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Heat capacities have been measured as a function of temperature for aluminum clusters with 31-48 atoms,
complimenting previous measurements for larger clusters. Peaks in the heat capacities (due to the latent heat)
indicate melting transitions. Large size-dependent fluctuations in the melting temperatures are found in the
31-48 atom size regime, with the lowest melting temperature differing from the highest by close to 400 K.
There are also large variations in the latent heats; some clusters show prominent peaks in their heat capacities,
whereas for others the peak is virtually absent. A first effort is made to explain the main features of these
results by investigating the geometries of the clusters using first principles density functional methods. It
appears that clusters that show strong first-order phase transitions have geometries with more uniform bonding
(i.e., more similar bond energies and bond lengths) than clusters that lack a strong first-order phase transition.
The variation in the melting temperature is associated with the core-surface connectivity and the average
coordination of the atoms in the cluster.

Introduction

What happens to the melting transition as the size of an object
is reduced into the nanometer regime has been a topic of interest
for many years. It has only recently become possible to measure
the melting transitions of metal clusters as a function of the
number of atoms they contain. The first studies were performed
on sodium clusters.1-5 Measurements have now been performed
on gallium,6-8 sodium chloride,9 tin,10,11 and aluminum clus-
ters.12,13These latter studies have focused on clusters in the 10-
102 atom size range. Information on the melting transitions has
been obtained from heat capacity measurements1-13 and ion
mobility measurements.8,10 In the former, the signature of
melting is a peak in the heat capacity resulting from the latent
heat. The center of the peak is usually taken as the melting
temperature, whereas the area under the peak provides a measure
of the latent heat. In the mobility measurements, an abrupt
change in the mobility due to a change in the shape or volume
of the cluster is taken to indicate melting (the mobility of a
gas-phase ion depends on its average collision cross section with
the buffer gas, which in turn depends on the shape and
volume).14,15 Ideally one would like to use both measurements
to investigate the melting transitions, but so far this has only
been done in the case of gallium clusters where inflections or
jumps in the mobilities were found to be correlated with peaks
in the heat capacities. In cases where the heat capacities do not
show a peak, a signature of melting was still evident in the
mobilities, suggesting that some clusters melt without a
significant latent heat. In addition to the large variations in the
latent heats, there are also large variations in the melting

temperatures. For example, the melting temperature varies by
more than 300 K for gallium cluster cations with 30-50 atoms.7

The substantial fluctuations in both the melting temperatures
and the latent heats found in the experimental studies have
provided the motivation for a number of theoretical studies
directed at understanding these results.16-24 The cause of the
size-dependent fluctuations in the melting temperatures, in
particular, has received a lot of attention. The origin of the
fluctuations is complex because the melting temperature of a
cluster depends on both the enthalpy and the entropy changes
associated with the melting transition. The entropy and enthalpy
changes determined experimentally are correlated,4,7,13making
the fluctuations in the melting temperatures even more abstruse.
Small particles are expected to have melting temperatures that
are lower than the bulk material because of their higher surface
to volume ratio. Depressed melting temperatures have been
observed for several systems in the cluster size regime, for
example, Nan+, (NaCl)nNa+, and Aln+. In some cases, for
example, Gan+ and Snn+, the clusters have elevated melting
temperatures. The melting temperature elevation has been
attributed to the clusters having different geometries and, more
importantly, different bonding than the bulk (i.e., the clusters
are not bulk fragments).

In this manuscript we report heat capacity measurements for
aluminum cluster cations with 31-48 atoms. These studies
compliment previous experimental studies of larger aluminum
clusters.12,13 In addition to the experimental studies, we report
calculations for aluminum clusters containing 31, 34, 37, 39,
40, 44, and 46 atoms. These clusters were chosen to represent
the variations in the melting behavior observed in the 31-48
atom size regime. With decreasing cluster size, one expects that
fluctuations in the melting temperature and the latent heat will
become larger, and indeed this is observed. Adding or subtract-
ing a single atom often causes an abrupt change in the melting
behavior. The previous experimental work on the melting of

† Part of the special issue “Richard E. Smalley Memorial Issue”.
* To whom correspondence should be addressed. E-mail: M.F.J.:

mfj@indiana.edu; D.G.K.: kanhere@unipune.ernet.in.
‡ Indiana University.
§ University of Pune.

