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Melting transition of near-monolayer xenon films on graphite:
A computer simulation study. II.
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Xenon films of greater than one monolayer thickness are simulated using the molecular-dynamics

techmque. If the total substrate area and coverage are held constant, we find that the first layer of
the xenon film melts in an apparent continuous manner over a small temperature interval and is

consistent with two-phase, solid-liquid cocxlstcncc. Thc quantitative fcaturcs of the corrclatlon

functions are in excellent agreement with recent x-ray experiments [P. A. Heincy et al. , Phys. Rev.
Lett. 48, 104 (1982); T. F. Rosenbaum et al., Phys. Rev. Lett. 50, 1791 {1983)]. If the spreading

pressure and total coverage are held constant, we find that the melting transition is first order. This

is in conflict with the conclusions of Heiney 8t Ql. based on constant-chemical-potential cxpcriments

but is consistent with the constant-area and -coverage simulation. A possible explanation is pro-

posed.

In recent x-ray scattering experiments, Heiney et al
examined the melting of the first xenon-monolayer film
on the (001) basal plane of pyrolytic graphite at the high-
temperature region of the phase diagram, and found re-
sults at odds with low-temperature laboratory experi-
ments, and with computer experiments for strictly two-
dimensional atomic systems. In particular, they inter-
preted their results as indicating the melting transition to
be continuous, with fluid correlation lengths exceeding
100 atomic spacings. In a very recent experimental
study, Rosenbaum et al. measured the x-ray diffuse
scattering from monolayer xeonon on single-crystal sub-
strates of exfoliated graphite, and they concluded that the
solid xenon film melts into an orientationally ordered
liquid (or hexatic) phase.

In this present study, we extend our earlier investiga-
tions ' of the monolayer xenon melting transition at high
temperatures Rnd covcI'ages by employing thc moleculaf-
dynamics (MD) computer-simulation technique and by
specifying constant temperature, total coverage, and
spreading pressure (TpMD), or constant temperature, total
coverage, and substrate area (TaMD). The total coverage
ls Rppi'oxiiilatcly 1.1 nioilolayci, ol 10% occilpRIlcy 111 tllc
second adsorption layer. For the TcMD-simulation ex-
periments, the first layer of the xenon film melts continu-
ously over a. small temperature interval, and this is con-
slstcnt with two" phase, solid-11quld cocxlstcQcc. Thc
quantitative features of the correlation functions are in ex-
cellent agreement with the experiments. ' For the X@MD
experiments, this melting transition is found to be first or-
der, in disagreement with the conclusions deduced from
laboratory experiment. The possible resolution of this
disag1 ccIDcnt will bc coIl81dcI cd.

The details of the computer model and numerical-
simulation method for studying xenon on graphite has
been presented ' and will not be discussed here. In Ref.
6, the TaMD-simulation study used 576 I.ennard-Jones
xenon atoms and a basal-plane area of A'=612.5, and a
cont1nuous IYlclting tfRQs1t1on was fouQd, 1Q a,gI'ccIncnt

with cxpcrllricn't. Howcvci', thc issiic of tllc 1"01111dliig of
a first-order transition because of finite-size effects (e.g.,
see Ref. 7) needed to be addressed, and this was the pri-
mary stimulus for extending the study to a larger system.
We have chosen a system four times larger (or 2304 xenon
atoms), and have found a "size effect, " which does not
change the general conclusions of our earlier study. In
Ref. 6, we found a small temperature window where the
first xenon monolayer melts and freezes continuously in
time, and where the two-phase coexistence i.s prevalent
during the temporal excursions. This occurs because of
the exchange of atoms between the first and second layer.
With our larger system (i.e., 2304 xenon atoms), the tem-
poral density fluctuations of the total monolayer at a
given temperature are small in the temperature interval of
the melting regime. Therefore, the first-layer phase does
not oscillate in time between the density extremes of the
solid and liquid phases but remains as a solid-liquid rnix-
ture. This is consistent with the picture that small "local"
regions of the larger system melt and freeze, as observed
1Q thc small-system simulation, but thc spatial RvcI'Rglng

of these "uncorrelated" density fluctuations over all subre-
gions of the larger system suppresses the extreme temporal
variat1ons of thc f1I'st layer 8 IIlcaIl dcQs1ty Rs observed 1Q

our earlier study. In Fig. 1, the mean first-layer density as
a function of temperature is presented through the melt-
ing regime for both the TaMD and TPMD experiments.
Unless stated otherwise, reduced units for the density and
temperature are used and are denoted by p and T*,
rcspcct1vcly. Thc density-temperature bchav1or 18 chaI'Rc-
teristic of a continuous melting transition for the TaMD
experiments and of a first-order transition for the TpMD
experiments. In Fig. 2, the temporal relaxation and fluc-
tuation about equilibrium of the first-layer density in the
TaMD simulations are presented for several temperatures
through the continuous mCt1ng regime. A 0.05-ps time
step is adopted in the numerical integration. An attempt
was made to choose the initializing state of the system
(t=0) to be significantly away from equilibrium, so that
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FIG. 1. Mean first-layer density as a function of temperature

through the melting regime for both the TaMD and TpMD
8161ulat1ons.

