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Meta-cluster compounds can be exploited ad-
vantageously to study the evolution, with in-
creasing size of the molecules of the physical
properties of metal clusters from molecular to
bulk-metal behavior. The metal-cluster mole-
cules are well-defined, stoichiometric, chemical
compounds. The molecules consist of a metal
core of a variable number of atoms, surrounded
by a shell of ligand atoms or molecules. Depend-
ing on the compound, the type of metal atom
may be varied, whereas the core size can be
changed from a few up to several thousands of
atoms. Accordingly, these materials provide
excellent model systems for monodisperse metal
particles, embedded in a dielectric matrix, and
can be investigated by the well-known experi-
mental techniques of solid-state physics.# 1998
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METAL-CLUSTER COMPOUNDS

Polynuclear metal-cluster compounds form an
interesting class of systems that, until recently,
had been scarcely studied by the physics commu-
nity.1, 2 They consist of macromolecules, each
macromolecule being composed of a ‘core’ of a
certain number (n) of metal atoms, surrounded by a
‘shell’ of ligands. The macromolecule can be an ion
or a neutral molecule. The important point is that,
since we are dealing with chemical compounds, the

macromolecules in a given compound are identical.
Consequently, the solid formed can be seen as a
macroscopically large assembly of identical metal
particles, embedded in a dielectric matrix. A major
problem with other physical or chemical methods
employed so far to obtain metal clusters, e.g. by
condensation in atomic beams, by deposition in
rare-gas matrices, or in colloids and catalysts, is
that one is plagued by a large distribution in particle
size. This is a clear drawback if one wants to make a
systematic investigation of physical properties as a
function of cluster size, since then a variable but
homogeneous particle size is an absolute necessity.
In the metal-cluster compounds, this goal can thus
be realized.

Clearly, the above intuitive conceptual view can
only be meaningful for sufficiently large metal
cores. Metal cluster compounds with (relatively)
small metal cores have been known in chemistry for
quite some time, and a decade ago several hundreds
of compounds had already been synthesized, with
core sizes ranging up to 10–20 atoms, and with a
great many different transition-metal elements
(iron, cobalt, nickel, molybdenum, ruthenium,
rhodium, palladium, silver, osmium, iridium, pla-

Figure 1 Structure of the metal cluster molecule
[Ni38Pt6(CO)48H]5ÿ.
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tinum, gold etc.). In the last 10 years,however,a
few synthetic-chemical groups, notably in Ger-
many,Italy andEngland,haveinitiated successful
queststo createever-largermetalclustermolecules,
inspired not only by the synthetic challenges
involved, but likewise by the growing interestof
solid-state physicists in their products.1–5 For
example,within the subgroupof metal carbonyl
clusters(metal corescoordinatedby CO ligands),
very largemetalcores,e.g.containingup to 34 Ni
atomsor upto 38Ptor Pdatoms,weresynthesized,
as well as bimetallic cores consistingof six Pt
atoms surroundedby 38 Ni atoms, as in the
example shown in Fig. 1. Using phosphine(or
related)groupsas ligands,neutral cluster macro-
moleculeswith largepiecesof, for example,Ni2Se3
or Cu2Se as cores have been obtained,5 such
as [Ni34Se22(PPh3)10], [Cu70Se35(Pet3triethylphos-
phine)22] and [Cu146Se73(PPh3)30]. We note that
bulk Cu2Se has semi metallic properties.These
materialsform molecularcrystals;Cu146Se73 is the
largestclustercompoundto datethathasbeenfully
characterizedby X-ray analysis.

Even much larger clusters,however,havebeen
found in a seriesof giant metal-clustermolecules,
themetalcoresof which aremembersof theseries
of so-called ‘magic-number’ (full-shell) clusters
depictedin Fig. 2.3 Theyareobtainedby surround-
ing anatomprogressivelywith additionalshellsof
atomsof its kind. Theresultingone-shell,two-shell
(etc.)clusterspossessthemagicnumbersof atoms,
i.e. 13, 55, 147,561andsoon. Thesenumbersare
the samefor icosahedralor cuboctahedral(face-
centeredcubic) packing of atoms, but the ex-
perimental examples mentioned below have
cuboctahedralstructure.For instance,thetwo-shell
M55 core is found in a seriesof clustermolecules
M55L12Clx, wherethemetalatomM canbeAu, Pt,
Ru,Rhor Co.Dependingon themetalelement,the
ligand is for example,PPh3, PMe3, P(t-Bu)3, or
P(p-tolyl)3, andx is 6 or 20.Sofar, anexperimental
realization of the three-shell cluster is lacking.

