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Molecular-dynamics simulation studies have been carried out for the two-dimensional phases of sub-
monolayer methane physisorbed on graphite. Three methane-solid interaction potentials were used that
differed by the size of the corrugation term in the molecule-solid potential function. Thermodynamic
quantities were estimated throughout the commensurate-incommensurate and the melting transitions,
and their dependence on the corrugation magnitude s was determined. Simulations with a corrugation
magnitude 50%%uo larger than that given by the pairwise spherical-site summation approximation to the
potential give good agreement with experimental data.

I. INTRODUCTION

The physisorption of small molecules on graphite has
received considerable experimental and theoretical atten-
tion. Despite this, however, the understanding of the
static and dynamic nature of physisorbed molecular films
remains incomplete. Also, the known values of interac-
tions of molecules in these systems are still not quantita-
tively satisfactory. Especially the search for the right
value of the magnitude of the periodic variation in the
molecule-solid holding potential (briefiy, the corrugation)
is actively going on. The observed phases formed in a
physisorbed monolayer often suggest a higher corruga-
tion than was originally obtained in calculations based on
a pairwise summation of spherically symmetric site-site
potentials. In this study we will investigate the thermo-
dynamic properties and the phase transitions of methane
molecules adsorbed on graphite by molecular-dynamics
computer simulation. The simulations were performed
using three different values of corrugation: s=0, the flat
substrate; s=1, as predicted by Steele; and s=1.5. The
results of the three sets of simulations will be compared
with each other and with available experimental data.

The work presented here deals with methane on the
graphite basal plane with coverage slightly smaller than
that of a complete &3X &3 commensurate monolayer.
This system, however, may be considered as a Lennard-
Jones submonolayer since the interactions of methane
molecules are here represented by Lennard-Jones (LJ) po-
tentials. The structure and phase behavior of submono-
layer methane adsorbed on graphite has been character-
ized by experimental studies of adsorption isotherm mea-
surements ' and by neutron scattering. At low temper-
atures, the submonolayer was observed to be a v'3X V'3

commensurate solid (CS) phase. A continuous
commensurate-incommensurate transition (CIT) to the
expanded solid (ES) phase is found to occur near 50 K.
Melting of methane on graphite occurs always from the
ES phase. The melting transition is first order and takes
place at a triple point just below 60 K in the submono-
layer region. The transition temperature shifts upwards

with increasing surface coverage in the near-monolayer-
completion region. Specifically, heat-capacity experi-
ments by Marx and Wassermann found two heat-
capacity peaks, a broad weak anomaly at 47.6 K corre-
sponding to CIT and a prominent peak at 56.2 K corre-
sponding to the melting transition. More recently, Kim,
Zhang, and Chan conducted a heat-capacity experiment
and also found a broad peak near 47 K and a 5-function-
like peak near 57 K. The structural changes indicated
above for these transitions were confirmed by diffraction
measurements.

In theoretical work, an anharmonic finite-temperature
calculation ' gave a temperature-driven CIT of first or-
der at 41 K (or 44 K) and the ES was predicted to be a
free-floating two-dimensional solid without domain walls.

In this paper, we will present the results of constant-
temperature molecular-dynamics (MD) simulations car-
ried out at a surface coverage of n=0.8 monolayer, with
the monolayer defined to be a &3Xv'3 commensurate
phase.

The interaction potentials used in this study are intro-
duced in Sec. II, and the details of calculations are de-
scribed in Sec. III. The results are discussed in Sec. IV
and summarized in Sec. V.