we may see pronounced temporal relaxation of the
system's properties to equilibrium. The results in Fig. 2
are representative of several such experiments. In the case

of the constant spreading pressure simulations (i.e., TpMD
experiments), an equilibrium state of a TaMD simulation
with a density midway between the solid and liquid densi-
ty was chosen as the initialization state; hence if the
system s equilibrium state was so11d OI' 11qu1d, 1t s I'elaxa-
tion to that phase was very apparent with no associated
problems ascribed to the establishment of metastable
states (i.e., hysteresis). If the intermediate density was
representative of the equilibrium state, equilibration would
have been rapidly realized by maintaining this intermedi-
ate density.

We first discuss the results of the TaMD study and
their relationship to the laboratory experiments. ' In Fig.
3, the radial distribution function and its corresponding
structure factor are shown for selected temperatures, the
lowest temperature correlation function being representa-
tive of a solid xenon monolayer and the other suggesting a
disordered, or "fluid, '* phase with short-range correlation
decreasing from several atomic diameters to a few atomic
diameters with increasing temperature. The respective
correlation lengths were obtained by fitting the solid
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FIG. 3. Radial d18tr1butlon Rnd its corrcspond1ng structure
factor for selected temperatures, the lowest-temperature correla-
tion function being representative of a solid xenon monolayer
and the others suggesting a disorder phase with short-range
correlation.
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FIG. 4. Inverse corrclat1on length as a fuilction of tempera-
ture and the peak amplitude as a, function of inverse correlation

length, compared with the empirical fits to the laboratory mea-

surements (Ref. 1).

structure factor to a Lorentzian profile and the fluid
structure factors to a square root of a Lorentzian profile.
The solid correlation length was scaled to the graphite
crystallite size in the laboratory experiments at 2000 A.
In Fig. 4, inverse correlation length as a function of tem-
perature and the peak amplitude as a function of inverse
correlation length are compared with the empirical fits to
the laboratory measurements, ' where the xenon-xenon
Lcnnafd- Jones paf Rmctcrs RI'c fcnormalizcd to
e/k=237. 8 and o=3.95. We note the excellent agree-
ment between the computer experiment and the laboratory
experiment, In Fig. 5, representative trajectory plots for
the first-layer atoms are shown for various temperatures
through the mdting regime. We note an apparent coex-
istence of liquidlike and solidlike regions, this being
shown by the atonuc mobility of the respective regions in
the film. With increasing temperature, the dominance of
the liquidlike regions increases continuously until the film
is entirely liquid. To determine the importance of the x-y
graphite corrugation to the melting phenomena, we did a
similar s1IDulatlon study w1th Rn Uncofrugatcd graphite
substrate; i.e., the graphite/xenon potential had only a
dependence on the normal distance of separation between
the adaton1 and the substrate. In Fig. 4, the comparison
bct%ccn thc corfUgated Rnd thc Uncof fugated gfaph1tc-
substrate experiments is presented, where the xenon-xenon
Lennard-Jones parameters for the uncorrugatcd study are
renormalized to e/k =236.9 and o =3.95. We concluded
thRt thc substrate x-p stfuctU1c docs not play Rn 1Glportant
role in the melting phenomenon for this high-
tcmpefatufc —coveI'agc regime.

In a very recent experiment study, Rosenbaum et al.
measured the x-ray diffuse scattering from monolayer xe-
non on single-crystal substrates of exfoliated graphite, and
they concluded that the solid xenon film melts into an
orientationally ordered liquid (or hexatic) phase. We
adopt the angular correlation function as defined by Tobo-
chnik and Chester in order to dctermi. ne whether our
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simulated states of the xenon film through the continuous
melting regime in the TaMD experiments appear as an
orientationally ordered "liquid, " as measured in the labo-
ratory. The angular correlation function is defined by the
cqURt1on

g6(r) ={exp I i6[8(r)—e(0)]I } .

