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Heat capacities have been measured as a function of temperature for isolated aluminum nanoclusters
with 84–128 atoms. Most clusters show a single sharp peak in the heat capacity which is attributed
to a melting transition. However, there are several size regimes where additional features are
observed; for clusters with 84–89 atoms the peak in the heat capacity is either broad or bimodal. For
Al115

+, Al116
+, and Al117

+ there are two well-defined peaks, and for Al126
+, Al127

+, and Al128
+ there

is a dip in the heat capacity at lower temperature than the peak. The broad or bimodal peaks for
clusters with 84–89 atoms are not significantly changed by annealing to 823 K �above the melting
temperature�, but the dips for Al126

+, Al127
+, and Al128

+ disappear when these clusters are annealed
to 523 K �above the temperature of the dip but below the melting temperature�. Both the melting
temperatures and the latent heats change fairly smoothly with the cluster size in the size regime
examined here. There are steps in the melting temperatures for clusters with around 100 and 117
atoms. The step at Al100

+ is correlated with a substantial peak in the latent heats but the step at Al117
+

correlates with a minimum. Since the latent heats are correlated with the cluster cohesive energies,
the substantial peak in the latent heats at Al100

+ indicates this cluster is particularly strongly
bound. © 2010 American Institute of Physics. �doi:10.1063/1.3285836�

I. INTRODUCTION

Metal nanoclusters have attracted attention because they
have important applications in catalysis, optics, medicine,
and nanoelectronic devices.1 Clusters with less than a few
hundred atoms show size-specific features in their
structures,2–5 cohesive energies,6–8 and thermodynamic
properties.9–11 For example, the structures of some sodium
clusters can change from a disordered morphology to a ge-
ometry with global order with the addition of one or two
atoms.12 Adding an atom to some gallium clusters changes
the melting transition from first-order to a second.13 These
strong size-dependent characteristics make the study of
nanoclusters with up to a few hundred atoms both interesting
and challenging.

In this paper we address the size dependence of the melt-
ing transition. There has been interest in how size affects the
melting point of a metal particle since the important work of
Pawlow a century ago.14 He predicted that the melting points
of small particles are depressed due to the increase in the
surface-to-volume ratio, the depression scaling as 1/r.
For particles with less than a few hundred atoms the melting
temperature and latent heat can become strongly size
dependent.9,15,16 Changing the cluster size by even a
single atom can cause a substantial difference in the melting
behavior.

Considerable effort has been invested in trying to under-
stand the size dependent fluctuations in the melting tempera-
tures and latent heats that occur for clusters with less than a
few hundred atoms.17–27 It is now understood that the latent

heats are correlated with the cohesive energies of the solid
clusters.28 Liquid clusters have cohesive energies that are not
strongly size dependent, so fluctuations in the latent heats
lead to, or result from �depending on your point of view�,
fluctuations in the cohesive energies of the solid clusters. The
wide variations in the melting temperatures that occur with
cluster size have been difficult to explain. Sodium and alu-
minum clusters have been the most widely studied. For so-
dium clusters it appears that variations in the melting tem-
peratures are correlated with geometric shell closings for
icosahedral geometries.20–22,26 For the aluminum clusters
studied so far, both geometry and the electronic structure are
important.28,29 There are substantial maxima in the melting
temperatures around the spherical electronic shell closings
with 138 �Al46� and 198 �Al66� valence electrons. There are
no substantial maxima in the latent heats for these clusters,
so it is thought that the maxima in the melting temperature
result mainly from entropic effects. According to
calculations,28,29 the clusters around the shell closings with
138 and 198 valence electrons adopt near-spherical geom-
etries that are disordered. The disordered geometries cause
the entropy change on melting to be diminished which leads
to an elevated melting temperature �because Tm=�Hm /�Sm,
where Tm is the melting temperature, and �Hm and �Sm are
the enthalpy and entropy changes�.

We previously reported heat capacity measurements for
aluminum clusters with 16–83 atoms.10,16,30 In this paper we
extend these measurements to larger cluster sizes. Specifi-
cally we report heat capacity measurements as a function of
temperature for size-selected Aln

+ with n=84–128. Features
in the heat capacities �peaks and dips� are used to identify
structural transitions and melting transitions. Our results for
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Al115
+, Al116

+, and Al117
+ have been discussed in detail

elsewhere;31 these clusters have two clearly resolved peaks
in their heat capacities. The low temperature peak has been
assigned to a structural transition involving a superheated
solid, and the high temperature peak is attributed to a melting
transition.

