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Heat capacities measured as a function of temperature for Al115
+, Al116

+, and Al117
+ show two

well-resolved peaks, at around 450 and 600 K. After being annealed to 523 K �a temperature
between the two peaks� or to 773 K �well above both peaks�, the high temperature peak remains
unchanged but the low temperature peak disappears. After considering the possible explanations, the
low temperature peak is attributed to a structural transition and the high temperature peak to the
melting of the higher enthalpy structure generated by the structural transition. The annealing results
show that the liquid clusters freeze exclusively into the higher enthalpy structure and that the lower
enthalpy structure is not accessible from the higher enthalpy one on the timescale of the
experiments. We suggest that the low enthalpy structure observed before annealing results from
epitaxy, where the smaller clusters act as a nucleus and follow a growth pattern that provides access
to the low enthalpy structure. The solid-to-solid transition that leads to the low temperature peak in
the heat capacity does not occur under equilibrium but requires a superheated solid.
© 2009 American Institute of Physics. �doi:10.1063/1.3224124�

I. INTRODUCTION

The melting transitions of isolated metal nanoclusters
have received a lot of attention recently. Well-defined melt-
ing transitions have been observed for metal clusters with
fewer than 100 atoms. In this size regime, adding or subtract-
ing a single atom can change the melting temperature dra-
matically. Experimental studies have now been performed
for a variety of cluster materials including sodium,1–8 tin,9,10

gallium,11–13 sodium chloride,14 and aluminum,15–19 and
these measurements have stimulated a number of theoretical
studies.20–24

Most of the experimental studies have employed heat
capacity measurements to identify the melting transitions.
Here, the signature of melting is a peak in the heat capacity
due to the latent heat. In simulations, there are a number of
examples where two peaks have been observed in the heat
capacity.25–34 This behavior is usually called premelting
when the low temperature peak is the smaller of the two and
postmelting when the higher temperature peak is the smaller.
However, multiple peaks have rarely been seen in the experi-
mental studies. A few examples of premelting �Al51

+ and
Al52

+�15 and postmelting �Al61
+ and Al83

+�17 have been re-
ported for aluminum clusters. Postmelting has also been re-
ported for Na147

+.35 However, in all of these examples, the
second peak is just a shoulder on the main peak. There have
been no experimental results reported with the well-
separated peaks seen in some of the simulations. In this
manuscript we report the observation of two well-resolved
peaks in the heat capacities of Al115

+, Al116
+, and Al117

+ clus-
ters. Annealing studies were performed to shed light on the
origin of the peaks.

A number of recent simulations have shown that cluster
melting can be preceded by structural transitions.36–43 For
example, using a Gupta potential, Li et al. found that struc-
tural transitions between low enthalpy geometries �the
ground state, icosahedral, and cuboctahedral� occur for Au55

at temperatures well below the melting temperature.39 Cleve-
land et al. found that for Au146 and Au459 the melting process
is punctuated by solid-to-solid structural transformations
from the ground state to higher enthalpy icosahedral struc-
tures which are precursors to melting.37 Schebarchov and
Handy discovered that structural transitions occur in the
solid part of a coexisting solid-liquid Ni1415 cluster.40 In the
case of palladium clusters, transitions from both fcc and
decahedral ground states to icosahedral structures precede
melting.43 The transitions emerge during solid-liquid phase
coexistence and appear to occur through fluctuations in the
molten fraction and subsequent recrystallization into the
icosahedral structure. According to Zhang et al., a cubocta-
hedral to icosahedral structural transition occurs for nickel
clusters with 309 atoms before the solid-to-liquid transition.
However, for larger clusters �561, 923, 1415, and 2057 at-
oms� the cuboctahedral and icosahedral geometries melt �at
slightly different temperatures� without undergoing structural
transitions.42

Solid-solid structural transitions are frequently found to
precede melting for Lennard-Jones �LJ� clusters, resulting in
two well-resolved peaks in heat capacity.44–50 For example,
using exchange Monte Carlo simulations Mandelshtam et al.
found that LJn clusters with n=74–78 have two peaks in
their heat capacities.46 The peak at higher temperatures is
attributed to a melting transition, and the lower temperature
peak is assigned to a solid-to-solid structural transition from
the decahedral ground state to an icosahedral geometry.a�Electronic mail: mfj@indiana.edu.
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Noya and Doye found that structural transitions precede
melting in LJ309.

