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The physisorption system ethane on graphite was investigated by an ellipsometric technique.
We report layer condensation critical temperatures for layers 2-9. 7T.(2) is 120.8 0.3 K, some-
what lower than previously reported. 7.(n) decreases with increasing layer number 7 until for
n=8 and 9 the extrapolated critical temperatures are below the bulk melting point (90.3 K),
where these layers have been preempted by bulk solid. The coefficient of the compressibility
above T, increases strongly with n. This phenomenon is not predicted in a theory based on the
two-dimensional Ising model, and probably reflects the importance of a second interaction param-

eter related to the substrate holding potential.

When a uniform substrate surface at low temperature is
exposed to an adsorbate gas, in some cases adsorbate con-
densates on the surface layer by layer, and each layer in
the neighborhood of its condensation can be regarded as a
two-dimensional system. The formation of the nth layer
on top of (n—1) layers is in this case a first-order phase
transition. This means, for an ideal substrate, the cover-
age of the adsorbate in the film increases abruptly at a
particular pressure of the gas surrounding the substrate.
As T increases, the first-order phase transition may ter-
minate at a layer critical temperature T.(n), beyond
which the step in coverage is no longer vertical. In prac-
tice, the shape of the step in the coverage-pressure plane
always has a finite slope because of the nonideality of the
substrate. The number of layers which can be formed in
this manner depends mainly on the relative strength of the
interaction between adsorbate and substrate and that be-
tween adsorbate molecules themselves.! If the film thick-
ness becomes infinite as the pressure approaches the vapor
pressure of the bulk phase, the case of the strong sub-
strate, the behavior is called “wetting” or “complete wet-
ting.” Otherwise, it is called “nonwetting” or “incomplete
wetting.” A system which does not wet at low tempera-
ture may wet above some temperature 7,,."2 As the layer
number increases, T, (n) must either fall below 7, or con-
verge to a roughening temperature Tg.?> The roughening
transition at T is a bulk interfacial phase transition. A
solid-gas interface will be atomically flat for 7 < Tk and
will be rough for T> Tg. A liquid-gas interface is ex-
pected always to be rough because of long-wavelength
capillary waves. The roughening temperature must then
be, if not zero, at least below the bulk melting tempera-
ture and inaccessible.

The system of ethane adsorbed on graphite has been
studied by various groups using volumetry,* neutron
diffraction,® quasielastic neutron scattering,® low-energy
electron diffraction’ ~!° (LEED), reflection high-energy
electron diffraction'® (RHEED), and inelastic neutron
scattering.!! Most experiments are in the monolayer re-
gion and only Refs. 4, 7, and 10 deal with multilayers.
Only Regnier, Menaucourt, Thomy, and Duval* (RMTD)
report layer critical temperatures. They used a volumetric
adsorption isotherm technique and found both 7,.(1) and
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T.(2) to be about 130 K, which is nearly 40 K above bulk
melting. For comparison, the second-layer critical tem-
perature of ethylene'? and CF4 (Ref. 13) are approxi-
mately 12 and 10 K above their bulk melting points, re-
spectively. In this sense ethane provides an extreme case
of a layered liquid film.

Multiple-layer critical temperatures have been reported
for several other systems. Maynard and co-workers'*
studied layered solid “He films on graphite under bulk
liquid and reported that 7.(n) increases with increase of
n. Zhang, Feng, Kim, and Chan,'? using a heat-capacity
technique, found that T.(n) is decreasing toward the bulk
melting point with the increase of n from two to five in the
case of the layered liquid-ethylene film. Hamilton and
Goodstein ' reported that 7.(n) is around 78 K from the
first to sixth layer for solid methane films.

The heat-capacity technique has an advantage in deter-
mining layer critical temperatures in that the path of the
experiment is generally perpendicular to the boundary
which separates the homogeneous fluid region from the
two-dimensional liquid-vapor coexistence region in the
coverage-temperature plane. In the case of adsorption
isotherms, one observes a change of slope of the step in the
coverage-chemical potential (N —u) plane as the temper-
ature increases above 7T.. One of the difficulties in deter-
mining the layer critical temperature by this technique is
that, unless the quality of the substrate is very good, back-
ground width in the two-phase coexistence region can
obscure the slope change near the layer critical tempera-
ture. Dash and Puff'® analyzed the effects of heterogenei-
ty, which they described by a convolution in u of the ideal
(ON/du)r with a binding-energy-width function
g(u—p,). Ecke and co-workers!” applied the model of
Dash and Puff with a Gaussian binding energy distribu-
tion of width o to a two-dimensional Ising equation of
state. For our substrate the width o, normalized by kg T,
is about 5% 10 ™% This low heterogeneity is possible be-
cause the ellipsometric technique requires only a small
patch of the substrate surface.