However, four-shell and five-shell clusters have
beenfound to be the metal coresin, respectively,
Pt309phenanthrioline5*O30 and Pd561phenanthrio-
line36O200, andtherecordto dateappearsto bethe
seven-andeight-shellpalladiumclustersfound in
Pd1415Phen54O1000 and Pd2057Phen78O1600. It
should be noted that until now no single-crystal
samplesof thesegiantclustercompoundscouldbe
obtained.The neutralmacromoleculesform dense
but randomlypackedsolidswith only short-range
order, as in a glass.In the absenceof full X-ray
analyses,the precise chemical stoichiometry is
evidently uncertain.Notwithstanding, a wealth of
direct or indirectphysicaldataareavailablewhich
appearto agreeconsistentlywith the formulations
givenabove,comingfrom high-resolutionelectron
microscopy, EXAFS, Mössbauer spectroscopy,
NMR, calorimetry etc. It should also be realized
that, from the three-shellclusteronward,themetal
cores in thesemacromoleculesare already large
enough to be studied individually by X-ray
scattering! The observedreflections confirm the
cubic close packing, with metal–metaldistances
indistinguishable from the corresponding bulk
values. In addition to these giant cluster com-
pounds, it has been proven to be possible to
synthesizenew types of palladium and platinum
colloidsusingthesameligands.Thesecolloidsare
availablefor experimentsin powder(solid) form,
with a very high metal fraction and small size
distributions(<10%),andthusnicely complement
the metal-clustermolecules.Taken together,the
colloids and molecular clustersoffer a scale of
metal particle sizes ranging from 10 to 100000
atoms.

The typical size of theseclusters(diametersof
1–10nm) puts them clearly in the class of
mesoscopicsystems.The metal-clustermolecules
may in principle also be exploited to obtain
nanocrystallinemetalsby taking away the ligand
shellssurroundingthe metalcores,e.g.by electro-
chemicalmethods.The catalytic propertiesof the

Figure 2 Magic-numberclustersMn, shownfor cuboctahedralpacking.
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bare and ligated cluster moleculesare of great
interest,andarebeinginvestigatedby thechemists
with whomwe collaborate.

PHYSICAL PROPERTIES OF
INTEREST

For physiciststhesematerials form a rich play-
groundby meansof which a substantialnumberof
interestingandfundamentalphysicalproblemsmay
bestudied.We mentionthe following examples.

Quantum-size effects6

For electronswith energiescomparablewith Fermi
energies(EF) in metals,a nanometer-sizedmetal
cluster is a quantumwell, since its De Broglie
wavelengthis comparablewith the cluster size.
Thus, the electronicenergy-levelstructurefor the
metalclusterwill bediscrete(quantum-sizeeffect),
implying that the physical propertieswill differ
from thoseof thebulk metal,aslongasthethermal
energykBT is smallerthanor comparablewith the
distancesdE betweenenergylevels.Furthermore,
the statistics of the energy-level distribution in
conglomeratesof mesoscopicparticlesis an inter-
esting problem in itself. The relationship to
statistical theories for nuclei (random matrix
theories: Wigner 1951, Dyson 1962) has been
pointedout long ago by Gorkov and Eliashberg,7

andcontinuesto be a subjectof study.8 Recently,
the connectionwith quantumchaos(nonintegrable
systems;quantumbilliards) hasbecomeapparent,9

aswell astherelationto thet–J Hubbardmodeland
thenonlinearSigmamodel.10

Size-induced transitions from
molecular to bulk-metal behavior

A metal cluster of a few atoms is basically a
molecule, with widely spacedelectronic energy
levels.For thebulk metal,thespectrumis a (quasi)
continuum.Clearly,with increasingclustersize,at
some point the properties should change from
molecularto bulk-like. Thequestionof atwhatsize
sucha transitionwill occurhasintriguedphysicists
involved in cluster science,from the very begin-
ningsof this field. As explainedbelow, it depends
on the criterion acceptedfor ‘metallic’ behavior,
andthusonthethermodynamicfunctionconsidered
aswell ason the temperature.

