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Melting of Pb clusters without free surfaces
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Melting behaviors of Pb clusters without free surfaces have been studied using molecular dynamics and the
Sutton-Chen~SC! potential. Two Pb clusters (PbN, with N5201 and 249! are selected and each of them has
been embedded in the core of an Al4033 cubo-octahedron, but with different orientation relationship with Al
coatings. For the Pb201 cluster, where a parallel cube-cube relationship exists with the Al lattice, semicoherent
interfaces can be formed and the core can be superheated up to 750 K, in comparing to the equilibrium melting
point of 615610 K for bulk Pb predicted using the SC potential. On further elevating the temperature, a
simultaneous melting of both the Pb core and the outer Al coating will occur. For the Pb249 cluster without a
parallel orientation relationship with Al, no effective semicoherent interface can be formed, and the core
premelts at about 500 K without breaking the crystalline structure of Al shells. The melting point of the Pb
inclusions can be predicted using thermodynamic relations. For different Pb-Al interfaces, two melting mecha-
nisms exist: one is the homogeneous melting which leads to a melting point elevation and the other is the
heterogeneous melting which can induce a melting point depression.@S0163-1829~99!09625-3#
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I. INTRODUCTION

In recent years there has been an increased intere
investigating the melting behaviors of nanometer-sized m
tallic clusters.1 A comprehensive understanding of the me
ing phenomenon is crucial because it is directly related to
stability, structure and size of the clusters. It is well know
that the melting point (Tm) of a small cluster with free sur
face, i.e., an isolated cluster in vacuum, is lower than tha
the infinite bulk solid.2 This can be understood according
phenomenological models by emphasizing the enhanced
face effects due to the small size. When the particle siz
decreased, its surface to volume ratio increases, andTm de-
creases as a consequence of the improved free energy a
cluster surface.3,4

On the other hand, in the absence of free surface, m
pieces of evidence suggest that encapsulating crysta
within higher-melting-point host matrices can achieve sup
heating or, melting point elevation. Silver clusters with go
coating can be superheated up to 25 K above silver’s mel
point.5 Inclusions of Pb in an Al matrix with sizes rangin
from 1 nm to 20 nm melt in the temperature range from 6
K to about 673 K.6–8 And Ar bubbles injected into Al lattice
remains to be crystalline up to a temperature of 730 K, i
almost two times higher thanTm of the bulk solid.9 It was
shown that the superheating could not be explained alon
the pressure increase from the volume expansion
melting.6 Instead, under these circumstances, the role of
solid-solid interfaces is emphasized and melting can be
dered by the depressed mean square amplitude of vibra
of atoms at the interfaces.10

It was also reported that, in analogy with the melti
point depression of free clusters, the change inTm of the
superheated clusters is size dependent and proportional t
inverse size of the embedded clusters,6,8 underlying that the
smaller the cluster, the higher theTm . But the size effect is
no longer the single factor to account for the superheat
PRB 600163-1829/99/60~1!/141~9!/$15.00
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Studies performed on Pb aggregates in SiO demonstr
that instead of superheating, theTm was reduced relative to
the bulk.11 While the superheating of lead crystallites on
carbon surface will depend on both size and shape.12 Our
recent results for the ‘‘as-quenched’’ and ‘‘as-milled
samples of Pb particles embedded in Al matrix also indic
that in order to achieve superheating, coherent or semico
ent interface must be formed.13 In fact, a form of a crystal-
line solid in epitaxy relationship with the matrix solid i
inevitably observed in almost all the circumstances of
superheated clusters,6–9,14 which can lead significant super
heating of the interior clusters by effectively eliminating th
possible heterogeneous nucleation sites. However, due
broad range of size distribution and the transient nature
the melting process, difficulties arise when studying the p
sible melting mechanisms experimentally, which has h
dered further explorations of the structural transitions,
energetic characteristics of clusters and the kinetics of
various melting processes. This makes computer simula
methods, and in particular, molecular dynamics~MD!, an
excellent tool for investigating the melting phenomenon.

