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It is now well established that the melting points for particles
with thousands of atoms decrease with the particle size. This melting
point depression, which is due to the change in the surface-to-
volume ratio, scales approximately with the inverse of the radius
(1/r).1-7 In the cluster size regime,<500 atoms, the thermodynamic
scaling responsible for the 1/r dependence breaks down and size-
dependent fluctuations in the melting transitions are expected. Much
less is known about the melting behavior in this size regime. The
pioneering studies of Haberland and collaborators8-11 on sodium
clusters have provided most of what we know from an experimental
stand point. However, the factors that contribute to the size-
dependent melting behavior remain poorly understood.

In the work reported here we have used calorimetry measure-
ments to probe the melting of unsupported gallium clusters, Gan

+

with n ) 30-50 and 55. The results show a remarkably strong
dependence on cluster size. For some clusters no melting transition
is observed, while others (the “magic melters”) have particularly
well-defined melting transitions. The addition or removal of a single
atom can make an enormous difference, even changing a nonmelter
to a magic melter. There is a strong correlation between the heats
of fusion and the relative stabilities of the clusters. However, these
quantities are not strongly correlated with the melting temperatures.

The calorimetry measurements were performed using a method
based on multicollision-induced dissociation.12 Cluster ions are
created in a laser ablation source with a liquid metal target, and
their temperature is set in a 15 cm long extension that is adjustable
from 77 to 1200 K. After exiting the extension, a specific cluster
size is selected with a quadrupole mass spectrometer, accelerated,
and focused into a collision cell that contains 1 Torr of helium. As
the ions enter the collision cell, they are heated by numerous
collisions with the buffer gas, and some of them fragment. They
dissociate by sequential atom loss. The parent and fragment ions
are analyzed by a second quadrupole mass spectrometer and then
detected. The amount of fragmentation is monitored as a function
of the ions’ translational energy (TE) as they enter the collision
cell, and the TE for 50% dissociation (TE50%D) is determined
from a linear regression. TE50%D values are then measured as a
function of the temperature of the extension. The TE50%D values
become smaller as the temperature is raised because the cluster’s
internal energy increases. The derivative of TE50%D with respect
to temperature is approximately proportional to the heat capacity
of the cluster. The proportionality constant relates a change in the
cluster’s internal energy to a change in the TE. A simple impulsive
collision model13 provides a good estimate of the proportionality
constant (the resulting heat capacities are in good agreement with
the expected values).

Figure 1 shows plots of the heat capacities determined as a
function of temperature for Gan

+ with n ) 30-50 and 55. The
points are the measured values, and the dashed lines are heat
capacities derived using statistical thermodynamics with a modified
Debye model, which incorporates a low-frequency cutoff to account
for the cluster’s finite size.14 The melting point of a bulk material

is indicated by a sharp spike (essentially aδ-function) in the heat
capacity due to the heat of fusion. For a finite-sized system, the
spike in the heat capacity is expected to be broadened because the
liquid and solid phases can coexist over a significant temperature
range.15 This broadening is clearly evident in Figure 1 where the
transitions are 200-300 K wide. The studies described here were
performed with ions, but the presence of the charge is not expected
to significantly perturb the melting transition.16

Melting transitions are observed for most of the clusters in Figure
1 at between 500 and 800 K. Note that particularly well-defined
transitions are observed for clusters withn ) 31, 33, 37, and 45-
47 (the “magic melters”). For some clusters, no obvious melting
transition is observed (n ) 30, 50, and 55), while others have small,
poorly defined melting transitions (n ) 32, 34, 44, and 49). For
Ga30

+ to Ga33
+, the addition or subtraction of a single atom causes

oscillations between a well-defined melting transition and no
melting transition or a poorly defined transition. Ga45

+, Ga46
+, and

Ga47
+ have well-defined melting transitions. Between Ga47

+ and

Figure 1. Heat capacities plotted against temperature for Gan
+ with n )

30-50 and 55. The points are the measured values, and the dashed lines
are calculated from statistical thermodynamics. (3n - 6 + 3/2)k is the
classical (vibrational+ rotational) heat capacity.
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Ga49
+, the melting transition rapidly diminishes, and it apparently

disappears at Ga50
+.