II. INTERACTION POTENTIAL

In this study methane is considered as a spherical mol-

ecule. This is a reasonable assumption for the tempera-
ture range in our study since earlier studies showed that
above 20—30 K, methane molecules on graphite are un-

dergoing rapid rotational diffusion. '

The interaction potential used in this study is com-
posed of two parts: gas-gas and gas-surface interactions.
For the gas-gas interaction ( V ), a LJ 12-6 intermolecu-
lar potential is used with two-dimensional parameters

and o modified from bulk values (E and o ) to
include the substrate-mediated interaction (5V~ ).
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LJ parameters for bulk methane rnolecules are quite well
known and we have adopted the values of c /kz =148.2
K and age =3.817 A. ' '"

(Esg is the reduced unit of en-

ergy throughout the present work unless specified other-
wise. } The substrate-mediated change in the pairwise po-
tentials for a physisorbed adlayer has been recognized to
play an important role. ' ' The two largest of these are
the McLachlan interaction and the triple-dipole disper-
sion interaction. Kim and Cole' have found that the rel-
atively small contribution of triple-dipole dispersion in-
teraction may be included effectively into the McLachlan
expression' if the adatom height L was referred to an
effective image plane at z0 = 1 A above the outermost car-
bon atoms on the graphite basal plane. When two parti-
cles lie in a common plane, a distance L ( =z —zp } above
the interface, McLachlan's result' is

4C, 1 1 L~ VM(}p)=
(pR) 3 R

Cs2

R
(3)
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Here, p is the lateral separation between two adsorbed
particles. The coeScients C, &

and C,2 have been deter-
mined for many absorption systems' ' and formulas
exist for the general case. ' In the present study, these
substrate-mediated interactions are effectively included in
the intermolecular LJ 12-6 potential by reducing the well
depth Egg by 8% and increasing ogs by 0.02 A whenever
both rnolecules are in the first adsorbed layer: thus,

egg /k' = 136.3 K and o
gg

=3.837 A.
The gas-surface potential (V, ) is based on a LJ pair

potential between methane and carbon sites. The pa-
rarneters were based on an analysis of experimental stud-
ies of the properties of methane on graphite at high tem-
perature; values used are c,/kz =66 K and o. ,=3.6 A.
The summation over the atoms in the solid was
transformed into the two-dimensional Fourier-series ex-
pansion for gas-surface interaction introduced by Steele:

V, (r)= V,p(z)+ g V,„(z)f„(x,y) .
n)0

(5)
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In the present study, the laterally averaged part is written
in the Euler-MacLaurin form and only the first set of
Fourier component terms reflecting the two-dimensional
periodicity of the substrate are retained:
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V„(r)=Vs,p(z)+sVs„(z)f, (x,y) . (9)

Thus, s=1 corresponds to corrugation as originally corn-
puted by Steele and s=1.5 gives a more corrugated sur-
face within the range suggested by Cole and co-
workers. '

III. CALCULATION

Throughout the present study, molecular dynamics are
employed using the isokinetic constraint method in
the fifth-order Gear predictor-corrector algorithm and
link-cell technique. This constraint method is known to
generate correct configurational properties in the canoni-
cal ensemble. ' In the link-cell technique, the simula-
tion box containing 289 molecules (N) is divided into 64
cells and a particular molecule in a cell may interact with
molecules in the same cell and also with the molecules in
the first- and second-nearest-neighboring cells. This trun-

0
cates the pair interaction potentials at about 18 A; there
are no corrections made for interactions beyond this
range.

The simulation box size was taken to be (30X 18V3)ap.
Thus, the number density of this system corresponds to
0.8 commensurate monolayer. Periodic boundary condi-
tions are imposed in both x and y directions and a
reflecting wall is placed at the height of 34 A above the
surface. (In the present study, due to the relatively low
coverage and temperature, molecules never leave the first

Here, d(=3.4 A) is the interlayer spacing of graphite and

E„ is the modified Bessel function of the second order.

a p( =2.46 A ) is the reduced unit of length used
throughout the present work. The multiplicative factor
in this first Fourier component term ( V» ), reflecting the
corrugation of the substrate, has been a subject of many
studies on its own. The observed phases formed in phy-
sisorbed monolayer often suggest a much higher corruga-
tion than that given by Eq. (7},which is based on spheri-
cal LJ pair potentials between the adatorn and each car-
bon site. ' Vidali and Cole' calculated Vg» from a
direct surnrnation of two-body anisotropic interaction of
an adatom-carbon site taking into account the graphite
anisotropy and suggested V „ofthe order of twice the
value computed by Steele. Kim and Cole calculated
the anisotropic three-body contribution, involving sets of
an adatorn and two carbon atoms, to V, &

and found that
this term tends to reduce the corrugation. In the present
study, Eq. (5) is modified to read
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adsorbed layer. ) Each time step corresponds to 0.0022
ps.

