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The results of an extensive thermodynamic study of the phase transitions of monolayer and multi-
layer ethylene on graphite are presented. In the submonolayer and near-monolayer completion re-
gions, the melting transition is found to be continuous. Heat-capacity anomalies indicative of orien-
tational and structural transitions of monolayer solid phases are found. Our result indicates the ex-
istence of a third monolayer solid phase in addition to the low- and high-density phases defined ac-
cording to the orientation of the carbon-carbon axis of the molecule with respect to the substrate
surface. In the multilayer region, our result is consistent with the interpretation that the wetting
transition is pinned at T„ the bulk triple-point temperature, and it is approached via a sequence of
layering transitions. Liquidlike ethylene film is found to be layered by the graphite substrate well
above T, . The layer critical point T, C,

'm), the high-temperature limit where a film of m —1 layers
coexists with that of m layers, is found to decrease towards T, with increasing m. The monolayer-
bilayer layer-critical-point transition is found to be two-dimensional Ising-like. The isotopic efects
in two-dimensional orientational, melting, and liquid-vapor transitions were also studied in this ex-
periment.

I. INTRODUCTION

Ethylene on graphite is a prototype physisorption sys-
tem exhibiting many interesting phase transitions in the
monolayer and multilayer regions. To date, ethylene on
graphite has been studied via vapor-pressure isotherm, '

NMR, ~' neutron, ' x-ray scattering, ellipsometric iso-
therm, and isoteric heat of adsorption techniques. In
this introduction, we shall briefly compare the results of
these studies to our own experiment.

A NMR study found the two-dimensional melting
transition temperature remains constant at 68 K below a
certain (n=0.800; this coverage scale will be defined
below) coverage'and increases rapidly above this cover-
age. The diffraction results confirm this finding.
These studies interpret the transition in the submono-
layer coverages to occur at a triple point and to be first-
order-like. In contrast, our hest-capacity results clearly
show that the melting in the submonolayer and mono-
layer completion region is continuous. These results will
be discussed in Sec. IV.

Structural transitions between difkrent two-
dimensional solid phases were found in the neutron-
diffraction study. Below 70 K, a low-density (LD) solid
phase was found below n=0.83 and a high-density (HD)
solid phase above n=1.05. A coexistence region of
(LD+ HD) was found between these two phases. It is
thought that the C=C bond in the CzD4 molecule is per-
pendicular to the graphite basal plane in the HD phase
and parallel in the LD phase. The lattice constants of
HD and LD phases are slightly dependent on tempera-
ture, having roughly the values of 4.22 and 4.65 A, re-
spectively.

The neutron-diffraction study also found evidence for
a third monolayer solid phase, the intermediate density
(ID) solid phase, above 72 K. The C=C bond of the
C2D4 molecules in the ID phase is postulated to be also

parallel to the surface, similar to LD. It is thought that
in the ID phase the inclination angle between the sub-
strate and the C2D4 molecule, as defined by the C—D
bonds, may be larger than that in the LD phase. The x-
ray study, however, did not find any evidence for a dis-
tinct ID phase. Our heat-capacity results„ to be present-
ed in Sec. II, appear to support the existence of a distinct
ID phase. Our results in the monolayer to bilayer cover-
age region also clearly indicate that the structural transi-
tion in the monolayer coverage is strongly coupled with
layering transition in the bilayer.

In addition to melting and structural transitions,
another transition was found near 35 K in submonolayer
coverages in a more recent NMR study. This transition
was though to be related to the orientational ordering of
the molecular axes in the LD phase. %e labeled the
orientationally ordered (low temperature) phase as OLD
and the orientationally disordered (high temperature)
phase as DLD. In contrast, the neutron-diffraction
study failed to find evidence of such a transition. Heat-
capacity evidence for such a transition is discussed in Sec.
III,

Ethylene on graphite is also a prototype multilayer
physisorption system, exhibiting clear examples of layer-
ing, layer critical-point, and wetting transitions. %e shall
brieAy define these terms.

An interface separating two dN'erent phases, e.g. , solid
and liquid, solid and vapor, and liquid and vapor, is said
to be rough if the distance the interface wanders diverges.
The interface is said to be smooth if the distance it
wanders is on the order of its own width. The tempera-
ture separating these two regimes is the roughening tem-
perature Tz. For T ~ T„ the interface is rough, and for
T ~ Tz the interface is smooth. It should be noted that
the liquid-vapor interface is always rough and the value
of Tz for a solid-liquid and solid-vapor interface is
dependent on the particular crystal (solid) facet.
These observations allow one to conclude that the triple-
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point temperature T, is the upper limit of all Tz. In a
physisorption system, the roughening transition is mean-
ingful only in the limit of infinitely thick film and the
crystal (solid) facet to be considered is, of course, that
determined by the substrate.

