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Magnetic molecular clusters, formed by a large number of
strongly interacting metal ions, have been extensively investigated
during recent years,1 as models of nanometer-sized single-domain
magnetic particles. Particular attention2 has been devoted to
clusters with high spins in the ground state and Ising-type
anisotropy showing slow relaxation of the magnetization at low
temperature, which eventually relaxes with a tunneling mecha-
nism. Slow relaxation and the even more interesting phenomenon
of pure quantum tunneling of the magnetization have been recently
reported3a for an octanuclear iron(III) cluster,{[Fe8O2(OH)12(tacn)6]-
Br7‚H2O}+[Br‚8H2O]-, Fe8, where tacn) 1,4,7-triazacyclononane.
It is characterized by a groundS ) 10 state originated by the
presence of competing antiferromagnetic interactions between the
S ) 5/2 spins3b-c of the iron atoms and by very weak dipolar
intercluster interactions. A model for the coupling scheme,
presented in Figure 1, has been proposed,3c but given the
complexity of the system and the large number of independent
exchange pathways, the exact nature of the ground state cannot
be unambiguously described by fitting thermodynamic properties
such as magnetic susceptibility. On the other hand, the spin
structure and the dipolar magnetic fields inside the sample seem
to play an important role in the tunneling mechanism,3d requiring
a detailed knowledge of the global spin density.

Therefore, to obtain a better description of the ground state it
is necessary to use experimental techniques, which give access
to the unpaired magnetization density of the cluster, like EPR,
NMR, and neutron diffraction. In the latter case, two types of
techniques were used: polarized and unpolarized neutron dif-
fraction. However, the latter, which has been applied on a Mn12

cluster,4 seems to provide results which are not very accurate.
Polarized neutron diffraction, PND, applies to single crystals

of paramagnetic species in which the magnetization density is
aligned by an external magnetic field. The incident neutron beam
is polarized either parallel (v) or antiparallel (V) to the applied
magnetic field, and the so-called flipping ratiosR between the

intensitiesIv and IV respectively at the Bragg positions (hkl) are
measured

whereFN andFM are the nuclear and magnetic structure factors,
respectively, andR is the angle between the spin (magnetic
moment) direction and the scattering vectorKB of the Bragg
reflection (hkl). Although PND is a powerful technique for
mapping the unpaired electron, thus far it has been little applied
to magnetic clusters, with the exception of preliminary report on
a Mn11 cluster.5

In this paper we wish to report the preliminary results
concerning PND of the Fe8 cluster, and we suggest that it can be
used as a case study for the large possibilities of PND in providing
information on the magnetic coupling schemes which are opera-
tive in the cluster.

The experiment was performed on the polarized neutron
diffractometer D3 of the Institut Laue Langevin (Grenoble,
France) at a wavelengthλ ) 0.843 Å. This instrument is a lifting
counter diffractometer, with a cryomagnet which holds the sample
and provides a vertical magnetic field. A crystal of size 1.3×
3.0 × 1.08 mm was mounted with thea crystal axis (easy axis)
parallel to the 4.6 T applied magnetic field. One hundred and
ninety-eight independent flipping ratios were measured atT ) 2
K.

Since Fe8 crystallizes in an acentric space group,6 bothFN and
FM are complex quantities (FN,M ) F′N,M + i F′′N,M), and the
magnetic structure factors cannot be directly obtained from the
flipping ratio measurements. The magnetization density, MD,
reconstruction is then directly performed from the flipping ratios.
The data were treated in two ways.7

First, we used the 3D maximum entropy (MaxEnt) method8

which was recently extended to the treatment of acentric
structures.9 In this case, the MD is obtained without imposing
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Figure 1. View of the structure of the Fe8 cluster. The large open empty
circles represent iron atoms; full, hatched and empty small ones stand,
respectively, for oxygen, nitrogen, and carbon atoms. The proposed spin
structure of theS ) 10 ground state is schematized by the arrows.
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any predefined model.10 The MaxEnt reconstructed density pro-
jected onto thebc crystallographic plane is presented in Figure
2.

Second, we used a method based on the modeling of the
density; namely the multipolar expansion11 approach. With this
approach,12 we have refined the moments on all of the iron ions
and on neighboring O and N atoms.

