
VOLUME 60, NUMBER 7 PHYSICAL REVIEW LETTERS 15 FEBRUARY 1988

Quasimelting and Phases of Small Particles

P. M. Ajayan and L. D. Marks
Department of Materials ScienceN, orthwestern University, Evanstonl, llinois 60208

(Received 30 October 1987}

Calculations of the Gibbs free energies of single-crystal and multiply twinned small metal particles
clearly indicate for the first time both the presence of a quasimolten phase (where the particles are con-
tinuously fluctuating between different structures) at temperatures well below the melting point and the
existence of distinct phase regions for dift'erent particle shapes. These results have important implica-
tions for the understanding of epitaxial growth processes; for instance, at temperatures where the quasi-
molten and single-crystal phases are contiguous, one would expect far better epitaxial growth than at
temperatures where the multiply twinned phases are stable.

PACS numbers: 61.50.Cj, 61.50.Jr, 68.55.Jk, 68.55.Rt

It has been known for many years that it is possible to
produce small metal clusters which have different struc-
tures from the stable bulk solid structure, the most
clear-cut example being multiply twinned particles. '

The basic rational for these structures is that they have
lower total surface energy than simple single crystals be-
cause of more low-energy (111) faces at the expense of
an internal strain; at smaller sizes the net gain in surface
energy outweighs the strain-energy cost. Some recent
high-resolution electron microscope results have sug-
gested that there may be some additional physics of in-

terest in these particles. The experimental observation is
that some small particles, rather than having a fixed

structure, fluctuate between different multiply twinned

and single-crystal structures on a time scale than can be
observed by a real-time television image intensifier (i.e.,

remaining in each state for about —,', sec). These results
are suggestive of the structural fluctuations predicted by
Hoare and Pal, who find that a very small cluster may
have enough entropy not to remain in a fixed structure,
and by Berry, Jellenik, and Natanson, who find a pseu-
domelting range in small particles.

Stimulated by these results, we have recently been
working to extend previous continuum models to consid-
er more complicated particle structures, initially calcu-
lating part of the n-dimensional enthalpy surface as a
function of the particle morphology. These calculations
implied that the energy difference between different par-
ticle morphologies was surprisingly small, and we sug-
gested that the fluctuations predicted by Hoare and Pal
could be extended to much larger particle sizes, leading
to the "quasimelting" observed in the electron micro-
scope.

The intention of this Letter is to report the results of
the extension of the model to include the entropy, which
allows us to calculate part of the Gibbs-free-energy sur-
face as a function of the particle morphology and the
Boltzmann distribution of particle structures. We con-
clude from our analysis that there exists a true phase re-
gime where quasimelting occurs, distinct from the con-

which depends only on the particle shape (in this case
the shape parameter b, which defines the geometric posi-
tion of an asymmetric disclination from the particle
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FIG. 1. Plots of the Gibbs free energy as a function of b, the

fractional distance from the circular particle center of the dis-

clination core in a decahedral multiply twinned particle, for
diA'erent temperatures. The energy curves were plotted after
normalization at each temperature individually and compres-
sion of scale on the Y axis for better visual display.

ventional melting of a small particle. In addition we
construct for the first time a phase diagram for the ther-
modynamic equilibrium structures of small particles as a
function of particle size and temperature.

The basic idea of the enthalpy calculation was to cal-
culate the strain and total surface energies of asym-
metric decahedral multiply twinned particles, one line
along the n-dimensional surface. The largest contribu-
tion was the surface energy which was evaluated in terms
of a dimensionless energy parameter
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FIG. 2. Boltzmann expectancy of particle structures to go
with Fig. l at diA'erent temperatures.

center) and not on the volume. yl 1 1 in the above expres-
sion is the surface energy per unit area of a (111) facet
and V is the total particle volume. The strains were cal-
culated with a disclination model using inhomogeneous
isotropic two-dimensional elasticity. The total potential
energy then becomes

E=y E V /3+CV(1 b2)2

+DE„yiiiV i (1 —b )+ . , (2)
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FIG. 3. The index of quasimelting (I), shown as a function
of particle radius and temperature. True quasimelting is
defined at an arbitrary value of I =0.98.

beyond what we have already considered, for instance,
the surface phonon contribution. A typical result for the
Gibbs free energy is shown in Fig. 1, here for a 2.5-nm-
radius particle.