There are two basic processes for a multilayer film to
grow on an attractive surface, namely wetting and
nonwetting growth. ' "' %'hen the adsorbed film grows
uniformly to an infinite number of layers as bulk coex-
istence is approached, it is called wetting growth. In
nonwetting growth, the maximum thickness of the ad-
sorbed film coexisting with bulk is finite. A layering tran-
sition is said to occur at a particular temperature when
the thickness of the adsorbed film coexisting with bulk in-
creases by one layer. Under variation of temperature, a
(wetting) transition from nonwetting to wetting growth
can occur at the wetting temperature T . This transition
can be approached from below either via a sequence of
layering transitions if T ~ Tz, or via a thin-
film-to-thick-film transition if Tz g T . Here Tz is the
bulk roughening temperature of the adsorbate. ' '

The vapor-pressure-isotherm study of Menaucourt,

Thorny, and Duval' found a single step below 80 K, indi-

cating that only a single layer can form on graphite. Be-
tween 80 and 98 K, two steps, and above 98 K, three
steps, were found. Isotherms taken above 104 K, the
bulk triple point (T, ) of solid, liquid, and vapor, showed
the coverage diverged as the pressure was brought close
to the saturated value. These results suggest a wetting
transition at T, .

X-ray measurement of multilayer C2H& on graphite
provided evidence of a layering transition from mono-
layer to bilayer at 78 K, in agreement with the vapor-
pressure-isotherm study. ' Above bilayer coverages, the
wetting transition ai the triple point is interpreted to
proceed via a prewetting or thin-film to thick-film transi-
tion immediately below T„ftarea bilayer film is formed.

This interpretation is not consistent with two recent
studies. In repeating the volumetric vapor-pres-
sure-isotherm study, Bassignana and Larher found a
fourth step above 102 K. ' Drir, Nham, and Hess per-
formed an ellipsometric isotherm study of ethylene on
graphite and they were able to resolve four discrete steps
at 102.1 K, five steps at 103.2 K, six steps at 103.3 K, and
eight steps at 104.6 K. The total Nm coverage is limited
to the total number of resolved steps for isotherms taken
below 104 K, the value taken to be T, in their study.
Above T„although only eight distinct steps were

resolved, the total film coverage on graphite increased to
more than 50 layers. This study shows clearly that the
layering transition near 98 K is not a prewetting transi-
tion and there are many layering transitions compressed
in the narrow temperature range between 102 and 104 K.
The ellipsometry results therefore are suggestive of a wet-

ting transition at the triple point approached via a se-

quence of layering transitions. It should be noted, how-

ever, that Drir, Nham, and Hess observed bulklike drop-
lets of liquid T ~ T, when total film coverage is above 10
layers, prompting the authors to suggest that the wetting
growth above T, may not be complete. Since the iso-

therm was measured by changing the pressure continu-

ously, it is also possible, as noted by the authors„ that the
bulklike droplets are a result of slow kinetics in a thick™
film system. We shall discuss our results in Sec. VI in
light of these interesting possibilities.

The boundary of the monolayer liquid-vapor coex-
istence region of ethylene on graphite is also mapped out
in this study. The coexistence boundary is found to be
similar to that of the CH„on graphite system and it is de-
scribed by the 2D Ising model. ' This result and the iso-
topic efFect on the 2D critical point are discussed in Sec.
V. The details of the experiinental techniques and ar-
rangements used in this study were described previously'
and will not be repeated here. The resolution in heat-
capacity determination is about 0.2%. ' This resolution
allows us to detect heat-capacity anomalies with the peak
height of 0.3k& per molecule for a film of monolayer cov-
erage. Heat-capacity scans of 49 surface coverages of
C&D4 and six surface coverages of CzH4, were made from
25 to 120 K. The coverage region studied ranges from
n=0. 15 to n=6. Three difFerent calorimeters were used
in this study. %'e define n=l to be the coverage at the
completion of the substep of a 74-K N2 isotherm. This is
the coverage corresponding to the formation of a
&3)&&3 solid. The surface area of the calorimeters
based on this definition is found to be, respectively, 2. 1

m, 1.4 m, and 1.2 m . Our data are normalized to those
of the 2.1 m calorimeter. In our coverage scale, n=1
corresponds to 1..33 g 10' molecules. Although the
ethylene molecules do not form a &3X&3 solid, this
coverage scale is used to measure the number of ethylene
molecules on the surface. Similar coverage scales are
used in other experimental studies, for example, n=1 is
defined against a 77.4-K Nz isotherm in the NMR and
neutron-difFraction studies and a 95-K Kr isotherm in the
x-ray study. These coverage scales, according to the
respective phase diagrams, appeared to be consistent
within 5%.

The relative surface coverage from one scan to another
in our study is reliable to 0.3% up to n=2. At higher
coverages, a number of difFiculties set in. In a multilayer
(n &4) experiment, the equilibrium vapor pressure in the
sample cell is very close to the bulk saturated vapor pres-
sure. A small temperature gradient between the (colder)
sample cell wall and the (warmer) calorimeter will cause
preferential condensation of the adsorbate gas on the cell
wall. Since in our experimental arrangement the calorim-
eter is maintained at a temperature of about 2 K higher
than the sample cell, preferential condensation onto the
wall is difBcult to avoid for n & 4. Preferential condensa-
tion at these coverages may also occur if the sample ce11
was cooled down rapidly after dosage of the adsorbate
gas. In order to minimize this problem, the sample cell
was cooled down at the rate of 1 K/h. Because of the
preferential adsorption problems, we estimate that our re-
ported coverage for n &4 is reliable to 15%%. Since the
substrate used is exfoliated graphite foam, capillary con-
densation is also expected to be important for a multilay-
er film. As we shall see below, our heat-capacity scan
found a merged broad signal where a sequence of transi-
tions is expected for n~4. Another problem related to
the correct surface coverage is thai of desorption of the
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adsorbate molecules into the volume surrounding the
calorimeter. Comparing arith other adsorbates, this is a
less serious problem for ethylene on graphite. This is the
case because the saturated vapor pressure I'o of ethylene

