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Extreme Superheating and Supercooling of Encapsulated Metals in Fullerenelike Shells
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Nanometer-sized tin and lead crystals exhibit drastically altered melting and solidification behavior
when encapsulated in fullerenelike graphitic shells. The melting transitions of encapsulated Sn and
Pb nanocrystals are shown in an in situ electron microscopy study to occur at unexpectedly high
temperatures, significantly higher than the melting point of the corresponding bulk materials.
Atomistic simulations are used to show that the driving force for superheating is a pressure buildup
of up to 3 GPa, that prevails inside graphitic shells under electron irradiation.
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sulated cluster atoms at the interface is hindered, and
therefore they cannot serve as a melting nucleation site.

tion experiments were carried out with electrons of
1.25 MeV energy, and a beam intensity of approximately
There has been a long-standing uncertainty about the
processes that lead to melting in solids [1,2]. Although the
thermodynamics of melting and solidification predicts
well-defined stability limits of the solid and liquid phases
[3,4], the transformation is governed by nucleation ki-
netics [1,5,6]. Two criteria to account for the onset of
melting have been frequently discussed in the literature.
The first, known as Lindemann’s criterion [7], stipu-
lates that melting takes place once the thermal root
mean squared displacement of atoms from their equilib-
rium positions in a crystal reaches a critical fraction of
the nearest neighbor distance [typically (10–20)%]. The
second, due to Born [8], states that melting occurs when
the shear moduli of the crystal go to zero, i.e., the crystal
looses its rigidity. Both criteria have been shown to be
closely related in the recent work of Jin et al. [6]. In a
freestanding crystal, melting starts at the surface, where
the motion of atoms is less hindered, and thus the
Lindemann criterion can be fulfilled at a lower tempera-
ture than elsewhere in the bulk. From there it propagates
to the rest of the crystal, which eventually melts. Of
particular interest is the melting behavior of nanometer-
sized metal clusters [9] because these systems provide
easier experimental access to the fundamental processes
of melting. It is well known that free clusters melt below
the melting temperature of the bulk, and that the differ-
ence between cluster and bulk melting temperatures usu-
ally scales as the inverse cubic root of the number of
atoms in the cluster.

Superheating of a crystal (i.e., heating it up to a tem-
perature above the equilibrium melting temperature) can
be achieved by embedding it in a matrix of a higher
melting point, if a sufficiently good lattice matching is
possible at the interface between encapsulated crystal and
confining matrix. Several examples of this have been
reported in the literature [10–16]. If there is sufficient
lattice matching at the interface, the motion of the encap-
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However, the role of other factors, such as pressure, should
also be considered. In the existing literature on super-
heating of encapsulated clusters the role of pressure ap-
pears to be small [10,11]. In contrast, in this work we show
that graphitic carbon onions can act as nanoscopic pres-
sure cells in which encapsulated metal clusters exhibit
very large superheating effects, even in the absence of a
well-defined epitaxial interface.

The remarkable mechanical properties of carbon nano-
particles such as fullerenes, nanotubes, and carbon onions
result from the extreme rigidity and strength of the co-
valent C-C bond in graphite [17,18]. In metal-graphite
nanocomposites, these properties can be made use of in
order to modify the morphology and physicochemical
properties of metal nanocrystals [19]. In this study we
report the experimental observation of drastic alterations
in the melting and solidification behavior of nanoscale
metal crystals that are encapsulated in fullerenelike
graphitic shells. The melting temperatures of Sn and Pb
crystals trapped inside graphite shells are significantly
increased, much above the corresponding bulk melting
temperatures. The opposite effect, i.e., the cooling of
encapsulated liquid droplets below the bulk freezing
point (supercooling) was also detected, though it was
significant only in the case of Sn.

We have applied condensed-phase processes to produce
graphitic cages containing metal crystals [20,21]. An
electric current (V � 20 V; I � 3–5 A) was passed
through graphite electrodes immersed in molten mix-
tures of LiCl=SnCl2 (99:1 ratio) and LiCl=Pb (99:1
ratio) under an argon atmosphere at ca. 600–700 �C [22].
In situ electron miscroscopy studies of these materials
were undertaken in a high-voltage transmission electron
microscope (Jeol ARM-1250 at the Max Planck Institut
für Metallforschung in Stuttgart) equipped with a heating
specimen stage. The specimen temperature was varied
between room temperature and 1100 K. Electron irradia-
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100 A=cm2. Electron energy-loss spectra (EELS) were
recorded at each specimen temperature. Specimens con-
sisting of partially encapsulated Sn and Pb crystals were
irradiated at temperatures above 600 K using an intense
electron beam in the electron microscope. By such treat-
ment, metal nanocrystals within disordered graphitic
material can be fully encapsulated in onion-like graphitic
shells [23–25]. Indeed, graphitic shells were observed to
wrap firmly around the metal crystals and form onion-
like spherical particles with crystalline metal cores under
electron irradiation. The encapsulated Sn and Pb cores
were observed at different temperatures, and when melt-
ing of the metal core occurred, cooled down again. The
crystallinity of the metal cores was verified by lattice
imaging and by electron diffraction.