Although the number of MD studies of melting proper
and structural stability for free clusters and surfaces app
to be enormous,4,15–29simulations for the superheated meta
lic clusters have been rarely reported. What merits m
tioned is a MD study of the superheating behavior of coa
Lennard-Jones clusters.30 It demonstrated that the degree
superheating would depend upon both the thickness of
coatings and the differing strength of the interaction betwe
the core and the outer material. The melting transition w
predicted to be first-order-like and the cluster melts from
surface inwards. The core cluster will not melt until the d
ordering of the coating atoms destroys the epitaxy interfa
However, no further simulations were carried out for the
retical understandings of the intrinsic differences of melti
mechanisms for clusters with and without constraints.

In regard to the melting origin, it still remains a muc
141 ©1999 The American Physical Society
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debated subject,10,31 due to the fact that different structure
may have different melting mechanisms and several me
nisms may even operate simultaneously.32 However, it is
more convenient for us to recognize that melting can be
tiated by two distinct mechanisms.24,33–36First, for systems
with extrinsic defects such as free surfaces, grain bounda
and voids, the process can be referred as heterogeneous
ing since these defects act as the heterogeneous nucle
sites. And second, by contrast, for systems without extrin
defects, or there is no effective heterogeneous nucleation
for the liquid phase, melting is an intrinsic process initiat
by a spontaneous homogeneous nucleation mechanism
homogeneous melting can lead to a higher melting point
yond that of the bulk solid and this has been studied in
tails for a surface-free bulk Al crystal35 as well as confined
thin films.37

In this paper, the melting behaviors of Pb clusters with
coatings have been studied using molecular dynamics
the Sutton-Chen~SC! many-body interatomic potentials.38 In
Sec. II, we determine theTms for the bulk solid, some low
index surfaces and free clusters of Pb. In Sec. III, we pres
results for melting of two Pb clusters with Al coatings. Th
discussions are given in Sec. IV and the conclusions
drawn in Sec. V.

II. MELTING POINTS OF BULK SOLID, LOW-INDEX
SURFACES AND FREE CLUSTERS OF Pb

The Tms of the bulk Pb crystal, some low-index surfac
and clusters with free surfaces have been determined u
molecular dynamics. The accuracy of the SC potential can
tested and some essential properties can be known for fu
studies of the coated clusters.

First, the equilibrium melting point (T0) of Pb solid was
estimated by applying the method formerly described by
colessiet al.39 For a system where the solid and liquid pha
are simultaneously present and in contact, theT0 can be
determined by achieving the coexistence conditions, i.e.,
of motion of the solid-liquid~SL! interface. With samples o
different orientations of a Pb crystal@e.g., along~111! and
~110! directions#, the calculatedT0 value was found to be
615610 K, which is in reasonable agreement with the e
perimental valueT0

exp5600.7 K. It should be noted that for
MD box containing only the crystalline arrays of atom
bounded with periodic boundary conditions, the melti
point is found to be as high as 72565 K. This happens be
cause no heterogeneous nucleation site, such as free su
or SL interface, can present. This melting point, also kno
as the intrinsic mechanical melting pointTm

i , can be related
to a homogeneous melting mechanism and used for an
derstanding of the melting behavior of embedded cluster37

Second, surface melting has been examined separate
simulating some low-index surfaces of Pb thin films. In d
ing this, we have constructed several thin-film crystals w
only x-y periodic boundary conditions. This creates dou
free surfaces perpendicular to thez axis. If the slab is thick
enough, the interactions between the two free surfaces ca
neglected and each free surface can represent a flat free
face of a bulk solid. The melting process of three low-ind
surfaces, i.e.,~110!, ~100!, and ~111!, were simulated using
the constant-volume and constant-temperature MD progr
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Our results indicated that the~110! surface melted below 600
K, the ~100! surface at slightly above 610 K and the~111!
surface at 640 K. The premelting, incomplete melting, a
overheating phenomena for the three surfaces, respecti
are in agreement with experimental observations and o
MD simulations results.16–26,40Further, the melting is initi-
ated at the free surface and then propagates inwards, an
role of free surfaces as providing heterogeneous nuclea
sites can be well recognized. For Al, similar results can
obtained for the SC potential and the melting of the sim
lated low-index surfaces occurs below 970 K.