is quite low, for example, at the triple point (104 K),
Po=0.85 Torr. At this pressure, desorption correction
corresponds to a decrease in coverage of An=0. 04. At
115.2 K, near the layer critical point T, (2}, PO=5.05
Torr, desorption correction becomes more signi6cant and
causes a decrease in coverage of En=0.24. Vapor-
pressure isotherms performed at 108 and 115.2 K in this
study, as mell as those by Menaucourt, Thorny, and Du-
val, ' are used to calculate the true, eC'ective surface cov-
erage.
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FIG. 1. Phase diagram of C&D4 on graphite in terms of cov-

erage vs temperature. HD, ID, OLD, DLD are monolayer solid

phases; their meanings are explained in the text. 1V, 1L, 2L,
3L, 4L represent fIrst layer vapor, and first layer, bilayer, tri-
layer, and quadlayer liquids. 25 is bilayer solid. 8 stands for
bulk solid. Black dots are locations of heat-capacity peaks.
Solid lines represent first order and dashed lines represent con-
tinuous transitions. Dash-dot lines represent more speculative
phase boundaries. A narrow (ID + 2S) region, not labeled, is
proposed to exist between the {ID+ bulk) and (2S+ DLD) re-
gion. Layering transitions for adsorbed film thicker than tri-
layer cannot be resolved in this experiment. For the sake of
clarity, details above n-3 and temperature between 101 and
104 K, the triple point temperature, are not shown. The ellip-
sometry study (Ref. 7) found at least four additional layering
transitions in this region. T, at 104 K is denoted by an arrow.
This is defined against a triplet-point-like melting peak at n -6.
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FIG. 3. Vapor pressure adsorption isotherms of CzD& on

graphite at 108 K (a) and at 115.2 K (b). I'o, the saturated vapor
pressures„are 1.80 Torr (108 K) and 5.05 Torr (115.2 K)„respec-
tively. Note that the second step (near I'/Po ——0.4S) for the
108-K isotherm is more "vertical" than that of the 115.2-K iso-

therm.

FIG. 2. Chemical potential vs temperature phase diagram.
Chemical potential relative to that of bulk liquid {p& } is shown
in schematic scale. The phase boundaries, connecting the ID,
DLD, 2S, and 8 phases are tentative. Our data are not of
suScient resolution to exclude other possibilities, e.g., there
may be a (DLD+ bulk) coexistence line that separates the ID
and 2S phases.
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In the multilayer region, the heat-capacity value relat-
ed to a transition is shown in units of mJ/K rather than
in terms of kz per molecules. Our choice is due to the

fact that in some of the transitions, such as layeriog, the
layer critical point and melting transition of the mooo-
layer with a coexisting bilayer, the fraction of the mole-
cules on the graphite surface participating in the transi-
tion, is dependent on the specific transition.

Our proposed coverage-temperature (n-T) and chemi-
cal potential-temperature (p T) ph-ase diagrams are
shown in Figs. 1 and 2. Phase boundaries shown in these
figures are based on our heat-capacity and vapor pressure
isotherm studies (Fig. 3), as well as other experimental
studies discussed above. %'e shall show below the
difFerences between our phase diagram and that due to
other studies.

Since our results on continuous melting in the mono-
layer' and layer-critical-point transitions in a multilay-
er' have already been published, the discussions here
concerning these two topics are intended to be comple-
mentary. The organization of the remainder of this paper
is as follows: In Sec. II structural and layering transi-
tions are discussed; in Sec. III the result of the orienta-
tional ordering transition is presented; in Sec. IV we de-
scribe the melting transition in the first few layers; and in
Secs. V and VI we discuss, respectively, the two-
dimensional liquid-vapor transition in the monolayer and
the multilayer layer-critical-point transitions. Since mea-
surements were made with both C284 and C204, isotopic
efFects observed in some of these transitions are also
presented.

n ~ 0.98
4%y

~ s.~. n =0.92

60 65 70 75 80 85
T (K)

FIG. 4. Heat-capacity traces related to the structural transi-

tions from HD to ID (1) and from ID to LD (2} in the mono-

layer solid. The coverage shown at each scan is the low-

temperature value, desorption is not important up to T, .
Dashed lines are drawn to guide the eye. All scans were done in

the warming process except the top scan which was done during

cooling.

