does not
show steps.38 Therefore it would be extremely important to
make available larger and larger rings in order to follow the
passage from microscopic to bulk. In fact the thermodynamic
properties calculated for finite rings have long been used to
extrapolate the properties of the infinite chains. Another
interesting goal is that of synthesising odd membered rings of
half integer spins, which should show spin frustration ef-
fects.39

All the measurements referred to above are static measure-
ments, which do not provide any information on the dynamics
of the magnetisation and on possible tunnelling phenomena.
Dynamic measurements can in principle be made with avariety

of techniques, ranging from ac susceptometry to magnetic
resonance. In this respect NMR is particularly appealing,
becauseit can monitor the variationsin the relaxation rate of the
nuclear moments under the influence of the electron magnetisa-
tion. In fact, it can be expected that when two levels cross, the
electron relaxation at low temperatureis drastically influenced.
Therefore the field dependence of the nuclear relaxation rate
should show anomalies corresponding to the crossover fields.
This has been recently observed4° in a decanuclear ring, the so-
called ferric wheel, whose structure is shown in Fig. 2. All the
methods exploiting NMR have potentia interest for quantum
computing applications, given the recent implementation of
NMR techniques in solution.®

Fig. 2 View of the structure of the cluster [Fe(OMe),(O,CCHCl)]10, the so-
called ‘ferricwheel’. Theiron atomsarein red, oxygen in yellow, carbonin
grey and chlorine in green. The ten iron atoms lie in a plane within £0.009
A an()i:\the diameter of the cluster, defined as the longest Fe---Fe distance, is
9.80 A.

Stepped magnetisation has been observed aso in smaller
iron(in) rings, like LiFe6 and NaFe6, whose structure is
depicted in Fig. 3 The akali-metal ion, Li* or Na*, is hosted in
the. centre of the ring, which behaves like an inorganic crown
ether.34 Solution studies have shown that the affinity of the Fe6
ring is higher for sodium than for lithium ions. Further, LiFe6
and NaFe6 can be neatly obtained by adding lithium or sodium
ions to a solution of a twelve-membered iron(in) ring which
does not host any alkali-metal ion.36

The magnetisation of small single crystals of LiFe6 and
NaFe6 was investigated through new torque magnetometers
using a sensitive cantilever which directly provided the
magnetic anisotropy of the excited Sstates.4! The central alkali-
metal ion strongly influences not only the isotropic exchange
interaction, which passes from 14 to 20 cm—1 by replacing Li*
with Nat, but also the magnetic anisotropy. In fact the zero-field
splitting of thefirst excited S = 1 stateisD = 1.16 cm—1for the
lithium derivative and D = 4.32 cm-1 for the sodium
derivative. The former value corresponds almost exactly to the
calculated dipolar contribution. By contrast, the magnetic
anisotropy of the sodium derivative points to the presence of
large single ion contributions. Minor differences in the
environment of the individual iron(in) centers, such as those
induced by the different size of the guest ion, may thus induce
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Fig. 3 View of the structure of the hexanuclear iron cluster [NaFes(O-
Me)1x(pmdbm)e]*, where  pmdbm = 1,3-di (4-methoxyphenylpropane)-
1,3-dionate (colour code asin Fig. 2). Li* can replace the Na* cation in the
centre with significant changes in the intracluster magnetic exchange
interaction and in the magnetic anisotropy.

large zfsvariations. This clearly indicates that the control of the
magnetic anisotropy of the clusters is a difficult task.

Iron-containing single molecule magnets

The smallest iron cluster showing slow relaxation effectsin the
magnetisation at |ow temperatureis [Fe,(OMe)g(dpm)e], Fe4.20
The structure of Fe4 is shown in Fig. 4. A central iron ion is

Fig. 4 Structure of the ferrimagnetic cluster [Fey(OMe)g(dpm)g] where
dpm= 2,2,6,6-tetramethylheptane-3,5-dionate (colour code as in Fig. 2).
The arrows correspond to the spin structure in the ground S = 5 state.