Third, melting of Pb clusters with free surface has be
simulated. A number of Pb clusters, i.e., Pb201, Pb586, Pb1289,
Pb2406, and Pb4033 in the tronco-octahedral geometry, Pb147,
Pb561, Pb923, and Pb1415 in the cubo-octahedral geometry
and Pb249 and Pb603 which are ‘‘spherical’’ clusters, have
been chosen for the melting studies. All these clusters
bounded with~100! and~111! planes except for the ‘‘spheri
cal’’ clusters where other facets such as~110! exhibit. Melt-
ing behaviors of clusters will depend on both size and sha
Figure 1 shows the temperature dependence of the ave
potential energy per atom for our simulated clusters. T
melting transition is clearly identifiable by a large upwa
jump in energy with a finite slop. This occurs because m
ing first occurs at the vertices and edges, and after the o
shells of the clusters became into a liquid layer, melting
the whole clusters started from the liquid layer to core reg
very quickly. For clarity, the melting point for a cluster
defined as the intersection of the extrapolatedE-T curves
from both the low temperature end and the high tempera
end around the melting transition~see Fig. 1 for Pb2406). The
characteristics of the melting of clusters can be summari
as following.

FIG. 1. Variations of potential energy~E! with temperature for
melting of free Pb clusters. Thin lines~from top to bottom! repre-
sents theE-T curves of Pb147, Pb249, Pb603, Pb923, and Pb1415.
Thick lines~from top to bottom! represent theE-T curves of Pb201,
Pb586, Pb1289, and Pb2406. For Pb147, a transition from a cubo-
octahedral cluster to a icosahedral cluster has been detected.T0 is
the equilibrium melting point for bulk Pb solid. Also shown is th
procedure in determining the melting point of a cluster such as
the case of Pb2406.
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PRB 60 143MELTING OF Pb CLUSTERS WITHOUT FREE SURFACES
For cubo-octahedral clusters such as Pb147, transforma-
tions to icosahedronlike clusters before melting will occ
This suggests that, in the Sutton-Chen scheme, a small ic
hedral cluster can be more stable than a fcc cubo-octahe
cluster of the same size. The reason for this should be at
uted to that the SC potentials are simple power law poten
as well as they are fitted using parameters for bulk sol
Our MD studies show that the transition from a bulk-lik
structure to a structure with fivefold symmetry only occu
when clusters containing less than 1000 atoms for me
such as Pb and Al.

For spherical-like clusters, the situation is even mo
complex. Since these clusters show not only~100! and~111!,
but also ~110! or other relatively unstable facets, they a
pears to be less stable than other clusters we simulated
the temperature is increased, these clusters will readjust
shape in order to find the minimum-energy configuratio
And this has led more significant fluctuations in theE-T
curves before complete melting of these clusters.

The tronco-octahedral cluster appears to be most sta
The relation between the size and the melting tempera
Tm(R) can be predicted using a simple thermodynam
theory3 based solely on equating the Gibbs free energies
solid and liquid clusters, in assuming that the clusters
spherical particles of radiusR, i.e.,

T02Tm~R!