Cluster molecules as building
blocks for nanostructures

By packingclustermoleculesinto solids(asis done
by chemicalsynthesisin caseof the metal-cluster
compounds),onecreatesa three-dimensionalarray
of quantumwells.Likewise,it shouldbepossibleto
constructone-dimensionalquantumwiresandtwo-
dimensionalquantumsheetsby packingthecluster
moleculesin theform of a chainor of a monolayer
on suitablesubstrates.By changingthe sizeof the
metal clusters, the energy-levelstructure in the
quantumwells may be modified. By varying the
sizeof the ligandswhich separatethe metalcores,
the degreeof electrical insulation betweenmetal
coresmay be changed.Suchone-, two- or three-
dimensionalarraysshouldgiveriseto novel(andin
principle tunable)electronic,optical andelectrical
properties.

Single-electron tunneling and
related effects

In sufficiently small (nanometer-sized)particles,
the self-capacitanceof each particle, and the
capacitance involved with interparticle charge
transfer,are so large that charging/single-electron
tunneling effects becomepredominant.11 Studies
with scanning tunneling microscopy (STM) of
metal-cluster molecules dispersedon substrates
have already been performed by a group in
Germany,and by ProfessorH. van Kempenand
co-workers at KUN (Nijmegen). Apart from
imaging of the clusters,severalother interesting
issues are at stake in the tunneling processes
between the STM electrodesthrough a single
metal-clustermolecule.The groupof vanKempen
has observedthe single-electrontunneling (SET)
effectswhich are manifestedin the I–V curvesas
regular steps (the ‘Coulomb staircase’).12 As
argued by them, under suitable conditions one
might observesuperimposedupon thesestepsan
additionalstructuredueto thediscreteenergy-level
structure (quantum gaps) of a single cluster.
Recently,they haveclaimedto havedetectedthe
first evidencefor thesequantum-sizeeffects.More
experiments,however,will certainly be neededto
confirmthesefindings.

REPRESENTATIVE EXPERIMENTS

At LeidenUniversity thephysicalpropertiesof the
metal-clustercompoundshave been studied by
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meansof extensiveseriesof pulse-NMR experi-
ments, Mössbauer effect spectroscopy(MES),
specific-heatexperiments,magneticmeasurements,
andelectricalconductivityanddielectricmeasure-
ments. In parallel with this work, photoelectron
spectroscopyand EXAFS studiesare being per-
formed by partnersin an EC collaboration.Here
only a few important resultsare mentioned.The
majority of theexperimentswerecarriedouton the
Au55, Pt309andPd561‘Schmid’ clusters(weusethis
short-handnotationfor thefull chemicalformulae).
In addition, the larger Pd1415 and Pd2057 clusters
and the Pdcolloid were investigatedextensivelyby
specific-heatandmagneticstudies.A major reason
for investigatingthesematerials is that they are
amongthe largestmetal clustersat presentavail-
ableand,in addition,arenot air-sensitive.

A mostimportantproblemwehadto solvewasto
ascertainthe influenceof the ligand shell on the
propertiesof the metal atomsof the clustercore.
Indeed,the sameligands which are so crucial in
keepingthemetalcoresapart,will at thesametime
alter the properties of the metal cluster, as
comparedwith thoseof a baremetalclusterof the
samesizeandsymmetry.Fortunately,wehavebeen
ableto comea long way in answeringthis problem
experimentally.In parallelwith theseefforts, local
density functional (LDF) calculationshave been
performedby quantum-theorists(N. Rösch,munich
G. Pacchioni,Milan) who likewise participatein
our EC network on metal clustersresearch.They
havebeenable to calculateandcomparethe level
structuresand magnetic moments of bare and
ligated nickel clusters,even thoseas large as up
to 44 Ni atomsandwith 48 CO ligands!13.

