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Recent theoretical studiesfK. Joshi, D. G. Kanhere, and S. A. Blundell, Phys. Rev. B67, 235413s2003dg
predict that Sn20 melts at around 1200 K. We have performed calorimetry measurements on unsupported Sn18

+ ,
Sn19

+ , Sn20
+ , and Sn21

+ in an effort to test this prediction. We find that these tin clusters disappear well below their
predicted melting temperature due to dissociation. Calorimetry measurements performed up to around 650 K
show some small featuresswhich may be due to localized structural changesd but no clear melting transitions.
Hence, tin clusters in this size regime do not melt—they sublime.
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There has been interest in the melting of small particles
for many years.1–3 For particles with thousands of atoms, the
melting point is depressed, due to the increase in the surface
to volume ratio. For smaller particless,500 atomsd size-
dependent fluctuations in the melting temperatures have been
observed.4–6 In some cases, particles in the cluster size re-
gime remain solid above the bulk melting point. This was
first observed for tin.7 Clusters with around 20 tin atoms
adopt prolate geometries.8 Hence, a transition to a spherical
geometrysa liquid dropletd is an indicator for melting. How-
ever, when the temperature was raised to 50 K above the
bulk melting point, the prolate geometry persisted, indicating
that the clusters remain solid. Tin particles with thousands of
atomsseither supported or embeddedd show the usual melt-
ing point depression.9–11 Measurements by Schäfer and
coworkers12 using a clusters beam indicate that the melting
point depression extends down to particles with around 400
atoms. The location of the transition from depressed to el-
evated melting temperatures is currently unknown.

The elevated melting temperatures observed for small tin
clusters are believed to have a structural origin. Density-
functional molecular-dynamicssMDd simulations for Sn20
suggest that the lowest-energy structure, and the low-lying
isomers, consist of two tricapped trigonal prismsTTPd units
stacked end to end.13 For a bulk material, melting is indi-
cated by a spike in the heat capacity due to the latent heat.
Heat capacities determined from the simulations for Sn20
show a small peak at around 500 K, a shoulder at around
850 K, and a broad maximum centered around 1200 K. The
small peak and the shoulder were attributed to premelting
transitions: rearrangements within the TTP units and distor-
tion of one of the TTP units, respectively. While undergoing
these transitions the Sn20 cluster retains its prolate shape. The
large peak in the heat capacity centered at around 1200 K is
due to melting: in the simulations, the two TTP units fuse to
give a roughly spherical shape where the ionic cores undergo
diffusive liquidlike motion. So the predicted melting tem-
perature of Sn20 is around 700 K above the bulk melting
point. There have been several theoretical studies of the
melting of smaller tin clusters such as Sn10 and Sn13, and the
results suggest that they melt at higher temperatures than
Sn20.

14–16

We have recently developed a method to determine the

heat capacities of unsupported clusters.17 The method is
based on using multicollision-induced dissociationsMCIDd
to measure the dissociation threshold as a function of the
clusters’ initial temperature. As the temperature is increased,
the dissociation threshold decreases due to the clusters’ ther-
mal energy. At the melting transition there is a sharp drop in
the dissociation threshold due to the latent heat. This sharp
drop, or the corresponding spike in the heat capacityswhich
is proportional to the derivative of the dissociation thresh-
oldd, is a signature of melting. The interesting premelting
transitions and the remarkably high melting temperature pre-
dicted for Sn20 prompted us to perform MCID calorimetry
measurements on some tin clusters to examine the theoretical
predictions. We found that Sn18

+ , Sn19
+ , Sn20

+ , and Sn21
+ spon-

taneously fragment at well below the predicted melting tem-
perature. Calorimetry measurements performed up to around
650 K show some small features but no clear melting tran-
sitions. Hence, tin clusters in this size regime do not melt—
they sublime.

The tin cluster ions are created by laser vaporization of a
liquid metal target in a cooleds253 Kd helium buffer gas
flow. Use of the liquid metal target provides more stable
cluster signals than obtained with solid targets. A detailed
description of the source will be provided elsewhere. The
temperature of the clusters is set before they exit the source
in a 10-cm-long temperature-variable extension. Two exten-
sions are used to cover temperatures from 77 to 1200 K. The
temperature of the extension is regulated to within around
1 K by microprocessor-based controllers. After exiting the
extension, the ions are focused into a quadrupole mass spec-
trometer where a specific cluster size is selected. The size-
selected cluster ions are then focused into a small collision
cell that contains 1 Torr of helium. As the ions enter the
collision cell, they undergo many collisions, each one con-
verting a small fraction of the ions’ translational energy into
internal energy. The averaging inherent in this process yields
a relatively narrow distribution of internal energies.18 If the
initial translational energy is high enough, the clusters can be
heated to the point where they dissociate before their internal
energies are cooled by further collisions with the helium. The
undissociated cluster ions and the fragment ions are then
swept across the collision cell by a weak electric field and a
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fraction of them exit through a small aperture. The exiting
ions are analyzed by a second quadrupole mass spectrometer
and detected with an off-axis collision dynode and a micro-
channel plate assembly.

