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Abstract
The melting behaviour of Pb film embedded in an Al matrix has been
investigated by a molecular dynamics simulation technique. The Sutton–Chen
potential for alloys has been employed to perform these calculations. Melting
of a Pb(110) film has been studied by embedding it in Al(110) and Al(111).
Melting is found to initiate at the film–host interface for the Al(110) host.
However, a change in orientation of the film is observed before superheating
when the film is embedded in the Al(111) matrix. The superheating determined
by simulation is comparable with the value calculated by homogeneous theory.

1. Introduction

The melting of solids has been a subject of many theoretical and experimental investigations for
a long time to establish the mechanism by which it is initiated. The possible role of the surfaces
in nucleating melting has commonly been argued. The melting behaviour of different surface
orientations of a metal has been reported to be contrasting in many f.c.c metals [1–3]. Both
experiments and molecular dynamics simulation show that the more open crystal surfaces like
Pd(110) [3], Pb(110) [4] and Al(110) [5, 6] premelt at a temperature much lower than the bulk
melting temperature. In contrast to this, Herman and Elsayed-Ali [2] have found superheating
of Pb(111) up to 120 K above bulk melting temperature. This superheating was studied by time
resolved reflection high energy electron diffraction and it involved bypassing the effect of the
free surface by rapid heating of about 1011 K s−1 with a pulsed laser beam. Many studies have
demonstrated that encapsulating crystallites within higher melting-point host matrices may give
rise to superheating as well [7–14]. For example the melting temperature of silver clusters
have been elevated up to 25 K above the silver melting point by gold coating [7]. Superheating
has been reported, by x-ray diffraction, in lead precipitates embedded in an Al matrix [15, 16].
These studies have shown that surface melting depends upon the degree of surface packing,
with open surfaces demonstrating surface melting. Superheating of 200 K has also been
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reported in the compressed Pb epitaxy on Cu(111) substrate [17], whereas a Pb monolayer,
grown on the more open Cu(110) substrate, was shown to undergo an order–disorder transition
at lower temperature [18, 19]. However, the role of host matrix orientation has not been given
much consideration in the case of melting of embedded films. In the present study we apply
the molecular dynamics simulation technique to investigate the melting of Pb(110) crystals
embedded in two different orientations of Al matrix to demonstrate the significance of matrix
orientation. In the first case we confined a Pb(110) film in the Al(110) matrix and in the second
case a Pb(110) film was confined in the Al(111) matrix.

2. Computational technique

We have employed the Sutton–Chen many body glue potentials [20] for Al and Pb in these
studies. The potential has been modified for Al–Pb alloys [21, 22] and has already been applied
successfully to understand the melting of Pb clusters embedded in an Al matrix [22]. Simulation
was carried out under the conditions of constant pressure (NPT). The initial configurations
were generated by using the lattice parameters of Al and Pb, calculated from separate NPT
simulations for these metals. The MD cell for the Al(110)/Pb(110) system was constructed
from 24 (110) planes of Al, with 220 atoms in each layer and ten (110) layers of Pb, with
144 atoms per layer. The number of layers for Pb (110) was chosen so that the stacking
sequence of the host Al remained unchanged with the introduction of Pb film. The film was
located symmetrically between the Al matrix. The model consisted of 6720 atoms. For the
Al(111)/Pb(110) system the model consisted of 6180 atoms with 24(111) layers of Al and
10(110) layers of Pb. A Pb(110) film, with 90 atoms in each layer, was generated in the middle
of an Al matrix with the Al–Pb interlayer distance set close to the average of the interlayer
distances of Al and Pb. Periodic boundary conditions were applied in all three directions. A
Verlet algorithm with a time step of 5 × 10−15 s was used to solve the equations of motion.
The system was equilibrated at 100 K for 8000 time steps before heating up to 800 K at a rate
of 5 × 1012 K s−1. In the second case the system was heated up to 1000 K at the same heating
rate.

3. Results and discussion

The simulation was started with the situation where a Pb(110) film was embedded in the
similar structure of an Al matrix i.e., Al(110). The average energy per atom as a function of
temperature for the Pb(110) film as well as the host Al(110) is shown in figure 1. The energy
varies linearly with temperature for Al over the whole range of temperature. For the Pb(110)
film the change is linear up to 580 K and then there is an upward rise in the slope. The melting
point of the film is estimated to lie between 580 K and 600 K, which is close to the melting
temperature of surface-free Pb(110). The atomic configurations of the film and the host at
selected temperatures have been recorded and plotted in figure 2. The plot of atomic positions
at 100 K shows that there exist two semi-coherent interfaces between the film and the host. The
structure remains crystalline at 550 K. The film is in a molten state at 600 K, thus suggesting
that melting has taken place at a temperature between 550 K and 600 K. Melting is found to
initiate heterogeneously at the matrix–film interface. The thin disordered layer formed at the
interface acts as a nucleus for melting the film, thus precluding superheating.

The melting behaviour of Pb(110) film is also examined after confining it in the close
packed host of Al(111). The average energy per atom was recorded as a function of temperature
and is given in figure 3. The energy of the film increases linearly with temperature up to about
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Figure 1. Variation of potential energy per atom with temperature for the Pb(110)/Al(110) system.

Figure 2. Snapshots of atomic positions at selected temperatures for the Pb(110)/Al(111) system.
The structure is projected on to the x–z plane. The film lies in the middle.