47 The ground state of this cluster is a com-
plete Mackay icosahedron, and so this finding breaks the
paradigm that multiple peaks in heat capacity are observed
for clusters with incomplete geometric shells. In the case of
LJ309, the main structural transition is similar to surface
roughening and leads to the formation of pits and islands on
the cluster surface.

Most of the experimental studies of structural transitions
are for supported nanoclusters.51,52 For example, using high-
resolution electron microscopy, Koga et al. found that gold
nanoparticles �3–14 nm in diameter� undergo a structural
transformation from icosahedral to a decahedral morphology
just below the melting point.51 However, for supported clus-
ters, interactions with the substrate may influence the behav-
ior, and so these results may not reflect the intrinsic behavior
of the isolated cluster.

Experimental evidence for structural transitions in iso-
lated metal clusters is scarce. Ion mobility measurements
have revealed some examples for both aluminum53 and
gold.54 Low temperature dips in the heats capacities for
Al56

+–Al62
+ have been attributed to exothermic structural

transitions �annealing�.15,18

II. EXPERIMENTAL METHODS

Heat capacities are measured using multicollision in-
duced dissociation.11,55 Briefly, aluminum cluster ions are
generated by pulsed laser vaporization of a liquid aluminum
target in a helium buffer gas.56 After formation the clusters
are carried by the buffer gas flow into a 10 cm long
temperature-variable extension where their temperature is
set. The cluster cations that exit the extension are accelerated
and focused into a quadrupole mass spectrometer where a
specific cluster size is selected. The size-selected clusters are
then focused into a collision cell containing 1 torr of helium.
As the clusters enter the collision cell, they undergo numer-
ous collisions with the helium buffer gas; each collision con-
verts a small fraction of the cluster ion’s translational energy
into internal energy. If the cluster’s initial translational en-
ergy is high enough, some of them are excited to the point
where they dissociate. The products and undissociated clus-
ters are analyzed by a second quadrupole mass spectrometer
and the fraction of the clusters that dissociate is determined
from the mass spectrum. Measurements are performed for
several different initial translational energies and the transla-
tional energy that is required to dissociate 50% of the clus-
ters �TE50%D� is determined from a linear regression.
TE50%D is then measured as a function of the cluster’s tem-
perature. The derivative of the TE50%D with respect to tem-
perature is proportional to the heat capacity. The proportion-
ality constant depends on the fraction of the cluster ion’s
translational energy that is converted into internal energy,
which is obtained from a simple impulsive collision model.57

For the annealing studies, a temperature-variable anneal-
ing section is inserted between the source region and the
temperature-variable extension.18 In the studies reported
here, the clusters are annealed to 523 and 773 K before the

heat capacity measurements are performed. The source re-
gion is kept at room temperature by means of a recirculating
chiller.

III. EXPERIMENTAL RESULTS

Heat capacities measured as a function of temperatures
for unannealed Al115

+, Al116
+, and Al117

+ clusters are shown
in Fig. 1. The filled squares are the experimental results. The
open circles and the solid lines are fits to the measured points
using a three-state model17,18,58 described in more detail be-
low. The heat capacities are plotted in units of the classical
value, 3NkB, where 3N= �3n−6+3 /2� and kB is the Boltz-
mann constant. All three clusters have two well-resolved
peaks in their heat capacities. We have measured the heat
capacities for larger Aln

+ clusters with 100–128 atoms and
only Al115

+, Al116
+, and Al117

+ show the two well-resolved
peaks. Note that the heat capacities were recorded with �T
=25 K around the peaks and �T=50 K away from the
peaks.