Three series of calculations are performed: 10, 53, 54,
and 55 K for s=O; 10, 45, 47, 49, 51, 53, 55, 56, 57, and
59 K for s= 1; and 10, 31, 35, 39, 45, 47, 48, 49, 50, 51,
53, 55, 56, 57, 59, 61, and 63 K for s= 1.5. Most calcula-
tions are conducted in heating curves where the simula-
tion for one temperature is started from a configuration
of a neighboring lower-temperature run. At the start of
some calculations the system consisted of a perfect rec-
tangular patch of molecules in an (unregistered) triangu-
lar lattice configuration. Equilibration was achieved dur-
ing 5000 time steps by zeroing out the total momentum
of the system and scaling velocities to the desired temper-
ature in each time step. Then the system is relaxed for at
least another 5000 (dead) time steps without resetting the
total momentum or scaling velocities. At temperatures
away from the melting temperature, 10000 time steps (22
ps) at least and very near the transition, 640000 time
steps (1.4 ns) at most are performed. The positions and
velocities of particles are saved every 40 to 80 time steps.
Properties calculated include averages of the component
molecule-solid and molecule-molecule energies, heat
capacities, mean-squared displacements, velocity auto-
correlation functions, pair-correlation functions, one-
dimensional density distribution functions, and the misfit
between the methane and the graphite lattice spacing.

dM(%) = 1 — 100, d, =&3ao,
C

' 1/2 3v'3 '
A,

100, A, =

(10)

sitions of these methane monolayers are primarily two di-
mensional. This one-dimensional density distribution
function shows a continuous shift of peak position from
3.55 A (10 K) to 3.59 A (59 K) for s= 1 and 3.53 A (10 K)
to 3.57 A (63 K) for s=1.5. For a fiat substrate, s=0, an

equilibrium height z, is found at 3.51 A in the solid (53
and 54 K) and at 3.55 A in the liquid phase (55 K).

At low temperature, the methane submonolayer ad-
sorbed on graphite is experimentally observed to be in a
&3 X &3 commensurate solid phase, where molecules
form a triangular lattice with commensurate lattice spac-
ing d, =&3ao. Our low-temperature simulations at 10 K
found a triangular lattice with lattice spacing d= 1.747ao,
1.736ao, and 1.735ao for s=O, 1, and 1.5, respectively.
Thus, the corrugated substrates, both s=1 and 1.5, give
lattice spacing quite close to that of a commensurate solid
with a small misfit of —0.2% while flat substrate, s=O,
gives a little larger misfit of —0.9&o. At all temperatures,
misfits M of lattice spacing (d) are obtained from the
evaluations of running averages of the square root of the
Voronoi hexagon area ( A ) per molecule in a solid patch;

IV. RESULTS
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The density profile of the molecules as a function of
height above the surface given in Fig. 1 shows that the
amplitude of vibration perpendicular to the surface in-
creases significantly with increasing temperature even
though the molecules remain bound to the surface for all
temperatures considered. This result shows that the tran-

The Voronoi polygon, the generalization of the Wigner-
Seitz cell, is a convex polygon enclosing a particle i with
sets of points closer to particle i than to any other parti-
cle. Thus the area of a polygon corresponds to the area
occupied by a particle enclosed in it. Also a particle hav-
ing Voronoi polygons of m sides has m neighbors. The
triangular lattice solid patch mostly consists of Voronoi
hexagons with some exceptions for the particles on the
edges of the patch. Edge particles are excluded in the
misfit calculation by considering only the Voronoi hexa-
gons. The small misfits found in the 10 K simulations for
both corrugated substrates are in satisfactory agreement
with experimental observation of commensurate solid at
low temperature and density.