17788 J. Phys. Chem. C2007,111,17788-17794

10.1021/jp070952s CCC: $37.00 © 2007 American Chemical Society
Published on Web 08/21/2007

D
ow

nl
oa

de
d 

by
 I

N
D

IA
N

A
 U

N
IV

 B
L

O
O

M
IN

G
T

O
N

 o
n 

O
ct

ob
er

 2
, 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 A
ug

us
t 2

1,
 2

00
7 

| d
oi

: 1
0.

10
21

/jp
07

09
52

s



aluminum clusters has inspired several theoretical studies.20-22

Noya, Doye, and Calvo used Gupta and glue potentials to
investigate the melting of clusters with 49-62 atoms.20 These
potentials favor icosahedral and polytetrahedral structures,
respectively. Heat capacity curves calculated using the glue
potential were featureless for most cluster sizes. On the other
hand, the heat capacities derived using the Gupta potential
showed a well-defined peak for most cluster sizes, indicating a
first-order-like transition. However, the results did not match
the observed size dependence of the melting transitions. This
was interpreted as indicating that the clusters do not have
icosahedral or polytetrahedral geometries. Zhang, Zhang, and
Zhu used a Gupta potential to investigate the melting of
aluminum clusters containing 55, 56, and 57 atoms.21 They
studied the melting of a number of different structural isomers
with the goal of explaining dips observed in the heat capacities
of Al56

+ and Al57
+ (the dips, which precede the peaks due to

melting, have been attributed to annealing transitions from less
stable structural isomers12). Aguado and Lopez used density
functional theory (DFT) to investigate the structures and
stabilities of Aln+ with n ) 46-62.22 The lowest energy
structures found in these studies were fragments of the bulk
face-centered cubic (fcc) lattice with stacking faults and a strong
preference for (111) faces. A significant change in the shape
was found at Al55

+ and Al56
+ (from a shape that is roughly a

square pyramid to one that is roughly octahedral). This shape
change could be responsible for the abrupt change in the melting
temperature that occurs at this point.

Experimental Methods

The heat capacities reported here were measured using
multicollision-induced dissociation. A detailed description of
the method has been provided elsewhere,13 so only a brief
overview is provided here. The method is based on determining
the shift in the dissociation threshold as a function of the
temperature of the clusters. As the temperature is raised, the
internal energy increases, and there is a corresponding decrease
in the energy that must be added to reach the dissociation
threshold. Initially, the internal energy of the solid-like clusters
increases gradually, but there should be a sharp increase in the
internal energy, due to the latent heat, when the cluster melts.
The jump in the internal energy, or the corresponding spike in
the heat capacity, is a signature of melting.

Singly-charged aluminum cluster cations are generated by
laser ablation of a liquid aluminum target in a flowing helium
buffer gas. Use of a liquid metal target provides signals that
are more stable than those obtained with solid targets, which
must be rotated and translated to prevent the laser from making
a pit in the target.25 After formation, the clusters are carried
into a temperature variable extension where their temperature
is set through collisions with the helium buffer gas. After the
clusters are thermalized they exit the source and are accelerated
and focused into a quadrupole mass spectrometer, which is set
to transmit a particular cluster size. The mass selected cluster
ions are subsequently focused into a collision cell containing 1
Torr of helium gas. As the ions enter the collision cell, collisions
with the helium convert the cluster ions’ kinetic energy into
internal energy and kinetic energy of the helium collision
partners. If the ions’ initial kinetic energy is high enough, the
clusters are heated to the point where they dissociate. Ultimately,
the ions’ kinetic energy is thermalized, and then they travel
across the collision cell under the influence of a weak electric
field. Some of the ions exit the collision cell through a small
aperture and are focused into a second quadrupole mass

spectrometer, where they are mass analyzed. Ions that are
transmitted through the second quadrupole are detected by a
collision dynode and dual microchannel plates.