T0
5

2

rsLR FgSV2S rs

r l
D 2/3

gLVG , ~1!

where T0 is the equilibrium melting temperature of bu
solid,r is the density,L is the latent heat on melting, andgSV
andgLV are the solid-vapor and liquid-vapor interfacial e
ergies, respectively. Furthermore, such a relation can be
verted into

Tm~N!5T0~`!2AN21/3, ~2!

whereN is the number of the atoms involved in the partic
and A is a constant. The best fit of the MD data~Fig. 2!
yields T0(`)5612.0 K andA521.013103 K. The T0(`)
value is very close to that predicted for the bulk solid, de
onstrated again that the SC potential is quite adequat
reproducing the bulk melting properties of Pb. ForTm’s of
other clusters, it is shown in Fig. 2 that there is a stro
dependence on both size and shape.41

III. MELTING OF THE COATED Pb CLUSTERS

Melting processes of Pb clusters without free surfa
were simulated. Two small free clusters with different s
and shape, i.e., Pb201(A) and Pb249(B), were chosen and
each of them has been embedded into the core of a m
larger tronco-octahedral Al4033 cluster. In embedding a P
cluster in Al, the nearest neighbor distance between Pb
Al atoms is set to ber Pb-Al>3.33 Å. This value was obtaine
by evaluating the first peak position of the partial pair dis
bution functions for the unlike pairs calculated for the M
simulated Al50Pb50 liquid. It is always found to be larger tha
the mean values of the nearest neighbor distances for the
pairs, i.e., Pb-Pb and Al-Al, because of the existence o
strong phase separation tendency in the system. In doing
we can obtain fully relaxed interfaces by eliminating ex
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interfacial stresses due to the lattice mismatch induced
different thermal expansions for the two metals.42

One significant difference between the two model clust
is that the two Pb cores is in different orientational relatio
ships with the outer Al coatings, as shown schematically
Fig. 3. For clusterA, the core Pb201 cluster is in a parallel
cube-cube relationship with the Al coating, i.e
@001#Pbi@001#Al, and@111#Pbi@111#Al. For clusterB, the core
Pb249 cluster has been rotated around the@100# direction for
about 50° before embedding it into Al, hence, no cube-cu
relationship of clusterA exists in clusterB except for two
small ~100! facets. The two clusters is used to represent t
typical structures observed experimentally, i.e., clusterA is
for sample prepared by melt-spun13,43 or ion-implantation6

while clusterB is for the ball milled sample.13 It should be
noted that the size of our sample might be too small a
hence too difficult to be observed experimentally. Howev
they are convenient in saving computer time and suffici
enough to reveal the underlying basic physics of the melt
of the confined particles. Furthermore, free clusters Pb201 and
Pb249 show almost equal average potential energy per a
before melting, makes it rather easy to evaluate the stren
of constraints due to different orientational relationships w
the Al coating. The total number of the atoms in clusterA
andB are 3655 and 3579, respectively, indicating that th
should be more point defects~vacancies! in the initial input
structure of clusterB.

The main part of our MD simulation has been perform
similarly to the cases as presented in Sec. II. The time ste
set to beDt55.0310215s and the velocities of the particle
are rescaled using the Verlet velocity algorithm. Before he
ing we relaxed the system by running a 50 000 MD tim
steps at low temperatures, allowing unfavorable configu
tions in the interfaces to be relaxed, and then the tempera
was elevated at a heating rate of 1012K/s.

A. Superheating

The response of the mean average potential energy~E! to
temperature~T! for the Pb core and Al coating are shown

FIG. 2. Melting points vsN1/3 for PbN clusters. For tronco-
octahedral clusters, a linear relation has been fitted according to
~2!. The experimentally measured melting point (T0) for bulk Pb
and the intrinsic melting point (T0