Averages of the components of the methane energy at
10 K are listed in Table I for all three corrugations. Con-
sidering the estimated uncertainty of 0.01 in each of these
values, the changes with s are almost insignificant except
for the average molecule-solid corrugation energy. Here,
the change is nearly linear in s. (A quadratic dependence
was predicted by Monson, Steele, and Henderson in
their perturbation treatment of this term. )

C) l 5—

0.5—

0.0—

TABLE I. Components of the average interaction energy per
molecule at 10 K (units are reduced by dividing by c~~, with
c~~ /k~ = 148.2 K).

1.5
l.3 l.4 l.5 l.6

Z /00
l.7 I.8 l.9

FIG. 1. Local densities for s= 1.5 plotted as a function of the
distance z away from the graphite surface. At the peaks, they
are 10, 45, 50, 55, and 63 K, from the top down.

Vgg /N
Vg,o/N
Vg„ /N
V„,/N

—2.77
—9.58

0
—12.35

—2.78
—9.56
—0.17

—12.51

—2.78
—9.54
—0.28

—12.60
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As mentioned in the Introduction, the effect of sub-
strate corrugation on the phase diagram of the methane
(Lennard-Jones system in general) submonolayer on
graphite is the main interest here. The s=0 2D system
has been a subject of many intensive studies which pro-
vides a comparison with our system. The trajectory plots
shown in Fig. 2 for the molecules in the adsorbed layer
with s =0 clearly demonstrate a crystal phase at
T'=0.396 (T=54 K) and a liquid phase at T'=0.403
(T=55 K). Here, T'=ksT/ss . The latent heat of
melting of l* =0.24+0.06 is estimated from the
difference of the total potential energies per molecule in
solid (55 K) and liquid (54 K) phases. Our estimate of the
triple point temperature T,*=0.400+0.004 is in excellent
agreement with the value T,*=0.40+0.01 obtained by
Phillips, Bruch, and Murphy and is slightly lower than
the value T,'=0.415 given by Barker, Henderson, and
Abraham ' and by Abraham. ' Within the combined
uncertainties the latent heat of melting agrees with the
value l* =0.27+0.05 obtained at T,*=0.4020.01 by
Phillips, Bruch, and Murphy. In summary, our system
produces satisfactory results for a Lennard-Jones sub-
monolayer on a flat substrate and is consistent with first-
order melting at a melting temperature between 54 and
55 K for methane submonolayer on graphite. We em-
phasize that the LJ melting parameters reported by other
workers are for strictly 2D systems. Although perturba-
tion theory has been used to estimate the effects of
motion perpendicular to the surface upon an otherwise
2D system, it is not clear that this motion will produce
a significant change in the melting character of mono-
layer films on graphite.

In the absence of an accurate a priori estimate of the
corrugation for the methane submonolayer on real graph-
ite, we have chosen two reasonable values of corrugation
parameters (s= 1 and 1.5) to study the effects of corruga-
tion on the observables of this system.

The temperature dependencies of the energetics of the
monolayer are shown in Fig. 3 for both s=1 and 1.5.
Both corrugation values give quite similar trends in the
various components of energies. For both s values, the
change in the term representing the laterally averaged
gas-surface potential per molecule ( V,o/N) is effectively
linear over the entire temperature range, with a slope of
0.5k~ per particle as expected for a one-dimensional har-
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FIG. 3. Energies per molecule for s=1 (dashed curve) and
s= 1.5 (solid curve): total potential energy V„,/N, gas-gas ener-

gy V«/N, the laterally averaged term ( V~,o/N), and the corru-
gation term (V~,&/N) of the gas-surface potential energy. The
laterally averaged terms for both s values are identical.
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monic oscillator. The other component energies, the
gas-gas (Vss/N), and the corrugation contribution to
gas-surface ( Vs» /N), show temperature-dependent
slopes. These changes correspond to the peaks in the re-
sidual heat capacity shown in Fig. 4. (The residual heat
capacities are obtained from the fluctuations of the total
potential energies as a function of time, not from the
change of total potential energy as a function of tempera-
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FICx. 2. Trajectory plots for s=O at 54 and 55 K. The
elapsed time is 44 and 88 ps, respectively.