connected to three terminal ions by three double p-alkoxo
bridges. Crystal symmetry requires a C, axis in the cluster
passing through Fel and Fe2. The three externa iron(in) ions
define an amost equilateral triangle. In this case the spin
topology, which for antiferromagnetic coupling orients the
central spin ‘down’ and the external ones ‘up’ determines the
non-compensation of the spins. The ground statehas S = 5, and
theferrimagnetic nature of the cluster isclearly shown by the y T
vs. T curve which goes through a broad minimum at ca. 150 K
and then reaches 14.6 emu K mol—1 at low temperature, in
reasonable agreement with an S = 5 state (T = 15 emu K
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mol—1, for g = 2.00). The temperature dependence of xT has
been successfully reproduced calculating the energies of the
total spin states using the spin Hamiltonian egn. (4):

H=J(51°S+ S1°Ss + S1°Sy) + J (S2Ss + Se2Ss + 52'54)( )
4

The best-fit values are: J = 21.1 cm—1, J = —21cm—1, in
reasonable agreement with the values expected using egns. (1)
and (2).

The anisotropy of the ground state has been determined using
high field EPR spectroscopy, and it has been shown to be quasi
axial, and of thelsing type, withD = —0.20 cm—1. Thismeans
that the ground S = 5 state is split in such away that theM =
+5|evelslielowest, withM = +4a1.8cm—1, M = +3at 3.2
cm—1L, M= +2a42cm—1andM = Oat 5cm—1. If the system
is magnetised at low temperature, the M = —S state will be
selectively populated. On switching the field off, the system
will revert to thermal equilibrium, i.e. it will equalise the
populations of theM = —Sand M = +Sstates. At the simplest
level of approximation this cannot occur directly, but the system
must climb all the levels, one at atime, upto M = 0, and then
descend.42 Under this simplifying approximation the barrier for
there-orientation of the magnetisation is given by the difference
in energy between the lowest M = +Sand thetop M = 0 level

(ean. (S)]:
=bl& ©)

and the relaxation of the magnetisation is expected to follow the
Arrhenius law:

7= 70 exp(4/KT) (6)

where 15 is expected to be proportional to S/A3. Eqgn. (6) isthe
same as that appropriate to classical superparamagnets.43

Below 1 K Fe4 shows dlow relaxation of the magnetisationin
ac susceptibility measurements. The relaxation time followsthe
Arrhenius law with 7= 1.1 X 10-6sand A’k = 3.5 K. This
means that at 0.2 K, the lowest measurement temperature, the
relaxation timeis of the order of one minute. Thisrelaxation is
much faster than that of Mn12Ac,® as it should be expected
given the smaler Sand the lower barrier.

The height of the barrier, calculated with egn. (5), is larger
than the experimental value. This has been found to be the case
in al systems showing slow relaxation of the magnetisation
investigated so far. It must be concluded that egn. (5) isonly a
loose approximation. In particular, the simplified model does
not take into account direct tunnelling within a formally
degenerate £M pair. This point will be addressed in detail in the
following section on Fe8.

Given the small number of magnetic ions in Fe4, detailed
calculations were performed of the energies of the spin levels.
Attempts were made also to rationalise the anisotropy of the
ground state. As outlined in a previous section, the dipolar
contribution has the same sign as the observed anisotropy,
although spin—spin interactions alone can not quantitatively
account for it. Attempts were made to calculate the single ion
contributions, using the AOM, but no really acceptable results
were achieved.20 More efforts are needed in this field.

Fe8, the quantum magnet

The structure of [FegO,(OH)1,(tacn)e]®+, Fe8, where tacn =
1,4,7-triazacyclononane, which Wieghardt et al. originaly
reported as the bromide salt,*+ Fe8Br, is shown in Fig. 5. The
analysis of the temperature dependence of the magnetic
susceptibility,4> provided evidence for a ground S = 10 state,
which can occur if six spins are up and two down. Since there
are several triangles in the exchange pathways connecting the
iron(in) ions spin, frustration effects3® can be anticipated. This
means that the ground state is not correctly described by simply
putting the spins up or down on different metal ions. However