In this paper we report measurement of adsorption iso-
therms for ethane on highly oriented pyrolytic graphite
(HOPG) above and in the neighborhood of the bulk
ethane melting point at 90.3 K. An ellipsometric signal
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I, which is proportional to the coverage, is recorded as a
function of time along with the pressure of the adsorbate
gas, as the pressure is increased to saturation at fixed tem-
perature. The technique will be described in detail else-
where.!® In the ethane experiment we covered the tem-
perature range from 79 to 132 K with 67 complete iso-
therms, extending from the second layer to saturation, and
35 partial isotherms. In this paper we will report primari-
ly results relating to the layer critical temperatures.
When the film is in equilibrium with the surrounding gas,
the chemical potential of the film is equal to that of the
gas. This allows us to calculate the chemical potential of
the film from the measured vapor pressure. From this we
construct the phase diagram given in Fig. 1.

Chemical potentials are plotted relative to bulk liquid-
vapor coexistence. The solid line represents bulk solid-I11
phase, !’ relative to a simple extrapolation of the bulk
liquid chemical potential. Different symbols indicate our
data for the condensation of the second through the sixth
layers. These layer lines have negative slopes, decreasing
in magnitude from 0.83 for the second layer to 0.31 for
the third and 0.15 for the fourth. This implies that the
partial entropy (in units of kp) is larger than the entropy
of bulk liquid by these amounts. This probably reflects an
increase in entropy per molecule on going from monolayer
to bilayer, and to successively higher layers, due to re-
duced constraints on molecular orientation. Also shown
are the layer critical points, as determined below.

The inset of Fig. 2 shows a small portion near the
second-layer condensation step of an isotherm at 120 K,
from which we determine the width Au of the step. In the
one-phase region of hypercritical fluid, scaling theory pre-
dicts the two-dimensional compressibility K7 to diverge as
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FIG. 1. Chemical potential at layer condensation (relative to
bulk liquid) vs temperature. Different symbols are used for lay-
ers two through six, which are labeled at the right. Dashed lines
are fits to the data for three of the layers; in fitting the second
layer, the point near 80 K is excluded, and for the third and the
fourth, only data at 7> 90 K are used in the fits. The solid cir-
cles are layer critical points (see text). The solid line represents
bulk solid-III phase-vapor coexistence. The dot-dashed line rep-
resents melting of the monolayer solid phase S3 (from Ref. 6).
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FIG. 2. Width Au of the second-layer condensation step,
raised to the ¥ th power, as a function of temperature. The solid
line is a fit to the data above 122 K. Inset: A portion of a 120 K
isotherm near the second-layer step. The width Au is taken
from the intercept of the tangent drawn at the inflection point
with the horizontal lines, which represent the height of a com-
plete layer.

[(T—T,)/T.]1"", where y=7% for the two-dimensional
Ising model. Ay is related to K7 by

Ap=(4/AN)K7 ' 1)

where AN is the full coverage in the layer.
Therefore, above but near T,

_ 14
T T‘] ) )

Ap=T
u T,

When Apu for the second layer is graphed against tem-
perature, it is clear that the width of the step increases
rapidly for temperatures higher than about 121 K, but the
onset is not very well defined, because the plot is curved
near the beginning of the rise. Below T, in the two-
dimensional gas-liquid coexistence region, Au does not
vanish completely because of the heterogeneity of the sub-
strate. The background value Aup is given in Table L.

If Eq. (2) applies with y= 7, then, if we take 7 th
power of Ay, we should get a straight line in the high-
temperature region. This is done in Fig. 2. The layer crit-
ical temperature is determined by reading the intersection
between the extrapolated line of the fit and the horizontal
axis Au =0. When the data are corrected for the hetero-
geneity as in Ref. 13, we find very little difference between
corrected and uncorrected data above T., so we can
neglect the effect of heterogeneity when smaller than the
intrinsic width. Therefore we present here raw data which
are not corrected for heterogeneity, except for layers eight
and nine.

From Fig. 2 we find the second-layer critical tempera-
ture to be 120.8 +0.3 K, which is about 9 K lower than
the value estimated by RMTD. Much of the difference
may be due to the effect of curvature of Au as a function
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TABLE 1. Experimental quantities for layers 2-9, all in kel-
vin temperature units. 7.(n) is the nth layer critical tempera-
ture, Aug is the transition width below T, I is the critical width
coefficient defined by Eq. (2), and u.(n) —pu. is the chemical
potential at the nth layer critical point relative to saturated bulk
liquid.

