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W'e have made thermodynamic measurements of the properties of methane adsorbed on graphite
in the ranges, roughly, 1—6 molecular layers and 64—105 K. Interpreting the results in the context
of current models, we tentatively conclude that layer by layer, critical points occur at approximately

constant temperature around 78 K. Extrapolation of this observation would imply a roughening

transition in bulk solid methane at about that temperature. We also observe a line of melting transi-

tions that extends from the bulk triple point, T, =90.7 K, into the multilayer region at nearly con-

stant temperature. The transition in films of less than -5 layers does not appear to be first order,
but it is associated with a change in entropy. The change in entropy gradually diminishes, vanish-

ing entirely at about 2 layers. It is not clear how the transition closes, but a number of possibilities

is discussed.

I. INTRODUCTION

There has been a very considerable recent surge of in-

terest in multilayer adsorbed films. ' This interest has,
however, centered on the solutions of theoretical models,
with only very little reference to experiment. In this paper
we present a new experimental survey of a relevant mul-
tilayer system, methane on graphite.

The graphite substrate has become the industry stan-
dard for large surface area studies of adsorption because
of its homogeneity and reproducibility. In this study we
have chosen to use exfoliated graphite foam. Methane is a
convenient adsorbate for a number of reasons. The tem-
peratures and pressures of interest are easily accessible;
both limiting cases, the monolayer and the bulk, have been
studied extensively by a variety of techniques, and the
same variety of techniques will ultimately be available to
supplement the data of our study of multilayer films. We
have used the thermodynamic technique (combining heat-
capacity and vapor-pressure data} to survey the methane
on graphite system between, roughly, 1 and 6 layers, and
between 64 K (below the presumed gas-liquid critical
point in the first layer) and 105 K (above the triple point
of the bulk).

The theoretical expectations for how various multilayer
systems might behave are sufficiently complex that little
progress can be made without first having a broad over-
view of the behavior of a particular system. For that
reason, we have made our measurements on a preset grid
of coverages and temperatures. Having completed that
survey, we set forth in this paper tentative conclusions so
that they may be on record for future testing by indepen-
dent data. Our strategy may be better appreciated after a
brief review of the theoretical situation.

The most comprehensive of the theoretical studies has
been by Pandit, Schick, and Wortis' (PSW}, based on solu-
tions of a lattice-gas model suggested by de Oliveira and
Griffiths. %e shall adopt their nomenclature as a context
within which to discuss our results. In PSYCH's scheme, the

nature of the system is governed by three temperatures on
the bulk coexistence curve: the wetting temperature T~,
the roughening temperature Tq, and the critical point Tc.

At all temperatures above Tu. (which may be 0 K) com-
plete wetting occurs. That means the film grows smooth-

ly with increasing chemical potential, from zero coverage
all the way to the bulk. We see no evidence of any other
kind of behavior in our system; Tu. for methane on gra-
phite appears to be below 64 K. This observation is a use-
ful first step in reducing the multiphcity of behaviors the
model has prepared us to search for. Moreover,
Tc =190.6 K for methane, far above the temperatures of
interest here.

The theoretical prediction that is most relevant to our
work concerns the meaning of what experimentalists usu-

ally call a stepwise-adsorption isotherm. An example
from our own data is shown in Fig. l. Before the recent
flurry of theoretical interest, data of this kind were merely
taken to mean a substrate sufficiently uniform that layers
formed distinctly. Crudely, one would expect steps in
lower layers as long as the difference in binding energy be-
tween layers was larger than AT, with the steps becoming
smeared at higher coverages.

In PSW, however, steps are evidence of gas-liquid con-
densation in each layer. The gas-liquid coexistence in the
nth layer has a critical temperature T, (n), and this series
of critical temperatures approaches a limiting value as
n ~ ao. In the original model of de Oliveira and Griffiths,
T,(ao) is just the bulk T, . However, since their calcula-
tions omitted the effects of the roughening transition, they
argued that when these are properly included, then T, ( ao )

should be T~. Subsequent calculations by others sup-
port this conclusion. In each layer, the step ceases to be
vertical when T) T,(n). Since it is possible (indeed, ex-
pected) that, e.g., T,(2)) T, (1}, an adsorption isotherm
between these temperatures might well show a smeared
first step with sharp, vertical subsequent steps. We dis-
cuss below the practical difficulties in assessing experi-
mental data for this kind of behavior. '

We know of no evidence (prior to this work) of a
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FIG. 1. Methane-film vapor-pressure isotherm at 77.4 K. At
this temperature the saturated bulk vapor pressure, I'o is 9.53
TQIT.

towards understanding melting in two dimensions (2D), '2

but there is little understanding of melting in three dimen-
sions (3D). The multilayer film is an obvious candidate
for an intermediate ease between two and thrcx: dimen-
sions.