Heat capacity measurements have been by far the most
widely used approach to investigate the melting transitions
of metal nanoclusters. The method hinges on measuring the
change in internal energy resulting from a temperature
change. In the pioneering studies of Haberland and co-
workers the change in the internal energy is determined from
the change in the number of evaporation steps that occur
following multiphoton excitation.15 The photon energy must
be large compared to the dissociation energy of the cluster
for this approach. It has been used to study the melting of
sodium clusters.9,15,20 In the experiments described here we
use multicollision induced dissociation to determine the heat
capacity.32 In this approach, the amount of energy that must
be added to induce the clusters to dissociate is determined.
The cluster’s initial temperature is raised, and then the en-
ergy that must be added to cause dissociation is remeasured.
The change in the amount of energy that must be added
divided by the change in temperature gives the heat capacity.
This method has been applied to a wide range of pure metal
clusters �gallium,32,33 tin,34 and aluminum16,27,30� and alloy
clusters.35,36 Recently Chirot et al.37 described another
method of determining heat capacities for size selected nano-
clusters which is based on sticking additional atoms onto the
cluster. This method has also been used to study sodium
clusters.

II. EXPERIMENTAL METHODS

As noted above, our heat capacity measurements hinge
on measuring the amount of energy needed to dissociate the
clusters as a function of their initial temperature. To perform
this measurement, a beam of size-selected cluster ions is fo-
cused into a collision cell containing 1.0 torr of helium gas.
As the clusters enter the collision cell, they undergo numer-
ous collisions with helium, each one converting a small frac-
tion of the cluster ion’s translational energy into internal en-
ergy. If the cluster ions’ initial translational energy is large
enough, they are heated to the point where dissociation oc-
curs. The fragment ions and undissociated clusters are di-
rected across the collision cell by a weak electric field. Some
of them exit through a small aperture and they are then fo-
cused into a quadrupole mass spectrometer. The fraction that
dissociates is determined from the mass spectrum. Similar
measurements are performed with around six values of the
cluster ion’s initial translational energy �the translational en-
ergy with which the cluster ions enter the collision cell�, and
then a linear regression is used to determine the translational
energy required for 50% of the cluster ions to dissociate
�TE50%D�. The cluster temperature is then changed �see be-
low� and TE50%D is remeasured. The derivative of
TE50%D with respect to the temperature is proportional to
the heat capacity. The proportionality constant is the fraction

of the ion’s translational energy that is converted into inter-
nal energy during a collision. This quantity is deduced from
an impulsive collision model.38

The aluminum cluster ions are generated by laser vapor-
ization of a liquid metal target39 in a continuous flow of
helium buffer gas. After formation, the clusters are carried by
the helium buffer gas flow �around 350 standard cubic cen-
timeters per second� into a temperature variable extension
where their temperature is set by equilibration with the walls
of the extension through collisions with the buffer gas. At the
end of the extension, the clusters exit through a small aper-
ture and they are then focused into a quadrupole mass spec-
trometer set to transmit a specific cluster size. At the end of
the quadrupole, the size selected clusters are focused into the
collision cell.

In some of the experiments the clusters were annealed
before having their temperature set for the heat capacity
measurements. For these studies an annealing section is in-
serted between the source region and the temperature vari-
able extension. The annealing temperature can be indepen-
dently varied from room temperature to 1200 K. A detailed
description of the annealing section has been published
elsewhere.40

III. EXPERIMENTAL RESULTS FOR UNANNEALED
CLUSTERS

Figure 1 shows the heat capacities measured as a func-
tion of temperature for Aln

+ with 84–128 atoms. The black
squares are the measured values. The solid blue lines are
guides. The dashed lines are the heat capacities calculated
from a modified Debye model.41 The heat capacities are
plotted in the units of the classical value, 3NkB, where
3N= �3n−6+3 /2�, kB is the Boltzmann constant, and n is the
number of atoms in the cluster. Initially we measured the
heat capacities from 148 to 1048 K in 50 K increments
��T=50 K� to locate the main features. For clusters with

FIG. 1. Heat capacities measured as a function of temperatures for clusters
with 84 to 128 atoms. The heat capacities are in units of 3NkB, where
3N=3n−6+3 /2, and kB is the Boltzmann constant. The filled black squares
are the measured values. The solid blue lines are guides. The dashed black
lines are heat capacities calculated with a modified Debye model �Ref. 41�.
Both the size and position of the heat capacity peak change with the cluster
size.
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84–89 and 100–128 atoms we then re-measured the heat
capacities around the main features with �T=25 K. In Fig. 1
we show the �T=25 K data where it is available, and the
�T=50 K data where it is not. The �T=25 K data offers
the benefit of higher resolution, but the measurements are
noisier �particularly for Al84–Al89�. In both cases, the results
shown in the figure are an average of multiple measure-
ments. Enough measurements were performed to ensure that
the average values given in the figure are reliable.