Experimental Results

Mass spectra are recorded as a function of the cluster ions’
translational energy as they enter the collision cell, and the
translational energy required for 50% of the ions to dissociate
(TE50%D) is determined from a linear regression. TE50%D is
measured as a function of the temperature of the extension. The
plot of TE50%D against temperature obtained for Al43

+ is shown
in the top panel of Figure 1. The relatively sharp drop in the
TE50%D values at approximately 650 K is attributed to the
latent heat associated with a melting transition. The derivative
of TE50%D with respect to temperature is proportional to the
heat capacity. The proportionality constant is the fraction of
the cluster ions’ kinetic energy that is converted into internal
energy in a collision between the cluster and a helium atom.
This quantity is determined from an empirically corrected
impulsive collision model.26-28 For the clusters studied here the
fraction is about 5%. This fraction is small because helium is a
poor collision partner, and it was selected as the collision gas
for this reason. In the method employed here, changes in the
collision-induced activation of the ions compensate for changes
in the internal energy due to the temperature. With a poor
collision gas, a large change in the cluster ions’ kinetic energy
is required to compensate for small changes in the internal
energy. This amplification is a critical feature of the method.

The bottom panel of Figure 1 shows heat capacities derived
form the TE50%D values shown in the top panel. The heat
capacities are plotted in terms of the classical value 3Nk, where
3N ) 3n - 6 + 3/2, n is the number of atoms in the cluster,
and k is the Boltzmann constant. The thin dashed line in the
bottom panel of Figure 1 shows heat capacities calculated with
a modified Debye model that accounts for the finite size of the

Figure 1. Plot of TE50%D against temperature (top) and a plot of the
heat capacities derived from the derivative of TE50%D with temperature
(bottom). The heat capacities are plotted in terms of the classical value
3Nk where 3N) 3n - 6 + 3/2, n is the number of atoms in the cluster,
andk is the Boltzmann constant. The thin dashed line in the lower plot
shows heat capacities calculated with a modified Debye model that
accounts for the finite size of the cluster. Error bars show typical
uncertainties (( one standard deviation).
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cluster.29 The peak in the heat capacities at about 650 K indicates
the melting transition. The peak in the heat capacity is over
200 K wide. Macroscopic crystalline objects have a single well-
defined melting point. The broad melting transition found here
is a consequence of the small size of the cluster. We take the
center of the peak to be the melting temperature. This may not
be the temperature where the free energy of the liquid-like
cluster is the same as for the solid-like. The area under the peak
is the latent heat associated with the melting transition. The
area is obtained from a numerical integration where we assume
a linear interpolation between the heat capacities of the liquid
and solid clusters. Plots of the melting temperatures and latent
heats for aluminum cluster cations with 31-59 atoms are shown
in Figure 2. The results for clusters with 49-59 atoms were
taken from our previous studies and are reproduced here to show
the variations over a larger cluster size range. The latent heats
are plotted relative to the bulk value on a per atom basis. Three
clusters in the 31-59 atom size range (31, 34, and 48) lack a
significant peak in their heat capacities (see below), and for
these clusters the melting temperatures and latent heats are not
available.

The dashed line in the upper half of Figure 2 shows the
melting temperature of bulk aluminum (934 K). The measured
melting temperatures all lie below the bulk melting point, but
there are enormous fluctuations in the melting temperatures for
clusters with 31-48 atoms. Peaks in the melting temperatures
occur at 36-37 atoms and 46-47 atoms. The peak maxima
(∼900 K) are close to the bulk melting point. Between the
maxima, the band of clusters with 40-45 atoms all have melting
temperatures around 650 K. The clusters with the lowest melting
temperatures in the plot are those with 56-59 atoms, these
clusters have melting temperatures around 500 K. Thus the
melting temperatures shown in Figure 2 vary, by about 400 K,
with the number of atoms in the cluster. The latent heats (the
bottom panel of Figure 2) also show large variations with
cluster size.