Both the LDF calculationsand the experiments
agreewith the following picture.One may divide
themetalatomsof a metal-clustercoreinto surface
metal atoms (to some of which the ligands are
bonded) and inner-core metal atoms (in the
interior). The metal–ligandinteractionis found to
bestrongindeed,but mainly limited to thesurface
atoms.Thesurfaceatomsof a ligatedclusterdiffer
from bulk metal, whereasthe inner-core atoms
constitutea minutepieceof the bulk metal,albeit
with strongquantum-sizeeffects in particular for
small clusters,evolving towards bulk properties
with increasingsize.Obviously, the averagelevel
separationsdE in the electronic spectraof these
particlesshouldstill be relatively large.By a rule-
of-thumb argument, we may estimate dE by
dividing the bulk-metal Fermi energyEF by half
thetotal numberof valenceelectronsin thecluster.
For the 3d metalsin question,thereare about10

valenceelectronsperatomandEF is of theorderof
5 eV, yielding dE/kB ' 102 K for a particleof 100
metalatoms.

The experimentalevidencefor the abovecon-
clusionswasbasedon a combinationof Mössbauer
effect spectroscopy(on Au55 andPt309), NMR (on
Pt309), specific heat (on all three), and magnetic
susceptibility(on the palladiumclusters)measure-
ments.The Mössbauerspectradistinguishclearly
betweensurfaceand inner-coremetal atom sites.
Theisomershift (IS) andquadrupolesplitting (QS)
parametersobtainedfrom theseMESspectrafor the
surfacesitesarevery different from thebulk-metal
values, being close to literature values for non-
conductingmetal salts.14–16 For Au55, the para-
metersfor the 13 inner-coreatomswere already
closeto but not yet equalto thebulk values.Quite
recently, we have beenable to extend the MES
experimentsto Pt309. A special trick was needed
here,sincethereis no platinumisotopeknownthat
is suitablefor MES.By irradiatingthePt309 cluster
samplewith neutronsat the IRI (Delft), a small
fraction of the Pt309 clusters (1 in 106) was
transformedinto Pt308Au, where the Au nucleus
could be used as a Mössbauersource (for the
absorber,silver foil wastaken).Themostimportant
result of this study was the finding that the MES
parametersfor the inner-coresiteswere undistin-
guishablefrom thecorrespondingvaluesknownfor
the bulk metal.17 Since the IS parameteris a
measureof the 6s charge density seen by the
Mössbauernucleus,this leads to the conclusion
that, at the inner-coremetal sites, the 6s charge
densityis alreadyextremelycloseto thebulk value.
In otherwords,asregardsthisparticularproperty,a
Pt147 clustercoreshowsbulk-metalbehavior.

As mentioned,however, different criteria for
‘metallic’ behaviorcan be considered,depending
onthephysicalpropertyof interest.TheMössbauer
IS considereddependsonthetotal6schargedensity
seenby the nucleus(the integrated6s densityof
states),andwill thereforebe relatively insensitive
to the quantumgapsin the electronicenergy-level
spectruminducedby the quantum-sizeeffects.On
the other hand, physical propertiessuch as the
electronic contributions to the specific heat and
susceptibility, the NMR Knight shift (Ks) and
nuclearspin lattice relaxationtime (T1), do depend
on thedensityof states(DOS)closeto EF. Forsuch
quantities, therefore, the criterion for ‘metallic’
behavior(asjuxtaposedto molecular)is obviously
thepresenceof aquasi-continuousDOScloseto EF.
Sucha quasi-continuumwill bereachedassoonas
the thermal energy kBT is larger than the level
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spacingsdE close to EF. In other words, for
sufficiently clusters and/or for sufficiently high
temperatures.(It shouldbenotedthatlevelstatistics
mayalsoproducedensityfluctuations).

The experimentalNMR spectra for the Pt309
clustermayindeedbeanalyzedin termsof ametal-
to-nonmetaltransition,namelyfrom metallicprop-
ertiesat roomtemperatureanddownto about80K,
to abehaviordominatedby quantumgaps.18 Thatis
to say, the NMR signal at high temperatures
showeda considerableKnight shift, and the T1
followed the temperaturedependencegivenby the
Korringalaw (T1 / 1/T), knownto bewell obeyed
in bulk metals,whereasbelow about 50K these
metallic properties were lost. Analysis of the
observedbehaviorin termsof quantum-sizeeffects
gavesatisfactoryresults,with avaluedE/kB = 30K,
in reasonableagreementwith theroughestimatefor
E mentionedabove.