It is evident from Fig. 1 that clusters with 84, 85, 88, and
89 atoms have bimodal peaks with components that are re-
solved but not fully separated. Clusters with 86 and 87 atoms
have a broad peak. Al115

+, Al116
+, and Al117

+ have two well-
separated peaks. Al126

+, Al127
+, and Al128

+ have a dip at
around 350 K followed by a peak at around 650 K. The rest
of the clusters in the 84–128 atom size range have a single
peak in the heat capacity which we attribute to a melting
transition. The results for Al115

+, Al116
+, and Al117

+ have
been discussed elsewhere.31 Annealing studies were per-
formed for these clusters and we assigned the lower tempera-
ture peak to a solid-to-solid transition and the higher tem-
perature peak to a melting transition.

We determine the transition temperatures and latent
heats by fitting the measured heat capacities with a two-state
or three-state model, depending on the number of features
present. These models have been described previ-
ously.10,31,40,42 We assume that melting occurs in the dynamic
phase coexistence limit, where for the two-state system the
transition is between fully solid and fully liquid clusters �i.e.,
there are no partially melted intermediates�. This behavior
was first observed in simulations.43–50 There is now experi-
mental evidence that dynamic phase coexistence occurs for
aluminum clusters in the size range examined here.51 In this
limit, the liquid and solid clusters are in equilibrium with an
equilibrium constant given by

K�T� =
fL�T�
fS�T�

exp�−
�Hm

R
� 1

T
−

1

Tm
�� . �1�

In this equation, fL�T� and fS�T� are the fractions of liquid
and solid clusters present at temperature T, �Hm is the latent
heat, Tm is the melting temperature �where the amounts of
liquid and solid present are equal�, and R is the gas constant.
The contribution of the latent heat to the heat capacity is

C�T� =
dEint

dT
=

��fL�T��Hm�
�T

. �2�

We add this to the heat capacity due to the internal energy of
the solid and liquid clusters. For both, we use the heat ca-
pacity derived from the modified Debye model41 multiplied
by a scale factor. The simulation is fit to the measured heat
capacities using a least-squares procedure with four adjust-
able parameters: �Hm, Tm, SS, and SL, where SS and SL are
scale factors. We found that clusters with heat capacities
dominated by a single sharp peak �90–114 and 118–125 at-
oms� are well fit by the two-state model. Figure 2 shows
some representative examples. In this figure, the filled black
squares are the measured heat capacities, and the open blue
circles are the fit to the measured points using the same value

of �T as used in the experiments �25 K or 50 K�. The solid
blue lines are heat capacities calculated with �T=5 K which
is much smaller than used in the experiments. The line goes
through the points, indicating that the value of �T used in the
measurements is small enough that the peaks are not signifi-
cantly broadened. The red and green lines in the figure show
the fractions of liquid and solid clusters obtained from the fit,
as a function of temperature.

For most of the clusters there are at least three points
across the peak in the heat capacity �see results for Al109

+

and Al125
+ in Fig. 2�. However, for some clusters there are

only two measurements because the peaks are very narrow
�see results for Al101

+ and Al104
+ in Fig. 2�. The number of

measurements across the heat capacity peak has an effect on
the accuracy of the melting temperature and latent heat de-
termined from the fit. This was investigated by fitting results
obtained for the same cluster with �T=50 and 25 K. Most
clusters have two measurements across the peak for �T
=50 K and three measurements with �T=25 K. For these
cases, the melting temperatures obtained from the fits of the
data with �T=25 K usually differ from the values obtained
with �T=50 K by less than 3 K. The latent heats usually
differ by less than 5%. Thus reasonably reliable values for
the melting temperatures and latent heats can be obtained
from just two measurements across the peak, but three or
more measurements �as employed here in most cases� are
preferable for more accurate values.