Ga49
+ has two small maxima in its heat capacity plot, at around

500 and 800 K. These features are reproducible. The heat capacity
plots for Ga50

+ and Ga55
+ have shoulders at around 400 K. These

features are also reproducible. The shoulders may result from
melting transitions without a significant latent heat, the shoulder
then represents the small jump in the heat capacity expected on
going from a solid to a liquid cluster. If this is the case, the shoulders
for Ga50

+ and Ga55
+ may be related to the lower temperature

maximum in the heat capacity plot for Ga49
+. We studied the 55

atom cluster because it may form a Mackay icosahedron, which is
expected to have a well-defined melting transition. This is clearly
not the case for Ga55

+.
It is evident from Figure 1 that there are systematic drops in the

heat capacities for all clusters at>1000 K. This probably results
from the emission of blackbody radiation as the clusters travel from
the extension (where their temperature is set) to the collision cell.
This emission will lower the internal energy of the hot clusters
and make it appear that they have reduced heat capacities. Cooling
by spontaneous atom evaporation can be ruled out.

Figure 2 shows the melting temperatures (from the centers of
the spikes in the heat capacities), the cluster relative stabilities, the
relative heats of fusion, and the relative entropies of fusion plotted
against cluster size. The relative heats of fusion were obtained by
integrating the areas under the spikes in the heat capacities and
dividing by n times the bulk heat of fusion, 5.59 kJ mol-1. The
entropies of fusion were obtained from∆Sfusion ) ∆Hfusion/Tmelt and
then divided by the bulk value. The cluster relative stabilities were
estimated from the TE50%D values at 323 K (which is well below
the melting transition) divided by the number of atoms in the cluster.
Note in Figure 2 the large variations in the melting temperatures,
including the 200 K jump between Ga42

+ and Ga46
+, the magic

melters with large relative heats of fusion (50-60% of the bulk

value) atn ) 31, 33, 37, and 45-47, and the clear pattern of odd-
even oscillations in the cluster relative stabilities.

The clusters that melt do so substantially (200-500 K) above
the bulk melting point of 303 K. Melting temperatures above the
bulk value have previously been observed for small tin clusters17

and attributed to the clusters having geometries that are different
from the bulk.18 Presumably, the high melting temperatures for the
gallium clusters also result from geometries that are different from
the bulk. The step in the melting temperatures at Ga42

+ to Ga46
+

may reflect a geometry change.
The only other system where melting points have been recorded

in the cluster size regime (<500 atoms) is for sodium. A number
of Nan

+ clusters with 40-350 atoms have been studied.10,11 Most
Nan

+ clusters with <90 atoms do not show a clear melting
transition. The melting temperatures for those that do melt are all
below the bulk value, and the size-dependent fluctuations in the
melting temperatures (<100 K) are much smaller than for gallium.

For the gallium clusters, there is a strong correlation between
the heats of fusion, the entropies of fusion, and the cluster relative
stabilities (see Figure 2). The correlation between the heats of fusion
and the relative stabilities presumably results because more energy
is required to melt the more strongly bound clusters. A strong
correlation between the enthalpies and entropies of fusion appears
to be a common phenomenon (it has also been observed for Nan

+

clusters).11,19 This enthalpy/entropy compensation reduces the
fluctuations in the melting temperatures (becauseTmelt ) ∆Hfusion/
∆Sfusion) and this is why the melting temperatures are not correlated
with the cluster relative stabilities. The origin of the enthalpy/
entropy compensation is not easily explained.19 In the present case,
the correlation may be between∆Sfusion and the stabilities of the
clusters; such a correlation may result because the strongly bound
clusters are more ordered and more rigid.
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Figure 2. Melting temperatures, cluster relative stabilities, relative heats
of fusion, and relative entropies of fusion plotted against cluster size. The
dashed vertical lines represent clusters where no melting transition is
observed. Two points are shown for Ga49

+ to represent the two peaks in
the heat capacities for this cluster.
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