FIG. 4. Residual heat capacity for s=1 (open squares) and
s= 1.5 (solid squares). Curves are drawn as a guide to the eye.



6230 HYE-YOUNG KIM AND W. A. STEELE 45

ture. To obtain the molar heat capacity due to the Auc-

tuations of the total energy, one adds the 1.5R due to
kinetic-energy fluctuations. ) As is well known, the ther-
modynamic and structural properties produced by simu-
lations of a small system with periodic boundary condi-
tions are affected by finite-size effects that make it almost
impossible to observe a first-order thermodynamic transi-
tion. However, the properties of this simulation system
exhibit sharp changes near melting which are generally
supportive of the experimental determination of a first-
order transition in this system. Of course, the simula-
tions produce microscopic information which is unavail-
able to the experimentalist. For example, one can plot
the computer-generated trajectories followed by the mol-
ecules over periods of up to 88 ps. Four such plots for
s=1.5 at 56 K are shown in Fig. 5. Here, regions where
vibrational motion is occurring are quite distinct from
the areas where the chaotic trajectories that characterize
a liquid may be seen. For such a small system, two-phase
coexistence in the classical sense is not expected, but cer-
tainly these fluctuating (in time) regions exhibit distinctly
solidlike and liquidlike motions. The existence of exten-
sive boundaries between the two types of regions makes it
difficult to split the system into areas with two (and only
two) densities and energies, but simulations are now un-

derway using much larger samples in this "coexistence"
region in an attempt to resolve this question.

If a heat of melting is defined as a difference of the total
potential energies per molecule at temperatures just
above and below the melting temperature, the sirnula-
tions yield approximately 25 and 35 K for s=1 and 1.5,
respectively, which are in good agreement with 30 K ob-
served in the thermodynamic experiment by Kim, Zhang,
and Chan. The melting temperature of 56+1 K for

s=1.5 agrees very well with the experimental observa-
tions ' and is higher than those of 54+1 K for the two
smaller s values.

The melting transition can also be seen from the values
of the adatorn mobility in the plane parallel to the sur-
face. The mobility, shown in Fig. 6, is obtained from the
slope of the molecular mean-square displacements as a
function of time. To avoid any contribution from drifting
edge particles, only particles with at least three neighbors
(in Voronoi polygon construction) are considered when
the layer is solid while all the particles are considered in
the liquid phase. (In the liquid phase, thermal expansion
causes the whole surface to be covered with particles with
the possible exception of a small hole. ) In Fig. 6, the
mobilities for all three s values, s=0, 1, and 1.5, are
shown. The Hat substrate results show a very sharp in-
crease of mobility at the melting temperature while the
corrugated substrate results show a slow increase of mo-
bility even below the melting temperature and a large
jump to a higher mobility at the melting temperature.
The slow increase of mobility below the melting tempera-
ture seems to be due to the particles involved in a
domain-wall structure observed in the incommensurate
solid phase.

2D pair-correlation functions g ( r ) for s = l.5 were cal-
culated during the simulations and are given in Fig. 7.
Significant changes in g (r) are observed as the tempera-
ture increases from 50 to 56 K, most noticeably in the
second and third peaks. At temperatures lower than 50
K, the second peak is higher than the third one. After 50
K, the heights of second and third peaks become nearly
the same and the peak positions shift outward, indicating
that the solid phase system is expanding. At 56 K, the
third peak becomes higher than the second one and as
temperature further increases the peaks are rapidly
broadened, indicating that the system is in a liquid
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FIG. 5. Four trajectory plots at 56 K for s= 1.5: each trajec-
tory plot has an elapsed time of 88 ps and is selected 132 ps
apart.
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FIG. 6. In-plane diffusion constants for s=0 (open circles),
s= 1 (open squares), and s = 1 ~ 5 (solid squares).
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FIG. 7. Pair-correlation function g(r) for s=1.5 at various

temperatures; from the top down, they are 31, 35, 39, 45, 49, 50,
51, 53, 55, 56, 57, 59, 61, and 63 K. Curves for different temper-
atures are displaced vertically.

phase.
For s= 1.5, the data plotted in Fig. 4 show a small peak

in the heat capacity at 50 K in addition to the large peak
at 56 K corresponding to melting. For s=1 no such
structure is observed. This first peak at 50 K has indeed
been observed near 47 K in the thermodynamics experi-
ments ' and referred to as CIT. Some indications of this
CIT at 50 K also appear in other simulated observables
for s= 1.5: slope changes in the energies (Fig. 3), slow in-
crease of mobilities before melting (Fig. 6), and changes
in the shape of peaks in the pair-correlation function
(Fig. 7).