For clusters with 126, 127, and 128 atoms, there is a dip
in the heat capacity at a significantly lower temperature than
the peak. Since the dips are well separated from the peaks,
we can fit the peaks independently with the two-state model,
neglecting the dips. Figure 3 shows heat capacities �black
solid squares� recorded for Al128

+ in the region of the dip. In

FIG. 2. Examples of fits to the measured heat capacities using the two-state
model �see text�. Results are shown for Al101

+, Al104
+, Al109

+, and Al125
+.

The heat capacities are in units of 3NkB, where 3N=3n−6+3 /2, and kB is
the Boltzmann constant. The filled black squares represent the measured
heat capacities and the open blue circles are the fits to the experimental
points using the same �T as used in the experiments �25 K or 50 K�. The
solid blue lines are calculated with �T=5 K. The green and red lines at the
bottom of each plot are the fractions of the solid and liquid clusters,
respectively.
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this case the measured heat capacity drops to around zero at
350 K. The red, unfilled squares are data for annealed clus-
ters which are discussed later.

For the clusters that have bimodal peaks �84, 85, 88, and
89� or a broad peak �86, and 87�, the two-state model does
not work, and a three-state model involving an intermediate
was used to fit the peaks10,31,40,42

S � I � L . �3�

The intermediate may be a partially melted cluster where
some part of the cluster �for example the surface� melts be-
fore the rest, or it could be due to another solid state structure
which becomes accessible �thermodynamically and kineti-
cally� as the cluster is heated. We already discussed the re-
sults for Al115

+, Al116
+, and Al117

+ where there are two well-
separated peaks in the heat capacity �see Fig. 1�. In this case,
annealing studies suggest that the intermediate is another
solid state.31 In the dynamic coexistence limit, both transi-
tions in the three-state model are described by equilibrium
constants:

KM�T� = exp�− �HM

R
� 1

T
−

1

TM
�� , �4�

KSS�T� = exp�− �HSS

R
� 1

T
−

1

TSS
�� , �5�

where K1, �H1, and T1 are the equilibrium constant, enthalpy
change �latent heat�, and transition temperature for the first
transition and K2, �H2, and T2 are the same for the second.
The contributions of the enthalpy changes for the two tran-
sitions to the internal energy and to the heat capacity are

EIE�T� = �f I�T� + fL�T���H1 + fL�T��H2, �6�

C�T� =
dEIE�T�

dT
=

���f I�T� + fL�T���H1 + fL�T��H2�
�T

,

�7�

where fS�T�, f I�T�, and fL�T� are the fractions of the solid,
the intermediate, and the liquid present at temperature T. We
add this to the component of the heat capacity due to the
internal energy of the solid, intermediate, and liquid clusters
which we obtain from the modified Debye model41 multi-

plied by scaling factors. The simulation is fit to the measured
heat capacities using a least-squares procedure with seven
adjustable parameters: �H1, T1, �H2, T2, SS, SI, and SL,
where the final three are the scale factors.

The unfilled circles in Fig. 4 show the result of this fit
with the same values for �T as used in the experiments
��T=25 K close to the peaks and 50 K away from the
peaks�. The fits to the experimental data for both peaks are
very good. The solid blue line going through the data shows
simulations with �T=5 K. The heat capacities calculated
with �T=5 K go through the points, indicating that the val-
ues of �T used in the experiments are small enough that the
peaks are not significantly broadened. The green, black, and
red lines beneath each heat capacity plot show the fraction of
solid, intermediate, and liquid present at each temperature.

Table I shows a summary of the transition temperatures
and enthalpy changes deduced from the fits of the three-state
model to the measurements for Al84

+ to Al89
+. For Al84

+,
Al88

+, and Al89
+ the enthalpy change for the lower tempera-

ture transition is smaller than for the higher temperature one,
while for Al85

+, Al86
+, and Al87

+ the enthalpy change for the
lower temperature transition is the larger.
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FIG. 3. Heat capacities measured for Al128
+ around the dip at 300–400 K.

The heat capacities are in units of 3NkB, where 3N=3n−6+3 /2, and kB is
the Boltzmann constant. The filled black squares are the measured heat
capacities for unannealed clusters. The open red squares show heat capaci-
ties measured for clusters that were annealed to 523 K.