II. STRUCTURAL AND LAYERING
TRANSITIONS

A. Structural transitions in monolayer solids

and layering transition to a tao-layer Nm

In Fig. 4, seven heat-capacity traces from n=0.92 to
n =1.33 are shown. A broad peak (full width at half max-

imum, FWHM=6 K) is found for coverages n=0.92 and
n =0.98 and two peaks [labeled (1) and (2)j separated by 4
K are found for coverages above n=l. Both heat-
capacity peaks are interpreted as signals of structural
transitions in the solid phases. We identify peak (1) to be
the signal due to the HD-to-ID transition and peak (2),
the ID-to-LD transition. The identification of peak (1) is

consistent with the published result of neutron
diifraction. Both peaks (1) and (2) extend far into multi-

layer coverages, supporting our interpretation as shown
in Figs. 1 and 2, that above n=1.25 this ID phase coex-
ists with bulk. %"e shall return to this point. The broad
anomaly at n=0.92 and n=0.98 is probably the merged
signal of peaks (1) and (2). Since heat-capacity scans are
not sensitive to phase boundary parallel, or nearly paral-
lel to the temperature axis of an n-T phase diagram, we
cannot be certain whether the ID phase terminates near
n=0.9 aod T=65 T or extends below 65 K as a sliver
parallel to the temperature axis. Figures 1 and 2 are
drawn assuming ID terminates oear 65 K.

In Fig. 5, six out of the 11 heat-capacity scaos takeo

(2)
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FIG. 5. Heat-capacity traces related to the structural transi-

tion from HD to ID in the monolayer solid (1) and the layering

transition from monolayer to bilayer solid with and without

coexisting bulk (2). All scans were made during warming except
the top scan which was done during cooling. Dashed lines are
drawn to guide the eye.
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FIG. 6. Heat of transitions vs coverage of the structural tran-

sition from HD to ID [peak (1)] and the structural transition
from ID to LD and the layering transition between monolayer
and bilayer [peak (2)].

between n= 1.48 and n -6 are shown. Peaks (1) and (2)

are smoothly connected to those shown in Fig. 4. The
temperature of peak (2) is consistent with the layering
transition from monolayer to bilayer found by vapor-
pressure and x-ray studies. The temperature of peak
(1), on the other hand, is consistent with that of the
structural transition from the coexistence region of HD
and bulk, i.e., (HD+ 8) to (LD+ 8) reported in the x-

ray study. However, we shall show below that peak (1) is
actually due to a transition between (HD + 8) and

(ID + 8) regions.
The heat of transition as a function of coverage for

peaks (1) and (2) are shown in Fig. 6. The heat of transi-
tion of peak (2) shows a rapid increase from n=1.0 to
n = 1.15, decreases monotonically from n = 1.15 to
n=1.88, and stays at 1.5 mJ for n above 2. These results
suggest possible phase boundaries parallel to the tempera-
ture axis near n=1.15 and n=2. In particular, we pro-
pose the DI.D phase completes near @=1.25 and the bi-

layer completes near n=2. Therefore, we identify peak
(2) to be a signal of the ID-to-LD transition for n & 1.25
and (ID + bulk)-to-(DLD + 2S) transition for n & 1.25.
The (ID+ bulk)-to-(DLD+ 2S) transition is likely to
occur as a two-step process going through a narrow
(ID + 2S) region. This region is proposed to avoid ther-
modynamic (Gibbs phase rule) inconsistency. Heat-
capacity anomalies related to the melting of the mono-
layer DLD and bilayer solid and the crossing of the
monolayer and bilayer liquid coexistence region (to be
discussed below) and the vapor-pressure isotherm at 108
K (Fig. 3) provide evidence for a boundary near n=1.61
separating the monolayer-bilayer coexistence and the
pure bilayer (2S or 2L) phases for T~ 80 K. Therefore,
peak (2) is a signature of layering transition for
(ID + bulk) to (2S) between n = 1.61 and n =2 and a tran-
sition from (ID + bulk) to (2S +bulk) for n ~ 2.

Above n = 1.33, the position of peak (1) is independent
of coverage and as shown in Fig. 6, there is an abrupt
drop in the heat of transition between n=1.33 and
n=1.48. %'e interpret these results as suggestive of a
parallel boundary separating the HD and (HD+ bulk)
regions near n =1.35 below peak (1). The location of this
parallel boundary is consistent with the x-ray result.

%e shall now present our argument for a distinct third
monolayer solid, the ID phase. Instead of a distinct ID
phase, one might interpret peak (1) below n =1.35 to be
due to a transition from HD to (HD + LD) and peak (2)
as leaving this coexistence region. However, this inter-

TABLE I. Structural transition between HD and ID [peak (1)]. T~, FWHM, and bH represent the
position, fuH width at half maximum, and the heat of transition. n=1 correspond to 1.33X 10' mole-
cules.