We shall present evidence that there is a line of melting
transitions that extends at roughly constant temperature
equal to T, from the bulk down to about 2 layers. The
transition in the film does not appear to be first order, but
it is associated with a change in entropy which gradually
diminishes to zero as the film becomes thinner. For com-
parison, 3D melting is always first order, and 2D melting
is believed at least in some cases to involve only essential
singularities in the thermodynamic functions. We are not
able to reach any firm conclusion concerning how (or
indeed, whether) the multilayer melting transition closes.
It may, for example, end on just such a thermodynamical-
ly undetectable transition.

In Sec. II of this paper we outline our experimental
methods. Section III states our tentative conclusions and
discusses the evidence supporting them, and the situation
is summarized in Sec, IV. %e have chosen as much as
possible in this paper to base our arguments on directly
observable data. A detailed thermodynamic analysis of
thc data will appear clscwhclc.

roughening transition in bulk solid methane. " Thus, T&,
which plays an important role in the theory, has no clear
experimental counterpart. On the other hand, methane
does have a triple point, T, =90.7 K, at which the bulk

phase melts and becomes llquld. The model system does
not have a triple point because the simple lattice gas PS%
consider has only a single condensed phase. These differ-
ences between the theoretical and experimental systems
raise a number of particularly interesting questions.

The gas-liquid interface (i.e., bulk coexistence at T ~ T, )

is intrinsically rough owing to long-wavelength capillary
waves. Thus, if the bulk solid does not have a Ta & Tt,
the triple point may simply stand in for, or preempt the
roughening transition. However, T, does not seem to be a
suitable endpoint for the series T,(n) since melting and
layer critical points are essentially different kinds of tran-
sitions. The question then is, how do these two phase
transitions interact'F

Thc tcntatlvc conclusion wc put forth herc ls that ln the
methane-on-graphite system T, (n) =78 K independent of
n. This implies that there is indeed a roughening transi-
tion for bulk solid methane at about the same tempera-
ture, that is, Tz ~ T, . However, even if that supposition is
correct, we are still left with an important question con-
cerning T, and the melting transition.

Although PS% give little guidance, except in broad
qualitative terms, about how melting occurs in multilayer
films, certain points are very clear. If there is a line of
ITlcltlng transltlons extending from the bulk trlplc point
into the thin-film region, that line must close (e.g., end on
another phase boundary) because there cannot be any ther-
modynamic path from bulk solid to bulk liquid that does
not pass through a phase transition. Moreover, melting in
multilayer films is a particularly interesting phenomenon
because there has been much recent theoretical progress

II. EXPERIMENTAL APPARATUS
AND TECHNIQUE
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FIG. 2. Schematic diagram of the experimental apparatus.

An adiabatic calorimeter cryostat was constructed as
shown in Fig. 2. The heart of the cryostat is a cylindrical
aluminum cell, filled with the substrate material, in which
both heat-capacity and vapor-pressure measurements can
be made. Aluminum was chosen over the more traditional
material, copper, because of the cell's relatively high inter-
nal dead volume (80.4 cm ). This dead volume was in
turn made nceessary by the more open structure of
Grafoil foam compared to regular Grafoil. Because of
aluminum's low-heat capacity per unit volume, the fin-
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ished cell presented an acceptable background heat capaci-
ty while remaining strong and rigid. A copper cell of the
same dead volume and thermal mass would have been
prohibitively fragile.

The cell is 3 cm in diameter and 10 cm high, and the
cap is joined to the main body by miniature screws which
also act to compress an indium 0-ring seal. (Aluminum

cannot be soldered in the way copper can. ) The fill line, a
1-mm diameter stainless-steel tube, was attached to the
cell cap by force-fitting it through a hole and applying
stycast epoxy to both sides of the joint. This arrangement
proved to be leak tight under all conditions to which it
was subjected.

Before being put into the cell, the Grafoil was baked at
800'C for a number of hours in a vacuum chamber. The
sections of foam were then cut into round pieces and press
fit into the cell to insure good thermal contact. At this
point a stiff wire was used to poke holes through the
foam, running the length of the cell, in order to facilitate
the distribution of gas molecules throughout the regions
of dead volume. Finally, the cell's cap was joined to the
main body. In its completed form the cell consisted of 20

g of aluminum, 13 g of graphite, and 1 g of other materi-
als.

Heater wires and thermometers were installed in the
usual manner (except that Duco Cement had to be used
rather than the traditional GE 7031 varnish to bond wires
to aluminum), and a heater wire also ran the length of the
filling line to prevent solid plugs of adsorbate from form-

ing within it. All temperatures in this study were mea-
sured with a platinum resistance thermometer calibrated
against a Lake Shore Cryotronics diode sensor, the mea-
surements being made via a four-terminal ac Kelvin
bridge. '4

As can be seen in Fig. 2, the cell is entirely surrounded
inside the vacuum space by an adiabatic radiation shield.
This shield, also made of aluminum, has its own heater-
thermometer combination so that its temperature can be
independently monitored and adjusted relative to the
cell's. Typically, in a heat-capacity run, the shield's tem-
perature was never more than 1 K different from the
cell's. Also connected to the shield is a mechanical heat
switch.