The tin clusters studied heresSn18
+ , Sn19

+ , Sn20
+ , and Sn21

+ d
generate “fission” products rather than undergoing the
evaporation of individual atoms that is characteristic of metal
clusters. The observed dissociation pathways are

Sn18
+ → Sn11

+ + Sn7;

Sn19
+ → Sn9

+ + Sn10s,73%d, Sn10
+ + Sn9s,16%d,

Sn12
+ + Sn7s,11%d;

Sn20
+ → Sn10

+ + Sn10; and

Sn21
+ → Sn11

+ + Sn10;

which are independent of the temperature of the extension.
These pathways are very similar to those observed by Tai
and coworkers,19 who performed fragmentation studies of tin
clusters Snn

+ sn=4–20d by low-energy collisions with highly
oriented pyrolytic graphite.

The fraction of the ions that dissociate on entering the
collision cell is obtained from the mass spectra. The ions’
translational energy is varied, and the fraction that dissociate
is determined as a function of the translational energy. The
translational energy required for 50% of the ions to dissoci-
atesTE50%Dd is then determined from an interpolation. This
quantity, TE50%D, is then measured as a function of the
temperature of the source extension. A plot of TE50%D for
Sn18

+ , Sn19
+ , Sn20

+ , and Sn21
+ is shown in Fig. 1sad. The values

for Sn19
+ are systematically larger than for the other clusters,

which indicates that this cluster has enhanced stability to-
wards dissociation. In all cases, the TE50%D values decrease
relatively smoothly as the temperature is raised. This de-
crease can be attributed to the increase in the internal energy
of the clusters due to their heat capacities. A localized steeper
drop in the TE50%D valuesswhich results from the latent
heatd is a signature of melting. There is no such drop evident
in the results shown in Fig. 1sad.

The derivative of TE50%D with respect to temperature
s−]TE50%D/]Td is approximately proportional to the heat
capacity of the cluster. The proportionality constant is the
fraction of the clusters’ translational energy that is converted
into internal energy as they collide with helium in the colli-
sion cell. This quantity can be estimated from a simple im-
pulsive collision model.18 Previous work indicates that this
approach is reliable.17,20 The fraction of the ions’ transla-
tional energy converted into internal energy is smallsaround
0.012d because the collision partnersheliumd is so light. The
small value for this quantity is a key feature of the method,
because small changes in the internal energy of the clusters
lead to large changes in the translational energy required to
cause 50% of the ions to dissociatesTE50%Dd. The heat
capacities determined from the TE50%D values are shown in
Fig. 1sbd. These points are the average of at least twosand in

most cases three or mored independent measurements. The
heat capacities are normalized to 3Nk sthe classical heat ca-
pacityd, where k is the Boltzmann constant andN=3n−6
+3/2 with n=number of atoms in the cluster. The dashed
lines represent the heat capacities calculated using statistical
thermodynamics: the vibrational component is obtained from
a modified Debye model that incorporates a low-frequency
cutoff to account for the finite size of the clusters21 and the
rotational component is treated classically. The measured
heat capacities appear to be systematically below the classi-
cal values. This could be caused by an underestimate of the
fraction of the ions’ translational energy that is converted
into internal energy; although, the approach employed here
appeared to be accurate in previous studies.17,20 The heat
capacity measurements were only performed up to around
650 K because the cluster signals disappear at higher tem-
peratures. All the heat capacities appear to decrease slightly
at the upper end of the range studied. This drop could be an
artifact related to the disappearance of the signal. Close to
the dissociation temperature, the clusters that survive and

FIG. 1. sad Shows TE50%D plotted against the temperature of
the extension for Sn18

+ , Sn19
+ , Sn20

+ , and Sn21
+ . sbd Shows plots of the

heat capacities determined from the derivative of TE50%D with
respect to temperature. The heat capacities are normalized to 3Nk
sthe classical heat capacityd wherek is the Boltzman constant and
N=3n−6+3/2, withn=number of atoms in the cluster. The dashed
lines show the heat capacity calculated using statistical thermody-
namics: the vibrational component is calculated using a modified
Debye modelssee textd and the rotational component is treated
classically. The thin solid line shows the heat capacities calculated
for Sn20 by Joshiet al. sRef. 13d.
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exit the extension intact will be the ones with low internal
energies. This distortion of the internal energy distribution of
the clusters which reach the collision cell could lead to arti-
ficially depressed values for the heat capacities.