To better understand the origin of the two transitions
observed in the heat capacities we performed some annealing
experiments. After the clusters are generated at room tem-

FIG. 1. Heat capacities measured as a function of temperature for Al115
+,

Al116
+, and Al117

+. The filled black squares are the measured values. The
heat capacities are plotted relative to the classical value 3NkB, where 3N
=3n−6+3 /2 and kB is the Boltzmann constant. The open blue circles are a
fit obtained using a three-state model using �T=25 K or 50 K �see text�.
The solid blue lines show heat capacities obtained from the fit with �T
=5 K. The lines at the bottom of each plot show the relative abundances of
the low energy structure �green�, high energy structure �purple�, and liquid
�red� as a function of temperature �using the scale on the right hand axes�.
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perature in the source region, they are annealed to either
523 K �between the two peaks� or to 723 K �well above both
peaks�. The annealing results for Al115

+ are shown in Fig. 2,
where blue lines are fits to the experimental points �filled
black squares�. When annealed to either 523 or 723 K, the
low temperature peak in the heat capacities disappears, but
the higher temperature transition remains virtually un-
changed in both position and size. The annealing results for
Al116

+ and Al117
+ are exactly the same as for Al115

+.

IV. DISCUSSION

A. The origin of the two peaks

Excluding electronic effects, there are three possible
causes for two peaks in the heat capacity: �1� partial melting,
where the surface or some other part of the cluster melts at a
lower temperature than the rest, �2� two structural isomers
that melt at different temperatures, and �3� a solid-to-solid
transition followed by melting. We will now consider each of
these possible explanations in turn.

Surface premelting is a well-known phenomenon for
bulk surfaces. It occurs if the surface energy �SV is greater
than �SL+�LV �where the subscripts S, L, and V are solid,
liquid, and vapor�. For aluminum, the compact Al�111� and
Al�001� surfaces do not premelt,59,60 although the more open
Al�110� does.59,61,62 For bulk surfaces the thickness of the
premelted layer increases smoothly as the temperature ap-
proaches the bulk melting point, which leads to a low tem-

perature tail on the heat capacity peak due to bulk melting. In
cluster simulations, the melting of just the surface layer can
lead to a peak in the heat capacity at a temperature below the
main melting transition. It is also feasible that some other
subset of the atoms in the cluster could melt �i.e., become
mobile� at a lower temperature than the rest of the cluster.
However, it is difficult to reconcile the annealing results with
premelting being the explanation for the low temperature
peaks in the heat capacities. To account for the annealing
results, it would be necessary for the premelted atoms not to
refreeze when cooled to well below their melting tempera-
ture. The freezing of liquids can be kinetically hindered by
the need to generate a critical nucleus to template the solid.
However, it is difficult to imagine that the premelted atoms
cannot refreeze when the rest of the cluster has already fro-
zen, forming a nucleus. For this reason we rule out partial
melting as the cause of the two features in the heat capacity
plot.

We now consider the possibility that two structural iso-
mers melting at different temperatures are responsible for the
two peaks in the heat capacity. With this explanation, when
the first isomer melts it cannot refreeze into the higher melt-
ing temperature isomer on the time scale of the experiment.
However, we know from the annealing experiments that
the higher temperature peak is recovered after annealing to
773 K �above both peaks�. So clearly the liquid can freeze
promptly into the higher melting temperature structure and
so this cannot be the cause of the two peaks in the heat
capacity.