From these data we can immediately calculate the
Boltzmann distribution of particle morphologies as a
function of temperature, as shown in Fig. 2. It is clear
that these data and the free-energy curves that at higher
temperatures there is no preferred structure, and quasi-
melting will occur. In order to quantify when quasimelt-
ing does take place we have chosen to consider an index

where C=peD/4(l —v) and D=0.5eDr)ye| / i1e„twith p
the shear modulus, eD =co/2x, ru the disclination angle,
v Poisson's ratio, and e, the surface strain. The first
three terms in the above expression correspond to contri-
butions due to surface free energy, internal elastic strain

energy, and energy from surface distortion. Higher-
order terms due to thermal gradients, surface relaxa-
tions, etc. , were found to be negligible in comparison. To
convert this to a Gibbs free energy, one has to take ac-
count of the entropy from the anisotropic nature of sur-

face free energy, the entropy of the total strain energy
via the temperature dependence of the elastic moduli,
and the entropy due to dilatation. The entropy contri-
bution was evaluated as
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5 =E,y, V ~ + CVpT(1 —b ) —3PdV k, (3)
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where y, =dyiii/dT, pT=dp/dT, P is the CJriineisen

constant, dV is the net dilatation in atomic volumes, and
k is Boltzmann's constant. In principle one should in-

clude the entropy due to surface stresses and that of the
twin boundaries in the multiply twinned particles, but
analysis indicated that these were negligible. The entro-

py of mixing was the same for all the shapes as the de-
generacies are identical. It should also be noted that a
number of terms will not vary with particle structure
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FIG. 4. Phase diagram for small particles. Included in the

figure is the experimentally determined depression of the melt-

ing point in small particles (Ref. 10). Stability regimes: L,
liquidus; QM, quasimelt; Ic, icosahedral multiply twinned par-
ticle; Dh, decahedral multiply twinned particle; and SC, single
crystal. The phase boundaries shown by dotted lines are extra-
polated.
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of quasimelting (I), the ratio of the Boltzmann factor
for the most unlikely structure to that for the most likely

structure, and plotted this for diff'erent radii in Fig. 3.
When this ratio is greater than 0.98, we will consider
that true quasimelting has occurred. Admittedly this
value is a little arbitrary, but is should be fairly represen-
tative.

With all this information (the free-energy curves for a
range of temperatures and particle sizes, and Fig. 3), we

can now construct a true phase diagram for particles as a
function of size and temperature, as shown in Fig. 4. A
number of important phenomena are apparent from the

figure. Firstly, the quasimolten phase is clearly distinct
from the liquidus and the stable-particle structures.
Secondly, multiply twinned particles are clearly low-

temperature phenomena. Finally, we can immediately
start to understand the critical role of temperature in

small-particle growth. For instance, at higher tempera-
tures when the quasimolten and single-crystal phases are
contiguous, we would expect to obtain good epitaxial
growth for systems such as gold on KC1, which is con-

sistent with experimental results. "
A final point should be made with respect to Fig. 4:

The phase boundaries shown should be semiquantitative-

ly correct but need to be tested by experimental results
and perhaps more accurate calculations. When calculat-
ing the total surface energies of the particles we have

only considered (111) and (100) facets, and if higher-
index facets were included the energy barriers between
different structures would be a little smaller. s Secondly,
in principle pairwise calculations could lead to better
theoretical results although it is not clear if these are
tractable for large clusters even on supercomputers. Fi-
nally, it should be noted that this diagram shows only the
thermodynamically lowest-energy configurations, but
during particle growth, for instance, kinetic factors will

be important. With all these caveats aside, it would

seem that the phase-diagram approach is a positive step
towards a more fundamental understanding of small-

particle structure and growth.
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