Coverage n

1.10 CzD4
1.15 CzD4
1.26 CzD4
1.33 CzD4

Tp (K)

68.321.0
71.4+0.5

73.9+0.5
74.3+0.5

Height (mJ/K)

0.5%0.2
1.1+0.2
2.0+0.2
1.7+0.2

FTHM (K)

5.0+1.0
3.3+0.5
2.8+0.5
1.4+0.5

1.83+0.5
3.80+1.0
3.70+1.0
3.60+1.0

1.48 CzD4
1.56 CzD4
1.60 CzD4
1.88 CzD4

76.0+0.2
76.0+0.2
76.0+0.2
76.5+0.5

0.8+0.2
1.1+0.2
0.8+0.2
1.4+0.2

1.6+0.2
2.0+0.2
1.8+0.2
1.0+0.2

2.00+0.4
1.77+0.4
1.93+0.4
1.87+0.4

2.14 CzD4
2.32 CzD4
2.63 CzD4
2.92 CzD4
3.32 CzD4
4.15 CzD4

6 CzD

77.0+0. 1

77.1+0.1

77.1+0.1

77.2+0. 1

77.2+0. 1

77.2+0. 1

77.3+0. 1

2.0+0.3
2.8+0.3
3.2+0.3
3.2+0.3
2.9+0.3
3.1+0.3
3.6+0.3

0.30+0.05
0.20+0.05
0.15+0.05
0.15%0.05
0.15+0.05
0.15+0.05
0.15+0.05

1.53+0.2
1.71+0.2
1.59+0.2
1.64+0.2
1.68+0.2
1.58+0.2
1.68+0.2



3516 H. K. KIM„Y. P. FENG, Q. M. ZHANG, AND M. H. W. CHAN

TABLE II. Structural transition between ID and LD phases and layering transition from monolayer
to bilayer [peak (2)].

Coverage n Height (mJ/K) F%'HM (K) AH (mJ)

0.92 CpD4
0.98 C2D~
1.10 CqD4

71.0+2.0
72.5+2.0
73.7+0.5

0.1+0.02
0.1+0.02
1.3+0.2

-7.0+2
—5.5+2

2.5+1

-0.85+0.3
-0.90+0.3

2.26+0.5

1.15 C2D4
1.26 CgD~
1.33 C2D4
1.48 CgD4
1.56 C2D4,
1.60 C2D4
1.88 C2Dg

76.4+0.3
77.5+0.3
78.1+0.3
79.0+0. 1

79.0+0. 1

79.0+0. 1

79.4+0. 1

2.3%0.2
3.4+0.2
3.2+0.2
3.0+0.2
3.2%0.2
3.1+0.2
2.5+0.2

1.5020.2
0.85+0.2
0.55+0.2
0.60+0. 1

0.50+0. 1

0.45+0. 1

0.5020. 1

4.8821.0
3.59+1.0
3.38+1.0
2.07+0.4
2.07%0.4
2.15+0.4
1.88+0.3

2.14 C2D4
2.32 C2D4
2.63 C2D&
2.92 C2D4
3.32 C2Dg
4.15 C2Dg
-6 C2Dp

79.6+0. 1

79.6+0. 1

79.6+0. 1

79.7+0. 1

79.7+0. 1

79.8+0. 1

79.4+0.2

2.9+0.2
2.9+0.2
2.7+0.2
2.7+0.2
2.7%0.2
1.9+0.2
1.1+0.2

0.30+0.05
0.25+0.05
0.20+0.05
0.30+0.05
0.25+0.05
0.5020. 1

1.00+0.2

1.47+0.2
1.39+0.2
1.37+0.2
1.48%0.2
1.44+0.2
1.64a0. 2
1.57%0.2

1.33' C2D4
2.92' C2Dg

76.2+0.5

77.9+0.5
0.9+0.2
1.4%0.2

1.7+0.2
1.7+0.2

3.50+0.4
3.2820.4

'Cooling process, peaks (1) and (2) are merged together.

pretation requires the existence of three different phases
(bulk, HD and LD) in the temperature interval between
76 K and 79 K above n = 1.35. This is not allowed by the
CIfibbs phase rule. Therefore, it is more likely that be-
tween 76 K and 79 K and between n =0,90 and n =1.25,
a pure solid phase ID distinct from HD and LD exists;
above n=1.25 a coexisting region of (ID+bulk) is
present.

In order to examine thermal hysteresis of the structural
and layering transitions, scans were made during cooling
as well as warming for coverages n = 1.33 and n =2.92 (all
other scans were made by warming the sample cell).
~bile two well-defined peaks at both coverages are ob-
served during warming, only one broad peak is observed
during the cooling process. The heat of transition seen in
the cooling process is equal to the sum of the two peaks
in the warming process. Since peak (2) in Pigs. 4 and 5
are smoothly connected from monolayer to multilayer
and that only a merged heat-capacity peak of structural
and layering transitions is observed during cooling, it is
reasonable to conclude that the structural transition in
monolayer solid and the layering transition from mono-
layer to bilayer are strongly coupled. Tables I and II
show the characteristics of peaks (1) and (2).