We now consider the third option mentioned above: The
low temperature peak in the heat capacity is due to a struc-
tural transition. Since we have ruled out cases �1� and �2�
above, case �3� �a solid-to-solid transition from a low energy
structure to a high energy structure followed by melting of
the higher energy structure� is the most likely explanation for
the two peaks observed in the heat capacities for Al115

+,
Al116

+, and Al117
+. There are two distinct mechanisms for the

structural transition: Either it occurs through a liquid inter-
mediate or directly from solid to solid. In the former, there
are two isomers that melt at different temperatures, and when
the low-melting temperature isomer melts it quickly re-
freezes into the high-melting temperature isomer. This pro-
cess leads to a peak or dip in the heat capacity with an area
proportional to the enthalpy difference between the two
states. The fact that there is a peak in the heat capacity indi-
cates that the high-melting temperature isomer has a higher
enthalpy than the low-melting temperature one, and so the
structural transition is driven by entropy. In the scenario out-
lined above the solid-to-solid transition occurs with the liq-
uid as an intermediate. There is evidence for this type of
process from simulations.37,40,43 However, the solid-to-solid
transition could also occur directly �i.e., without a liquid in-
termediate�. The heat capacity signature for a direct solid-to-
solid transition is indistinguishable from one that proceeds
through a liquid intermediate; in both cases the area of the
peak reflects the enthalpy difference between the two solid
states.

FIG. 2. Heat capacities recorded for Al115
+ after annealing to 523 and 773 K

�filled black squares�. The heat capacities are plotted in units of 3NkB, where
3N=3n−6+3 /2 and kB is the Boltzmann constant. The heat capacities for
unannealed Al115

+ are included for comparison. The blue lines are fits to the
experimental date values using two- and three-state models with �T=5 K
�see text�.
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B. Fitting the results with a three-state model

A solid-to solid transition followed by melting can be
represented by

CLE � CHE � L , �1�

where CLE and CHE are the low energy and high energy
solids, respectively, and L is the liquid. In previous work we
have developed a three-state model that can be used to fit the
heat capacities for a system melting through an intermediate
as in Eq. �1�.17,18,58 We assume that melting occurs in the
dynamic phase coexistence regime, where the transition is
between fully solid and fully liquid clusters �i.e., there are no
partially melted intermediates�. This behavior was first ob-
served in simulations.63–70 There is now experimental evi-
dence for dynamic phase coexistence for aluminum clusters
in the size range examined here.71 In this limit the melting
transition can be described by an equilibrium constant given
by

KM�T� = exp�− �HM

R
� 1

T
−

1

TM
�� , �2�

where KM, �HM, and TM are the equilibrium constant, en-
thalpy change �latent heat�, and transition temperature
�where the amounts of the high enthalpy solid and liquid are
equal�. If we also assume that the solid-to-solid transition
occurs under equilibrium �as indicated in Eq. �1��, the equi-
librium constant for this process can be written as

KSS�T� = exp�− �HSS

R
� 1

T
−

1

TSS
�� , �3�

where KSS, �HSS, and TSS are the equilibrium constant, en-
thalpy change, and transition temperature �where the
amounts of high enthalpy and low enthalpy solids are equal�
for the solid-to-solid transition. The contributions of the en-
thalpy changes for the two transitions to the internal energy
and to the heat capacity are

EIE�T� = �fSHE�T� + fL�T���HSS + fL�T��HM , �4�

C�T� =
dEIE�T�

dT
=

���1 − fSLE�T���HSS + fL�T��HM�
�T

,

�5�

where fSLE�T�, fSHE, and fL�T� are the fractions of the low
energy solid, the high energy solid, 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 and liquid
clusters. For both solids and the liquid we use the heat ca-
pacity derived from the modified Debye model58 multiplied
by scaling factors. The simulation is fit to the measured heat
capacities using a least-squares procedure with seven adjust-
able parameters: �HSS, TSS, �HM, TM, SLE, SHE, and SL,
where the final three are the scale factors. More details are
given in Refs. 17 and 18. The unfilled circles in Fig. 1 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. In both cases it appears that the
width of the transition is reproduced. The solid blue line

going through the data in Fig. 1 shows the result of a simu-
lation with �T=5 K. The calculated heat capacities obtained
with 5 K and 25 K or 50 K are similar, indicating that the
value of �T used in the experiments is small enough that the
peaks are not significantly broadened. The lines beneath each
heat capacity plot show the amount of low energy solid, high
energy solid, and liquid present at each temperature.

