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Magnetic molecular clusters, formed by a large number of
strongly interacting metal ions, have been extensively investigated o
during recent yearsas models of nanometer-sized single-domain RORES
magnetic particles. Particular attentiohas been devoted to0  Figure 1. View of the structure of the Feluster. The large open empty
clusters with high spins in the ground state and Ising-type circles represent iron atoms; full, hatched and empty small ones stand,
anisotropy showing slow relaxation of the magnetization at low respectively, for oxygen, nitrogen, and carbon atoms. The proposed spin
temperature, which eventually relaxes with a tunneling mecha- structure of thes = 10 ground state is schematized by the arrows.
nism. Slow relaxation and the even more interesting phenomenon
of pure quantum tunneling qf the magnetization have been recentlyiniensities!' and | respectively at the Bragg positionsk{) are
reported for an octanuclear iron(lll) cIustei[FeB(_)z(OH)lz(tacn)s]- measured
Br,-H,0} T[Br-8H,0], Fes, where tacn= 1,4,7-triazacyclononane.

It is characterized by a grounl = 10 state originated by the

presence of competing antiferromagnetic interactions between the R(hk) = E _
S= /5 spln§b ¢ of tlhe iron atoms and by very erak dipolar I FT\IFN _ SirIZOL(F:\,FM + FTVIFN) + sinza(F,*VlFM)
intercluster interactions. A model for the coupling scheme,

presented in Figure 1, has been propoSedut given the )
complexity of the system and the large number of independent )

exchange pathways, the exact nature of the ground state cannowhereFy andFy are the nuclear and magnetic structure factors,
be unambiguously described by fitting thermodynamic properties respectively, andx is the angle between the spin (magnetic
such as magnetic susceptibility. On the other hand, the spin moment) direction and the scattering vectorof the Bragg
structure and the dipolar magnetic fields inside the sample seemreflection (Kki). Although PND is a powerful technique for
to play an important role in the tunneling mechanimequiring mapping the unpaired electron, thus far it has been little applied
a detailed knowledge of the global spin density. to magnetic clusters, with the exception of preliminary report on

Therefore, to obtain a better description of the ground state it @ M cluster?
is necessary to use experimental techniques, which give access In this paper we wish to report the preliminary results
to the unpaired magnetization density of the cluster, like EPR, concerning PND of the keeluster, and we suggest that it can be
NMR, and neutron diffraction. In the latter case, two types of used as a case study for the large possibilities of PND in providing
techniques were used: polarized and unpolarized neutron dif- information on the magnetic coupling schemes which are opera-
fraction. However, the latter, which has been applied on a,Mn tive in the cluster.
cluster? seems to provide results which are not very accurate. The experiment was performed on the polarized neutron

Polarized neutron diffraction, PND, applies to single crystals diffractometer D3 of the Institut Laue Langevin (Grenoble,
of paramagnetic species in which the magnetization density is France) at a wavelength= 0.843 A. This instrument is a lifting
aligned by an external magnetic field. The incident neutron beam counter diffractometer, with a cryomagnet which holds the sample
is polarized either paralleft) or antiparallel {) to the applied and provides a vertical magnetic field. A crystal of size .3
magnetic field, and the so-called flipping ratiBsbetween the 3.0 x 1.08 mm was mounted with theecrystal axis (easy axis)
parallel to the 4.6 T applied magnetic field. One hundred and

FuFy + sifa(FyFy + FyFy) + sinfa(FyFy)

T University of Florence.

: CEA-Grenoble ninety-eight independent flipping ratios were measuret &t2
§ Institut Laue-Langevin. K.

s (H (aLA_UEin, S-S\/l- NJJ Vxem%% M. V\é éggrélsil% 1\7/|-7:4T65a(ib;-|éL-t;tCriSrt]9u, Since Fe8 crystallizes in an acentric space gfaougmh Fy and
., Hendrickson, D. . AM. em. S0 . attescni, e — H "

D.; Caneschi, A.; Pardi, L.; Sessoli, Bciencel 994 265, 1054. (c) Golberg, Fu are complex quantitiesF(m = F'ym + i F”nwm), and the
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Fes Fe8 the coupling scheme previously proposed on the basis of the

comparison of the exchange pathways with those of simple

dinuclear iron(l1l) compound® The simple scheme of Figure 1

would suggest a moment ofils (2Sug) for the up spin and-5

ug 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” coré}*defined by the 1,2,3,

> and 4 ions, with 1 and 2 on the body and the other on the wings.
- Fe7 Fe6 Assuming that the cou_pling mechanisrr_ls are dominated by the

Figure 2. MaxEnt reconstructed magnetization density projected onto #-0X0 bridges connecting the butterfly ions, then the observed

the be crystallographic plane of the Feluster (negative contours are  Pattern of MD is reproduced, assuming that the coupling constant

dashed, step 0,7a/A?). connecting the body ions 1 and 2, which corresponds to a double
bridge with Fe-O—Fe angles of 96:8on the average, is much
Table 1. Refined Magnetic Moments of the Iron lons of thesFe smaller than those defining the wings, in which the singlexo
Cluster bridges form in average an F©—Fe angle of 1288 Such a
atoms momentg) atoms moments) trend in the strength of the interaction is in agreement with the
angular dependence of the coupling constants in iron(lll) pairs,
Eg% g:;z gég E:g 2:(7)1 gg; recently well-establishe®,both experimentally and theoretically.
Fe3 —1.94 (31) Fe7 4.31 (27) Moreover the average Fépiqge distance is significantly shorter
Fe4d —4.91 (32) Ee8 3.35(34) for the wing-core pairs. The MD map shows also that the spins

of the four peripheral iron atoms are aligned parallel to Fel and
any predefined modéf. The MaxEnt reconstructed density pro- Fe2 suggesting that the antiferromagnetic interactions with Fel
jected onto thebc crystallographic plane is presented in Figure and Fe2 are weaker than those with Fe3 and Fe4. In this case the
2. Fe—Origge distances are similar, but the F&—Fe angles are