8. Layering transitions in films thicker
than two layers

Figure 7 shows seven heat-capacity traces for cover-
ages between n=2. 14 and n -6 in the temperature range
85 K» T~110 K. In this figure, three heat-capacity
peaks for each trace are found. Two peaks labeled (5) at
95 K and (3) at 98 K are found on the low-temperature

((6)

il

Ii
fi
li

I(

,
I

I

~ I

j I

il
i l

i I

I

I

i I

I

(3 Q)t)-- n-ea
~ = p.sy Pr , (e)+ytiig-y/

(3) (e) i

(I'
n. a.sz i»'. -~'~ n=o. is ",!rv'

coop 0 ~ iOOOOQ

fi(e)
(y) (e)

(g)
~ Pig (5) ~ 't n 3M (5) ~g' ',

~ ~g ~ ~

I I I

80 9O IOO I IO 90 IOO I IO
T (K)

5m JXK (e)

) ~ i(e)

FIG. '7. Heat-capacity traces of multilayers between 80 and
110 K. See the text for the interpretation of each anomaly.
Dashed lines are drawn to represent, according to our interpre-
tation, the contribution of peak (6).

side of a broad asymmetric peak (6). Whereas peak (6)
grows with coverage, peaks (3) and (5) appear to be cover-
age independent. Peak (5) is due to the melting of the bi-
layer solid. This identification is consistent with the re-
sult of x-ray diffraction; we shall discuss this melting
peak of the bilayer solid in Sec. IV.
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The heat-capacity peak (3) is identified as due to the
layering transition between two- and three-layer films.
This identification is consistent with other experiments of
ethylene on graphite. The vapor pressure isotherm study
reported a bilayer-trilayer layering transition at 98 K.
The x-ray-di6'raction study also found a transition from
the bilayer to a thicker film at 98 K. They suggested,
however, that this is not a simple layering transition but a
thin-film to thick-film transition. In other words, they
suggest that at 98 K the two-layer thin-61m changes to a
thick film whose thickness is larger than two but not lim-
ited to three layers. In addition to its size, the shape of
peak (3) also appears to be coverage independent up to
n -6 (height -2 mJ/K, width -1.5 K). This indicates
that the number of molecules involved in this transition
are limited to a finite number, probably the equivalent of
a single layer. This result favors the interpretation of a
layering transition between a two-layer and three-layer
film over that of a thin-film to thick-61m transition.

The highest temperature heat-capacity peak (6) is relat-
ed to the sequence of layering transitions forming layered
film thicker than three layers. As discussed in the Intro-
duction, the ellipsometry study found a series of layering
transitions compressed in the narrow temperature range
between 99.5 K and the triple point at 104 K. The pro-
nounced asymmetry of peak (6) that rises gradually from
the low-temperature side and drops o6'rapidly above 104
K is consistent with the ellipsometry result. Since the se-
quence of layering transitions are nearby and the heat-
capacity peaks for each transition are of finite width in

temperature, a merged broad signal is seen. Since the
substrate used in this study is exfoliated graphite, capil-
lary condensation of thicker adsorbed film in the crevices
is also expected. It should be noted that if this peak is
due only to the melting of bulk clusters, the shape should
be more symmetric and should resemble a broadened
(due to finite size) 5 function. Even at n =6, the signature
still does not resemble completely the signature of bulk
triple-point melting. F%HM for this signal at n=4. 15 is
5 K and at n -6 is 1 K, whereas a value of less than 0.15
K is found for 2D triple-point melting of methane on
graphite. The rapid sharpening of the peak between
n=4. 15 and n=6 and the abrupt drop on the high-
temperature side of the n =6 peak indicates melting of a
substantial amount of bulk clusters in addition to the se-
quence of layering transitions, and the peak position at
103.9 K is fairly close to the true bulk triple-point tem-
perature. Due to the problem of preferential adsorption
of ethylene molecules on the ~alls of the calorimeter, we
did not extend our scans to higher coverages. There is,
however, some difhculty with this interpretation, namely
the presence of this peak for coverages n=2. 14 and
n =2.32; at these coverages layering transition to a four-
layer film is not possible. It is tempting to interpret this
as due to the melting of a trilayer 61m near 102.5 K„
indeed, we chose such an interpretation in presenting the
phase diagram in an earlier Letter' reporting this work.
However, an ellipsometry isotherm at 97.5 K, not
shown in Ref. 7, clearly confirmed the x-ray result that
the trilayer film is liquidlike upon its formation. There-
fore, the most reasonable and simple interpretation is

that the presence of peak (6) at coverages less than n=3
are a result of capillary condensation. In the crevices of
the graphite foam substrate, the effective film thickness
could be significantly higher than the average value and
the aforementioned layering transition to a four-layer
film or the melting of a capillary condensed bulk cluster
is reflected in peak (6). For an ideal substrate with no
capillary condensation we would expect heat-capacity
signatures due only to layering transitions at finite cover-
age. The triple-point 5-function heat-capacity peak
should be present only for an adsorbed film of infinite
thickness.
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FIG. 8. Heat capacity related to the orientational ordering
transition in the LD phase (bottom two scans for C&H4, others
for C2D4). Dashed lines are dravvn to guide the eye.

III. MONOLAYKR GRIKNTATIGNAL
ORDERING TRANSITION

Figure 8 shows heat-capacity traces between 30 and 45
K. A broad heat-capacity maximum is found near 39 K
for C2D4 and near 36 K for C284 in submonolayer cover-
ages. The peak near 36 K for C2H& is consist;ent with the
NMR result where a broad and symmetric minimum in
spin-lattice relaxation time (1, ) is found at n=0.65 and
n=0.74. Since the T, and heat-capacity signals are ob-
served far below the melting temperature, they are prob-
ably related to transition of the orientation of the axes of
the ethylene in the two-dimensional solid.