i ) of a MD simulated surface-free
Pb crystal~a 500-atom system with periodic boundary condition!
are also shown for comparisons.
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FIG. 3. A schematic illustration of the constructions of the two embedded Pb clusters with Al coatings~clusterA andB! investigated in
MD simulations.
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Figs. 4~a! and 4~b!, respectively. It is found that clusterA can
be superheated up to 140 K beyond the equilibrium melt
point T0 of bulk solid. First, there is a small upward jump fo
Pb and a decrease for Al coating in the low temperat
region (100;150 K, denoted asTr). Then, following the
heating of the system to 700 K, the variations ofE with T for
both Pb and Al are in a linear manner and almost ident
slopes. Finally, at about 730 K, a sudden upward cha
occurs for both the core and the coating, indicating a do
nating structural transition has occurred for the whole s
tem. To identify the two structural transitions, we have
corded configurations of the system at differe
temperatures. Careful examinations indicate that the sys
first undergoes a structural reconstruction at the Al-Pb g
boundaries and this process has resulted not only a f
relaxed stable interface but also some degree of coher
between the crystalline lattices of the confined Pb cluster
the Al coating. From the section views of the clusterA at
different temperatures, as illustrated in Fig. 5~a!, we can see
that the interfaces have become more relaxed in compa
g
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with the initial input structure as shown in Fig. 3. And aft
the structural reconstruction, semicoherent interfaces ca
formed. At the same time, a few dislocations have been g
erated from the grain boundaries due to the large lattice m
fit effect, passing through the coating lattice of Al and endi
at the cluster surface~see also Fig. 6!.

The observed reconstruction mode was not detected
experiments to the authors’ present knowledge, possibly
to the transient nature of the relaxation process for real
terials. In comparing with the experimenta
observations,6,8,13,14the formation of dislocations may be a
sociated with the appearance of the free surface of Al co
ing. Also, the thickness of the Al coating in MD sample m
be much smaller than that of the matrix substance betw
two nearby Pb inclusions in experimentally obtained Pb
samples. Nevertheless, our result is informative becaus
elucidates a possible way of the formation of semicoher
interfaces.

Whence a semicoherent condition in the interfacial reg
has been reached, the thermal stability of confined Pb
FIG. 4. Melting curves of two Pb clusters with Al coatings obtained by MD simulations.
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PRB 60 145MELTING OF Pb CLUSTERS WITHOUT FREE SURFACES
ticle can be strengthened. Two different mechanisms ca
proposed for the combined melting of the core and coating
clusterA. First, melting is initiated at the free surface of th
entire cluster, as in the case of free clusters consisting of o
one component. Whence the surface epitaxy relations
with the coating materials is destroyed, melting of the c
can take place. Second, the melting of the Pb core lead
the melting of the whole cluster, by destroying the epita
Al-Pb interfaces from the inside. It seems that the fi
mechanism can be ruled out because further simulation i
cates the melting point of the free-surface Al4033 cluster is
above 800 K. Though the Al coating of clusterA contains
defects due to the generation of dislocations, it is still th
enough to be in a solid state below 800 K. So the sec
mechanism, i.e., melting is induced by the instability of t
core cluster, appears to be the acceptable. That is, for
case, the melting point of the whole cluster is mainly co
trolled by the maximum degree of the superheating of the
clusters without free surfaces.

After the whole cluster has transformed into a liquid sta
the shape of the clusterA tends to be spherical-like~some flat

FIG. 5. Cross-section views of the atomic coordination of t
coated clusters at different temperatures~open circle is Pb, full
circle is Al, and arrows indicate some dislocations generated a
MD relaxations!: ~a! clusterA; ~b! clusterB.

FIG. 6. Snapshots of two coated clusters at different temp
tures: ~a! clusterA at 200 K,~b! clusterA at 800 K,~c! clusterB
at 200 K, and~d! clusterB at 625 K.
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facets are also observable due to thermal fluctuations;
also Ref. 44!. As the temperature is further elevated, there
a tendency for Pb atoms to escape from the core of the c
ter as shown in Fig. 5~a! ~clusterA at 820 K!, similar to the
coated LJ~Lennard-Jones! clusters.30 This indicates that for
the embedded particles within a matrix such as Pb in
since Pb-Al is an immiscible system, coalescence of the
or more nearby particles can occur after one or several cy
for the solid-liquid transition, as observed experimentally
the Pb-Al samples.6

