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Disordering and Melting of Aluminum Surfaces
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We report on a molecular-dynamics simulation of an Al(110) surface using the effective-medium
theory to describe the interatomic interactions. The surface region is found to start melting =200 K
below the bulk melting temperature with a gradual increase in the thickness of the disordered layer as
the temperature approaches the bulk melting point. The more close-packed Al(111) surface shows a
much weaker disordering below the melting temperature.
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The understanding of the melting of a solid at the mi-

croscopic level is an outstanding problem in condensed-
matter physics. The problem is presently receiving

renewed interest because new experimental evidence has

appeared, pointing to the importance of the surface in

the melting process. ' ' It has been found that the (110)
surfaces of Pb and Al show a beginning disordering of
the outermost layer even at 150 K below the bulk melt-

ing temperature TM, and a gradual thickening of the me-

lted layer at temperatures just below TM. This is the
first microscopic evidence for the surface as the nu-

cleation center for the melting process. The idea that
this should be so is old, though, and macroscopic evi-

dence has been known for years. 4

Theoretically, the role of surfaces in the melting pro-

cess has been discussed in terms of simple lattice insta-

bility arguments, and Landau theory. 6 Surface pre-

melting has also been found in computer simulations that
use Lennard-Jones potentials to describe the interac-
tions. Lennard-Jones potentials give a reasonable
description of inert-gas crystals, but are known to de-

scribe metals very poorly. This is particularly true for
surfaces where the surface energies are not well de-

scribed, and the relaxations of the interlayer spacings are

generally of the wrong sign. Consequently, it is not clear
that the phenomena observed for Lennard-Jones crystals
have any bearing on metals.

Carnevalli, Ercolessi, and Tosatti have applied an

empirical potential that includes many-body interactions
to the melting of the Au(111) surface, and found that
the reconstructed surface did not show any premelting,
whereas the two outermost layers melt on the unrecon-
structed surface.

In the present Letter we present a molecular-dynamics
simulation of the behavior of the Al(110) and (111)sur-

faces as they approach the melting point using an ab
initio effective-medium interaction potential. The
effective-medium theory' provides an approximate total

energy expression which is ab initio in the sense that the
functional form is derived with use of density-functional
theory, and the parameters entering it can be calculated
in the local-density approximation for exchange and
correlation effects. It includes the many-body aspects of
the interactions in a metallic system, and is still simple
enough that it can be used in simulations.

The purpose of the Letter is threefold. We show that
with a realistic metal potential that it is possible to give a
(semi-) quantitative account of the experimental obser-
vations. We find a definite disordering of the outermost
layers of Al(110) up to 200 K below the bulk melting
point. The calculated temperature dependence of the
LEED structure factor agrees very well with experi-
ment. We also find that the close-packed (111)surface
shows much weaker disordering than the (110) face.
Secondly, we present new evidence that melting occurs
as a layer-by-layer process. By calculating an order pa-
rameter for each layer as a function of temperature, we
find that the temperature where a given layer disorders
increases with depth. Finally, we make the observation
that the tendency to disorder seems to be related to the
energetic cost of making a vacancy.

The dynamics is studied in the adiabatic approxima-
tion. Normally the calculation of the adiabatic potential
requires a self-consistent solution of the electronic-
structure problem. Solutions are now available for spe-
cial high-symmetry systems based on the local-density
approximation for exchange and correlation effects,
which give a very accurate description of the ground-
state properties. " These methods are, however, far too
time consuming to allow dynamical simulations of
reasonable-size systems.

The basic feature of the effective-medium theory' is
that the effect of the surroundings on a given atom in the
system studied is parametrized. The time-consuming
electron-structure problem can then be solved for each
type of atom as a function of the external parameter.
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FIG. 1. The absolute square of the structure factor of Eq.
(1) for layers 1 to 10 as a function of temperature for an

Al(110) surface. The sudden decrease between 500 and 800 K
is an indication of a loss of order which we associate with a
melting transition.