FIG. 4. Results of the fits using the three-state model �see text� to the
measured heat capacities for clusters with 84–89 atoms. The heat capacities
are in units of 3NkB, where 3N=3n−6+3 /2, and kB is the Boltzmann con-
stant. The filled black squares are the measured heat capacities and the open
blue circles are the fit to the measured points with the same �T as used in
the experiments �25 K or 50 K�. The solid blue line is the calculated heat
capacity with �T=5 K. The green, black, and red lines at the bottom of
each plot are the fractions of the solid, intermediate, and liquid clusters
present at each temperature.
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IV. EXPERIMENTAL RESULTS FOR ANNEALED
CLUSTERS

In the annealing experiments the clusters are heated to a
known temperature before their temperature is set for the
heat capacity measurements. Annealing is a useful tool to
investigate the origin of the dips and peaks observed in the
heat capacities.31,40 Annealing studies were performed for
Al84

+ to Al89
+, Al115

+ to Al117
+, and Al126

+ to Al128
+. The

results for Al115
+ to Al117

+ have been reported elsewhere.31

Briefly, the low temperature peak disappears when these
clusters are annealed to 523 K �a temperature between the
two peaks� or to 773 K �well above both peaks�. The high
temperature peak persists unchanged for both annealing
temperatures.

Al126
+ to Al128

+ have dips in their heat capacities at a
lower temperature than the peak. This behavior could result
from the clusters being generated in the source in a geometry
that is not the lowest enthalpy one. When the cluster is
heated it converts into the lower enthalpy geometry yielding
a dip in the heat capacity. If this is the case, the dip should
disappear if the clusters are annealed to above the tempera-
ture of the dip. Figure 3 shows heat capacities measured for
Al128

+ in the region of the dip. The black points show the
results for unannealed clusters. The red points show the re-
sults after annealing to a temperature of 523 K �which is
between the dip and peak�. The dip has disappeared. Similar
results were obtained for Al126

+ and Al127
+. Note that in Fig.

3, the measurements for the annealed clusters were per-
formed with �T=25 K, while those for the unannealed clus-
ters near the dip used �T=50 K, so there are more data
points across the dip for the annealed cluster than for the
unannealed. For all three clusters, Al126

+, Al127
+, and Al128

+,
the dip disappears when they are annealed.

For Al84
+, Al85

+, Al88
+, and Al89

+ there are bimodal
peaks in the heat capacities for unannealed clusters. When
annealed to 823 K �above both peaks�, the peaks stay bimo-
dal. Peaks for clusters with 86 and 87 atoms are broad, and
remain broad when these clusters are annealed. Some ex-
amples are shown in Fig. 5. The peaks for the 84 and 89
atom clusters remain bimodal when they are annealed �red
points in the figure�, and the peak for the 87 atom cluster
remains broad. From the plot shown in Fig. 5 it is evident
that there is a broad dip in the heat capacities for Al87

+ just
above 300 K which disappears �like that for Al126

+, Al127
+,

and Al128
+� when the clusters are annealed. In the case of

Al84
+ a dip emerges at around 400 K when the clusters are

annealed.

V. DISCUSSION

A. The origin of the dips

A peak in the heat capacity indicates a transition to a
higher enthalpy state as the temperature is raised. The tran-
sition is driven by entropy. Melting is one example of this
behavior: the liquid state has a higher enthalpy, but it also
has a higher entropy and so the liquid becomes thermody-
namically preferred at some point as the temperature is
raised. When the transition occurs the components may be in
equilibrium, or the transition could occur under kinetic con-
trol with a superheated lower temperature phase.

A dip in the heat capacity indicates a transition to a
lower enthalpy state as the temperature is raised. In this case,
the lower enthalpy state is thermodynamically preferred, so
for a dip to exist the system must be kinetically trapped in
the higher enthalpy state. As the temperature is raised the
rate constant for the transition to the low enthalpy state in-
creases until the transition occurs on the timescale of the
experiments.

All the dips can be attributed to one of two scenarios. In
the first, the system is trapped in a high enthalpy state during
cluster growth. For example, if the lowest energy geometry
changes from icosahedral to fcc as the cluster grows it can
become trapped in the icosahedral geometry if there is insuf-
ficient energy to overcome the activation barrier to convert
into fcc. The clusters grow by sequential addition of atoms,
and each addition brings an excess energy equal to the dis-
sociation energy to the cluster. This extra energy raises the
temperature of the cluster which is subsequently cooled by

TABLE I. Transition temperatures and enthalpy changes determined from
the fits of the three-state model �see text� to the experimental results for
Al84

+ to Al89
+.