Second, we used a method based on the modeling of thesignificantly smaller for the first type of bridge. The temperature
density; namely the multipolar expanstdapproach. With this dependence of T has been successfully reproduced, assuming
approach? we have refined the moments on all of the iron ions D, symmetry for the cluster in order to reduce the matrices to a
and on neighboring O and N atoms. tractable size, using,; = 15—-18 cn1?, J37 = 35—40 cn1?, Jip

Contrary to what was reported for Mgt but as previously = 20-25 cn1?, andJ,4 = 130-140 cn1? (with a Hamiltonian
observed for Mp,® the density is essentially located on the of the typeH = = J;SS), whose relative order of magnitude is
metallic sites: the measured magnetization on the organic partin agreement with the present results. With these values the first
remains of the order of the experimental uncertainty (the refined S = 9 state is calculated to lie about 30 K above te= 10
values of the iron atoms are reported in Table 1, the correspondingground state, in agreement with neutron spectroscopy r&sults
refined Slater radial exponent is 3.725 (4)). The eight iron ions where no contributions o = 9 excited states are visible at 10
can be grouped in two sets, one comprising the 4 and 3 ions,K. However, due to the strong correlation between the
whose moments are opposed to the applied field, and the otherparameters® these values should be considered as indicafive.
comprising the ions 1,2,5,6,7,8 whose moments are parallel to  Looking in more detail at the experimental MD we see that it
the field. In qualitative terms these results are in agreement with substantially deviates from the assunizcsymmetry, and in fact

(f7) Th% _Structure,d at the ftegﬁ%eratlérilwfﬁre the F’NDtexDerimfent isdthere are marked asymmetries in the moment on the 1 and 2 and
B e et ey L o ee 5 enernedon the 3 and 4 pairs, respectively. The asymmery is much less
(single crystal of size 2.& 1.8 x 1.0 mm,b-axis vertical,T = 5 K). The marked on the 5,6,7,8 ions. From the point of view of the crystal
position and the isotropic thermal factors were refined using the SHELX93 symmetry this is not surprising because the cluster lacks a center

program down to an agreement factor R19.6% (1455 reflections with > ; ;
4ol) and R1= 12.7% (all the 1959 independent reflections). The corresponding of symmetry, but no large differences are observed in the

cell parameters area = 10.470 A (11)b = 14.036 A (22).c = 14.987 A exchange pathways. Itis possible that, given the presence of eight
(18),0. = 89.6453 (67),8 = 109.948 (42),y = 109.5953 (67). Precise nuclear triangles, spin frustration effects finely determine the MD.

structure factors were calculated from this refined low-temperature crystal Unfortunately it is not possible to calculate the spin levels without
structure.
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probability, or “posterior probability”, is the product of two probabilities: the —description of the nature of the ground state in Fe8, and shows

“likelihood” and the “prior”. The “ likelihood” represents the probability for how the technique can provide unique information for the
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and observed data. The “prior” probability represents the intrinsic probability Acknowledgment. The financial support of MURST and TMR grant

of the map, prior to the experiment, and can be expressed in term of the entropy .
of the map. The map is then chosen with the best map as being that which SMD (No. ERB 4061 PL 97-0197) is gratefully acknowledged.

maximizes the entropy and keeps a good agreement with the experimental JA9903126

data.

(11) Gillon, B.; Schweizer, J. Study of Chemical Bonding in Molecules: (13) Le Gall, F.; Fabrizi de Biani, F.; Caneschi, A.; Cinelli, P.; Cornia, A.;
The Interest of Polarized Neutron Diffraction. Molecules in Physics, Fabretti, A. C.; Gatteschi, Onorg. Chim. Actal997, 262, 123. i
Chemistry and Biology Maruani, J., Ed.; Kluwer Academic Publisher: (14) (@) McCusker, J. K.; Vincent, J. B.; Schmitt, E. A.; Mino, M. L.; Shin,
Dordrecht, The Netherlands, 1989; Vol. II, p 111. K.; Coggin, D. K.; Hagen, P. M.; Huffmann, J. C.; Christou, G.; Hendrickson,

(12) In this case, the spin density is expanded around the nuclei into a D. N. J. Am. Chem. Sod 991, 113 3012. (b) Gorun, S. M.; Lippard, S. J.
multipolar series. The spin density is treated as a sum of real harmonic Inorg. Chem 1988 27, 149. (c) Armstrong, W. H.; Roth, M. E.; Lippard, S.

functions centered at each atomic site included in the refinement: J.J. Am. Chem. S0d.987, 109, 6318. ] ) )
@ I (15) Caciuffo, R.; Amoretti, G.; Murani, A.; Caneschi, A.; Sessoli, R.;
- o Gatteschi, DPhys. Re. Lett 1998 81, 4744.
) a;g; Rk(r)mZIP[“y{"(r) (16) TheJ values given here are significantly different from those previously

reported® because in ref 3c the decrease/@fwas not attributed to magnetic
where P" and R(r) are the population coefficients and Slater type radial anisotropy but to the presence ofSa= 9 ground state.
functions, respectively. The population coefficients as well as the Slater radial ~ (17) Caneschi, A.; Ohm, T.; Paulsen, C.; Rovai, D.; Sangegorio, C.; Sessoli,
exponents are the parameters of the model. R.J. M. M. M. 1998 177—-181, 1330.