Heat capacity plots are shown in Figure 3 for a representative
selection of clusters (Al31

+, Al34
+, Al37

+, Al39
+, Al40

+, Al44
+,

and Al46
+). Some clusters, such as Al31

+ and Al34
+, do not show

a significant peak in their heat capacities. The absence of a peak
may indicate that the melting transition occurs outside the
temperature range examined in the experiments or that melting
occurs without a significant latent heat. Clusters with 35-39
atoms have relatively large latent heats. These clusters also have
high melting temperatures. There is a drop in the latent heats
for clusters with 40-42 atoms, and then there is a sudden jump
at 43 and 44 atoms. There is no corresponding increase in the
melting temperatures for Al43

+ and Al44
+: the melting temper-

atures remain flat, whereas the latent heats show a sharp
maximum. There is clearly no correlation between the latent
heats and the melting temperatures.

Computational Details

As a first attempt to understand the experimental results
present here, calculations were performed to identify the ground
states for critical cluster sizes. The calculations were done on
neutral clusters, whereas the measurements were performed on
cations. However, the charge is not expected to make a
substantial difference to the results for clusters in the size regime
examined here. Approximately 300 geometries were optimized
for each of the clusters under consideration. The initial
configurations were obtained either from a constant-temperature
molecular dynamic simulation performed at four different
temperatures between 600 and 1000 K or derived from favorable
geometries for other cluster sizes. The configurations generated
through the above approaches were optimized using the first

Figure 2. Plots of the melting temperatures and latent heats against
cluster size for clusters with 31-59 atoms. The horizontal dashed line
in the upper plot shows the melting point of bulk aluminum (934 K).
Clusters with 31, 34, and 48 atoms do not have a significant peak in
their heat capacities within the temperature range examined.

Figure 3. Heat capacities recorded for aluminum cluster cations with
31, 34, 37, 39, 40, 44, and 46 atoms.

17790 J. Phys. Chem. C, Vol. 111, No. 48, 2007 Neal et al.
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principles density functional method.30,31We used Vanderbilt’s
ultra soft pseudo potentials32 within the local density ap-
proximation (GGA) for describing the core-valence interac-
tions. An energy cutoff of about 9.50 Ry is used for the plane
wave expansion of the wave function with a convergence in
the total energy on the order of 0.0001 eV.

Once the ground state geometries are obtained, various
structural and electronic properties are calculated. Specifically,
we analyze the shape of the cluster, the eigenvalue spectrum,
the coordination numbers, the distribution of the shortest bonds,
and the total charge density. We have also calculated the
distribution of atoms from the center of mass of the cluster and
the shape deformation parameter,εdef. The shape deformation
parameter is defined as eq 1;

whereQx g Qy g Qz are the eigenvalues, in descending order,
of the quadrupole tensor (eq 2).

Here,i andj run from 1 to 3,I runs over the number of atoms,
andRIi is the ith coordinate of atomI relative to the center of
mass of the cluster.εdef ) 1 (i.e.,Qx ) Qy ) Qz) indicates that
the cluster has the same distribution in all three directions.
Larger values ofεdef indicate that the cluster’s shape deviates
from spherical.

Simulation Results and Discussion

We have investigated the ground state geometries of clusters
with 31, 34, 37, 39, 40, 44, and 46 atoms and analyzed the
differences in their structure and bonding. These cluster sizes
were chosen to reflect the changing nature of the heat capacities
in the size regime examined in the experiments. The clusters
considered here can be classified into two main groups, one
having a well-defined melting transition, as seen for Al37, Al39,
and Al44, and the other with almost a continuous transition, as
observed in Al31 and Al34. Some clusters (i.e., Al40 and Al46)
fall between these extremes and exhibit a weak melting peak.
There are two interesting features present in the measured heat
capacities the first is the variation in the size and shape of the
peak, and the other is the substantial change (almost 400 K) in
the melting temperature as a function of cluster size. Here, we
investigate the possibility of a correlation between these features
and the nature of the ground state geometry of the cluster as
revealed through the geometric features as well as through the
nature of the electronic bonding. Hence, we begin our discussion
by analyzing the trends in the evolution of the geometry along
the series examined.