Cluster

Low temperature transition High temperature transition

Temperature
�K�

Enthalpy
�kJ/mol�

Temperature
�K�

Enthalpy
�kJ/mol�

Al84
+ 467 100 584 109

Al85
+ 471 112 594 91

Al86
+ 513 143 585 75

Al87
+ 516 113 585 78

Al88
+ 501 110 617 148

Al89
+ 514 102 626 154

0 250 500 750 1000
Temperature, K

H
ea
tC
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ac
ity
(3
N
k B
) 84

87

89

FIG. 5. Comparison of the heat capacities recorded for unannealed Al84
+,

Al87
+, and Al89

+ �filled black points and black line� to those recorded after
annealing to 823 K �filled red points and red line�. The black dashed lines
are the heat capacities from the modified Debye model �Ref. 41�.
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collisions with the buffer gas. The cluster will be trapped if
its temperature remains below that required for the structural
transition to occur on the experimental timescale.

As noted above, the dips in the heat capacities for Al126
+,

Al127
+, and Al128

+ disappear when these clusters are an-
nealed. This behavior is consistent with the scenario outlined
above; the clusters are trapped in a metastable geometry dur-
ing cluster growth and then covert into the lower enthalpy
structure as the temperature is raised.

There are also dips for some clusters with 84–90 atoms.
For unannealed clusters the most obvious example is the dip
at around 350 K for Al87

+. This dip also disappears when the
clusters are annealed. In the case of Al84

+, a dip emerges
when the clusters are annealed. This is clearly inconsistent
with the explanation outlined above.

In previous work, dips have also been observed for sev-
eral aluminum clusters with around 60 atoms �56, 57, 58, 60,
61, and 62�16 and around 80 atoms �80, 81, 82, and 83�.30 For
some of these clusters the dips disappear when they are an-
nealed, but for others the dip persists even when the clusters
are annealed to well above their melting temperature. In one
case, Al83

+, the dip increases when the cluster is annealed.
This behavior is presumably related to that reported here for
Al84

+ where the dip appears when the cluster is annealed.
In an effort to explain our previous results for clusters

with around 60 and 80 atoms, we developed a kinetic model
of melting and freezing for a system with one liquidlike and
two solidlike states with different melting temperatures.40

Using this model we were able to explain our previous ex-
perimental results. The thermodynamically preferred solid
always has the higher freezing temperature. However, the
liquid can bypass freezing into the thermodynamically pre-
ferred solid �at high cooling rates� if the higher energy ge-
ometry has a larger freezing rate. An analogous type of be-
havior occurs in macroscopic objects, for example, glass
formation, where freezing into a crystalline geometry is ki-
netically hindered. In the clusters, freezing into the high en-
ergy geometry can occur as they are cooling down after clus-
ter growth or after leaving the annealing section. The dips
then result from isomerization into the thermodynamically
preferred solid in the temperature variable extension. This is
the second of the two scenarios mentioned above.

The dip that emerges for Al84
+ when this cluster is an-

nealed can be safely attributed to this second origin—
freezing into a high energy geometry. The dip does not ap-
pear for Al84

+ until after the cluster is annealed because the
energy provided during cluster growth is insufficient to melt
the cluster. But when the cluster is melted in the annealing
section and then quenched when it leaves, the cluster freezes
into a high energy geometry.

Could this second process also be responsible for the
dips observed for Al126

+, Al127
+, and Al128

+? This can be
safely ruled out because the energy provided during cluster
growth is insufficient to melt the clusters. For aluminum
clusters in this size regime the dissociation energies are
around 3.2 eV.28 Assuming a classical heat capacity, when
this energy is added to a 127-atom cluster it raises the tem-
perature by around 100 K. The cluster source is held at
around 300 K and so the clusters should transiently reach

around 400 K after the addition of one atom. It should take
only around 1 �s to remove the excess energy by collisions
with the buffer gas.52 According to the heat capacity plots
shown in Fig. 1 the melting temperatures for Al126

+, Al127
+,

and Al128
+ are at around 650 K. It is unlikely that the clusters

reach this temperature in the final stages of cluster growth.
Instead, it seems much more likely that the dips for these
clusters are caused by structural transitions which result
because cluster growth does not lead to the lowest energy
structure.