The simplest parameter describing the surroundings in a
metallic system is the average electron density provided

by the neighbors of the atom in question. The electron-
ic-structure problem is then that of an atom embedded in

a homogeneous electron gas. This leads to the concept of
a universal density-dependent energy function describ-
ing, to a first approximation, the energetics of this atom
in any host. The density-dependent term gives rise to

many-body interactions except if the energy function is
linear in the density (which is written as a superposition
of densities centered at the nuclear positions). Only for
the rare gases is this approximately the case.

For a full derivation of the eff'ective-medium expres-
sion for the total energy of a system of interacting atoms
we refer to Ref. 10. We use Eq. (7.21) with the parame-
ters for Al quoted in section VII.C. They are deduced
from a calculation for Al in a homogeneous electron gas
within the local-density approximation. ' The theory
gives a good description of the bulk cohesive energy, lat-
tice parameter, bulk modulus, and phonon spectrum and
of the surface energies and surface lattice relaxations. '

Furthermore, a Monte Carlo simulation of the finite-
temperature properties of the bulk metal gives a good
description of the thermal expansion coefficient. " There
are thus good reasons to believe that it will provide a
reasonable description of the surface properties at elevat-
ed temperatures. The approximate nature of the poten-
tial does, however, mean that we generally pay more at-
tention to qualitative results and trends than to the abso-
lute numbers that emerge.

The molecular-dynamics simulations have been per-
formed with use of the velocity Verlet algorithm and An-
dersen thermalization. ' They were made on a semi-
infinite Al crystal, where the deeper-lying layers are kept
rigid with a lattice constant determined in an inde-

pendent bulk calculation at the temperature in question.
The system has been equilibrated at each temperature
for 4 ps (around 40 lattice vibrations). After this time
all system properties are completely stable, except for
thermal fluctuations. An increase of the thermalization
time by a factor of 2 or 4 does not change the results.
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FIG. 3. The square of the LEED structure factor Eq. (2)
(crosses) compared with the experimental values of Ref. 2 (full

line).

Thermal averages are then made over an additional 4 ps.
Again the results do not change if the time is doubled.
Only density contributions from nearest neighbors are
included. This is done by a gradual cutoff' of the density
tails between the nearest- and the next-nearest-neighbor
distances. Because the densities fall off rapidly over one
screening length this is a very good approximation, and
it is found to have only a minor effect on the low-

temperature properties and the thermal expansion. The
results presented here for Al(110) are obtained for a sys-
tem with 12 dynamical and 4 static layers. Parallel to
the surface periodic boundary conditions have been ap-
plied with 32 atoms in each layer. The qualitative re-
sults are found not to change if the number of dynamical
layers or the number of atoms in each layer is halved.

The results are suminarized in Figs. 1-3. In Fig. 1 we

show the temperature dependence of the absolute square
of the layer-by-layer structure factor

S(k, i, T) =(g; exp(ikr;)

x [e(z; —zi- i ) —e(z; —zI ) l &. (1)

Here i denotes the layer between zI —i and zI, 8(z) is the
step function, and the angle brackets denote a time and
ensemble average over the atom positions r; =(x;,y;,z;).
For the rest of the paper we shall restrict ourselves to
consider the first allowed Bragg peak k=(2, 0,0)2x/d,
where d is the nearest-neighbor Al-Al distance. We
therefore omit the k index in the following. The struc-
ture factor in Eq. (1) can be used as a measure of the lo-
cal order. In Fig. 1 it is clearly seen how the order de-
creases with increasing temperature, first slowly, because
of incoherence induced by the lattice vibrations, and
later suddenly, indicating the complete loss of order.