The angle 8 is between 8 vector joining two nearest neigh-
bors and some fixed direction, and r is the distance be-
twmn two sets of nearest-neighbor pairs. We analyze the
data by assuming an exponential form for the correlation
function

g6(r) =const Xexp( —r/g6),
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FIG. 6. Experimental results tRef. 4) for the dependence of
the radial spot vndth on the excess angular spot width, the solid
line being a guide to the eye. The square points are the
computer-simulated data for g6, with normalization with respect
to the opcIl square.
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FIG. 5. Representative trajectory plots for the first-layer
atoms for various temperatur'es through the melting regime.
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FIG. 7. Comparison of the variation of the inverse radial
correlation length as a function of the deviation from the melt-
ing temperature T for the TaMD and TpMD experiments.

where g6 is the correlation length of orientational order.
In Fig. 6, experimental results for the dependence of the
radial spot width on the excess angular spot width is
shown, the solid line being a guide to the eye. The square
points are our computer-simulated data for g6, with nor-
malization with respect to the open square. We note that
the functional behavior of (6 on the inverse correlation
length rnimics the experimental variation very well.
Hence we have learned that for the TaMD-simulation ex-
periments, the first layer of the xenon film appears to inelt
continuously over a small temperature interval, the quan-
titative features of the correlation functions being in excel-
lent agreement with the experiments. '

A crucial test for the order of the melting transition is
to determine its behavior for a constant spreading pressure
environment. ' In Fig. 1, we noted that for constant pres-
sure and total coverage the melting is clearly first order.
This is presented in Fig. 7 in a different manner by com-
paring the variation of the inverse radial correlation
length as a function of the deviation from the melting
temperature for the TaMD and TpMD experiments.
There is a discontinuous change of the correlation length
in the constant-pressure experiments, in sharp contrast to
the continuous variation for the constant-area experi-
ments. We conclude that this melting transition is first
order and that we are traversing the two-phase, solid-
liquid coexistence region in the TaMD simulations, thus
giving the appearance of a continuous melting transition.

Even though our constant-area and -coverage computer
experiments are in very good quantitative agreement with
the laboratory findings, our general conclusion that the
melting transition is first order is in conflict with the con-
clusions of Heiney et al. ' based on their constant-

chemical-potential experiments. Two possible explana-
tions immediately come to mind. (1) The excellent agree-
rnent between the TaMD simulations and the laboratory
experiments is fortuitous, the simulations mimicking the
melting process observed in the laboratory but not truly
simulating the intermediate (or hexatic) phase. This
would explain our observation of first-order melting in the
constant-pressure simulations. (2) In contrast to the com-
puter experiment where the graphite substrate is defect
free, the laboratory graphite substrate has imperfections.
This is well recognized, but the defects are not well
characterized. " The probable role of substrate imperfec-
tions has been acknowledged: for example, the authors'
state, "Our data are thus consistent with a continuous
transition, with correlations in the fluid phase reaching at
least 500 A before finite-size effects, substrate interac-
tions, or possibly a weak first-order transition play a role. "
(The authors determined that the average graphite crystal-
lite size is 2000 A.) In the same paragraph, they state that
their Eq. (3) describes the data quite well for the correla-
tion length, 1/v, less than SOO A. Actually, it appears
that the deviation from their Eq. (3) begins at a correla-
tion length of 130 A. Such substrate imperfections would
result in substrate binding-energy heterogeneities. These
heterogeneities would give rise to a distribution of melting
temperatures approximating the unique melting tempera-
ture above a perfect graphite substrate, and two-phase,
solid-liquid coexistence would exist although the melting
regime over dimensions on the order of the separation be-
tween binding-site imperfections; i.e., approximately II30
A. We understand that these two scenarios are specula-
tion, but until we can better understand the origin of the
experimental anomaly ascribed to possible "finite-size ef-
fects, substrate interactions, or possibly a weak first-order
transition. . .," we feel that we can say little more at this
time.

However, we do not share Nelson's recently stated pes-
simistic view of computer simulation. ' We quote: "In
particular, I doubt that the simulation techniques used by
Abraham et al. could reproduce the apparently continu-
ous melting transition of incommensurate xenon on gra-
phite observed recently via precision x-ray diffraction by
P. A. Heiney et al. (Ref. 1). It seems worth noting that
second-order melting has also been observed experimental-
ly for incommensurate argon on graphite (Ref. 13).
Indeed, the solid-to-liquid transition is always continuous
in this caset" From our present study, the status is clear
for the high-temperature xenon film on graphite. In
another recent molecular-dynamics simulation, ' we have
studied the melting of submonolayer xenon, krypton, and
argon films on graphite, this investigation being stimulat-
ed by the interesting findings of McTague et al. '3 We ob-
served first-order melting of xenon, which mimics the
melting of an idealized two-dimensional film, first-order
melting of krypton with the existence of an "incipient tri-
ple point, " and "continuous melting" of argon over a tem-
perature interval of approximately 7 K. The simulation
experiments are consistent with the high-resolution x-ray
experiment of melting by McTague et al. 'i The role of
the graphite's lateral substrate structure on the melting of
these various rare-gas films is emphasized, ' particularly
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for krypton and argon, and we demonstrate that melting
of incommensurate solid argon is not a proper example
for the study of two-dimensional melting.

I am indebted to J. A. Barker and J. G. Dash for criti-
cal discussions and to S. Koch for the angular corre1ation
prograQ1.
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