In Figure 4 we show the lowest energy geometries found for
Al31, Al34, Al37, Al39, Al40, Al44, and Al46 in our geometry search.
For the purpose of visualization, two atoms are connected by a
bond if the distance between them is less than 2.8 Å (the bulk
bond distance is 2.82 Å). It can be seen from Figure 4 that these
medium-sized aluminum clusters do not show any clear
rotational symmetry. Similarly deformed structures have been
found for aluminum clusters by Akola et al.,33 although they
investigated different sizes than those studied here. The variation
in the shape of the clusters is shown through the deformation
parameterεdef (see eqs 1 and 2), which is plotted in Figure 5.
The value ofεdef for Al37, Al44, and Al46 is nearly one, indicating
that these clusters have similar distributions along all three

orthogonal axes. A closer look at the geometries in Figure 4
reveals that the geometries of Al31, Al34, and Al40 are more open,
as seen by the presence of voids and atoms with low connectiv-
ity. We have also calculated average distances between planes
of atoms, and for Al31, Al34, and Al40 it is on the order of 3.0
Å, as compared to the other clusters where it is on the order of
2.81 Å or less. It turns out that addition of three atoms to Al34

leads to compact and well connected planes for Al37, with the
shortest interplanar bond distances of 2.73 Å. The structure
remains compact and well connected up to Al39. Addition of
one more atom to Al39 results in an open and nonspherical Al40

cluster, with a sudden increase inεdef from 1.18 to 1.59 (see
Figure 5). The geometry of Al44 is nearly spherical. Al46 has
two nearly degenerate ground states, both of which are compact
and spherical. Interestingly, two geometries were found for this
cluster in previous ion mobility measurements,34 whereas
isomers were not found in these experiments for any of the other

εdef )
2Qx

Qy + Qz
(1)

Qij ) ∑
I

RIi RIj (2)

Figure 4. The lowest energy structures found for aluminum clusters
with 31, 34, 37, 39, 40, 44, and 46 atoms. Two nearly degenerate
geometries are shown for Al46. Two atoms are connected by a bond if
the distance between them is less than 2.8 Å.

Figure 5. Deformation parameter (see eqs 1 and 2) as a function of
cluster size. Al37, Al44, and Al46 haveεdef values close to 1.0, indicating
that they have nearly the same distributions along all three orthogonal
axes.

Melting of Aluminum Cluster Cations with 31-48 Atoms J. Phys. Chem. C, Vol. 111, No. 48, 200717791
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clusters for which calculations were performed here. It may be
noted that the structures that are compact and nearly spherical
(with εdef values of≈1) have a well-defined melting peak in
the heat capacity curve, whereas open structures such as Al31,
Al34, and Al40 (with a higherεdef value) have a broad heat
capacity curve showing an almost continuous transformation.
Some of these evolutionary trends are also reflected in the
eigenvalue spectra, which are shown in Figure 6. The spectra
of Al37 and Al46 show distinct gaps with bunching of eigen-
values, whereas those of Al31, Al34, and Al40 show a relatively
even spread of eigenvalues, indicative of more disorder. The
grouping of the levels seen for 37 and 46 is due to the near-
spherical shape of these clusters (see Figure 5). These clusters
adopt near-spherical shapes because they are at or near electronic
shell closings.35 It may be recalled that Al37 and Al46 have a
relatively high melting temperature of approximately 850 K.
At this point it is worth examining the variation in the binding
energy for these clusters. In Figure 7 we show the binding
energy per atom as a function of cluster size. The binding energy
per atom for Al37 is a local maximum.

