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In most magnetic molecular clusters studied so far, localized moments of metal ions are coupled by
superexchange interactions via ligand atoms to yield the total moment of the cluster, which is basically
a piece of a magnetic insulator. Here we present an experimental and theoretical study of another form
of molecular magnetism, arising from unfilled molecular orbitals delocalized over the entire metal cores
of molecular metal clusters. These cores thus act as nanosize quantum dots, in which the metal valence
electrons are confined. [S0031-9007(98)07157-9]

PACS numbers: 73.20.Dx, 75.50.Tt

Magnetic clusters are drawing increasing attention ashere exist several molecular metal cluster compounds in
the ultimate lower size limit for magnetic nanoparticleswhich unpaired electrons occupy molecular orbitals delo-
[1]. Fundamental scientific questions at stake are thealized over the whole metal framewdidkmed by direct
gquantum-size effects on the thermodynamic properties [2Jnetal-metal bonds. The magnetism is due to unfilled, de-
and the phenomenon of macroscopic magnetic quantutocalized cluster orbitals, and is a molecular analog of the
tunneling [3]. Molecular cluster compounds play a cru-magnetism of unfilled atomic orbitals, the unpaired elec-
cial role in these studies, since they offer the unique postrons being extended over the much larger volume of the
sibility to investigatemacroscopicallyfarge assemblies of (macro)molecule instead of that of the atom.
identical (monodisperse) clusterssing well-known tech- We focus our attention on the multivalent metal carbonyl
niques of solid state physics and chemistry [1,4,5]. Forluster moleculegPtFe;(CO);s]"~ (1"~ for short) and
these well-defined, stoichiometric chemical compounds|Ag:{F&CO)s}s]"~ (2"7) occurring in1*~[PPH ], (n =
the clusters are cores of macromolecules, separated from2) and 2"~ [N(PPh)," ], (n = 3,4), the structures of
one another by shells of ligand molecules coordinated tevhich are shown in Fig. 1 [6—9]. Depending on the
the cluster surface. In metal cluster compounds [4,5], th&alency, these materials are either nonmagnetic or carry
cluster core is composed of metal atoms only, bound t@n unpaired spir% on each cluster molecule. As we shall
one another by direct metal-metal bonds. In ionic metashow both experimentally and theoretically, the origin of
clusters [1], on the other hand, the cluster framework conthis spin% is a singly occupied highest molecular orbital
sists of metal ions linked by intervening nonmetal ions.(HOMO) that is delocalized over the entire cluster core.
Thus, the clusters in these two classes of materials can be Magnetic measurements in the temperature range 0.1-
seen as small pieces of bulk metal and of bulk insulator300 K and in magnetic fields up to 5 T were made using
respectively. SQUID magnetometry. In Fig. 2 we show susceptibility

Most of the molecular magnetic clusters studied, fordata on powder samples plotted as versus T for
example, the compound MiAc, belong to the second 1~ [PPh] and 2* [N(PPh);]s, which both contain one
class [1,3]. The magnetism of the cluster then basicallynpaired electron. Perfect Curie behavior (solid curves
arises from unfillecatomicshells, and the moments of the through the data), corresponding to 1 sfmiluster, is
unpaired electrons are localized on metal atoms and afeund down to 20 K for the BFe; system and down
coupled through superexchange via intervening nonmetab 0.1 K for the Ags;Fe compound. For BFe; the
ions. The net magnetic moment of the cluster arises fronsusceptibility shows a maximum below 1 K, which we
interacting atomic moments, where the interactions can battribute to antiferromagnetic interactions between spins
ferro- or antiferromagnetic. on neighboring clusters. The solid curve through these

In this Letter we address a form of molecular mag-data is a fit to the antiferromagneti€,= % Heisenberg
netism in which the magnetic behavior cannot be rationalehain model [10], yielding an exchange constajfky =
ized in terms of aratomic property. As we shall show, —046K (H = =273, S; - S;). The packing of the
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FIG. 1. (a) Structure of the clustdr, [PtFg(CO);5]~. Pt Kl
shaded; Fe black. (b) Averaged experimental geometry of th&lG. 2. Top: Magnetic susceptibility df- [PPh] between 0.1
cluster anior2*~, [Ag;;{F&CO),}s]*~. Ag shaded; Fe black. —and 300 K. Solid line through data in inset is the fit to
the antiferromagnetic chain model. Bottom: susceptibility of
247 [N(PPh),]s. Inset shows data below 2.5 K.