B. Premelting

The behavior of clusterB is quite different fromA. There
is no detectable structural change at low temperatures, i
cates that lack of a cube-cube parallel relationship betw
Pb core and the Al matrix makes it rather difficult to form a
effective semicoherent interface. This can be reflected
examining the cross section plot of the cluster at two diff
ent temperatures as show in Fig. 5~b!. After low temperature
relaxation of clusterB ~the relaxation process also genera
some dislocations in the outer Al shells!, some point defects
~vacancies! at the interfaces of Al and Pb can be redistri
uted. Hence, the core cluster appeared to be much
bounded by the Al coating, and the energy difference~0.002
a.u. or 0.054 eV! between the two clusters is large, clear
indicates thatB is less stable thanA. Heterogeneous nucle
ation sites can thus be formed at the Al-Pb interface or e
inside the Pb core of clusterB, which leads to the premelting
of the core at about 500 K, or 110 K below the equilibriu
melting point for bulk Pb.

However, contrary to the case of clusterA, the melting of
Pb cluster does not induce a combined melting of Al coati
Instead, the energy of Al atoms in clusterB becomes lower
and almost identical to that of clusterA, as shown in Fig.
4~b!. This indicates that the Al coating can be relaxed to
more stable state after the melting of Pb core. The wh
cluster will melt not too far below 750 K because an
cluster with a melted core is much unstable than a per
cluster of same size. Some flat facets also appeared fo
liquid Pb cluster at high temperatures@Fig. 5~b!#.

IV. DISCUSSION

The change of the Gibbs free-energyDG for melting of
embedded spherical particles is given as45,46

DG5
4

3
pr 3S L

T0
~T02T!1DED14pr 2~gLM2gSM!,

~3!

where r is the radius of the particle,L is the latent heat of
fusion per unit volume, andgLM andgSM are liquid and solid
particle-matrix interfacial energies, respectively.DE is the
strain energy per unit volume resulting from the differen
between the coefficients of thermal expansion and volu
change. For particles being well confined by the matrix,DE
can be calculated according to the relation suggested
Allen et al.47 Based on]G/]R50, a relationship between
melting point and critical radiusR can be obtained as

er

a-
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Tm~R!2T0

T0
5

1

L FDE1
2~gLM2gSM!

R G . ~4!

For free clusters, the matrix can be viewed as the va
phase, andDE50, the relation can be changed to

T02Tm~R!

T0
52

2~gLV2gSV!

LR
, ~5!

wheregSV andgSL represent the solid-vapor and solid-liqu
interfacial energies, respectively. Such a formula is simila
Eq. ~1!. It can be used in interpreting the melting point d
pressions for free clusters becausegSV is quite larger than
gSL for most metals.

If both the matrix and the embedded cluster consist of
same element, i.e., for a pure substance, Eq.~4! can be con-
verted into

Tm~R!2T0

T0
5

1

L FDE1
2gLS

R G . ~6!

This relation is just the same one as predicted using the
mogeneous nucleation theory for a metastable superhe
of an infinite surface-free single crystal.35

We use Eq.~4! in fitting the experimentally measure
melting point of the Pb inclusions in Al matrix which ca
exhibit either melting point elevation or depression~see Fig.
7!. For the case of superheating, the fitted curve is found
be close but under the one predicted using Eq.~6! with the
gSL being 0.048 Jm22 (gSL for Pb varies from 0.03–0.07
Jm22 as reported in literature, here we have used a m

FIG. 7. The degree of superheating or melting point depres
of Pb clusters. For MD simulated clusters, the circle, square, d
triangle, and up triangle represent, respectively, the Al coated P201

cluster, Al coated Pb249 cluster, Pb201 free cluster, and Pb249 free
cluster. The full line is predicted using Eq.~5! with gLS