Helium-exchange gas can be admitted into the vacuum
space via port A, and when not needed it can be pumped
away by a diffusion pump. Meanwhile, the gas-handling
part of the apparatus —completely independent from the
vacuum jacket circuitry —includes its own diffusion

pump, a two-liter calibrated volume, a Barocel capacitive
manometer from Datametrics Inc. , and the cell itself. A
tank containing research-grade methane from Airco In-
dustrial Gases forms a permanent part of this gas-
handling system. The methane is 99.992% pure, and
passes through an Airco No. 982P molecular filter to re-
move any residual traces of oxygen or water vapor. Other
gases of interest can be admitted through port 8. The dif-
fusion pump, of course, acts to evacuate the entire system,
as well as to provide a reference vacuum to chamber 1 of
the Barocel. The residual pressure of this vacuum is in
the low 10 -Torr range, well below one-tenth of the least
significant digit read out by the Barocel on its most sensi-

tive scale.
Vapor pressures were measured in chamber 2 of the

Barocel, and a thermomolecular correction was applied
according to the formula of Takaishi and Sensui' to
determine the pressure in the cold parts of the apparatus.
(Most of the time, however, this correction was insignifi-
cant. } Moreover the accuracy of the Barocel is such that
the number of molecules added to the cell in any given
shot can be known to better than 0.1%—a figure which
arises from our uncertainty in the value of the calibrated
volume. In order to prevent pressure gradients from
developing within the cell (a common problem in Grafoil
experiments) any time molecules were admitted to or re-
moved from the cell the temperature was raised until the
pressure was high enough to guarantee that the molecules
were evenly distributed. The cell would then be cooled
gradually (usually overnight) to its final working tempera-
ture.

Having measurements of temperature and pressure al-
lowed us to calculate the chemical potential,

1 2m' P
3/2

p( T,P ) =kii T ln
k~ mk~

+8(T)P+.p„,(T) .

Here 8(T) is the second virial coefficient of methane

gas, ' and p„, is a contribution from the rotational energy
levels of the methane molecule. ' Strictly speaking, this is
the chemical potential of the vapor above the film, but
since the film and the vapor are in equilibrium, their
chemical potentials must be equal.

Temperatures, meanwhile, could be resolved to within
about 2 mK. This meant, since temperature intervals on
the order of 1 K were used, that absolute heat-capacity
measurements were made with a precision of +0.2%.
However, the film accounted for, typically, 5—10% of
this value, and when the cell's contribution was subtracted
off, the scatter in the film heat-capacity measurements
was correspondingly magnified. Furthermore, since these
data were not isosteric, we had to correct for desorption.
The heat of desorption is easily calculated if we know

(Bp/BT )N,
' N being the number in the film, but in a typ-

ical heat-capacity measurement X decreases so that the
best we can hope for is (Bp/BT)», where X denotes the ex-
perimental conditions. At low-enough temperatures (and
hence vapor pressures} 1esorption is negligible so
(Bp/BT)z can be approximated by (Bp/BT)». However
in our case, this was not sufficient, so we had to rely on
the combined vapor-pressure and heat-capacity data set to
make this correction. Basically, we had measured p on a
dense T-N grid independently of the heat capacities (see
the next section). Interpolating on this grid allowed us to
compute (dp/AT)v, and thus properly make the desorp-
tion correction. This correction was not negligible, and
accounted for up to 50% of the film's contribution to the
heat-capacity signal. Then, having true heat capacities on
a similar (but less dense) T %grid, we could interp-olate to
get true isosteric values.

The surface area of the substrate was measured by per-
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forming a helium vapor-pressure isotherm at 4.2 K.
This yielded a —,'-ordering coverage of Zizz ——77.3+0.3
STPCC (standard temperature and pressure cubic centi-
meters corresponding to a surface area of 326+1.4 m .
Methane isotherms (see the next section) yielded a value of
the coverage of 83.3 STPCC at the "knee" in the first-
layer part of the measurement. This corresponded to Tho-
my and Duval's "Vz &,

" ' and was used to match our data
to theirs in the region where they overlap. (Because of
methane's low vapor pressure and the enormous size of
our substrate's area compared to theirs„ the gas-
distribution problems mentioned above prevented us from
making reliable pressure measurements in the submono-
layer regime). Later authors have chosen to defme
one methane monolayer at an infiection point in the iso-
therm, i.e., at a coverage 9% greater than Thorny and
Duval's Vqi. Defined in that way our own monolayer is
90.9 STPCC, and this correlates very well with our in-

dependently measured value of X»&, known to be about
85% of a monolayer. Futher experimental details
can bc found in Rcf. 13.

III. RESULTS

On the basis of our data, we wish to put forth two ten-
tative conclusions concerning the behavior of methane
multilayers on graphite. Both should be regarded in the
spirit of hypotheses, suggested by preliminary survey data,
and requiring further experimental verification by means
of new, independent, and more detailed measurements.