Fig. 5 View of the cluster [FegO,(OH)o(tacn)g]8+ where tacn =
1,4,7-triazacyclononane. The arrows correspond to the spin structure
previously suggested by the analysis of the magnetic susceptibility and then
determined from single crystal polarised neutron diffraction experiments
(see ref. 46).

it was possible to obtain a direct picture of the spin density by
using polarised neutron diffraction techniques.4¢ These showed
that the spin density on Fe3 and Fe4 is negative, and that on all
the other iron ions is positive. These data are in qualitative
agreement with the values obtained from the fit of the
temperature dependence of the magnetic susceptibility. The
spin density however does not correspond to five unpaired
electrons on each iron ion, confirming that the ‘up-down’
description is an oversimplification.

The ground state islargely splitin zero field, as evidenced by
HF-EPR?° and inelastic neutron scattering, INS,47 experiments.
When neutrons interact with the clusters they may induce
transitions between the M levels of S multiplets, according to
the selection rules AM = 0, +1. Therefore, by measuring the
INSit ispossible to abtain detailed information on the spectrum
of the M energy levels. The INS of Fe8Br is particularly rich,
and it has shown, for the first time, how the technique can be
fruitfully used also on systems with many protonsin the energy
window up to 60 cm—1. In fact, after the spectra of Fe8Bt,
recently the spectra of Mn12Ac have been reported4® showing
a similar abundance of absorptions. The INS spectra of Fe8Br
are shown in Fig. 6, together with the assignment of the peaks
to the transitions within the lowest S = 10 multiplet.

The HF-EPR and the INS spectra have provided essentially
the same sets of parameters to describe the splitting of the
ground S = 10 state. In particular, they agree on the fact that the
spin Hamiltonian for describing the zero field splitting requires
theinclusion of both second order and fourth order terms. This
meansthat the splitting of the ground state is determined by both
quadrupolar terms, described by the parameters D and E, and
hexadecupolar terms described by the B4, B42 and B
parameters. Single crystal EPR spectra have also provided the
principal directions of the zero field splitting tensors, and
consequently the principal directions of the magnetic aniso-
tropy. The easy axis, i.e. that of prevailing orientation of the
individual spins, makes a small angle, ca. 10°, with the
perpendicular of the plane of the iron ions, while the hard axis

20—
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Fig. 6 Inelastic neutron scattering spectrum recorded at 10 K on Fe8Br
cluster microcrystalline powder. The large peak at zero energy corresponds
to the elastic contribution. On the | eft side the emission spectrum isreported
while on the right side are the absorption lines. The transitions at the
extremes of the spectrum can be easily assigned as shown in the picture
using the basis of the eigenvalues of S, (1 meV = 8.065 cm—1).

passes through the Fel and Fe2 ions. The energies of the M
levels of Fe8Br are shown in Fig. 7. The lowest lying levels

40

20 4

Energy/K

Fig. 7 Schematic view of the splitting in zero field of the S = 10 ground
manifold of Fe8Br using the spin Hamiltonian parameters of ref. 47. The
height of the classical energy barrier is shown. Underbarrier transitions
dominate at low temperature. The levels above ca. 22 K cannot be labelled
with M and their assignment on the graph is arbitrary.

correspondto M = £S and onincreasing temperature, thelevels
are progressively more admixed. Thisis essentially determined
by the non-zero E parameter that admixes levels differing in M
by +2. In particular from Fig. 7 we learn that at the top of the
manifold there is not a unique level correspondingto M = 0.
Therefore the meaning of egn. (5) for defining the barrier for the
reorientation of the magnetisation is completely lost and the
barrier issignificantly reduced.4® However, if itisused in afirst
approximation, A/k is calculated to be 29 K, and therefore slow
relaxation effects are expected at low temperature.