The sudden loss of order is not merely anomalous in-
crease in the vibrational amplitude of an otherwise per-
fect lattice. This evidenced by the trajectories shown in
Fig. 2. For the lower layers it is also evidenced by a
jump in the total energy per atom of 0. 1 eV (to be com-
pared with the bulk latent heat of melting of 0.11 eV. '

We are thus lead to believe that we are actually seeing a
layer-by-layer melting process.

At present we do not have enough data for an accurate
determination of the melting temperature. It is, howev-
er, clear from Fig. I that the melting temperature of a
layer increases with increasing distance from the surface.
We have not reached the bulk value completely, and for
the lowest layers the effect of the static substrate is im-
Portant. The figure would indicate a value of Tsr just
above 800 K. This is not unreasonable compared with
the experimental value of 933 K, ' given the approxima-
tions in the effectiv'e medium theory and in the im-
plementation of the present calculations. We remark
that although the static layers affect the lowest of the
dynamical layers, they are sufficiently removed from the
surface region of primary interest here.

Figure 1 indicates that the melting takes place in two
stages. First, the first three layers melt at a temperature
=200 K below TM, and then the rest comes gradually
much closer to Tsr. '6 This qualitatively explains the
ion-scattering experiments of Frenken and van der
Veen. ' Blackenhagen, Schommers, and Voegele have
measured the temperature dependence of the (20) LEED
intensity for Al(110), and find a rapid drop in intensity
around 600 K. In order to compare the calculated struc-
ture factors directly with the measured LEED intensi-
ties, they must be weighted by the probing depth of the
scattering electrons. We do this by calculating a scatter-
ing intensity [again only the (20) peak will be discussed]

2

I(T) = S(z, T)P(z) exp( —
z/A, )dz (2)

Here S(z, T) is defined as the structure factor for atoms
in a small region around z in analogy with the definition
Eq. (1), P(z) is the probability density of our finding an
atom at z, and the exponential mimics the penetration
depth of the LEED experiment. We use &=4.5 A,
which is typical for low-energy electrons. It must be
pointed out that the calculated intensity of course does
not include any of the multiple-scattering effects present
in the real LEED experiment, but we do not expect this
to aff'ect the temperature dependence of the intensities.

The comparison of the calculated and experimental in-
tensities is shown in Fig. 3. They are seen to be very
similar except that the disorder starts about 100 K lower
in the simulation than in the experiment. This is not
surprising in view of the fact that, as found above, the
potential used here gives a melting temperature that is
somewhat too low.

The ion-scattering studies of Pb show a marked
difference in the tendency towards premelting with crys-
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by use of the effective-medium theory to calculate the to-
tal energy of the system. We see definite signs of a gra-
dual layer-by-layer melting up to 200 K below the bulk
melting point. The disordering we tentatively associate
with the very small vacancy formation energy at this sur-
face.
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FIG. 4. Comparison of the atom density projected onto the
z axis for Al(110) and (111) at 600 K. The (110) surface is

seen to show strong disordering of the first layers while the
(111) surface has its layer structure preserved. The picture is

qualitatively the same at 700 K.

tal plane. The open (110) surface shows a strong effect
starting about 150 K below TM, as is also found above
for Al(110), whereas the close-packed (111) surface
only showed a weak disordering about 50 K below Tst. '
Our preliminary studies of the Al(111) surface indeed
show much weaker disordering than that found for the
(110) surface as shown in Fig. 4.

Detailed study of the atomic trajectories shows that
the disordering we observe in connection with the melt-
ing transition is triggered by the formation of vacancies.
Over the time scale of the simulation we never observe
diffusion except when vacancies are present. One role of
the surface in connection with the melting process may
be to provide low-energy vacancies. The energy cost of
the formation of a Frenkel pair on the (110) surface is
only 0.3 eV. On the (111) surface, on the other hand,
where we see only weak signs of melting below the bulk
melting point, the same energy is 1.3 eV. In the bulk the
corresponding energy is much larger (4.2 eV).

In conclusion, we have shown that the premelting of
the open Al(110) surface can be adequately simulated
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