The encapsulated Sn crystals were found to be stable
far above the bulk melting point of �-Sn (Tm � 505 K;
the other known low-pressure phases of Sn have lower
melting temperatures). Even at 770 K, solid crystals of Sn
within graphitic shells were found, as shown in Fig. 1(a).
Further observations were carried out at 920 and 1020 K,
temperatures at which all Sn crystals (encapsulated or
not) were molten. EELS spectra of the encapsulated Sn
crystals showed no indication of an oxygen edge, thus
excluding the presence of the metal oxide. To our knowl-
edge, no stable Sn carbide exists, so the encapsulated
material can be assumed to be essentially pure Sn. The
encapsulated liquid Sn droplets were found to solidify
well below the bulk melting temperature. As shown in
Fig. 1(b), encapsulated Sn droplets persist in the liquid
state down to 370 K.

As for Sn, superheating of encapsulated Pb crystals has
also been observed in our experiments. Although the bulk
melting temperature of Pb is 600 K, encapsulated Pb
crystals were observed to be still in the solid state at
FIG. 1. Sn crystals encapsulated by graphitic onion-like
shells. (a) Sn crystal (diameter 14 nm) superheated at 770 K.
The lattice fringes of the core demonstrate the presence of Sn in
the solid crystalline phase. The measured spacing of the fringes
is 0.29 nm which corresponds to the (200) lattice planes of
�-Sn. (b) Supercooled liquid Sn droplet (top, labeled with
‘‘liq’’) at 370 K. The specimen was subjected previously to
high temperature so that melting occurred. A bare (not encap-
sulated) Sn particle (bottom, labeled ‘‘sol’’) has already so-
lidified. Several adjacent particles overlap in the projection.
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740 K [see Fig. 2(a)]. However, at 870 K, all encapsulated
Pb particles had molten, as can be seen in Fig. 2(b),
indicating that the melting temperature of these super-
heated crystals occurred somewhere between these two
temperatures. While the encapsulated Pb particles re-
mained in the solid state, the lattice images were consis-
tent with the projections of the fcc phase of Pb. Again, no
trace of oxygen was found in the EELS spectra, and the
formation of a Pb carbide can be excluded on the basis
that no stable Pb carbide is known. However, one differ-
ence with the case of Sn was observed, namely, that upon
cooling the sample, no significant supercooling of liquid
Pb droplets was detected; rather, twins formed during or
after the crystallization, possibly as a result of strain
exerted by the encapsulating shells.

The hitherto reported superheating phenomena in con-
fined environments are commonly rationalized in terms
of the difference of solid-matrix and liquid-matrix inter-
facial energies [26]. If these energies are substantially
different, as may occur when there is favorable epitaxy
between solid cluster and matrix, then superheating can
be appreciable. However, this explanation cannot account
for the large superheating we find in our observations.
This is because the c axis of the graphitic layers is normal
to the interface around the whole particle; therefore no
stable epitaxial interface is likely between the carbon
layers and the confined metal core. In this particular
case the driving force behind the observed superheating
is an increase of pressure inside the carbon onions. The
self-compression of carbon onions and the nucleation of
diamond crystals in their cores under irradiation, as ob-
served earlier [27], are a clear indication that irradiation
leads to the buildup of high pressure at the cluster core.
This occurs because irradiation with electrons of suffi-
cient energy causes the sputtering of carbon atoms from
the graphitic shells. Such a loss of atoms from the outer
shells leads to a surface tension which results in a pres-
sure buildup inside the carbon onions. Diffusion of the
FIG. 2. Pb encapsulated by graphitic shells. (a) Crystalline Pb
superheated at 740 K. The spacing of the lattice fringes is
0.29 nm, corresponding to the nominal spacing of the (111)
planes (0.286 nm) in fcc crystals of Pb. (b) Liquid encapsulated
Pb droplet (diameter ca. 30 nm) at 870 K.
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FIG. 3. Volume per atom as a function of temperature at
different applied external pressures for Pb, as obtained from
isoshape isothermal-isobaric simulations. The volume change
at the melting transition is approximately 0:85 �A3 per atom in
all three cases. The inset shows the mean-squared displace-
ments (MSD) of the Pb atoms at a pressure of 2.5 GPa, and
temperatures of 860 K (dotted line) and 870 K (solid line), i.e.,
just before and after the melting transition at this pressure. The
flat MSD observed at 860 K results from thermal oscillations
of the atoms around their equilibrium positions, indicating
that the system is solid, while the finite slope of the solid
curve at 870 K is typical of the diffusive behavior of the liquid
state. From the slope of this curve a diffusion coefficient of
2:0� 10�5 cm2=s can be deduced.
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encapsulated metal through the graphitic shells is pos-
sible, and indeed has been observed experimentally [23],
but this process is too slow to counteract the buildup of
pressure inside the metal cores. Therefore, a significant
contribution to the observed superheating could be due to
high pressures being exerted on the metal crystals by the
graphitic shells. Up to the present, the magnitude of
pressure inside carbon onions has not been directly ac-
cessible experimentally. In order to estimate the range of
pressures exerted on the metal core, we have performed a
series of atomistic simulations, focusing on the particular
case of Pb.