In Moéssbauer experiments, which have a time scae of
10-8-10—9 s slow relaxation of the magnetisation of Fe8Br is
observed?!® below 20 K, while the same effect can be detected by
ac susceptibility measurements only below 3 K. The relaxation
times however do not rigorously obey an Arrhenius type
relation (6). The relaxation time of the magnetisation becomes
so slow below 1 K that hysteresis |oops of molecular origin can
be observed.®0 The hysteresis, shown in Fig. 8, has a dynamic
nature, as revealed by the strong dependence on the rate of the
field sweep, and the same stepped appearance first reported for
Mn12Ac.”8 The flat regions correspond to fields at which the
relaxation is slow, while the steps correspond to fields at which
a rapid increase of the relaxation rate is observed. This
behaviour has been attributed to thermally assisted quantum
tunnelling. In a magnetic quantum system the relaxation of the
magnetisation may occur either with the mechanism described
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Fig. 8 Hysteresisloops recorded for Fe8Br at 0.30 K and two different field
scan speeds. The dynamic nature of the hysteresisis revealed by the strong
dependence on the sweep rate. The stepped shape is due to the tunnelling of
the magnetisation, which occurs when two levels on the opposite sides of
the barrier are brought in coincidence by sweeping the field, which
accelerates the magnetic relaxation giving rise to the jumps in the
magnetisation.

above, where the absorption or emission of a phonon alow the
transition from the M to the M + 1 level, or by tunnelling
between pairs of degeneratelevels. In zero field thelowest lying
pairs of M levels meet the tunnelling condition, and the
relaxation is comparatively fast. In the presence of an external
field the energy of the +M level increases and that of the —M
level decreases, making quantum tunnelling impossible, as
shown schematically in Fig. 9. However the condition for
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Fig. 9 Schematic drawing of the energy barrier for the reversa of the
magneti sation generated by the magnetic anisotropy. The levels correspond
to the M states of the ground spin multiplet and for the sake of clarity an
axial zero field splitting has been considered. In zero applied field the +M
states are degenerate allowing a shortcut of the barrier through atunnelling
process. An externa magnetic field removes the energy correspondence of
the states on the opposite sides of the barrier, thus hampering the
underbarrier mechanism of relaxation, except for critical values of thefield
for which the energy correspondence is re-established.

tunnelling are restored for fields at which the +M level has the
same energy as of the —M + nlevel, wheren = 1,2,...etc. The
fieldswhere these conditions are met can be cal culated using the
spin Hamiltonian parameters obtained from HF-EPR and INS
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experiments. The calculated fields correspond to the fields
where steps are observed in the hysteresis. These tunnelling
processes occur not only between the lowest levels, but also
between the higher thermally populated levels. Therefore the
overall mechanism has been described as thermally assisted
guantum tunnelling.

Direct measurements of the relaxation time of Fe8Br can be
performed at low temperature by first saturating the magnetisa-
tion and then monitoring its time decay.3° In this way it is
observed that below 350 mK the relaxation becomes tem-
perature independent, thus confirming the quantum tunnelling
effects. Under these conditions only the lowest M = 10 levels
are populated, and tunnelling occurs between them. This has
been the first experimental evidence of pure quantum tunnelling
in a magnetic nanoparticle. Attempts to observe this behaviour
in particles obtained by techniques other than molecular
chemistry had failed, essentially because it was impossible to
have absolutely monodisperse particles.

The way the molecules undergo tunnelling is still a matter of
debate, but evidence is accumulating in favour of the mecha-
nism to be discussed below. TheM = +10levelsare degenerate
in axial symmetry. If a transverse anisotropy is present, i.e. a
matrix element different from zero, A/2, connectsthe two states,
then tunnelling is possible. The two levels are split by the
transverse field, Hi= A/gug, and the magnetisation can
fluctuate with afrequency proportional to A, thetunnel splitting.
This pictureis correct if no additional fields are present. These
however cannot be avoided because the molecule is embedded
in a lattice with other magnetised molecules that generate a
dipolar field, Hg. If thisislarger than H, the effect of the matrix
element isquenched and no tunnelling isobserved. In Fe8Br, Hy
is of the order of 1-10 mT, while H; is of the order of 10-° T,
therefore the condition for tunnelling is not met at this level of
approximation. However the above picture neglects the role of
the magnetic nuclei present in the cluster. TheH (I = 1/2), 14N
(I = 1), and 7°81Br (I = 3/2) nuclei generate a fluctuating
hyperfine field, Hyy, at the magnetic centres broadening the M
= +10levels. The broadening is of the order of 1 mT and it may
restore the tunnelling conditions for the moleculesfor which Hgq
< Hpy. However, since the distribution of dipolar fields is
broader than that of hyperfine fields, the process should stop
soon. In order to justify the observed continuous quantum
relaxation to thermal equilibrium it must be considered that
when a molecule tunnels it changes its magnetisation. Conse-
quently, the dipolar field felt by the neighbouring molecules
also changes, creating regionsin the sample where the condition
Hg < th is met.