The first of these is that the layer-by-layer critical tem-
perature for condensation, T, (n), is roughly independent
of n in the range 1 & n (6, where n is the layer number,
with T,(n)=78 K. (This sort of behavior, in fact, has
been predicted by sophisticated treatments of the lattice-
gas problem. ' s) If this result is extrapolated to large n,
then in the context of the PS% model, it implies a
foughening transition in bulk methane at about the same

temperature.
The second is that the melting transition descends from

bulk coexistence into the multilayer film region at essen-
tially constant temperature, T~(N)-T, . The change in
entropy associated with the transition declines smoothly,
reaching zero at roughly two layers. It is not entirely
clear how the transition closes. The transition does not
appear to be first order in the multilayer region. In this
section we shaH discuss the data from which these con-
clusions have been drawn.

Figure 3 is a map showing the region surveyed in this
study. Broadly speaking, there are data from nine heat-
capacity runs extending from 65—100 K for films between
0.5 and 2.5 layers, and four runs between 4 and 6 layers,
and vapor-pressure data from 78—96 K between 0.5 and 6
layers. To anchor this grid to zero coverage, we make use
of adsorption isotherm data (on exfoliated graphite) by

Thorny and Duval in the region 75—84 K, 0—1 layer,
overlapping both our heat-capacity and vapor-pressure
data.

The data upon which our analysis is based are shown in
Figs. 4 and 5. In Fig. 4 we show the total heat capacity of
the film. These are nonisosteric data, the coverage de-

creasing with increasing temperature. They must subse-

quently be interpolated to give isosteric values, or correct-
ed by thermodynamic means to give, for example, the
specific heat at constant spreading pressure, C~. Figure 5
shows vapor-pressure data displayed in the form N (cover-
age) versus p (chemical potential). The plots are actually
generated from computer outputs of straight-line seg-
ments connecting experimental points at the same tem-
perature.

For orientation, Fig. 6 shows what appears to be the
phase diagram of the first layer of methane on graphite,
compiled from a variety of sources. Note in particu-
lar that the gas-liquid critical temperature is believed to
occur at approximately 75 K. If the first layer is the
thin-film hmit of our system, the opposite limiting case is
bulk coexistence. On the bulk coexistence curve, there is a
triple point separating solid and liquid phases at 90.7 K.
Our isotherm data thus span a temperature region between
T, (1), the first-layer critical point, and beyond T„ the
bulk triple point.

Evidence for the two principal conclusions we have ten-
tatively put forth is easily seen in the raw data of Figs. 4
and 5. The most prominent feature of the heat-capacity
curves is a sharp peak in the thicker films at T& 90 K.
The peak gets smaller as the film becomes thinner, but it
does so at constant temperature, and there is still a vestige
of it to be seen at about 2.5 layers. (A linear extrapolation
of peak height versus coverage shows that it would disap-
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FIG. 3. Regions in the coverage-temperature plane where we

have taken data. There are four runs in the upper heat-capacity
block, and nine in the lower block with temperature intervals be-
tween points of roughly 1 K. Meanwhile, there are vapor-
pressure isotherms at precisely spaced 1-K intervals from 78—96
K, running from just under 1 layer to between 5 and 6 layers.
(One nominal monolayer is 90.9 STPCC). Furthermore, in order
to bridge the gap from 0 to 1 monolayer, we have scaled Thorny
and Duval's isotherms (see Ref. 21) to rnatch with ours in the
range of 77—84 K.
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from 1.5 to 6 nominal monolayers. Although these data have

been properly corrected for desorption (see text), they are not
isosteric since the coverage decreases monotonically with tem-

perature. The most prominent features are a very large peak
near 90 K (close to the bulk triple temperature), and a smaller

bump near 78 K. The large peak diminishes in size as the cover-

age is decreased, and disappears at about 2 layers. The signifi-

cance of these features is discussed in the text.
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FIG. 5. Vapor-pressure isotherms plotted in the form of cov-
erage vs chemical potential, at 1-K intervals from 78—96 K,
The curves pass through some 750 experimental points whose
symbols have been suppressed for the sake of clarity. Visible in
these curves are the demarcation of distinct layers (up to about
5), and a possible phase transition in the second layer noted by
the arrow. Furthermore, though unresolvable in this figure, de-
tails of the first-layer melting curve can be gleaned from these
data.

T (K)

FIG. 6. Phase diagram for the first layer of methane ad-
f.sorbed on graphite taken from a number of sources. (See e s.

21—24.) Although details of this diagram might be subject to fu-

ture reinterpretation, there is a 2D solid-liquid-gas triple point
near 57 K, a 2D critical point near 75 K [corresponding to
PSW's T,(li], a melting curve, and various commensurate-

incommensurate solid-phase boundaries. (Note: It is not known

how —or even if—the first-layer melting curve ends. )

pear entirely at about 2.1 layers. )

The heat capacity at bulk coexistence has a 5-function
infinity at T, =90.7 K because at that point the system
temperature does not change until the heat of fusion has
been provided. It is natural to assume that the sharp
pea s lneaks in Fig. 4 are remnants of this triple-point behavior,
the area under the peak being associated with the entropy
of melting. However, the peaks are clearly not 5 func-
tions, nor do they have the "mesalike" shape one would

expect of essentially constant coverage heat capacities at a
25first-order phase transition in a thin film.