The size of this low-temperature hest-capacity anoma-
ly (in per molecule„reduced unit) remains constant up to
n =0.8, decreases with coverages up to n =0.9, and disap-
pears for n g0.9. This result suggests that this transition
exists only in the LD phase and that there is a
(HD + LD) or (ID + LD) coexisting region between
n=0.8 and n=0.9. As stated in Sec. II, our phase dia-
gram (Figs. 1 and 2) are drawn with the interpretation
that there is no ID solid below 65 K.

Since this transition exists only in the I.D phase where
the C=C bond of the ethylene is parallel to the graphite
surface, ' it is suggestive that the transition is probably
related to an ordering transition of the orientation of the
molecular axes, rather than that related to the rotation



H. K. KIN, Y. P. FENG, Q. M. ZHANG, AND M. H. W. CHAN 37

TABLE III. Qrientational transition in the LD phase.

Height (units of C/Nk&) hH/Nkq (K}

0.35 CgD»
0.45 CpD»
0.55 C2D»
0.76 CpD»
0.80 C2D»
0.84 C2D»
0.88 CpD»
0.36 C2H»
0.56 C2H»

37.6+1
38.4+1
39.2+1
39.2+1
39.0%1
39.0+1
40.0+1
36.021
36,0+1

2.3+0.5
2.5+0.S

3.0+0.5
2.3+0.5
1.5+0.5

1.3%0.5
1.3%0.5
1.3%0.5
1.5%0.5

4.0+1
5.0%1
4.5+1
6.021
4.521
6.0+1
8.0+1
6.0+1
7.021

14+3
18+3
15+3
20%3
9+3
9k3

11+3
823

1023

Coverage n

TABLE IV. Melting transitions.

Monolayer
Height (units of C/Nk&) FTHM (K) hH/%kg (K)

045 C2D»
0.55 C2D»
0.65 CgD»
0.70 CpD»
0.78 CgD»
0.80 C2D»
0.84 C2D»
0.88 C2D»
0.92 C2D»
0.98 CgD»
1.10 C2D»

0.30 C2H»
0.47 C2H»
0.58 C2H»
0.61 C2H»

67.8%0.2
67.7%0.2
67.8+0.2
67.8+0.2
67.8+0.2
70.5%0.5
71.0+0.5
79.0+1.0
85.0+1.0
87.5+1.0
93.5+1.0

67.5+0.5
68.2%0.2
68.1%0.2
68.2+0.2

Monolayer and submonolayer
4.0+0.5
5.0+O. 5
5.0+0.5
5.520.5
6.0XO. 5
2.5%0.5
4.5%0.5
2.0+0.5
3.0+0.5
2.0+0.5
2.5%0.5

2.520.5

4.5+0.5
6.0+0.5
5.0+0.5

coverages
2.7+0.3
2.520.3
2.7%0.3
2.220.3
2,420.3
4.0%0.5
4.020.5
3.6+0.5
5.020.5
4.0%0.5
3.0%0.5

3.3%0.5
2.6+0.3
2.2+0.3
2.220.3

19+3
19%3
19%3
17S3
18%3
12+3
17+3
6%2

11X2
7+2
7+2

8+2
14%3
18+4
18%4

Coverage n

Beyond rnonolayer coverage

Height (mJ/K) F%HM (K)

1.26 C2D»
1.33 C2D»
1.48 C2D»
1.56 C2D»
1.60 C2D»

Melting of the monolayer (with a coexisting bilayer
88.5+1 0.420. 1

89.0+ I 0.420. 1

88.2+1 0.320. 1

87.5+1 0.320. 1

87.6+1 0.320. 1

solid), peak (4)
4.5+0.5
3.0+0.5
2.0+0.4
2.0+0.4
2.0%0.4

1.7020.3
1.20+0.2
1.17%0.2
1.1020.2
0.9320.2

1.15 C2D»
1.26 C2D»
1.33 C2D»
1.48 C2D»
1.56 C2D»
1.60 CqD»
1.88 C~D»

Melting of the
95.1%1
93.8+1
92.5+1
94.2+1
94.5+1
94.7+1
94.7+1

bilayer (with a coexisting monolayer
0.5+0.2
0.5RO. 2
0.7+0.2
0.7+0.2
0.8+0.2
0.7%0.2
1.5%0.2

liquid), peak (5)
3.0+O. 5
2.0+0.4
2.5+0.4
3.5+0.5
3.5+0.5
4.0+0.5
3.0+0.5

1.50+0.3
1.3020.3
2.1540.4
3.51+0.5
3.00+0.5
3.35+0.5
4.50+0.5

2.14 C2D»
2.32 C2D»
2.63 CqD»
2.92 C2D»
3.32 C2D»
4.15 C2D»
-6 C2D»

Melting of the
94.8+1
94.9%1
94.9+1
96.0+ 1

96.0+1
96.0+1
97.5+1

bilayer (with coexisting bulk},
0.6%0.2
0.420.2
0.8+0.2
0.5+0.2
0.520.2
0.9%0.2
0.8+0.2