To investigate the CIT region, the misfits of lattice
spacing are obtained in the way described earlier. These
data are presented in Fig. 8 for all three values of s. the
misfits at 10 K have already been discussed. For the flat
substrate(s=0), it is hard to tell the trends due to an
insuScient number of simulations, other than the fact
that the misfits increase up to —4.7% at 54 K before the
system melts. From trajectory plots, however, we find
that the solid phase is a simple patch which shows the ex-
pected continuous increase in lattice spacing. On the
other hand, for the corrugated substrates (both s= 1 and
1.5), there are sudden slope changes in the misfits at 49 K
(s= 1) and 51 K (s=1.5) as temperature increases. Until
that temperature the misfits change quite slowly up to—1.0% at 47 K and —0.7%%uo at 50 K for s= 1 and 1.5, re-
spectively. After that, the misfits change up to —5.5%%uo at
53 K for s=1 and —3.3%%uo at 55 K for s=1.5 before the
system melts. Although slope change is clear for both
nonzero s values, there is no small peak in the residual
heat capacity for s=1 as is for s=1.5. It is possible that
the peak is too small to be detected in our temperature
intervals. For s= 1.5, on the other hand, the sudden misfit
slope change occurs at the same temperature where the

FIG. 8. Misfit (%) between the solid methane and the com-
mensurate lattice spacing for s=O (solid squares), s=1 (open
squares), and s= 1.5 {open circles). Curves are guides to the eye.

small heat-capacity peak occurs.
Excellent reviews of the properties of the incommensu-

rate monolayer are provided elsewhere. The general
idea is that the substrate can induce density modulations
in the monolayer which occur on length scales much
larger than the interatomic distances. For physisorbed
gases on graphite, the adsorption sites are at the centers
of the hexagons and are spaced ao apart. At densities
where the monolayer is close to being commensurate,

large patches of adatoms are in fact registered in
v 3X&3 sublattices based on the three possible centers.
These patches (or domains) are separated from each other
by domain walls, at which the densities of the monolayer
varies significantly from commensurate. Since free-space
lattice spacing of methane molecules is larger than &3ao,
the densities at the domain walls will be less than those of
commensurate domains.

Domain structure can be found in the trajectory plots
for both nonzero s values. At low temperatures, these
systems consist in large solid patches with few drifting
edge particles and no domain walls. As the temperature
increases, one or two very unstable small domain walls
start to show up briefly in the corner of the patch during
simulations. More stable but quite mobile domain walls
form with an increasing number of domains up to about
four as temperature approaches the melting tempera-
tures. As an example, trajectory plots (88 ps each) at four
temperatures for s= 1.5 are presented in Fjii, . 9. As men-
tioned earlier, there are three distinct +3Xv'3 sublat-
tices based on the three possible centers of the graphite
hexagons. %'hen these molecules are in a different center
from that of the rest of the molecules, there exist two dis-
tinct domains separated by a domain wall. At 53 K,
some molecules are shown to reside at two or even three
centers during 88 ps making three distinct domains ob-
servable for different periods of time. As temperature in-
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FIG. 9. Trajectory plots of the incommensurate solid phases
(51, 53, 55, and 56 K) for s=1.5. Each trajectory plot has an

elapsed time of 88 ps.

creases, more domains are observed. This increase of the
number of domains in the CIT region was also observed
in a simulation work of Suh, Lermer, and O' Shea on the
CIT of xenon submonolayer adsorbed on graphite. In
their work they have used the corrugation of Steele (s= 1

here) and concluded that the experimentally observed in-

crease of lattice spacing in CIT is due to the increasing
number of domains (or number of particles composing
the domain walls) in the solid patch. Our results are con-
sistent with this conclusion.

