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The velcotiy autocorrelation in a two-dimensional Lennard- Jones system is obtained by
the molecular-dynamics method. At moderate densities the autocorrelation function de-
cays slowly, proportional to the inverse time whereas it decays rapidly at high density.
The model is compared with monolayers of methane adsorbed on the basal plane of graph-
ite. The influence of the substrate on the diffusion is small and the calculated and ex-
perimentally obtained diffusion constants agree at high density.

Molecular-dynamics calculations of the velocity
autocorrelation function (v.a.c.) in a two-dimen-
sional system of hard disks' show that the v.a.c.
decays inversely proportional to the time at least
at intermediate densities. This "non-Langevin"
behavior can lead to a logarithmic divergence in
the expression for the diffusion coefficient for the
two-dimensional system. ' Recently there has
been published' some experimental data for diffu-
sion in monolayers of methane on the basal plane
of graphite. The diffusion constants were ob-
tained from quasielastic scattering of neutrons on

the monolayers and assuming Brownian move-
ments of the interacting methane molecules. The
conclusion from the experiments was that the
monolayers behaved "two dimensionally" and in
accordance with other experimental data of mono-
layers of simple molecules adsorbed on solid sur-
faces. ' This film can be described by a two-di-
mensional Lennard-Jones system" and the pur-
pose of the present calculations is to analyze the
decay in this system of the v.a.c. and to compare
the resulting diffusion with the experimental data

!from Ref. 3.

The molecular-dynamics calculations are per-
formed for two basic systems of N = 256 and N
= 576 Lennard-Jones particles, respectively, and
with periodic boundaries. The program is written
in double precision and the calculations are car-
ried out using the Verlet algorithm' with a re-
duced-time step bt*=(At)(e„/m)' '2 ' 'cr„'
=0.005, where egg and 0'„are the potential param-
eters in the Lennard-Jones potential for the pair
interaction between the particles in the two-di-
mensional system and m is the mass of the parti-
cles. We have compared the calculations with the
experimental data for methane and used the val-
ues' o„=3.783 A and e«/h = 148.9 K. With these
values of the energy parameters the reduced-
time step corresponds to 7.6 x10 "s, which is
found to be sufficient.

The present calculations are performed with

and without an external potential, u,(r), which

simulates the underlying solid substrate. Steele
has derived an expression for u, (r) as a Fourier
series in multiple of the reciprocal-lattice vec-
tors b, and b, . To second order in the expansion
he finds that

u, (r) = —2a, (cos(2mb, .r) + cos(2&b, r) + cos[2n(b, +b,) .r])
+4as(cos[2n(b, + 2b, ) ~ r]+ cos[2m(2b, +b,) ~ r]+ cos[2v(b, —b2) r]},
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A(t) = (Pv,.(~')v;(T''+ t))/(gv, '(~')), (2)

where the mean, indicated by the bracket, is per-
formed over the whole time interval ~, as de-
scribed by Hahman. " The diffusion constant D
is related to A(t) by'

where b, =(1, —1/&3)/o„, b, =(0, 2/v 3)/o„, and
the carbon-carbon distance, o„, in the graphite
surface is taken to be 1.42 A. The constant a,
and a, are complicated functions of the distance
to the basal plane of graphite and of the energy
parameters, z, and o „between the adsorbed
particles and the carbon atoms in the graphite.
The energy parameters, e„and v„, are obtained
from the corresponding energy parameters for
the carbon-carbon (c) interaction and the methane-
methane (g) interaction using the Lorentz-Berthe-
lot rules. For the carbon-carbon interaction we
use o„=3.40 A and e„/k = 28 K.' With these val-
ues of the energy parameters the two first coeffi-
cients in the expansion are —2a, = —0.025356gg
and 4a, = 0.00030@, , respectively.

The experimentally obtained diffusion constants
are given for different coverages, 8= p/p„, of
the monolayer of the graphite, where p„ is the
density at full coverage of the surface. For p„
we use the relation p io ~ 2 3 ' for the parti-
cles in the monolayer packed in a triangular lat-
tice and have' po„'=0.91656P. The diffusion coef-
ficients at the temperature T =90 K, above the
critical temperature, are measured at the cover-
ages 0=0.45, 0.7, and 0.9, respectively. Since
the external potential must be periodic over the
basic system we cannot, with N = 256, perform
the calculations exactly for these values of 8.
The calculations are performed for the reduced
densities pa, '=0.3964, 0.6050, and 0.7770, which
correspond to the coverages 6=0.433, 0.660, and
0.848, respectively.