Some years ago, a number of groups carried out stud-26

ies of the heat capacity of multilayer films near the bulk

triple point in a variety of systems. The general trend of
the results was that the bulk triple-point 5 function be-
came broadened and its maximum moved to lower tem-
perature as the film became thinner. By contrast, in the
plesenresent study, neither the width of the peak nor its tem-
perature appears to change with film thickness. We be-
lieve this difference from the earlier studies to be due to
the much greater uniformity of the graphite substrate we
have used. The situation seems closely analogous to that
of 111llltllaycl' heat capacities fol llclllli11 llcal thc bUlk A,

transition: Bretz reported heat-capacity anomalies of
constant width and temperature (but declining height with
film thickness) for helium on graphite near the tempera-
ture of the A, transition, whereas earlier studies on other
sus bstrates gave results strikingly similar to the early

28melting-point data we have cited above.
On the other hand, our results are very similar to the

multilayer heat capacities for nitrogen on graphite report-
ed by Chung and Dash. Chung and Dash interpreted
the sharp peak they observed at the temperature of the
bulk triple point to mean nonwetted films, the peak being
contributed by the melting of beads of bulk matter. We
are able to rule out that interpretation by means of the
data in Fig. 5: The chemical potential is measurably
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lower than the coexistence value for all of the data in this
report. That means no beads of bulk matter can have
formed.

Although beading, or nonwetting, can be ruled out as an
explanation for the 90-K heat-capacity peaks, it is more
difficult to rule out an alternative explanation, capillary
condensation. Capillary condensation occurs when the ef-
fect of surface tension is to make it profitable to form
bulk material in pores and cracks in the substrate before
film growth is completed; negative curvature of the bulk
matter-gas interface at the mouth of each pore allows
coexistence at pressures below the bulk vapor pressure.
The heat-capacity peaks we observe would then be due to
the melting of bulk matter formed in this way.

The onset and extent of capillary condensation depends
on the geometry of suitable imperfections in the substrate
which, of course, is unknown. However, we may assume

that capillary condensation begins to occur when the film
thickness exceeds -2 layers because that is where the 90-
K peaks begin to appear. If we then analyze the entropy
change associated with the peaks, we conclude that, in or-
der to account for them, about half the matter adsorbed
beyond the first two layers must be in capillary-condensed
bulk form when the nominal coverage is 4.5 layers. (The
melting entropy of the bulk is 1.24 kii/molecule. The
equivalent of more than a full layer in bulk form would
have to melt to account for a peak the size of that in the
4.5 layer film).

The circumstantial evidence does not favor this view.

Steps in adsorption isotherms, indicating layer-by-layer
condensation, are approximately the same size up to at
least the fifth layer in the methane-on-graphite system.
This may be seen, with rather poor resolution in the thick-
er films, in our Fig. 9. It is seen more clearly in a 77-K
isotherm by Thorny and Duval. ' Capillary condensation
to the extent necessary to explain our heat-capacity peaks
is clearly inconsistent with their data in the fifth layer.
To be sure, we have used a different substrate, but our un-

compressed graphite foam should be at least as free of
cracks and pores as the exfoliated graphite used by Thorny
and Duval. Thus, although the evidence is not derisive, it
is sufficient to lead us to choose against putting forth
capillary condensation as the explanation for the behavior
we observe at 90 K.

Our tentative conclusion, then, is that melting extends
from the bulk triple point down to approximately 2 layers,
at nearly constant temperature. %e should point out that
if the temperature is truly constant, the transition must be
first order. A higher-order transition is one that occurs
without a discontinuity in ¹ Thus, the condition for the
phase boundary is

p, (T,N}=pi(T,N),
where p,, i are the chemical potentials of the lower- and
higher-temperature phases. If we further specify that
T= T„ then there is a unique solution for ¹ Such a tran-
sition cannot occur for all N at the same temperature.
This argument should be borne in mind in assessing our
observation that melting occurs at nearly constant tem-
perature, but does appear to be first order.

The obvious next question, then, is how does it close'7

Is there another phase boundary available for it to end on?
Obvious candidates include the melting curve in the first
layer (see Fig. 6), and whatever phase transition (melting
for example) might be found in the second layer above

T, (2).
Figure 7 shows some possible phase boundaries in the

n- T plane. Bulk melting descends at nearly constant T,
ending (or becoming undetectable) at about n =2. On the
same scale we show first-layer melting, and a possible
phase transition in the second layer.

In our vapor-pressure data, we observe a series of kinks
in the second layer which could be interpreted as a phase
boundary. The positions of these kinks are indicated by
an arrow in Fig. 5, and their locus is plotted in Fig. 7.
(They can perhaps be seen most easily, however, in Fig.
12.} If it is a phase transition, it could, for example, be
the melting of the second layer. It occurs at roughly 1.33
layers, which seems rather a low density for second-layer
melting to occur, but of course many kinds of transitions
in thin films have been conjectured (orientational order-
disorder, for example).