The small increase of misfit observed in the lower-
temperature range may be considered as a finite-size
effect due to the fact that the particles near the edge of
the commensurate solid patch are more relaxed than the
particles in the middle of the patch. Our estimated misfit

of —3.3% for s= 1.5 before melting is a little larger than
the experimentally observed value of ——1.6% from the
neutron-scattering experiment done by Vora, Sinha, and
Crawford. The estimated CIT transition temperature of
47 K for s=1 and 50 K for s=1.5 is in fair agreement
with experimental data. '

As one might expect, the s=1 case gives larger misfits

than the s=1.5 case for all the temperature ranges we

studied; the smaller corrugation of substrate allows the
system to expand more easily.
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with experimental data. Our simulations for the case
s=0 yield melting parameters in good agreement with
other similar studies. Also, we find continuous
commensurate-incommensurate transitions for both
nonzero values of s.

It is well known that it is very diScult to distinguish
between a first-order and a sharp but continuous phase
transition in simulations of monolayer melting.
This problem is particularly dificult for small systems.
Visually, the trajectory plots for temperatures near 56 K
appear to show two-phase coexistence. Since one expects
larger fluctuations near a phase transition, continuous or
not, the appearance of the trajectories cannot be con-
sidered to be a proof. We have attempted to strengthen
this argument by evaluating the distributions of
methane-methane energy per particle in the films at vari-
ous temperatures. Some of the results are shown in Fig.
10 for s=1.5. For temperatures ranging up to 55 K, this
energy for a molecule in the solid has a peak at ——420
K ( ——70 K per neighbor); small peaks are observed at
——280 and ——210 K which correspond to edge mole-
cules having four and three neighbors, respectively. As
temperature increases, the peaks in the histogram are in-

creasingly broadened due to the effect of thermal motion
upon the pairwise energies. At 55 K, the primary solid
peak in the histogram is hardly shifted from its position
at 48 K. In contrast, a single broad peak with a max-
imum at ——340 K is found for the liquid at 61 K.
However, histograms at 56 and 57 K show behavior best
described as two overlapping peaks, one with its max-
imum close to that for the solid and the other close to
that for the liquid. This is precisely the expected behav-
ior for coexisting phases. The fact that coexistence is
present over a narrow interval of temperature is most

V. DISCUSSION

We have used constant-area isothermal molecular-
dynamics simulations to determine the corrugation
effects on the observables of the submonolayer methane
molecules. Many thermodynamic states were studied us-
ing three different corrugation values (s=O, 1, and 1.5).
Overall, the s=1.5 results were in the best agreement

—400
Egg &N ( k)

-200

FIG. 10. Distribution of methane-methane interaction ener-

gies per molecule for s= 1.5 [48 K (long-dashed line), 55 K (dot-

ted line), 56 K (solid line), 57 K (short-dashed line), 61 K
(medium-dashed line) j.
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likely a finite-size e8'ect.
It is observed that domain structure develops in the in-

commensurate solid for both cases with nonzero s. The
thermodynamic changes in the 2D solid associated with
these domain walls appear to produce some pretransition-
al changes that make it even more difficult to character-
ize the simulation melting as first order. In fact, it has re-
cently been suggested that the primarily continuous na-
ture of the melting of an argon monolayer on graphite is
due to domain-wall melting in that incommensurate lay-
er. For methane, which exhibits a much smaller
misfit than argon, the domains are larger (and the walls
are regions of low density relative to the domains, in con-
trast to the argon monolayer}. Although the computer
sample of 289 molecules is too small to obtain much in-
formation about the domain-wall structure, the data

presented here are capable of giving a general picture,
which is one of a sharp melting transition which exhibits
pretransitional changes not seen for the s=O case. This
conclusion is certainly consistent with experiments, but a
stronger proof that first-order melting is present in the
model system awaits results of current work on much
larger samples in the immediate vicinity of the melting
region.
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