In contrastto NMR andMES,physicalquantities
such as the experimentalelectronicspecific heat
and susceptibility are not site-specific, being
averagesover the contributionsfrom all different
sites. Nevertheless,these quantities are propor-
tional to theaverageelectronicDOSof thecluster,
and thereforeshould differ markedly from bulk
valueswhen,for instance,the surfacemetalatoms
wouldhaveastronglyreducedDOS(thefractionof
surfaceatomsis of coursequite large in a small
particle).Suchastrongreductionis predictedby the
LDF calculationsmentionedaboveto result from
the ligand–metalchargetransfer in ligated metal
clusters. For the nickel-carbonyl clusters, the

reduction of the DOS at EF induced by the
ligand–metalinteractionis predictedby the LDF
calculations to be accompaniedby a complete
disappearanceof the magneticmomentof the Ni
atomsat thesurfaceof thecluster.Sincebarenickel
clustersare calculatedto havemagneticmoments
per atom comparablewith the bulk value (0.6
mB/atom),the ligation of a bareclustershouldlead
to a very strongreductionin themagneticmoment
of the cluster as a whole.13 Indeed, previous
magnetic measurementshad shown only quite
weakmagneticmoments,evenfor very largenickel
carbonylclusters.An extensivemagneticstudyof a
single-crystalsample of a large nickel-carbonyl
cluster(Ni38Pt6) wassubsequentlyperformed,and
confirmedthecompletequenchingof themagnetic
momentsof thesurfaceatomsdueto theligands,as
predictedby LDF theory.19

Other magnetic studies reported have been
concernedwith a seriesof platinumandpalladium
clustersandcolloids. In thesecasesalso,evidence
for strong reduction for the averageDOS at EF
could be obtained.Although bulk palladium and
platinum are nonmagnetic, they are strongly
Stoner-enhancedparamagneticmetals.In particular
for palladium the magneticsusceptibility at low
temperaturesis quite high. In our experimentswe
found large, size-dependentreductions of the
susceptibilitywith respectto thebulk, which could
be explainedin termsof a combinationof surface
effectsanda(size-dependent)reductionof theDOS
and thus of the Stoner-enhancementfactor;20 see
Fig. 3.

Figure 3 Sizeevolution of magneticsusceptibilityw of largepalladiumclustersandcolloids towardsthebulk behavior.
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Besides the above classical electrostaticsize
effects, metal nanoparticlesalso show prominent
quantum-mechanical sizeeffects.Sincetheir sizes
are of the sameorder as the wavelengthof the
electronin a metal, the energy-levelspectrumfor
the electronsbecomesdiscrete(on a scaleof 0.1–
10meV), so that typical metallic properties,based
on the pseudo-continuous energybandscharacter-
istic for bulk metals, become lost for thermal
energieskBT lower thantheaveragelevel spacings
. As an exampleit is shown in Fig. 4 how for
kBT� d the electronicspecific heat of palladium
nanoparticlesstarts to deviate from the linear
dependence(Cel/ T) that is well known for bulk
metals21. The solid curve through thesedata is a
prediction for this quantum-sizeeffect basedon
random matrix theory for the level statisticsfor
collectionsof metalparticles.Evenfor particlesof
the samevolume, the energy-levelstructurewill
still beslightly differentfor eachparticlebecauseof
the randomnessof the interactionsof the electrons
inside the particle with their environment, for
instancewith the particlesurface(that will always
be rough on an atomic length scale).There is a
strong parallel with the level schemesof heavy
nuclei, the statistical description of which was

developedin the1950sby WignerandDysonwith
the aid of randommatrix theory. About 10 years
later, this formalism was first applied to metal
clustersby Gor’kov andEliashberg.7

Until recently,theseeffectshadnotbeenverified
experimentallydueto a lack of samplescontaining
clusters of homogeneoussize. Lately, however,
suitablesamplesdid becomeavailablein the form
of a seriesof palladium cluster compoundsand
colloids, with particle size varying from a few
nanometersto 15nm. The specific-heatresults
shownin Fig.4demonstratea goodagreementwith
calculationsbasedon the randommatrix theory,
which predictsa T2 law for thespecificheatin the
quantum-sizeregion. For more details,seeRef.21

where the behavior of the magnetic electronic
susceptibilityis alsoreported.
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