To conclude this discussion, we do not observe the ex-
tension of the bulk melting to close on a known transition.
It seems to end rather far from first-layer melting. It is
closer to, but not known to arrive at a possible transition

X
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FIG. 7. Suggested phase boundaries in the range of one to
three nominal monolayers. The vertical hne near 90 K is a melt-

ing transition, we believe, and should extend upward to the bulk

triple point. That being the case, there should be no path from
the left of the line to the right which does not pass through some
sort of boundary. %'e see no evidence for the extension of the
line below 2 layers, so it either continues downward as a thel-
modynamically invisible" transition, or links up in some un-

known way with another phase boundary. The line in the mid-

dle marks the locus of points where we see a change in slope of
the vapor-pressure isotherms. The lo~er line maps out the
first-layer melting curve as reported in Refs. 21 (+), 23 (0), 24
(+ ), and this work (x).
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of unknown nature in the second layer. An additional
possibility is a thermodynamically undetectable melting
transition of the type suggested by the Kosterlitz, Thou-
less, Halperin, Nelson, and Young (KTHNY) theory. '2

Our second conclusion concerns T, (n). In the data of
Fig. 5, one easily sees vertical, or very nearly vertical steps
(N increasing at constant p) in the second and third layers
at 78 K, becoming distinctly less vertical at higher tem-
perature. At the same time, there is a bump in each heat
capacity, from -2 to -5 layers at about 78 K. We pro-
pose that this behavior results from a T, (n) at about that
same temperature for n up to at least 5, and perhaps 6.

The heat-capacity bumps may be seen in Fig. 4. From
about 3 layers up, they are about the same size in total
heat capacity, suggesting they represent a phenomenon in-

volving the same quantity of matter, i.e., the top layer.
Bumps are present in the second layer, but they are small-
er and more difficult to see on the scale of Fig. 4, while
there is none detected in the first layer, where the data of
many authors clearly indicate one ought to be
present. It ~ould appear that substrate inhomogeneities,
always important when the 2D compressibility is high,
suppress the bump in the first layer, diminish them in the
second layer, and have less effect at higher coverages.

The PSW model suggests that T, (n) will vary smoothly
from T,(1) to Ta, the bulk roughening temperature as
n~00. One intriguing possibility is that T, will increase
with n, with, for example, T,(2) & T, (1). In that case, at
T,(2)~Tp T, (1), an adsorption isotherm of the type
shown in Fig. 5 should be more vertical in the second (and
higher) layers than in the first. This behavior would be
somewhat counterintuitive, since one generally expects
sharper features in the first layer than in higher layers.

To test this idea, we have combined our results with
first-layer data by Thorny and Duval, using the proper
substrate area scaling factor as mentioned in Sec. D. Iso-
therms constructed in this way for 78 K & T &84 K are
shown in Fig. 8. (The Thorny and Duval data have been
interpolated to match the temperatures of our survey
grid. ) One sees what appears to be the predicted behavior,
with, for example, the second-layer steps being distinctly
more vertical than the first.

However, the effect may be an artifact of the way in
which the data are presented. The first layer occupies a
much larger range of p than does the second. This tends
to stretch out the first-layer step, making it appear less
vertical, and compress the second layer, making it appear
more vertical.

To improve our view of the situation, we may plot the
data in a different way, based on an excessively crude
model of adsorption. The model is that p(T, N) differs
from the bulk coexistence value po(T) only by the van der
%aals potential of the substrate. In particular, if we take
the van der Waals potential to be 0./d where a is a con-
stant and d the film thickness, we have the Frenkel-
Halsey-Hill isotherm,

(2)

This model neglects precisely the interactions which give
rise to the critical-point behavior we are examining. How-
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FIG. 8. Combined isotherms of this work and Thorny and
Duval in the range of 78—84 K. The increased verticality of the
second-layer step over the first lends credence to the idea that
T,(2) g T,(1). Ho~ever, the horizontal scale expands first-layer
details far out of proportion to the rest of the diagram, and so
care must be taken to avoid drawing erroneous conclusions from
this plot. A way of plotting the same data so that equal weight
is given to each layer is shown in Fig. 9 below.

ever, it does suggest that if we plot N vs (po —p), we
will be giving more nearly equal space on the graph to
each layer.

A plot of this kind is shown in Fig. 9 at T=80 K. We
see that the first three steps now appear about equally
vertical. Evidence of a fourth step is also seen. The
smearing out of the steps in higher layers is due to loss of
experimental resolution as popo.