B. The origin of the multiple peaks

Broad or bimodal peaks are observed in the heat capaci-
ties for aluminum clusters with 84 to 89 atoms. Two well-
resolved peaks are observed for Al115

+, Al116
+, and Al117

+.
We discussed the results for Al115

+, Al116
+, and Al117

+

elsewhere.31 On the basis of annealing studies the low tem-
perature peaks were attributed to structural transitions from a
low enthalpy, low entropy solid to a high enthalpy, high en-
tropy solid, and the high temperature peak was attributed to a
melting transition.

Altogether there are three possible explanations for a
second �lower temperature� peak in the heat capacity: �1� a
structural transition to a higher enthalpy state as discussed
above, �2� partial melting of the cluster, and �3� two struc-
tures that melt at different temperatures. The third explana-
tion can be ruled out on the basis of the annealing results.
Annealing the 84–89 atom clusters has a negligible effect on
the peaks in the heat capacity �see Fig. 5�. If the two peaks in
the heat capacity are due to isomers that melt at different
temperatures then when the first isomer melts it has the op-
portunity to refreeze into the higher-melting temperature iso-
mer. If it does refreeze this process becomes a solid to solid
transition. For it not to refreeze, the freezing rate into the
higher melting temperature isomer must be slow on the ex-
perimental time scale. If this was the case, the cluster would
not refreeze into the high-melting temperature isomer when
it is annealed. For the 84–89 atom clusters both peaks are
recovered after annealing, so this explanation can be ruled
out.

The second explanation listed above is partial melting of
the cluster, where some part of the cluster melts before the
rest. This could, for example, be the surface, the core, or a
collection of weakly bound atoms within the cluster. Surface
premelting has been observed in many simulations of cluster
melting.53–58 The signature of this behavior is a second peak,
or a shoulder, in the heat capacity at a lower temperature
than the main melting transition.

There are also plenty of examples from simulations for
the first explanation given above—a structural transition to a
higher enthalpy state. Structural transitions have been found
to precede melting in a number of simulations of cluster
melting,59–62 including Lennard-Jones clusters.63–69 It may
not be possible to distinguish between partial melting and
structural transitions on the basis of the annealing results. In
both cases, annealing may not alter the peaks in the heat
capacity. In the case of partial melting, annealing should not
cause any change in the peaks. In the case of a structural
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transition, annealing will not cause any change if the struc-
tural transition occurs under equilibrium. For Al115

+, Al116
+,

and Al117
+ the low temperature peak disappears when the

clusters are annealed, and we attributed the low temperature
peak to a structural transition involving a superheated solid
where the reverse process does not occur on our experimen-
tal timescale.31 For Al84

+ to Al89
+ annealing does not make a

significant difference to the peaks and so we cannot distin-
guish between a structural transition or partial melting.

C. The fits, melting temperatures, and latent heats

Most of the clusters studied here show a single peak in
the heat capacity that can be well fit by the two-state model.
In particular, the width of the transition is reproduced. Within
the framework of the model, the width is determined by an
equilibrium between solid and liquid clusters. The tempera-
ture range over which the solid and liquid coexist is deter-
mined by the latent heat and the transition temperature. As
the latent heat increases, the solid and liquid coexist over a
narrower temperature range, and the transition becomes
sharper. The good agreement between the experimental re-
sults and the predictions of the model confirms that the melt-
ing transition involves a dynamic phase coexistence.

Figure 6 shows a plot of the transition temperatures and
enthalpy changes for aluminum cluster cations with 84 to
128 atoms, determined from the fits with the two- and three-
state models described above. The open points show the
melting temperatures and latent heats for the melting transi-
tions while the filled points show the temperatures and en-
thalpies for the lower temperature transitions when they are

observed. Both the melting temperatures and latent heats are
significantly smaller than the bulk values �933.5 K and 10.7
kJ/mol�.

The melting temperatures for clusters in the size range
examined here do not show the large size-dependent fluctua-
tions observed for smaller aluminum clusters,10,30,32 instead
they show relatively smooth variations with size. The melt-
ing temperatures show a local maximum at Al88

+ and Al89
+,

and then there are broad steps in the melting temperature at
around Al100

+ and Al117
+. The melting temperatures vary

over a range of around 100 K. Much larger changes have
been observed for smaller cluster sizes.10,30,32 In previous
work we have shown that both geometry and electronic shell
closings influence the melting temperatures.29 Abrupt
changes in melting temperatures are correlated with changes
in the geometry of the lowest energy structure. There are
substantial maxima in the melting temperatures around the
spherical electronic shell closings with 138 �near Al46

+� and
198 �near Al66

+� valence electrons.70 As noted in the
Introduction, it is thought that these maxima result be-
cause the clusters around the spherical shell closings adopt
near-spherical geometries that are disordered. Since
Tm=�Hm /�Sm, the diminished entropy change on melting
for the disordered structures causes an increase in the melt-
ing temperature �assuming that the enthalpy change is not
impacted by the same amount�. The next spherical electronic
shell closing occurs at 274 valence electrons �near Al92

+�.
There is no substantial increase in the melting temperatures
for clusters around Al92

+, suggesting that the influence of the
electronic shell closings on the melting temperatures dimin-
ishes as the cluster size increases.