50.047 Jm22 for Pb, the dashed line is fitted from experimen
data for Pb inclusions of Gra˚bæket al. ~Ref. 6!, the dot-dashed line
is fitted from the experimental data for ball-milled Pb particle e
bedded in Al matrix of Sheng~Ref. 48!, and the short-dashed line i
fitted from experimental data for free Pb clusters of Ben Da
et al. ~Ref. 49!.
or

o
-

e

o-
ing

to

n

value, which is close to 0.046 Jm22 as used in a recen
paper48!. The fitted interfacial energy differencegLM2gSM is
0.038 J/m22, smaller thangSL for Pb. This occurs becaus
the observed Pb-Al interface is semicoherent. For In partic
embedded inside the Al matrix, the measured value
gLM2gSM is 0.0267 Jm22 according to Zhang and Cantor,43

very close to the solid-liquid interface energy of pure
metal, i.e., 0.03 Jm22, indicates that a better semicohere
condition than Pb-Al may exist for In-Al. The superheatin
of our MD simulated Pb201 cluster is 140 K, or 0.23T0 , very
close to the curve fitted from experimental data.

If no semicoherent interface exists, such as in the b
milled samples, thegLM2gSM value will be negative, and
this can result in the melting point depression. Also in us
Eq. ~4!, we have fitted the melting points for the ball-mille
Pb inclusions in Al matrix49 but assuming thatDE is zero.
This curve is plotted in Fig. 7 together with the curve fitte
for the measured melting points of free lead particles.50 The
two curves show a large discrepancy for small particles l
than 10 nm, suggesting that the surface energies of
balled-milled Pb inclusions is quite different from that of th
free particles. Our simulated Pb249 cluster provides a direc
verification for this point. As shown in Fig. 7, the Al coatin
may elevate the melting point of the cluster significant
however, the Pb-Al interface is incoherent and shows a ne
tive interfacial energy difference, the melting point for th
cluster cannot exceed the equilibrium melting point of t
bulk solid.

The above analysis also suggests that the melting me
nisms of the clusters with different surface/interface may
two folds. On one hand, for embedded clusters with cohe
or semicoherent interface with the matrix, the melting of t
system can be viewed as a homogeneous process, where
cluster acts as a single nucleate. The melting starts from
inside of the cluster rather than at its surface. Since interf
energy difference before and after melting is positive,
embedded cluster can be superheated according to Eq~4!.
On the other hand, if the interface is incoherent, a nega
interface energy difference may be resulted, and this w
lead a melting point depression. Such an interface acts
heterogeneous nucleation site as the role of the surface
free particles. The melting behaviors of our simulated
clusters with different Al coatings are consistent with t
scenario of homogeneous or heterogeneous nuclea
mechanism. We also noted that both melting point elevat
and depression have the same thermodynamic origin, he
the superheating of clusterA does not mean that the cluster
in a metastable superheating state.

V. CONCLUDING REMARKS

Different melting behaviors have been studied for
clusters without free surfaces in using molecular dynam
and the Sutton-Chen many-body potentials. For these c
ters, the melting temperature can be either elevated or
pressed, which will depend on whether the heterogene
nucleation sites at the surfaces can be effectively elimina
or not. If the core Pb cluster is in a cube-cube relations
with the Al matrix, semicoherent interfaces can be form
combined with the generation of dislocations and the clus
can be superheated, followed by simultaneous melting of

n
n

-



t

in
o
he
c

ee
d-
tiv
v
o

fo
m
in

or
m

d

n
T

ese
ons

ry
e
-
ia-

pa-
a
be
f

ure
oms
n-

-

Pb

PRB 60 147MELTING OF Pb CLUSTERS WITHOUT FREE SURFACES
whole cluster on elevated temperatures. While withou
cube-cube relationship, no semicoherent interfaces can
formed and the core cluster will premelt, and the crystall
lattices of Al coating does not destroyed by the melting
the core. The melting points can be predicted based on t
modynamic relations where the interfacial energy differen
acts as a crucial role. A positive energy difference betw
liquid-matrix and solid-matrix interface will lead to a consi
erable superheating for the cluster. In contrary, a nega
one will lead to a melting point depression. Melting beha
iors of the simulated clusters are consistent with the hom
geneous or inhomogeneous melting mechanism.
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APPENDIX A: INTERATOMIC POTENTIALS FOR Al-Pb
BINARY SYSTEM