cluster molecules in the crystal is indeed found to be

predominantly in chains, supporting the interpretation intron spin with the nuclear spins of Pt and Ag, respectively
terms of quasi-one-dimensional magnetic behavior. Thes 8] (isotope>’Fe features a nuclear spin, but with only
specific heat of this compound (not shown) likewise2e, abundance, it cannot be detected). The ESR spectra
confirms the magnetic chain behavior; it has a magnetighus point to a substantial amount of spin density at the
contribution with a broad maximum at about 0.7 K thatnonmagnetic metal SiteS, in good agreement with the calcu-
can also be described by this theoretical model. Theated spin density maps presented below. This illustrates,
absence of appreciable magnetic interactions betwegR fact, that the extent of delocalization can be inferred
the AgisFe clusters may be similarly understood by the quite well from measurements of hyperfine couplings.
paCking of the clusters in the CryStaI; in this Compound Magnetic measurements (not ShOWﬂ) on the nonmag-
they are widely separated by ligands and cations (closegjetic versions12 [PPh], and 23~ [N(PPh),]s, confirm
distances of about.7 A). that these valencies correspond fitted molecular or-

Also the magnetization data in the range 3—-100 K (cfhitals. The compounds are intrinsically nonmagnetic, ex-
Fig. 3) for both compounds show tife= 5 paramagnetic cept for traces of the magnetic versions, which appear to
behavior. They can be well fitted to the Brillouin curve, be present in varying small amounts, depending on the
with § = % and average valuesg = (%gﬁ + %gi)m, method of preparation, aging of the sample, etc. The iden-
where the values fog andg, were determined indepen- tification of the weak magnetic signals as originating from
dently by ESR ag| = 2.24, ¢, = 2.06 andg = 2.0465, the magnetic counterparts could be done unambiguously
g1 = 1.937, for the P{Fe; and the AgsFe compound, from the ESR spectra, which could always be traced to the
respectively (the same averagevalues were used in the magnetic versions (absolute calibration of the ESR signal
susceptibility fits). In both cases the hyperfine splitting ofwas performed and proved to agree with the amount of
the ESR line is due to the interaction of the unpaired elecimpurity spins found from the magnetization).
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2*7[N(PPh),]s (lower panel). Data are plotted versus the two peripheral Ag atoms, four Fe atoms, and eight CO groups).
magnetic fieldB or B/T and fit the Brillouin function with  Solid and dashed contour lines indicate positive and negative
one spin per cluster. values, respectively, at valueéd—"/2 a.u.(n = 3-7).

In Fig. 4 we show spin density maps for the mag-
netic versions of these materials as predicted by densitpn the other hand, in the nonmagnetic anh the
functional calculations, using a self-consistent, scalarHOMO of the magnetic cluster is unoccupied. In both
relativistic linear combination of Gaussian-type orbitalsmagnetic clusters, the spin density is largely determined
method [11] with a gradient corrected exchange-by the HOMO; however, noticeable deviations are found
correlation functional [12]. Spin-unrestricted calculations[13]. As seen from Fig. 4, the spin density is delocalized
were performed to describe open-shell configurationsnot only over the Fe atoms, but also over the Ag atoms.
Atomic charges and orbital localizations were computedn the PtFe; cluster, about 18% population of the spin
with a Mulliken analysis. The optimized geometries of density is localized on the 3 Pt atoms and about 70%
the clusters1”™ (n = 0,1,2) agree quite well with the on the 3 Fe atoms, confirming that the magnetism is not
experimentally determined structures, especially withcarried by electrons in localized (Fe) atomic orbitals,
regards to the metal-metal distances [13]. For the clusbut in delocalized cluster molecular orbitals. For the
ters 2"~ an averaged experimental geometry was useddg;;Fe; cluster, the ESR data [8] showed that 25% of the
idealized to ) symmetry [14]. spin density is located on the central Ag atom, whereas

The spin density maps in Fig. 4 refer to the clusterthe 12 peripheral Ag atoms carry negligible spial%).
anions1~ and2* . In each case, the HOMO is nonde- This would imply an even larger spin density on the
generate, singly occupied, and well-separated by aentral Ag atom than on each of the Fe atomd0%).
HOMO-LUMO gap of the order of 1 eV from the lowest The calculated spin density plot shows indeed consider-
unoccupied orbital (LUMO), but also by about the sameable delocalization of the spin density over the Fe atoms
energy from the next lower, completely filled molecular (=50% population on 6 Fe centers) and Ag atoms¢
orbital. In the nonmagnetic aniod’~, the additional on the central Ag atoms=32% on the 12 peripheral Ag
electron fills the HOMO level completely, as expected.centers), in broad agreement with the ESR spectra [15].
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