Analysis of experimental data to choose a precise T, (n)
in each layer is extremely difficult. On an ideally homo-
geneous surface, a first-order phase transition at T & T,
would show up as a truly vertical step on an isotherm.
Thus, T, would be the lowest temperature at which the
isotherm has no vertical portion. However, as Dash and
Puff have pointed out, in a real system the substrate
presents a distribution of binding energies. The condensed
phase begins to form on the most strongly binding sites,
and as condensation proceeds, the interface between high-
and low-density phases sweeps through the distribution of
binding energies of the substrate. Consequently, p, rather
than being constant during condensation at constant T,
has a shape that reflects the distribution of site-binding
energies. This effect is most clearly seen in data for He
(Ref. 31) and He (Ref. 19) on Grafoil, where the 0-K iso-
therms, X vs p, have been reconstructed thermodynami-
cally. At low coverage, the v 3 registered phase coexists
with a two-dimensional vacuum (the two-dimensional va-
por pressure is zero). In these cases, the 0-K isotherms are
not quite vertical (i.e., p changes as N is increased) and the
results are used to deduce the distribution of binding ener-
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FIG. 9. Combined isotherm at 80 K plotted so as to give

equal space to each layer. Now the verticality of the first three

steps appears to be roughly the same. Note that this form of
plotting magnifies the scatter in the upper layers. Our points
are shown, whereas Thorny and Duval's are too numerous to
stand out distinctly.

gies. The important point for this study, however, is that
even in a first-order coexistence region, isotherms are not
expected to be vertical.

When the data plotted in Fig. (5) are examined in nu-

merical form, it is found that the steps we observe are
never quite vertical. That is to say, there is sufficient ex-
perimental resolution to show that p(Ni) & p(Ni) when-

ever X2 &N~. As we have just argued, that is necessary
but not sufficient evidence to conclude that we are observ-

ing supercritical behavior at all ¹ In our view, the small

bumps in the heat-capacity curves at T=78 K are a better
qualitative indication of the situation. We interpret them
to mean that the shapes of the coexistence curves in each
of the first 4 or 5 layers is such that one is very likely to
pass out of the two-phase region at about 78 K.

If one passes out of a two-phase region along paths such
as those sketched in Fig. 10, one expects a heat-capacity
signal varying from a discontinuity (if the phase boundary
is intercepted far from the critical point) to an Ising-type
singularity (at the critical point). However, because the
two-phase region is one of infinite (two-dimensional)
compressibility, inhomogeneities in even the best real sub-
strates may be expected to smear any of these heat-
capacity signals into something that resembles the bumps
we have in Fig. 4. We thus propose that the bumps indi-
cate a phase diagram of the kind sketched schematically
in Fig. 10.

The arguments we have presented above constitute the
case in favor of the two tentative conclusions we have put
forth. We shall return in Sec. IV to discuss briefly some
further implications of those conclusions. A complete

l

70
I
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FIG. 10. Actual heat-capacity trajectories in the temperature
range where the small bumps occur. If these bumps are to be in-

terpreted as crossing from two-phase coexistence regions to
single-phase regions, then the two-phase regions must end at
T,(n)'s of -78 K, nearly independent of n. Moreover, the
rounded ends of these regions must be fairly blunt, so that tra-
jectories always cross them in the range of 76—78 K. (This
behavior is similar to that shown in Pig. 5 of Ref. 7.) Only the
six upper coverages show pronounced bumps, however.

p po f(N) . — —— (3)

thermodynamic analysis of our data will be presented
elsewhere. ' However, we shall conclude this section with
a few quantitative details that seem relevant to our central
points.

Figure 11 shows thermodynamically corrected specific
heats at coverages of 430 and 232 STPCC. This figure
makes it clear that whereas the peak at the triple-point
temperature vanishes dramatically in thinner films, the
smaller bump at 78 K is of essentially constant size in the
specific heat. If we take the low-coverage curve in Fig. 11
as an indication of the background behavior not involved
in the melting transition, we can subtract it off and use
the remaining large peak to estimate the change in entro-
py. If we attribute that change to the amount adsorbed in
excess of two layers, the result is 0.64kii/molecule com-
pared to an entropy of melting of 1.24k~/molecule in bulk
methane.

In Fig. 12, we have plotted all of our vapor pressure
data in the form N vs p, —duo. This has the effect of col-
lapsing the data into a nearly universal curve. To put it
differently, for many values of N, p, —p, o depends only on
X, not T:
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Equation (2) above suggests a particular model for f(N).
It is easy to show that a thermodynamic consequence of
Eq. (3) is

as d~o
=sb —Ub

C

Nka

IO

70 80 IQO

FIG. 11. Specific heats for films of two different thicknesses.
The thicker-film (430 STPCC) data have been corrected to iso-

stericity by interpolation, and show a pronounced melting peak.
The thinner film (232 STPCC) does not show a melting peak,
but retains the smaller bump at roughly 78 K,

where (BS/BN)r is the partial molar entropy of the film,
and s& is the specific entropy, Ub the specific volume, and
I'o the saturated vapor pressure of the bulk condensed
phase at coexistence. To the extent that the second term
on the right can be ignored (it is roughly 0.01% of the
first), every molecule added to the film has the entropy of
a molecule in the bulk. Thus, the coalescing of the iso-
therms in Fig. 12 means that the essential thermal
behavior of the film is that of the bulk, and the curve that
remains, f(N), is indeed due to the van der Waals poten-
tial of the substrate.

