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Observed microscopic structure in the sinsulation of multilayers
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A multilayer Nm ~as simulated by number, volume, and temperature ensembles. Systems of
224 and 672 molecules ~ere scaled to methane and argon-graphite parameters. Studies ~ere
done at T 25 K for the coverages of 0.90 to 4.13 (43&J3) monolayers. The layers within the
61m are incommensurate in the methane but commensurate for the argon case. For methane, the
lrst two layers are mutually modulated by rotated mis6t dislocations.

The microscopic details of the intermolecular mecha-
nisms in physical systems are, collectively, the genesis of
the properties observed in thermodynamic experiments.
Some of these details are often absent from analytic
theories. Consequently, computer simulation and the ac-
companying graphic representation of finite sections of
these systems can provide unique insights into the pres-
ence of the driving microstructures. The extent to which
these microscopic mechanisms determine the properties of
multilayers is then tested by the results of experiments us-

ing probes with the appropriate resolution. Our study
concentrates on the first few layers of a film since it is
reasonable to expect the interaction of these layers with
the substrate will set the character of the multilayer
growth.

Multilayer-growth criteria have been formally written
in terms of the macroscopic thermodynamics of equilibri-
um by Bruch. ' These conditions for monolayer (bilayer)
to bilayer (trilayer) coexistence were applied to several
different systems by Bruch and co-workers2 and Phillips3
in structurally "ideal" models. Other formulations have
been given for elastic continuum models. ' Lattice-gas
models for epitaxy and growth behaviors in thick films
have been studied. Thermodynamic models have been
reviewed.

Computer simulations of the physiorpion process with

grand ensembles have been published. We monitor the
microstructure within an existing solid multilayer film
similar to Vernov and Steele'o rather than an attempt to
observe the condensation of the three-dimensional 3D va-

por into islands of adsorbate.
Our simulations are the logical continuation of a series

of computational studies3 for the methane on graphite
system. The previous methods employed were lattice
sums, lattice dynamics, and the quantum-mechanical cell
model. The interaction potentials3 have been well defined
and a number of the results obtained by their use are quite
close to experimental observation. " Some of the proper-
ties showing reasonable agreement include, a prediction of
the registered (&3xv% monolayer, heats of adsorption
for the monolayer and the bilayer, the transition tempera-
ture for the commensurate-incommensurate structural
shift, and the overcompression of the near-neighbor dis-
tance in the bilayer to a value less than in bulk methane. '

VAth exactly the same interaction potentials our com-
puter simulations should test some aspects of the structur-

al assumptions made in all of the theoretical studies men-
tioned above.

The methane-methane and the methane-graphite in-
teractions are based on atom-atom pair potentials with the
parameters given by Severin and Tildesley. '3 At T» 25
K, the molecules may be in rotational diffusion, ' so we
have assumed a spherically symmetric methane molecule
with a (12,6) LJ potential («/k 137 K and cr 3.6814
jli). The methane graphite is given by Steele'5

fo r q 4"

u(z) -«t, gj~o 3 z+J z+J
with «1,/k 1468.5 K, crs, 3.297 A, and d 3.37 A.

We have not included the MacLachlan substrate-
mediated interaction and, of course, the zero-point contri-
bution in the classical simulation. The overall effect is our
scaling of methane will be slightly smaller than real
methane. We accordingly report coverages in two ways:
first as a density of molecules per unit area of the sub-
strate, and second, for more realistic comparisons to labo-
ratory coverages in units of (J3XJ3) monolayers. For
the latter purpose, we define the uncompressed monolayer
(zero spreading pressure) as the (J3&&%3) coverage of
one. In any event, our coverages will be slightly higher
than comparable conditions in a real experiment.

The argon on graphite system is approximated' in a
similar way with

«/k 143.2 K, cr 3.35 A, ei, /k 995.4 K,

~, -3.1243K, d-3.204,

It was pointed out by Krim that the ratio of C3 of the ad-
sorption potential to the bulk cohesive energy is approxi-
mately 20% greater for the methane on graphite than for
the argon on graphite system. This difference appears to
be the key to the contrasting results we observe in the
structural relationship of the first two layers of these sys-
tems.

During the simulations we calculate the ensemble aver-
ages for the internal energy, the integrated planar com-
ponent of the pressure tensor, the 2D pair-distribution
function (PDF) for each individual layer, and the proba-
bility distribution of molecules with height z above the
substrate. Starting with an uncompressed monolayer with
a density of 0.06 molecules/A (Ref. 2) [coverage
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X 0.90(J3xJ3) monolayers], we run 21 different cov-

erages in an NVT ensemble for 224 and 672 molecules
with periodic boundary conditions. The highest coverage
was 4.13. Proceeding stepwise on the 25-K isotherm, each
higher coverage used the rescaled positions of the final
configuration of the previous simulation as the initial
configuration of the next run. This method allows for
shorter equilibration times and minimizes the shock of
starting up a severely compressed ideal film. The runs are
quite long (40000 to 80000 MC moves per molecule) and
repeatable using slightly different starting conditions. In
addition, we do extensive graphics views of the film at reg-
ular intervals during the simulation. The point of view is
varied to five different positions for each layer and the en-
tire film allowing a clear inspection for defects in any lay-
er. We can superimpose one layer on an adjacent one for
comparison. From this mass of information, we have been
able to identify a number of interesting relationships in
the microscopic structure of these films.