n T.(n) Aup r ue(n) —pur
2 120.8 +0.3 0.21 878.4 —-93.2

3 116.1 =£0.6 0.14 301.7 —=22.1

4 113.0x 1.1 0.07 106.4 —8.1

5 107.1 £0.8 0.08 30.1 —3.6

6 99.1%1.6 0.06 8.3 -1.9

7 943+1.9 0.05 4.4 -1.2

8 84.1 2.8 (0.05) 1.3 -0.9

9 76.4 +10.2 (0.05) 0.7 —0.65

of T. We have determined in the same way the critical
temperatures of the higher layers up to the seventh layer.
In Fig. 3, which shows data for the fifth to seventh layers,
we clearly see a constant background in two-phase region,
which we assume to be due to heterogeneity of the sur-
face, and an increase at higher temperatures. The critical
temperatures determined from these plots are listed in
Table I. In the eighth- and ninth-layer widths there is no
evident two-phase region. We therefore assume that the
background width is the same as for the seventh layer and
we correct our data for this background, assuming it adds
in quadrature.'® The corrected widths are given in Fig. 4
and then fit in the same way as the other layer steps.

Up to this point, we have assumed a critical exponent y
of 7, taken from the two-dimensional Ising model. We
can estimate the critical exponent y for the second layer
from our data. We varied y and computed the goodness
of the fit 22 for the 16 data points at T > T as a function
of 7. The 22 is normalized so that its minimum value is 14
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FIG. 3. Same as Fig. 2, for layers five, six, and seven. The
zeros are offset. Fits (solid line) include data above 112 K for
the fifth, above 110 K for the sixth, and above 107 K for the
seventh layer.
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FIG. 4. Same as Fig. 3, for layers eight and nine, except data
are corrected for substrate heterogeneity. Fits include data
above 98 K for the eighth and above 96 K for the ninth layer.
The zero is offset for the ninth layer.

with 14 degrees of freedom. The minimum is at y=1.76,
which is fortuitously close to the theoretical value. The
value of X2 remains below 15 for y between 1.38 and 2.50,
which is then an estimate of the range consistent with our
data. If the second-layer critical temperature is re-
evaluated with different values of the exponent, 7.(2)
=118.1 K for y=1.38 and 7,.(2) =122 K for y=2.5.

The Ising model also predicts the coefficient of the
compressibility (susceptibility) near 7. The value is
given by Fisher? for several two-dimensional (2D) lat-
tices. The prediction for the coefficient in Eq. (2) is

r=47./Cf, 3)

where C7 =0.9627 for a square lattice or 0.9244 for a tri-
angular lattice and Au is in temperature units. For
T.=120.8 K the coefficient I' then is about 500 K.
Griffith’s2! equation of state also results in about the same
value, from the leading term in his function A (x). There-
fore, based on the two-dimensional Ising model, we might
expect I'(n) to be constant, and independent of the layer
number. The coefficients I'(n) from the slopes of fits such
as those shown in Figs. 2-4 are given in Table I. We find
that they decrease very strongly with the layer number.

When the layer critical temperatures are located in the
chemical potential-temperature phase diagram (Fig. 1),
T.(2) through T.(7) are above the bulk melting tempera-
ture in the 3D vapor region, and decrease approximately
linearly with n. Similar behavior has been reported for
ethylene.!? However the extrapolated eighth- and ninth-
layer critical points are above the bulk solid line. These
are therefore virtual critical points, and there is no real
phase transition. The corresponding steps are nevertheless
quite sharp because the compressibility coefficient is large
for these high layers.

This is different from the behavior calculated by Huse?
for a lattice gas model, and by Nightingale, Saam, and
Schick?? for the solid-on-solid (SOS) model, for which
T.(n) increases with the increase of film thickness, with



38 LAYER CRITICAL POINTS OF MULTILAYER ETHANE. ..

the dependence
Tr—T.(n)<(nn) ~2. 4)

In the lattice gas model and in the SOS model there is
only one condensed phase, which has solid characteristics.
Decreasing T.(n) is consistent with qualitative expecta-
tions for a liquid film, as discussed above. Very recently,
Chernov and Mikheev,2 and Ball and Evans,? have stud-
ied layering in liquids near a wall and layer critical points,
using density functional theory. The first paper2* includes
a renormalization-group treatment of capillary waves, and
predicts critical temperatures consistent with our results if
the bulk-liquid correlation length is about two times the
layer thickness.

The behavior of the compressibility coefficient is also
not predicted by available model calculations, but is re-
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sponsible in part for the striking persistence of layering in
certain liquid films. In the two- (or three-) dimensional
Ising model, both T, and I scale with a single interaction
parameter. In the present problem, where the substrate
potential is responsible for the existence of layer conden-
sation, there is evidently an additional parameter, strongly
dependent on distance from the substrate, which controls
I'(n). For comparison with I'(n), we have also listed in
Table I the chemical potentials at the layer critical points,
relative to bulk liquid at the same temperature, a quantity
which is expected to be dominated by the substrate poten-
tial.
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