We have used the empirical glue potential model due to
Lim et al. [28], which has been used extensively to model
Pb, and which accurately predicts the structure and
melting temperature of Pb clusters. We have taken an
fcc crystal consisting of 256 atoms in periodic bound-
ary conditions (PBC) [29]. The use of PBCs eliminates
the surface of the crystal, and emulates the effect of the
encapsulation without having to explicitly consider the
encapsulating object, i.e., the graphitic shells. We then
performed isoshape isothermal-isobaric molecular dy-
namics simulations [30] at different temperatures and
pressures. We started at 600 K (the bulk melting tem-
perature of Pb) and raised the temperature up to 900 K in
steps of 25 K, although when the melting transition was
detected a smaller temperature interval was used to lo-
cate the transition more precisely. The pressures consid-
ered were 0, 0.5, 2.5, and 5 GPa. At each temperature and
pressure simulations were carried out for times of 0.1 ns,
using a time step of 10 fs, which proved to be sufficiently
short to adequately conserve the total energy.

In Fig. 3 the volume per atom as a function of the
temperature is shown for different pressures; melting
transitions are manifested as discontinuities in the behav-
ior of the volume. At zero pressure the system remains in
the solid state up to T � 690 K, clearly above the ther-
modynamic melting temperature of the bulk (600 K), but
well below the melting temperature in our experiments
(between 740 and 860 K). This corresponds to the me-
chanical melting of an ideal Pb crystal without surfaces.
The application of a small pressure (0.5 GPa) only raises
the melting temperature by some 20 K. However, at
2.5 GPa, the crystal does not melt up to 860 K, approxi-
mately the temperature by which all encapsulated Pb
clusters were experimentally observed to be in the liquid
state. At a pressure of 5 GPa no melting was observed in
the range of temperatures considered. These theoretical
results allow us to estimate the range of pressures exerted
on the metallic cores to be of the order of 2–3 GPa in our
experiments, and confirm that high pressure prevails in-
side the graphitic shells under electron irradiation. It is
also clear that such pressures do play a role in the large
superheating effects observed in our experiments. The
inset in Fig. 3 shows the mean squared displacements
(MSD) averaged over all Pb atoms at 860 K (slightly
185502-3
below) and 870 K (slightly above) the detected melting
transition at the pressure of 2.5 GPa. The magnitude of
the MSD’s just before melting has occurred gives an
average thermal oscillation amplitude of approximately
0.7 Å. Therefore, the root mean squared displacement of
atoms from their equilibrium positions is approximately
0:35 �A, which we identify as the critical displacement for
melting at this pressure, according to the Lindemann
criterion. It is surprising that this value is very similar
in all cases where a melting transition was detected,
independently of the temperature and pressure at which
the melting transition occurred. This strongly suggests
that the Lindemann critical value is the same along the
solid-liquid coexistence curve, a point that deserves fur-
ther investigation.

The observed supercooling of Sn can be explained [26]
by the critical-sized stable grain that has to form for
solidification to take place. The critical size depends on
the temperature; the lower the temperature, the smaller
the critical grain size. Solidification of encapsulated met-
als can therefore only occur once the temperature is low
enough so that the critical-size solidification grain can be
accommodated in the confined volume within the graph-
itic walls, and this probably explains the large supercool-
ing effect observed in the case of Sn. The fact that a large
185502-3
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supercooling effect was not observed for Pb would imply
that the critical nucleation grain required to solidify Pb is
smaller than that of Sn. However, this issue warrants
further study.

In conclusion, we have reported the experimental ob-
servation of large superheating effects in Sn and Pb
clusters encapsulated in graphitic carbon onions. Super-
cooling was also observed, but was significant only in
encapsulated Sn clusters. Since no well-defined epitaxial
interface appears to occur at the carbon-metal interface,
we believe that the usual explanation advocated in order
to explain the superheating effect, namely, that there is a
large difference between the matrix-solid and matrix-
liquid interface energies, cannot fully account for the
large superheating found in these systems. We argue that
the pressure inside the carbon onions resulting from the
electron bombardment in the electron microscope plays a
major role in defining the extent of the observed super-
heating. We have carried out a thorough theoretical study
using simulation techniques that allow us to establish that
in the case of encapsulated Pb clusters the pressures
required to account for the observed superheating are in
the range of 2 to 3 GPa. The ability to encapsulate clusters
of metals and possibly other materials inside carbon
onions, combined with the possibility of exerting moder-
ately large pressures on the encapsulates, opens a new
avenue of research into the effects of pressure in the
melting of materials at the nanoscale.
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