We believe the two most important features of our
simulations are first, the contrast between the argon-
graphite and the methane-graphite systems (see Figs. 1

and 2), and second, the mutually modulated structure (ro-
tated misfit dislocations) occurring in the first two layers
of the methane/graphite system (see Figs. 3 and 4). The
low-temperature multilayer growth experiments on the
argon-graphite system's indicate a uniform layer-by-layer
growth (complete wetting) which is consistent with the
quantitative results of Bruch and Wei. It seems more
than coincidence that our simulations (Fig. 2) show the
first two argon layers to be within 0.2% of registry. This
result agrees with, but well below, the experimental limits
of the low-energy electron difFraction LEED measure-
ments of Ref. 17 on the commensurability of the argon bi-
layer. Results for the configurations shown in Fig. 2 indi-
cate two additional partial layers, with nearly bulk lattice
constants, exist above the two lower complete layers.
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FIG. 2. A plot of the 20 pair-distribution function for the
two layers of argon and graphite. The labels are the same as
Fig. l. The PDF's for these commensurate layers are superim-
posed.

Methane-graphite experiments"'2's indicate complete
wetting occurs only above the triple-point temperature.
Recent neutron-diffraction results '2 suggest a better fit to
the line shape is possible by assuming the first and second
layers to be incommensurate. The fact that the same pro-
cedure for 672 molecules has the ability to form both
commensurate and incommensurate phases for the argon
and the methane systems (Figs. 1 and 2), respectively, il-
lustrates the capability of the simulation to establish the
registry of layers correctly. The area density (-0.27
molecules/A2) is nearly equal for the simulations shown in
Figs. 1 and 2. The PDF for methane-graphite system
shows the misfit between the first and second layers to be
in the range of 2% to 5% over the range of our coverages.
The commensurability observed in the argon case differs
markedly from the misfit found at any methane coverage.
The ensemble averages for all of the 21 coverages studied
pass the usual equilibration criteria'9 and are in good
agreement with the earlier calculated results. A more
complete comparison with theory will be reported else-
where.

Shiba predicts a rotated hexagonal structure for an
elastic adlayer over a rigid periodic substrate (graphite).
We observe a similar but fundamentally different inter-
layer respoase to incommensurability. The elastic con-
stants of the methane layers are different only in that they
are not equally compressed. This allows them to be mutu-
ally modulated in an interesting new pattern. The result-
ing structures are two oblique triangular lattices (Fig. 3)

DSTANGE (R/cr )

FIG. 1. A plot of the 2D pair distribution functions for the
t~o layers of a trilayer of methane and graphite. The short-
dashed curve is the nrst-1ayer curve and the dash-dotted curve is
for the second.
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with lattice vectors (ai,bi) in the first (lowest) layer and
(aq, b2) for the second layer. The structure is uniaxial
commensurate for rows parallel to the (b-a) direction, ro-
gaged for rows parallel to the b direction, and domain
walled for rows parallel to the a direction. Figure 4 shows
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FIG. 3. A diagram of the final configuration of a bilayer of
methane/graphite. The coverage is X 2.84(vf & J3) mono-
layers and T 25 K. The stars mark the Srst-layer molecule po-
sitions and the squares the second layer.
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FIG. 4. A plot of the 20 pair-distribution functions of the
6rst two layers in a trilayer of methane and graphite. The mu-
tual modulation of the t~o layers is sho~n by the peak splitting.

the mutual modulation of the 2D PDF for each layer.
Generally, the splitting of the peaks in the PDF is more
defined in the highly compressed first layer. Thermal fiuc-
tuations tend to weaken the effects in the less compact
second layer. This structure occurs in narrow ranges of
coverage near bilayer and trilayer completion. There are
few if any vacancies, slip planes, or edge dislocations
within the first and second layers at these coverages.
However, as the coverage is increased from the bilayer to-
ward the trilayer coverages and as the coverage is pushed
beyond the completed trilayer, defects are observed in the
second layer. The presence of the defects destroys the
mutual modulation and the peaks of the PDF are no
lollgef split.

The finite-size section of our simulation must be viewed
as a small part of a large domain-walled structure. This is
because the uniaxial compression of both layers in the
direction of the a vectors (Fig. 3) could not be sustained
indefinitely. Eventually a wall intersection (hexagonal
domains) or a kink (uniaxial domains) must relieve the in-
creasing elastic strain with increasing sample size. Our
simulations have emphasized the microstructure in multi-
layer systems and should in no way be considered of
sufficient size or ensemble type to address the questions of
the phase, separation, or width of domain walls. The new
structure is repeatable since it has occurred at different

coverages for both the bilayer and trilayer films. The
simulation results in both clockwise and counterclockwise
rotations. The commensurate rows and those parallel to a
domain wall exchange directions for different runs. This
fiexibility demonstrates the sensitivity of the simulation to
the subtleties of modulated structures. A quantitative
difference can be seen in the rotation angle with the size of
the sample. We estimate the angle by a Novaco-
McTague model for the bilayer case (2'). The smaller
system (224) has an angle of 4.1'. As the system is en-
larged, the angle stablizes at 2.5'.

The microstructural observations of our simulations
have suggested that interlayer commensurability and mu-
tual modulation between layers may play a roll in multi-
layer growth and epitaxy.
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