As already mentioned above, there are two key features
observed in the experiments: (1) the variation in the size and
shape of the peaks in the heat capacities, and (2) the variation
in the melting temperatures. First, we focus on the variation in
the size and shape of the peaks in the heat capacity. In the
experiments, it has been observed that Al34 has a continuous
solid-like to liquid-like transition, whereas Al44 exhibits the
narrowest peak in the series; hence, it will be beneficial to focus
on these two clusters to understand the cause of such dramati-
cally different finite temperature behaviors. Our earlier studies

of gallium clusters19 have demonstrated that the ground-state
geometry of a cluster affects its finite temperature behavior
significantly. Ga30 with a “disordered” ground state leads to an
almost continuous solid-like to liquid-like transition, whereas
Ga31 with an “ordered” ground state exhibits a well-defined peak
in the heat capacity curve. We understand the meaning of
“order” here as follows: an ordered structure has most of the
atoms experiencing a similar environment or, in other words,
most of the atoms are bonded with similar strength so that their
response to the increase in the temperature will be similar. As
has been already pointed out, the ground state of Al34 is much
more disordered than that of Al44 and contains internal voids.
The ground state of Al34 can be thought of as being formed by
several almost parallel planes of atoms connected to each other
through intraplaner bonds that are stronger than the interplaner
ones. The strained interfaces that give rise to the missing bonds
and voids in this cluster are illustrated in Figure 8. This figure
shows a fragment of the Al34 cluster selected to illustrate void
formation. In contrast, the ground state of Al44 is more spherical.
Because of the reconstruction of the surface of this cluster, there
are hardly any voids or defects. Another interesting observation
is the presence of a well-defined geometric shell structure for
atoms in the case of Al44. In Figure 9 we show the distribution
of atoms from the center of mass for Al34 and Al44. Thex-axis
shows the atom number and they-axis indicates its distance
from the center of mass. A substantial difference between the

Figure 6. Eigenvalue spectra for the ground-state geometries of
aluminum clusters. Note that the eigenvalue spectra for Al37 and Al46

are bunched together. Both of these clusters have high melting
temperatures (above 800 K).

Figure 7. Binding energy per atom as a function of size of the cluster.
The binding energy per atom for Al37 and Al46 are large relative to
their neighbors.

Figure 8. A fragment of Al34 is shown to illustrate the void formation.
The top view shows the absence of defects on the surface. The side
view shows voids between the two surfaces.

Figure 9. Distribution of atoms from the center of mass (COM) for
Al34 and Al44. Formation of an outer shell is evident for Al44 whereas
Al34 shows an almost continuous distribution of atoms around the COM.

17792 J. Phys. Chem. C, Vol. 111, No. 48, 2007 Neal et al.
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distributions for Al34 and Al44 is evident. Al44 has a well defined
outer shell consisting of 34 atoms that are almost equidistant
from the center of mass of the cluster. In contrast, Al34 has a
more continuous distribution of atoms.

Another indicator for order in a cluster comes from the
coordination numbers (i.e., the number of nearest neighbors for
each atom). In Table 1 we show the coordination numbers for
all the atoms in the clusters studied. The first column in the
table indicates the coordination number, and successive entries
indicate the number of atoms with that coordination number
for each cluster size. The average coordination numbers range
from 5.89 to 6.70. There does not appear to be a strong
relationship between the size of the peaks in the heat capacity
and the coordination numbers. To understand the origin of the
differences in the heat capacity plots it is necessary to also
consider the connectivity of the atoms and the geometries. In
Figure 10 we show the coordination numbers for Al34 and Al44.
For Al44, most of the atoms (32 out of 44) have either 5- or
6-fold coordination. Thus, 73% of the atoms have almost the
same coordination. Furthermore, all of these atoms are part of
the surface (one shell) and are connected to each other. In the
case of Al34, the largest group with the same coordination is 12
atoms with 6-fold coordination. However, these atoms are not
connected but are spread-out all over the cluster.