In the Sutton-Chen ‘‘glue’’ scheme, the total energy f
pure metals is expressed as a summation over ato
positions:38

Etot5«F1

2 (
iÞ j

V~r i j !2c(
i

r i
1/2G ,

V~r !5S a

r D n

,

r i5(
j Þ i

S a

r i j
D m

, ~A1!

wherec is a positive dimensionless parameter,« is a param-
eter with the dimensions of energy,a is a parameter with the
dimensions of length,r i is the local atomic density aroun
atom i, andm andn are positive integers.38,51

The generalization of Eq.~A1! to describe binaryA-B
alloys is straightforward by assuming that the interactio
between like pairs are the same as in the pure metals.
energy contributions toi th atom~A or B! from unlike atoms
~B or A! can be given as

Ei
AB5

1

2
«AB(

iÞ j
VAB~r i j !1«AAcAA~r i !

1/2

or

Ei
BA5

1

2
«BA(

iÞ j
VBA~r i j !1«BBcBB~r i !

1/2, ~A2!

where

VAB~r !5VBA~r !5S aAB

r D nAB

~A3!

and
a
be
e
f
r-

e
n

e
-
-

r
y

a

ic

s
he

r i5(
j Þ i

S aAB

r i j
D mAB

5(
j Þ i

fAB~r i j !, ~A4!

with only four parameters«AB, aAB, mAB, andnAB left to be
determined additionally. In the Sutton-Chen’s scheme, th
parameters are given empirically by expressing the functi
VAB andfAB as

VAB5~VAAVBB!1/2 ~A5!

and

fAB5~fAAfBB!1/2, ~A6!

which lead to

mAB5
1

2
~mAA1mBB!,

nAB5
1

2
~nAA1nBB!,

aAB5~aAAaBB!1/2,

«AB5«BA5~«AA«BB!1/2. ~A7!

Thus, all parameters in Sutton-Chen’s formula for bina
alloys can be obtained from the parameters for the purA
andB metals. However, the Al-Pb alloy is a typical immis
cible alloy system as shown in the equilibrium phase d
gram, the potential constructed according to Eq.~A7! may be
inadequate to be used for this alloy. Provided that Eq.~A7! is
purely empirical, we can readjustmAB or nAB or both of
them in order to obtain a good description of the phase se
rating or compound forming tendency by introducing
simple modification scheme. For Al-Pb system, this can
realized by makingnAB slight larger than the mean value o
nA andnB, i.e.,

nAB5
1

2
~nAA1nBB!1d, ~A8!

whered is set to be 0.5 in our calculations. Such a proced
imposes the separation tendency between Al and Pb at
by strengthening their repulsive interactions. The mixing e
thalpy is predicted to be positive, i.e.,DH50.625kBT ~at T
51200 K and zero pressure!, in good agreement with the
value given by Singh and Sommer,52 i.e., 0.847kBT for the
liquid Al0.5Pb0.5 alloy. All parameters used for Al-Pb Sutton
Chen scheme have been listed in Table I.

TABLE I. Parameters for Sutton-Chen potentials used for Al-
~fitted from room temperature properties!.

a ~Å! « (1023 eV) c m n d

Pb-Pb 4.95 5.5765 45.7811 7 10
Al-Al 4.05 9.1435 52.2066 5 9
Pb-Al 4.48 7.1406 6 10 0.5
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Another point to be considered is the truncations of
potentials in MD simulations. Considering that the Sutto
Chen potential is long-ranged, our approach in truncatio
to retain the full Sutton-Chen force within the range of
y

,

o

,

e
.

ro

s

n

.

J

e
-
is

,r<2.3a0 , but to use a modified force in the range 2.3a0
,r<2.5a0 (a0 , the lattice parameter at 0 K!. Here, we used
a similar procedure given by Broughton for a typical LJ p
tential in investigation of the bulk solid and clusters.15,30
eo-
s.

,

n
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