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Melting and Boiling of Clusters
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AH properties change with the size of a cluster. 1 ho transition from tlie
atom/molecule to the hulk is often quite smooth and the asymptotic behaviour
well understood!-!]. Tins is not the case for cluster melting, where large and
irregular fluctuations arc found oven for cluster containing more than hundred
atoms.

We have recently developed a method to measure caloric curves for si^c se
leckxi clustt'f iojis[2, 3, 4, 5], TJio caloric cttrve is <i plot of the cluster energy
a« a function of cluster temperature, and contains all Us basic thermodynamic
properties». Our method can bo divided into two stops. In step 1, sodium cluster
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Ktgure 1: Caloric curvp for Na^0, Tho cluster energy is plotted against Hio tamper-
rtttiro of the hoat hatli of the cltujtwrs. ßo?ou' iÜfJ K tlie curve has ixvMi oxtrapolAted
usiiifi the. t>nlk result. Th« incrt-iJts« near 2(iO K is duo lei the »H'H'tng process. Melting
ffmperaiure and latent Wat can b^ eavsiJy wad off the curve. Ai>ovc IÜ0 K tfie data
deviate from tlie caloric t'urve as the cluster can no lunger be th'Tiitalizod, They ace
so hot that Uioy ovaporatos already in tho hoat batli. ['his situation i'nrresponds t o
;in i!vaj>orAtiv« fiiSofiiftU*. wlu*><> torfipcraiitro inul ojirr^v ran l>r- so (tolornuiNxi. Ir. Im«
l/c**n KrgifwJ in ref.[O] thai, th« rvajwirative oiiscinMc coi'r*1«ponds l<i rJu^ler hoiliug' a t
a low i>rrs.-5un!.



ions are produced and tbcrmalized. The beat bath is a helium gas of known tem-
perature 7\ where- the dusters make so many collisions thai: they reach thermal
equilibrium. The thcimaliml dusters are extracted, transfened to high vacuum,
and mass analyzed. One has thus prepared a cluster of known mass and known
temperature /'.

In step 2 tlie internal, domiuiuitly vihraliotial energy E of the cluster is mea-
sured by a photofragmeut ation technique explained earljer[2, 4. 7,8J. If one knows
K and T one can plot the caloric CHITC K ~ tt(T). Fig. I shows an example.
Hdow HLC mcltinK temperature, the caloric curve has about th« slop<' expi?ct«d by
the classirftl Dnlontj Petit law of 3ks. where k& is Holt'/mann's constant. Near
the melting point, there is a stronger increase of energy over a small temperature
interval. For an Arbitrarily large system, this increase would be abrupt. We take
as melting temperature (Tnlcu) the position of the largest slope of the caloric
curve. The latent heat is given by the step height of the smool hed-out step.

The UK'Hing temperatures are. given in Fig. 2. They show surprisingly large
variations: one additional atom can change Tmeit by up to 10 K, This result is
very far from the expected (radius)"1 behaviour often deduced for supported,
non-mass selected dusters. Two main points can be oljserved: I) the melting
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Figure 2: The melting Imnp^raliirns of N a * aro plolt.wl H^niiist Ihr* mnnlx'r ol 'atoms.
\.itt(fo ilurtiiatiori!? a rcswo whoso origin h not woll utidprs1<xicl. Thfiy do not correlate!
with ftlef.ifotiic {<U>ttf̂ «l lino) or gcmnRtrir (dashed) slioll closings, which aro indicat-yi
in thr- fipurf*. The bulk mHting tßmpcrature h 371 K. N'oto, that ehe ?cr<:> h suppressed.
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temperatures are about one third lower than in the bulk, and 2) they fluctuate
by ± 50 K. From less complete data it had earlier been conjectural that the
melting points are high, if electronic and grometrir shell closings are dose to
each other[4j. This is no longer supported by the new data covering a wider mass
range.

Several calculations have been performed on melting of sodium cluster, but
the overall structure of the data in Fig. 2 has not been reproduced so far. The
number of atoms for the maxima and minima in Fig. 2 do not generally correspond
to any known shell closings, be they electronic oi atomic in origin. Also, it might
be that the cluster <;hangcs its geometry near the melting temperature, as has
been observed in a simulation on gold cluster» by Liui(lman[9] et at.

There are several features that make cluster melting - or more generally phase
transitions in finite systems an interesting physical problem^. 5, 10]; One can
develop a thermodynamics of unite sysleins[lQ] and observe how the standard
Boltsmiann Gibbs statistical mechanics (where always infinitely large systems
are considered) is emerging as a limiting case. The. must important difference
between bulk and unite systems is. that the energy in the latter can bo. non-
additive, i.o the sum of the energies of .V particles is not proportional to /V.
'['his property is also called nonexUnsivi-. Nonextensivity occurs if the range
of interactions is not negligible compared to this diameter of the system. This
has far reaching cori8«]iierices[10j: e.g. the heat capacity ran heroine negative.
Near a phase transition, a small system can become cooler upon heating, as was
predicted long ago[l(J, 1 lj but only very recently observed oxperimontally[12, 1!}].

The liquid to gas transition of finite systems has received much less attention.
It has been linked to the evaporative ensemble in a (jedaiikenexpe3'iinent[()]. A
first measurement was reported[l!J] by a Lyon/Innsbruck gTOup, which has used a
method «d&ptcd from Nuclear Physics to study this phase transition in. hydrogen
clusters.
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