All these observations indicate that Al34 is a more disordered
structure than Al44, in the sense discussed above. When such a
disordered system is heated, the response of the individual atoms
will be different for different atoms or group of atoms, leading
to a near continuous heat capacity curve. Another important

point is that the characterization of order in a finite-size system
is subtle, and a single indicator like the coordination number is
inadequate. A deeper analysis involving connectivity and the
formation of islands of atoms with similar bonding is required.

We now present an analysis of the geometries of Al37 and
Al44, both of which show well-defined peaks in their heat
capacities, but their melting temperatures differ by about 250
K. In both of these clusters the atoms can be classified as either
core atoms, which are completely embedded inside the cluster,
or surface atoms. In the case of Al37 the average distance
between the core atoms and surface atoms is 2.92 Å, as
compared to the core-surface distance of 3.3 Å seen in Al44.
Another significant difference appears in the coordination
number shown for these clusters, which are compared in Figure
11. The average coordination of core atoms for Al37 is 9.7,
whereas for Al44 its 7.8. Thus, the surface atoms are more
strongly bound to the core atoms in Al37 than in Al44.
Furthermore, for Al37 about 29 atoms out of 37 (∼80%) have
a coordination number of 6 or more, whereas in case of Al44

the number of atoms with a coordination number of 6 or more
is much less (i.e., 25 atoms out of 44 [∼57%]). We believe
that the combination of the stronger core-surface interaction
and the larger number of atoms with higher coordination
numbers is responsible for the higher melting temperature of
Al37 as compared to Al44. A similar analysis for another cluster
that shows a high melting temperature, namely, Al46, is
consistent with this observation. Our understanding in this regard
is also consistent with the results of Aguado and Lopez22 for
sodium clusters, where they found a strong correlation between
variation in the melting temperature and core-surface distances.
We have also observed similar behavior for gallium clusters
with 30-55 atoms.36

Conclusions

The melting temperatures of small particles are expected to
be lower than that of the bulk material because of the increase
in the surface-to-volume ratio. A systematic decrease in the
melting temperature is expected with decreasing particle size.
In the small-size regime, the variations in the melting temper-
atures are no longer monotonic, and the size-dependent varia-
tions reported here are the largest found to date. In addition to
the large size-dependent variations in the melting temperatures
evident in Figure 2, the general trend appears to be one of
increasing melting temperature with decreasing cluster size: the
reverse from what is expected on the basis of the surface-to-

TABLE 1: Coordination Numbers for the Atoms in the
Lowest Energy Geometries Found in the Calculations for
Aluminum Clustersa

cluster size

coordination
number 31 34 37 39 40 44 46

4 3 2 4 6 3 3 3
5 6 8 4 5 10 18 10
6 10 12 7 4 9 14 17
7 5 5 13 13 7 3 12
8 3 4 6 4 6 2 3
9 3 0 0 2 3 4 1
10 1 2 2 2 2 0 0
11 0 1 1 3 0 0 0
average 6.39 6.41 6.70 6.85 6.50 5.89 6.11

a The first column indicates the coordination number and successive
entries indicate the number of atoms with that coordination number
for each cluster size.

Figure 10. Number of atoms as a function of coordination number
for Al34 and Al44. For Al44, 32 out of 44 atoms have either 5- or 6-fold
coordination.

Figure 11. Number of atoms as a function of coordination number
for Al37 and Al44. For Al37, 80% of the atoms have 6-fold or higher
coordination, in contrast to Al44, which has about 57% of the atoms
(i.e., 25 out of 44) with a coordination number of 6 or more.

Melting of Aluminum Cluster Cations with 31-48 Atoms J. Phys. Chem. C, Vol. 111, No. 48, 200717793
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volume ratio. By analyzing the nature of the ground state we
have been able to correlate the geometric features with the nature
of the heat capacity curve. It is found that clusters whose
geometries are open and show defects have a rather broad heat
capacity curve. The high melting temperatures are associated
with the existence of a strong core-surface interaction.
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