530 K and then there is an upward increase in slope. It reaches to a maximum value at about
590 K and then drops again. It remains constant up to 720 K and then rises again. There is
a sharp transition in the energy at about 900 K. The energy of the host i.e. Al increases in a
linear manner with temperature and only a slight kink is observed at the temperature where a
peak is observed in the Pb energy. The atomic positions were recorded at various temperatures
to examine the variations taking place in the structure. In the starting configuration, i.e. at
0 K, two incoherent interfaces are present between the host and the film. The film remains
perfect (110) up to 530 K and a plot at 300 K is given in figure 4 to show the structure in this
condition. Nucleation is found to take place in the film and the structure is distorted at 550 K
as can be seen from the atomic positions at this temperature. The structure undergoes a change
of orientation from (110) to (111) at 600 K and ten (110) layers are transformed to six (111)
distorted layers (figure 4). The structure of the film becomes perfect (111) at 650 K with lower
energy and six layers can be seen clearly from figure 4. Melting initiates, again inside the film,
at about 900 K as shown in a plot of coordinates in this condition.

Another parameter, which can show the ordering of the structure, is the number density of
atoms along the perpendicular direction, i.e. the z-direction in our case. The number density
has been calculated at different temperatures to understand the changes taking place at these
temperatures. These results are plotted in figure 5. The sharp peaks at 300 K represent ten
well defined layers of the Pb(110) film. The peaks become broader as the temperature rises
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Figure 3. Variation of potential energy per atom with temperature for the Pb(110)/Al(111) system.

Figure 4. Snapshots of atomic positions at selected temperatures for the Pb(110)/Al(111) system.
The structure is projected on to the x–z plane. The film lies in the middle.

as shown in a plot at 550 K. The spread in the peaks at 550 K clearly shows the disorder in
the structure. Apart from the two outermost layers all the layers are destroyed. The plot at
600 K shows six peaks instead of ten original peaks. This indicates a structural change from
ten layers to six layers in the film and the broadening of the peaks suggests the disorder present
at this temperature. The structure becomes well ordered at 650 K (figure 5) with a sequence
corresponding to (111) structure. Melting initiates inside the film as can be seen from the
plot at 900 K, where outermost layers are still well defined and the inner layers are almost
destroyed.

The results indicate that for the open Al(110) host, melting initiates at the film–host
interface at a temperature where free surface Pb(110) melts. No superheating is observed in
the Pb(110)/Al(110) system even for such a high heating rate. This finding is in agreement with
the experimental observations [2, 23] where laser heating of the system has been performed
and no superheating was observed for Pb(110). In case of Pb(110)/Al(111), homogeneous
nucleation takes place within the film at a temperature close to melting temperature of the
free Pb(110) surface. It is interesting to note that confinement in the close packed structure
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Figure 5. Atomic density profiles along the z direction at selected temperatures for the
Pb(110)/Al(111) system.

of the matrix change the film orientation from open Pb(110) to the close packed Pb(111) at a
temperature close to the bulk melting temperature. This change in structure takes place due
to the reduction in interfacial energy. This change of orientation near melting temperature is
in agreement with the experimental findings of Peters et al [24], where it has been shown,
by x-ray studies, that the crystallites rotate and reorient themselves to a low energy Pb(111)
structure near melting. Such preferred host–film relative orientation has also been predicted
by Novaco and McTague [25] for the growth of adbsorbate on dissimilar substrates.
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The results are analysed on the basis of the classical homogeneous nucleation theory
[26], according to which, for a pure substance, the Gibbs free-energy difference between a
crystalline and a liquid embryo of spherical shape of radius r can be written as

�G = 4
3πr3(−L0�T/T0 + �E) + 4πr2γsl (1)

where T0 is the thermal equilibrium melting temperature, L0 is the latent heat at T0, γls is the
solid–liquid interfacial free energy, �T is the degree of superheating and �E represents the
strain effects caused by volume change on melting [5]. From ∂(�G)/∂r = 0, a relationship
between the critical radius rc and �T obtained is

�T/T0 = (2γsl/rc + �E)/L0. (2)

For a thin-film of thickness d sandwiched between semi-infinite solid matrices, a similar
relation can be written:

�T/T0 = [2(γlm − γsm)/d + �E′]/L0 (3)

where γlm − γsm = γls is the difference between liquid–matrix and solid–matrix interfacial
energy, and �E′ denotes the strain effects caused by volume expansion as well as by the thermal
expansion mismatch on melting. Using the data for Pb from the literature, γls = 0.097 J m−2

[24], L0 = 4.81 kJ mol−1 [27] and �E = 0.1L0, and d = 17.2 Å (the thickness of our film)
we calculated, �T/T0 = 0.53 or �T = 0.53T0. This value compares very well with our
simulated value of 0.50T0. However, the superheating is much higher than 120 K, obtained
experimentally by Herman and Elsayed-Ali for Pb(111) [2]. A possible reason for this higher
value may be the fact that 900 atoms of ten Pb(110) layers are packed into six Pb(111) layers
and this increases the density of Pb(111) planes by 4.17% more than the normal density.
Furthermore, the heating rate in our simulation is higher than the one used by Herman and
Elsayed-Ali in their experiment [2]. This increase in melting temperature due to increase in
density is in agreement with the experimental findings of Meyer et al [17], where a rise of
200 K in melting temperature has been reported, by LEED studies, in a 3.2% compressed layer
of Pb epitaxy on Cu(111).

4. Conclusions

In conclusion we have shown that the superheating of a confined film is influenced by the
orientation of the host matrix. Pb(110) can never be superheated by embedding into the
Al(110) host. However, Pb(110) film shows orientation transition from (110) to (111) when
confined in Al(111) host. The reoriented structure is superheated up to 300 K above the
bulk melting temperature and this value in agreement with the theoretical calculated value.
Therefore the results reported here signify the importance of the matrix orientation in which
the film is confined.
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