Ancther way of imposing the condition that the tunnel
splitting is larger than the loca fields is to apply a field
perpendicular to the easy axis. The applied field will increase
the tunnel splitting which then can be more easily measured.

Using micro SQUID techniques it was also possible to
measure the intrinsic width of the tunnel splitting.51 This has
been experimentally shown to be proportional to the hyperfine
field in Fe8Br.52 In fact when the naturally occurring non-
magnetic Fe isotopes have been substituted with the magnetic
57Fe (I = 1/2) the width of the splitting has been measured to
increase from 0.8 to 1.2 mT as shown in the inset of Fig. 10.
When the 1H nuclel are partially substituted with the less
magnetic 2H nuclei the width decreased to 0.6 mT. The
hyperfine field generated by the nuclei also strongly affects the
relaxation rate of the macroscopic magnetisation, which is
fastest in 57Fe-enriched samples and slowest in the partially
deuterated ones. Thisisshown in Fig. 10, where thetime needed
to relax 1% of the saturation magnetisation is plotted as a
function of the temperature. These results showed the funda-
mental role of nuclei for the relaxation of the magnetisation of
FeB8Br in the quantum regime and open the possibly of
controlling the dynamics of the magnetisation by acting on the
nuclei.
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Fig. 10 Isotopic effect on the relaxation of the magnetisation and on the
intrinsic line-width of the resonant tunnelling process (inset). ™ corre-
sponds to the time needed to relax 1% of the saturation magnetisation and
its temperature dependence is studied for three isotopic samples of Fe8Br:
natural sample (green),57Fe enriched sample (blue), partially deuterated
sample (red). In the inset the resonance line, estimated from the field
dependence of the relaxation rate, isreported for the three isotopic samples.
In order to study the intrinsic linewidth and to avoid the broadening due to
dipolar interaction a hole-burning technique has been employed (see ref.
51).

Chemica modifications to Fe8Br have been also attempted.
So far the most successful has been the partial substitution of
bromide anions with perchlorate anions. [FegOx(OH)ix-
(tacn)g] Bra(ClOy)4, Fe8ClO4, has been shown to behave
similarly to Fe8Br, with aground S = 10 state. However the zfs
of the ground stateis dightly different in the two compounds. In
particular the E/D ratio, which determines the rhombic splitting
of the magnetic anisotropy, is larger than that of Fe8Br.
Therefore the blocking temperature and the onset of quantum
regime are different. It may be hoped that these small variations
may provide additional handles to test the theories of quantum
tunnelling.

Per spectives

The field of molecular nanomagnetism is just at the beginning.
The advantage of molecular clusters, compared to all the other
types of magnetic nanoparticles, is that they are all identical to
each other and their structure is known. Further, intermolecul ar
interactionsin the crystal lattice are so weak that in most cases
the response of the crystal is the same as that of an individual
molecule. Therefore it is possible to measure a molecular
response by using traditional macroscopic techniques. On the
other hand, the fact that the molecules are bistable makes them
interesting objectsto be addressed individually. Thereforeit can
be foreseen that in the next few years techniques to address
single molecules will be developed. Another important devel-
opment to be expected is the synthesis of larger clusters, which
will be investigated for a large number of different properties,
such as those related with biocompatibility (for MRI contrast
agents, or for magnetic drug delivery) and for the development
of new physics. In fact the results already obtained have shown
that these materials open exciting new perspectives in meso-
scopic physics. For instance Fe8Br has for the first time
provided an experimental confirmation of the so-called Berry
phase in magnets,>3 a phenomenon long looked for. There are
high expectations for the fundamental contributions that this
highly interdisciplinary area can bring.
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