The heat capacity for Sn18
+ is initially low and then rises to

peak at around 600 K before falling sharply, possibly for the
reason mentioned above. It is possible that the initial in-
crease represents the beginning of a melting or premelting
transition. There are two reproducible maxima in the heat
capacity of Sn19

+ at around 250 and 600 K. The heat capacity
for Sn20

+ varies little as a function of temperature, while that
for Sn21

+ shows a small reproducible peak at around 500 K.
As indicated above, the tin cluster ions studied here van-

ish as the extension temperature is raised above around
650 K. The source temperature is maintained at 253 K as the
temperature of the extension is varied. We have generated
large tin clusters with a source employing similar conditions
but without the extension, so there is no doubt that the dis-
appearance of the clusters studied here is related to their
thermally activated dissociation in the heated extension. Fig-
ure 2 shows a plot of the mass spectra recorded for the tin
clusters that exit the extension as a function of temperature.
Mass spectra measured below 573 K do not change signifi-
cantly and so they are not shown. As the temperature is
raised, clusters withn.16 diminish and disappear. Sn19

+ sur-
vives to a slightly higher temperature than the other clusters,
indicating that this cluster is slightly more stable than its
neighbors, an observation consistent with the results shown
in Fig. 1sad. Above 700 K, Sn15

+ is the most abundant cluster.
Only Sn10

+ and Sn11
+ display sufficient stability to survive in

significant abundance above 1000 K.
The thin solid line in Fig. 1sbd shows the heat capacities

calculated for Sn20.
13 The broad maximum centered around

1200 K is the calculated melting transition while the small
peak at 500 K and the shoulder at 850 K are the premelting
transitions mentioned above. The peak at 500 K was attrib-
uted to rearrangement processes within the TTP units. While
the cluster ions studied here clearly dissociate well before
they reach the predicted melting temperature, there is some
overlap between the measured and calculated heat capacities.
However, there is no compelling evidence in the experimen-
tal measurements for Sn20

+ for the small peak in the calcu-
lated heat capacities at around 500 K. On the other hand, the
predicted peak is small and may well be lost within the un-
certainty of our measurements. There are small maxima in
the measured heat capacities for the other clusters at close to
500 K, which may result from premelting transitions due to
localized structural changes along the lines found in the
simulations for Sn20.

The MD simulations were performed on neutral Sn20

while the measurements were done on cluster ions. This
could certainly provide an explanation for the apparent ab-
sence of the premelting peak at 500 Ksthe peak could be
smaller for the ion or shifted to a slightly higher tempera-
tured. On the other hand, the charge state should not dramati-
cally alter the relative stability of the clusters, so if the ions
dissociate on the experimental time scale at around
650–750 K the neutral clusters are not expected to behave
very differently. Comparison with DFT calculations shows
that the fission processes observed here and in the surface
dissociation experiments occur because they generate the
lowest-energy fragments.19,22 In other words, Sn20 dissoci-
ates to two Sn10 units because the Sn10 clustersa tricapped
trigonal prismd is particularly stable. The DFT calculations
indicate that almost 90% of the bulk cohesive energy is re-
covered by Sn10,

22 a much larger fraction than is expected for
a typical metal cluster. Because of the high stability of the
Sn10 units, the dissociation energy of Sn20 is relatively low,
and so Sn20 dissociates before it melts; in other words, this
cluster sublimes. Interestingly, bulk tin, which melts at
505 K, has a remarkably wide liquid range for an element
with such a low melting point: its boiling point is 2875 K.

As a final note we point out that the formation of “magic”
fragments, like the Sn10 cluster that dominates the fragmen-
tation products of medium-sized tin clusters, provides a
strong indication that dissociation is occurring from a solid
cluster. “Magic” clusters, like Sn10, are particularly stable
because they adopt a favorable geometry. In the liquid cluster
there should be no preference for a particular geometry, and
so liquid clusters that dissociatesto give liquid productsd
should not generate “magic” fragments. Liquid clusters
should dissociate by loss of individual atoms, as is usually
observed in the dissociation of metal clusters.

We gratefully acknowledge the support of this work by
the National Science Foundation.

FIG. 2. Mass spectra recorded for tin clusters as a function of
the source extension temperature for temperatures between
573 K to 1073 K. The translational energy was 150 eV. Note that
the spectra at 873 K and 1073 K are310.
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