We have shown elsewhere that the latent heats are cor-
related with the cohesive energies of the clusters.28 The rela-
tionship between the dissociation energies and the latent
heats is then28

DS�n� 	 DL�n� + L�n� − L�n − 1� , �8�

where DS�n� and DL�n� are the dissociation energies �the
energy required to remove one atom from the cluster� for the
solid and liquid n-atom cluster, respectively. The liquidlike
cluster does not exist at 0 K. However, DL�n� is still a mean-
ingful quantity because its value can be deduced by extrapo-
lation from higher temperatures. L�n� and L�n−1� in Eq. �8�
are the latent heats for the n-atom and �n−1�-atom cluster,
respectively. DL�n� is expected to change smoothly with
cluster size, and so local fluctuations in the dissociation en-
ergies result mainly from differences between L�n� and L�n
−1�. The quantity L�n�−L�n−1� provides a measure of the
relative dissociation energy of the clusters. A plot of this
quantity against cluster size is shown in Fig. 7. There are
significant maxima in the relative dissociation energies at 88,
95, and 100 atoms. The origin of these features is not clear.
There is no maximum at Al92

+, near the spherical electronic
shell closing with 274 valence electrons. So the observed
maxima may be structure related: there may be a structural
shell closing at Al100

+. However, 300 valence electrons also
corresponds to an electronic shell closing, so perhaps the
special behavior of Al100

+ results from a combination of fa-
vorable structural and electronic effects.

FIG. 6. Plot of the transition temperatures �top panel� and enthalpy changes
�bottom panel� determined from the fits of the two-state and three-state
models �see text� to the measured heat capacities for aluminum cluster cat-
ions with 84 to 128 atoms. The unfilled points show the temperatures and
latent heats for the melting transition. The filled points show the tempera-
tures and enthalpy changes for the lower temperature transition when it is
observed.
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Multiple peaks or bimodal peaks occur in the heat ca-
pacities when the latent heats �and hence also the cohesive
energies� are small �see Fig. 6�. This may reflect the struc-
tures that are present. Perhaps there is only one dominant
stable structure present when the cohesive energies are large,
but several structures compete when the cohesive energies
are small. There may be a change in the basic structure at the
minima in the latent heats �and cohesive energies�. For ex-
ample, if the clusters have a particular structure below the
minimum and with increasing size, this structure becomes
less favorable. Then a structural change will occur if a com-
peting structure emerges at the minimum and becomes more
favorable with increasing cluster size. The minimum in the
latent heats �and cohesive energies� at around 116 atoms �see
Fig. 6� is correlated with a sharp increase in the melting
temperatures which may be another signature of a geometry
change. On the other hand, the sharp increase in the melting
temperatures at around 99 atoms is correlated with a peak in
the latent heats �and cohesive energies�.

VI. CONCLUSIONS

There are peaks in the heat capacities for all cationic
aluminum clusters with 84–128 atoms which are assigned to
first-order melting transitions. In addition to the melting tran-
sitions, clusters with 84–89 atoms and 115–117 atoms have
another peak. In the case of the 115–117 atom clusters, the
low temperature peak is assigned to structural transition, for
clusters with 84–89 atoms the additional peak may be due to
partial melting or a structural transition. Clusters with 126–
128 atoms have a dip in the heat capacity assigned to an
irreversible structural transition to a lower enthalpy structure.
The heat capacities are well fit by two-state or three-state
models which assume dynamic phase coexistence. The
abrupt changes in the melting temperatures and latent heats
that were observed for smaller clusters are moderated in this
larger size regime. However, there are still a number of
prominent features, including, for example, a substantial
maximum in the latent heats and hence the cohesive energy
at Al100

+. The enhanced stability of Al100
+ may result from a

confluence of both structural and electronic factors.
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