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We present experimental evidence which demonstrates for the first time that small particles on sub-
strates sit in deep potential-energy wells and, once floated out of these, can quasimelt between various lo-
cal minima on shallow morphological free-energy surfaces. The energy needed to nucleate the quasimol-
ten state is found to be orders of magnitude larger than that needed to sustain the state. The particles
retain the unstable state for long intervals of time until they find another well on the substrate in which

they can form a stable Wulff polyhedron shape.

PACS numbers: 64.60.My, 61.80.Fe, 68.35.Bs, 68.55.Jk

It has been demonstrated, both theoretically' and ex-
perimentally,? that small particles of many materials
tend to form icosahedral, dodecahedral, and various mul-
tiply twinned states rather than their stable bulk struc-
ture. It has also been pointed out’® that the config-
urational space of these small particles is densely popu-
lated due to their shallow free-energy surfaces* with a
multiplicity of local minima. We have in the past> eval-
uated part of the Gibbs free-energy surface for small
particles and the corresponding Boltzmann distributions
and found that particles (size range of a few nanome-
ters) can escape into a ‘“‘quasimolten” state at low tem-
pertures compared to their true thermodynamic melting
points, due to the low activation-energy barriers between
the various states. This and other theoretical results®

were to some extent experimentally verified’ when a
small particle was found to fluctuate between various
shapes under an intense electron beam, in an electron
microscope, with frequencies of the order of 60 Hz/s.
However, it has been suggested that the source of these
fluctuations is violent events such as core excitations® or
a Coulomb explosion;9 the fluctuations being due to the
particle recrystallizing from a highly excited, possibly
molten state many times per second. A fundamental
physical problem is which of these models is correct since
experimental proof for neither exists so far.

The purpose of this Letter is to present experimental
observation that although a large dose of electrons, and
hence quite large amounts of energy, is needed to initiate
the state in which a small particle sitting on a substrate

FIG. 1. Sequence of images showing a small gold particle on a MgO substrate changing, during electron irradiation, from a stable
shape to the quasimolten phase. (a) Original particle (0 min); (b), (c), and (d) images after 60, 120, and 180 min of irradiation.
The particle is slowly being encapsulated by the growing substrate overlayers; (e) the particle has been lifted off the original sub-

strate layer, decoupled (220 min); (f) quasimelting state (240 min).
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(trapped in a deep potential-energy well) starts fluctuat-
ing, the energy needed to sustain that state is orders of
magnitude smaller. This is in agreement with our earlier
prediction that a quasimolten state distinct from the
thermodynamic molten state exists in small particles and
appears to rule out the violent-event models.

Our experimental procedure involved dispersing gold
clusters, prepared by the reduction of organometallic
compounds,'® onto magnesium oxide smoke particles
which had been collected onto a copper grid by placing it
over burning magnesium in air. The sample was then
observed in a HITACHI-9000 high-resolution electron
microscope, operating at an accelerating voltage of 300
kV. The specimens were clean without any amorphous-
carbon support and the vacuum at the specimen area
during microscope operation was approximately 10’
Torr. During the whole operation no trace of any carbon
contamination was found around the area of the speci-
men under observation. Figure 1 shows a small gold par-
ticle sitting on a MgO substrate, with a stable shape,
evolving through the process of sinking into diffusing
substrate overlayers,'' decoupling from the substrate,
and finally going into a state where it starts changing
shapes between various twinned structures. The energy
needed to initiate this unstable phase was provided in the
form of high-flux electron-beam (~10-100 A/cm?) ir-
radiation for a long period of time. The final image [Fig.
1(f)], when the particle is in the quasimolten phase, is

FIG. 2. A small particle of gold evolving under electron-
beam irradiation. (a) Original particle (0 min); (b) just before
being lifted off the substrate plane (230 min); (c) particle sit-
ting on a pillar grown from substrate overlayers, quasimelting;
(d) the pillar has partially collapsed and the particle fallen off
onto the substrate and crystallized into a stable Wulff polyhed-
ron with well-defined facets (270 min).
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the ensemble average of many particle shapes which oc-
curred during an exposure time of 3 s. The details of the
particle morphologies that occur during these structural
fluctuations have already been reported’ and will not be
repeated here. It is clear from the image that the origi-
nal stable particle on the substrate has a large contact
area (the formation of the interface reduces the free en-
ergy of the system), whereas in the fluctuating state the
particle seems decoupled from the substrate with an al-
‘'most spherical surface profile and a negligible area of in-
terface. In some cases, the decoupling of the particle
from the substrate takes another route. As seen from
Fig. 2, the particle gets lifted off from the original sub-
strate plane and moves to the top of a pillarlike structure
that has grown from the substrate overlayers'? before
becoming unstable. The one-dimensional nature of the
pillar suggests that the particle-substrate interactions
have been reduced to a minimum and the conditions
simulate that of a free-floating cluster in vacuum.