After an initial time of 4000 time steps where
the system is temperature calibrated to T = 90m«/
k K by scaling the velocities, the velocity auto-
correlation function, A(t), is obtained from the
records of the velocities (stored after every 40
time steps) for the subsequent time interval r as

paring the diffusion constant (for pv '=0.7708,
kT/e, ~= 1.341) with the corresponding value ob-
tained by Fehder, Emeis, and Futrelle" and they
were found to agree within the statistical error.

In Fig. 1 is shown the result of the calculation
for N = 256 and for the three different values of
the coverages: 6I =0.433, 0.660, and 0.848. The
system is exposed to the graphite potential given
by (1). The three functions are obtained from
9000, 17000, and 9000 time steps, respectively,
and the statistical uncertainties are from 0.005
to 0.01. Thus at the reduced time corresponding
to 5 & 10 "s the uncertainties are larger than or
of the same order as A(t). At low coverage the
v.a.c. has a long tail, whereas A(t) at the high
coverage value are short ranged and with a slope
similar to the v.a.c. at high density in three-di-
mensional systems. " Also shown on the figure,
with full line, is the Langevin expression for A(t)
with the value D=13~10 ' cm' s ' found in Ref. 3.
As can be seen from the figure, A(t) deviates sys-
tematically from this expression.

In order to determine the functional form of the
tail of A(t), we have, in Fig. 2, plotted A(t) as a
function of the reduced inverse time and for the
medium coverage 0= 0.660. The circles are for
N = 256 and without the external potential (1), the
triangles are the corresponding values of A(t)
when the system is exposed to the external poten-
tial. The squares are for a system of N = 576 par-
ticles and without (1). The values are obtained
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where d is the dimension of the system. The
molecular-dynamics program was tested by com-

FIG. 1. The velocity autocorrelation function for a
two-dimensional Lennard-Jones system on a graphite-
like surface. The three sets of data are for the cover-
ages 0 =0.43 (filled triangles), 0.660 (filled circles),
and O.S4S (filled squares), respectively. The Langevin-
type exponential function is also shown (full line).
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from 17.000, 17.000, and 9.000 time steps, re-
spectively, and the uncertainties are shown by
bars. The dashed line is the Langevin exponential
form of v.a.c. The molecular-dynamics-calcu-
lated A(t) varies proportionally with t ' at least
up to 5 X10 "s and does not follow an exponential
function in this time interval for any value of the
diffusion constant. If this functional form exists
for longer time, the diffusion constant D, given
by (Sb), will diverge and indeed D, calculated
from the records of the positions and using (Sa),
increases systematically as 7 is increased up to
3g10-» s

The molecular-dynamics calculations make use
of the "periodical-boundary" technique in order
to simulate a macroscopic system. The influence
on A(t) on the size of the basic system can be de-
termined by varying N, as is done here, and by
calculating the time it takes a macroscopic sound
wave to traverse the basic system. ' From the
relation for an adiabatic sound wave,

(4)

FIG. 2. The velocity autoccrrelation function against
the reduced reciprocal time for a two-dimensional Len-
nard- Jones system at medium density (8 = 0.660). The
squares and circles are for a system of N=256 particles
and with and without an external graphitelike potential.
The triangles are for a system of N = 576 particles with-
out an external potential. The dashed line is the Lange-
vin expression.

we have estimated the velocity p from the energy
per particle u =kT +(u, (T)) and the equation of
state p(p) for the two-dimensional systems for e
- 0.660 and T = 90m /k K to be 1.6(e/m) ", which
corresponds to a traversal time -2&10 "s for
the smallest system and (much) larger than the
time intervals shown in Figs. 1 and 2. Consistent
with this calculation, the autocorrelation func-
tions for the small and the large system agree
within the statistical uncertainty, as shown in
Fig. 2.

At high coverage 8 = 0.848 A(t) is short ranged
and the diffusion constant D calculated by (Sa) is
independent of 7 for v greater than 2X10 "s.
The diffusion constants at this density and tem-
perature are found to be 0.0399 and 0.0426, in
units of (e/m)"'o„and for the system with and

without the external graphite potential, which
correspond to 4.2x 10 ' cm' s ' and 4.5x 10 '
cm' s ', respectively, in the case of CH4. If we
make correction for the lower coverage than that
reported in Ref. 3 these values are in agreement
with the value (3.8+ 0.4)x 10 ' cm' s ' obtained
from a linear interpolation in the experimental
values at 0=0.V and 9=0.9.
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