In the three-state model used to fit the measured heat
capacities we assume that both processes occur under equi-
librium. While this appears to be true for the melting transi-
tion, it is not true for the solid-to-solid transition, because the
low energy structure is not recovered from the high energy
structure after annealing. It follows that the solid-to-solid
transition requires a superheated solid to occur on the experi-
mental timescale, and the equilibrium transition temperature
is below the peak in the heat capacity. The enthalpy change
associated with transition can still be determined from the
peak in the heat capacity �the enthalpy change is the area
under the peak�. Despite the fact that the transition does not
occur under equilibrium, the three-state model still provides
a good fit to the measured peak in the heat capacity for the
solid-to-solid transition, and so the enthalpy changes shown
in Table I for the solid-to-solid transition are reliable.

The enthalpy changes for the structural transitions are
around 100–125 kJ mol−1 and decrease slightly with in-
creasing cluster size. The enthalpy changes for the melting
transitions are around 2.5–3.0 times larger than for the struc-
tural transitions and increase slightly with increasing cluster
size. The sum of the enthalpy changes �structural transition
plus melting� for each cluster is almost independent of clus-
ter size �380–390 kJ mol−1�.

C. Origin of the low energy structure observed
for unannealed clusters

The low energy structure responsible for the low tem-
perature peak in the heat capacities for Al115

+, Al116
+, and

Al117
+ cannot be accessed from the liquid or from the high

enthalpy structure on the timescale of our experiments and so
these clusters have hidden ground states. If the low energy
structure cannot be accessed from other structures or the liq-
uid on our experimental timescale, where does it come from
for the unannealed clusters? One possible explanation is that
the low energy structure observed for Al115

+, Al116
+, and

Al117
+ clusters is generated by epitaxy on smaller clusters,

where the smaller clusters act as a nucleus and follow a
growth pattern that provides access to the low energy struc-
ture. For this to occur, the temperature of the cluster must

TABLE I. Parameters derived for the structural transitions and melting tran-
sitions for Al115

+, Al116
+, and Al117

+ by fitting the measured heat capacities
with a three-state model �see text�.

Cluster

Structural transition Melting transition

TST

�K�
�HST

�kJ mol−1�
TM

�K�
�HM

�kJ mol−1�

Al115
+ 448 126.0 609 265.3

Al116
+ 445 112.1 627 270.9

Al117
+ 445 98.9 646 291.9
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remain below the temperature of the structural transition �the
peak in the heat capacity� during the last stages of cluster
growth. Adding an atom to a growing cluster adds an amount
of energy equal to the dissociation energy. This energy, when
distributed, will transiently heat the cluster before being re-
moved by collisions with the buffer gas. The dissociation
energies of clusters in the size range considered here are
around 3 eV.19 Adding this much energy to Al115

+ causes the
temperature to increase by around 100 K �assuming a clas-
sical heat capacity�. The cluster growth region of the source
is kept at close to room temperature and so the peak tem-
perature achieved for the clusters during cluster growth is
around 400 K �assuming that the clusters cool down com-
pletely before the addition of another atom�. 400 K is just
below the low temperature peaks in the heat capacity, so it is
plausible for the clusters to grow without converting into the
higher energy structure.

V. SUMMARY AND CONCLUSIONS

At least three states are important for Al115
+, Al116

+, and
Al117

+ clusters: A low enthalpy structure, a high enthalpy
structure, and a liquidlike state. When cooled, the liquidlike
state freezes exclusively into the high enthalpy structure,
which does not convert into the low enthalpy structure on
our experimental timescale. However, the low enthalpy
structure is observed for unannealed clusters, where it is be-
lieved to have been generated by epitaxy on smaller clusters.
The results presented here provide no insight into the nature
of the high and low energy structures. It is possible that the
unusual behavior observed for Al115

+, Al116
+, and Al117

+

�these are the only clusters that show two well-resolved
peaks in their heat capacities� occurs because there is a basic
change in the ground state structure in this size regime.
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