Since the theoretical predictions demanded only small
activation-energy barriers between different particle
morphologies in a small particle, a crucial question is,
does it need such a high-flux electron beam to transport
the particle between various states. We have observed
that this is not true. It needs large amounts of energy to
push the particle out of a large potential well in which
the particle is trapped in as a familiar Winterbottom
shape; ' see Fig. 3 for the schematic. But, once initiated,
the particle quasimelts even after the electron-beam in-
tensity is turned down to almost zero. The fluctuations
in the particle were observed at the lowest possible flux
conditions in the microscope to see an image (using a TV
intensifier with the gain on the intensifier at the max-
imum value), which corresponds to a flux of <0.1 A/

cm?.  This unstable phase of a small particle persisted
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FIG. 3. Schematic showing the deep energy wells in which a
small particle on a substrate gets trapped as a familiar Winter-
bottom shape. Once out of the well, the particle can hop easily
over the shallow morphological potential-energy surface. Here
b denotes the parameter that defines a particular config-
urational state.
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for long times, a maximum of 40 min that we have ob-
served so far. Even when the electron beam was com-
pletely turned off for about 5 min, and then turned on at
the lowest flux for observation, the particle was still fluc-
tuating. This means that either the particle was fluctuat-
ing when the beam was off or the activation energy need-
ed to form the quasimolten phase in small particles is
much lower than previously reported.” It was noticed
that as the height of the pillar increased, the frequency
of fluctuations of the particle increased suggesting that
the stability in structure of the small particle decreases
with decreasing interaction with the substrate. The par-
ticle became stable again only when it found another po-
tential well on the substrate, as seen in Fig. 2(d), when
the pillarlike structure partially collapsed and the parti-
cle crystallized on the substrate into a familiar Wulff po-
lyhedron shape with well-defined surface facets.

These observations confirm our earlier predictions® on
the free-energy surfaces and Boltzmann distributions in
small-particle structures. A particle of any size should
theoretically follow a Boltzmann-type distribution in the
interval of infinite-time scales, due to the statistical fluc-
tuations (order of A7) in the system. But, in small parti-
cles where the activation-energy barriers between various
states are extremely small,® the dwell times of individual
states could be small and the Boltzmann distribution
could evolve in observable times. We have evaluated®
the probabilities of these changes in particle morpholo-
gies and termed such an unstable state as quasimolten.
We have, here, experimentally simulated conditions of
an almost-free-floating cluster and demonstrated that the
particle left to itself is unstable and random walks in
configurational space between various morphological
states.

Other possible causes of the quasimolten state are not
consistent with our experimental results. A thermal ori-
gin for the process, which was reported elsewhere, " can
be ruled out. Considering only radiative heat transfer
from the particle to the surrounding, and using the Ste-
fan-Boltzmann law for black-body radiation, we obtain'*
orders of milliseconds for the temperature to drop from
near melting points to room temperature for MgO and
gold particles for the sizes that we observe. Local melt-
ing and recrystallization® does not seem to be a viable
route since at fluxes as low as we have reported, the fre-
quency of structural rearrangements given by this model
will be too low (we observe frequencies of 1-10 Hz for a
20-A particle even at low fluxes). Energy gain through
channels involving core excitation® could be possible but
in that case the critical flux for such events should be
much lower than previously reported. Since these excita-
tions have decay times of less than fractions of seconds,
the persistence of the unstable phase cannot be explained
by the same model. These violent models are highly im-
probable since they are high-flux and hence low-cross-
sectional events and need not be invoked for sustaining

the quasimolten phase; as mentioned below they may
play a role in initiating the quasimolten phase but not in
sustaining it.

The way the electron beam deposits energy into a
small particle through electronic excitations is not clear
as yet. We have found that the large amounts of energy
needed goes to break the bonds at the particle substrate
interface and free the particle from the potential well,
and this could involve violent electronic excitations.
Charging of the particle or the MgO does not seem to be
taking place since this would have created problems in
imaging, which was not observed. The fact is that the
energy fluctuations due to the smallest number of elec-
trons that can be used for imaging in an electron micro-
scope are enough to make the particle structurally unsta-
ble; indeed, we suspect that, in the absence of the beam,
the particle is quasimolten although, of course, we can-
not prove this. An increase in the mean energy (thermal
or electronic) may increase the system fluctuations. It
has been observed that when the electron flux is in-
creased the particle starts changing shapes at a faster
rate, essentially flattening the Boltzmann distribution.

The results we present here are clear experimental
proof for the existence of a quasimolten phase in a free
small particle. The stable particle morphologies that one
finds in experiments are the trapped morphologies in
deep potential-energy wells on the substrate. The
amount of energy needed to float the particle out of the
well will depend on the strength of short-range interac-
tions that stabilize the particle/substrate interface. But
this energy is orders of magnitude higher than that need-
ed to sustain the quasimolten phase in small particles.

This work was funded by the NSF through Grant No.
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FIG. 1. Sequence of images showing a small gold particle on a MgO substrate changing, during electron irradiation, from a stable
shape to the quasimolten phase. (a) Original particle (0 min): (b), (c), and (d) images after 60, 120, and 180 min of irradiation.
The particle is slowly being encapsulated by the growing substrate overlayers; (e) the particle has been lifted off the original sub-
strate layer, decoupled (220 min): (f) quasimelting state (240 min).



FIG. 2. A small particle of gold evolving under electron-
beam irradiation. (a) Original particle (0 min); (b) just before
being lifted off the substrate plane (230 min); (c) particle sit-
ting on a pillar grown from substrate overlayers, quasimelting;
(d) the pillar has partially collapsed and the particle fallen off
onto the substrate and crystallized into a stable Wulff polyhed-
ron with well-defined facets (270 min).