There are, however, prominent regions in Fig. 12 where

the isotherms do not coalesce. These are precisely the re-

gions where the thermal behavior of the system is dom-

inated by layer-by-layer condensation, which is charac-
teristic of the thin-film nature of the system and not simi-
lar to the behavior of the bulk.

If Eq. (3) is not satisfied perfectly, in other words, if
f{N) does have some dependence on T, then the differ-
ence between (BS/BN)z and si, is given by {df/dT)z. To
examine the quantitative significance of the apparent
coalescing of the curves in Fig. 12, we have computed
(dfldT)z from the numerical data at three coverages
where the curves in Fig. 12 seem to coincide. The result is
shown in Fig. 13. The scatter in this measurement is
comparable to the change in entropy of the bulk when it
melts. The significance of this observation is that the
coalescing of the isotherms cannot be taken to mean that
thin films are solidlike below T, and liquidlike above.
Measurements of @{T,N) by means of vapor pressure are
not sufficiently sensitive to detect that difference. On the
other hand, it is precisely that difference that shows up as
the very large spike in the heat capacity in the thicker
films at T, .

To summanze thcs discussion, layer-by-layer condensa-
tion is seen clearly in the data for p(N, T), but only weak-

ly in the heat capacity —it would not be possible to offer
an interpretation of the small heat-capacity bumps at 78
K without guidance from the vapor-pressure data. Con-
versely, the effect of bulk melting are seen vividly in the
heat-capacity data, but are essentially undetectable in

p(N, T). Both kinds of data are needed to survey the
behavior of adsorbed systems.

I00 200 300

N (STPCC)
400 500

FIG. 12, Chemical potential (relative to the bulk) vs coverage
for temperature between 80 and 96 K. In principle, whenever
these isotherms coincide then the film is behaving like a slab of
bulk. This notion ls tested quantitatively in Fig. 13 below. Note
that the films deviate most from bulk behavior in those regions
where distinct layers make their presence felt. Note also the
structure near 130 STPCC indicative of a possible phase transi-
tion in the second layer.

This study set out to survey methane multilayer films
on graphite in the region between T, (1), the first layer
critical temperature, and T„ the bulk triple point. Ac-
cording to the PSW model, T,(l) should be the first in a
series of transitions T, (n), with T, ( oo ) =Tri the roughen-
ing transition, and T, is the upper limit of possible
roughcning temperatures. Thus thc survey could bc ex-
pected to give interesting results, provided methane wets
graphite in this temperature interval.
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FIG. 13. The temperature derivative of p —pp at constant
coverage vs temperature. These are finite-difference derivatives

of unsmoothed data taken at three coverages where the curves of
Fig. 12 coincide. The coverages are 371 (6), 218.5 (0), and 87.5
(~) STPCC. (Recall that one nominal monolayer is 90.9
STPCC. ) In principle, (df/BT)„measures the difference be-

tween the partial molar entropy of the film and the specific en-

tropy of the bulk. However, the scatter in (df/dT)z is compar-
able to the specific entropy of melting of the bulk, shown in the
figure.

necessary that the film be in a state of higher intrinsic free
energy than the bulk in order to balance its lower van der
Waals potential. However, the evidence we have presented
for methane on graphite is that a 5-layer film is so similar
to the bulk that it melts at the same temperature. Thus
the conditions necessary for beading up do not seem to be
present.

We have presented evidence that there is a T&(n }=78 K
independent of n for the first 5 or 6 layers. If we boldly
extrapolate n from 6 to ac, this implies a roughening tran-
sition at the interface between bulk solid methane and its
vapor at T=78 K.

The melting transition seems to extend from the bulk
triple point into the multilayer region at essentially con-
stant temperature. It does not appear to be first order in
films of 5 layers and less. The entropy associated with
melting (i.e., the area under the heat-capacity peak we as-
sociate with melting} becomes smaller as the film becomes
thinner, vanishing altogether at about 2 layers. This effect
does not appear to be due to capillary condensation.

The melting transition must close in some way because
it should not be possible to follow any thermodynamic
path from solid to liquid without passing through a phase
transition. However, the data show only a phase transi-
tion that becomes successively weaker until it disappears
into the experimental scatter. It does not appear to end on
the first-layer melting curve, but there is some evidence of
a phase transition of some kind in the second layer which
might provide a way for the extension of the triple point
to close. Alternatively it might end on a thermodynami-
cally undetectable transition as suggested by KTHNY.

A complete thermodynamic analysis of the data
presented here will appear elsewhere. The purpose of this
paper has been to put forth hypotheses, suggested by these
data and therefore requiring independent measurements,
by thermodynamic and other techniques, to test them.

All of the data we have obtained are at p &tuo, that is to
say, in a fully wetted film. Of course methane on gra-
phite may have a finite wetting temperature Tii below the
range we have studied (future measurements will investi-

gate this point). It is also possible that methane begins to
bead up in films of more than about 6 layers, but this
seems exceedingly unlikely.

Beading up means that beads of bulk matter coexist
with a uniformly adsorbed film. For this to occur, it is
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