Contrary to what was reported for Mn12,4 but as previously
observed for Mn11,5 the density is essentially located on the
metallic sites: the measured magnetization on the organic part
remains of the order of the experimental uncertainty (the refined
values of the iron atoms are reported in Table 1, the corresponding
refined Slater radial exponent is 3.725 (4)). The eight iron ions
can be grouped in two sets, one comprising the 4 and 3 ions,
whose moments are opposed to the applied field, and the other,
comprising the ions 1,2,5,6,7,8 whose moments are parallel to
the field. In qualitative terms these results are in agreement with

the coupling scheme previously proposed on the basis of the
comparison of the exchange pathways with those of simple
dinuclear iron(III) compounds.13 The simple scheme of Figure 1
would suggest a moment of 5µB (2SiµB) for the up spin and-5
µB for the down spin. Clearly the ground-state cannot be described
by a single configuration. The ground-state eigenvector will be a
contribution of several different configurations.

To develop a suitable model it is useful to look at the cluster
as formed by a central “butterfly” core,3c,14 defined by the 1,2,3,
and 4 ions, with 1 and 2 on the body and the other on the wings.
Assuming that the coupling mechanisms are dominated by the
µ-oxo bridges connecting the butterfly ions, then the observed
pattern of MD is reproduced, assuming that the coupling constant
connecting the body ions 1 and 2, which corresponds to a double
bridge with Fe-O-Fe angles of 96.8° on the average, is much
smaller than those defining the wings, in which the singleµ-oxo
bridges form in average an Fe-O-Fe angle of 128.8°. Such a
trend in the strength of the interaction is in agreement with the
angular dependence of the coupling constants in iron(III) pairs,
recently well-established,13 both experimentally and theoretically.
Moreover the average Fe-Obridgedistance is significantly shorter
for the wing-core pairs. The MD map shows also that the spins
of the four peripheral iron atoms are aligned parallel to Fe1 and
Fe2 suggesting that the antiferromagnetic interactions with Fe1
and Fe2 are weaker than those with Fe3 and Fe4. In this case the
Fe-Obridge distances are similar, but the Fe-O-Fe angles are
significantly smaller for the first type of bridge. The temperature
dependence oføT has been successfully reproduced, assuming
D2 symmetry for the cluster in order to reduce the matrices to a
tractable size, usingJ27 ) 15-18 cm-1, J37 ) 35-40 cm-1, J12

) 20-25 cm-1, andJ24 ) 130-140 cm-1 (with a Hamiltonian
of the typeH ) Σ JijSiSj), whose relative order of magnitude is
in agreement with the present results. With these values the first
S ) 9 state is calculated to lie about 30 K above theS ) 10
ground state, in agreement with neutron spectroscopy results15

where no contributions ofS ) 9 excited states are visible at 10
K. However, due to the strong correlation between theJ
parameters,16 these values should be considered as indicative.17

Looking in more detail at the experimental MD we see that it
substantially deviates from the assumedD2 symmetry, and in fact
there are marked asymmetries in the moment on the 1 and 2 and
on the 3 and 4 pairs, respectively. The asymmetry is much less
marked on the 5,6,7,8 ions. From the point of view of the crystal
symmetry this is not surprising because the cluster lacks a center
of symmetry, but no large differences are observed in the
exchange pathways. It is possible that, given the presence of eight
triangles, spin frustration effects finely determine the MD.
Unfortunately it is not possible to calculate the spin levels without
using symmetry because the matrices become too large. Further,
allowing 13 coupling constants to vary independently would
probably be not meaningful at any rate.

In conclusion PND has provided a strong confirmation to the
description of the nature of the ground state in Fe8, and shows
how the technique can provide unique information for the
understanding of the magnetic properties of large clusters.
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Figure 2. MaxEnt reconstructed magnetization density projected onto
the bc crystallographic plane of the Fe8 cluster (negative contours are
dashed, step 0.7µB/Å2).

Table 1. Refined Magnetic Moments of the Iron Ions of the Fe8

Cluster

atoms moments (µB) atoms moments (µB)

Fe1 4.79 (22) Fe5 3.77 (22)
Fe2 2.34 (26) Fe6 4.01 (20)
Fe3 -1.94 (31) Fe7 4.31 (27)
Fe4 -4.91 (32) Fe8 3.35 (34)
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