peak (5)
1.0+0.2
1.2+0.2
1.4+0.2
1.2+0.2
1.0+0.2
1.2+0.2
1.2+0.2

1.1+0.2
1.0+0.2
1.4%0.2
1.4+0.2
1.0%0.2
1.7+0.3
1.6+0.3
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about the C=C axis. This interpretation is supported
by the study of Prenzlow, Beard, and Brundage ' which
suggested that the C—H axis of the C2H& molecule in the
LD phase is inclined st 35' with respect to the graphite
surface, and the C =C axis is parallel to the surface. For
submonolayer N2 snd CO on graphite, the molecular
axes form an ordered herringbone structure below the
transition temperature and the high-temperature phase is
orientationally disordered. It is likely that the low tem-
perature, ordered phase in ethylene on graphite also
forms a herringbone structure. The heat-capacity
anomaly in ethylene on graphite is broad (FWHM about
5 K) and weak (peak height is on the order of 2ks per
molecule). For Nz and CO on graphite, the FWHM and
peak heights are, respectively, j. K and 3 K and 5k~ snd
0.5k& per molecule. ' In the nitrogen and CO cases,
the two-dimensional solid overlayer is commensurate
(&3X&3) with the substrate in both the herringbone
snd dlsordei ed phases.

As stated above, the neutron-diff'raction study" did not
find any evidence for the orientational ordering transition
down to 10 K, however, a more recent neutron study
found evidence for a slight structural transition in the LD
phase near 40 K. It is possible that the orientstional
ordering transition is accompanied by a structural transi-
tion as suggested in s molecular-dynamics simulation
study. It is not clear whether the broad and weak
heat-capacity signal is consistent with such s picture of
orientational ordering transition. Table III summarizes
the heat-capacity peak of the orientational ordering tran-
sition of the monolayer.

IV. THK MKI.TING OF ETHYLKNK ON GRAPHITE

Veri6cation of a 2D continuous and, in particular,
Kosterlitz- Thouless-Nelson-Halperin- Young (KTNHY)
type of melting transition is one of the most interesting
possibilities in physisorbed systems. Since our result of
the melting transition in monolayer region has already
been reported in a recent paper, ' only s summary will be
given here. Ethylene on graphite is unique among all
physisorption systems showing continuous melting be-
havior in submonolsyer as well as monolayer completion
region. The peak height of the heat-capacity anomaly re-
lated to melting for submonolayer as well as monolayer
completion region is on the order of 20 times smaller but
the width is 20 times broader than that found for systems
such as 02, Ne, Xe, and CH4 (Ref. 17) on graphite.

These systems, just as ethylene on graphite, melt from an
incommensurate solid phase. The absence of any sharp
heat-capacity peak allows us to conclude that there is no
abrupt density jump larger than 0.05% between the solid
and liquid phases throughout the melting process. The
lack of singularity in heat capacity is consistent with the
prediction of KTNHY.

The characteristics of the melting transition, i.e., peak
temperature, full width at half maximum, peak height,
snd hest of transition are shown in Table IV from sub-
monolayer to multilayer coverages.

At this point we do not understand why ethylene on
graphite is the only system that exhibits continuous melt-
ing transition in the entire monolayer coverage. In Table
V, the ratio of 2D triple temperature to a 2D critical tem-
perature, T, /T, , is compared for a number of adsor-
bates that melt from incommensurate 2D solid phases.
This ratio turns out to be between 0.82 and 0.86 for Xe,
Ne, Ar, and methane. Ethylene, however, hss a much
lower value of 0.62. This might indicate that the solid
ethylene overlayer is not as stable as that of the other
overlayer systems mentioned earlier. However, this may
not be a relevant observation since the ratio for 02 on

graphite is even smaller and the melting transition of 02
on graphite was found to be clearly first order. A corn-
parison of the T, /T, , where T, is a 3D critical tem-

perature, also shows snomalously low values for Oz and

C2H4 on graphite.
The simulation study of Ssito shows that the melting

of a two-dimensional overlayer csn change from first-
order-like, with dislocations of small core energy, to con-
tinuous for suSciently large core energy. Assuming an
activation model for the melting transition, the value of
8, /kb T for ethylene is almost four times Saito's critical
value. Here E, is the core energy of dislocation and T
is the melting transition temperature. If an activation
model of dislocation unbinding is appropriate to under-
stand our data, then it would be interesting to determine
why the ethylene on graphite system shows large core en-
ergy of dislocation. A recent simulation study found
that the melting of ethylene on graphite involves the
standing up of the ethylene molecule for the LD phase,
and the simulation indicates that the molecules stand up
gradually. It is not clear to us whether this mechanism is
related to the dislocation unbinding model.

Figure 9 shows heat-capacity traces related to the melt-
ing transition of monolayer film [peak (4)] and bilayer

TABLE V. Ratios of the two-dimensional triple point to the two-dimensional and three-dimensional
critical-point temperature for various adsorbates on graphite.

Ne
O2
Xe
Ar
CH4
C2H4

'Present @cork.

13.6 (Ref. 29)
25.5 (Ref. 28)
99.0 (Ref. 30)
47.0 (Ref. 16)
S6.5 (Ref. 17)
67.8'

15.8 (Ref. 29}
65.0 (Ref. 28)

117.0 (Ref. 30)
55.0 (Ref. 16)
68.8 (Ref. 17)

110.0'

y.30 (K )

44.S (Ref. 31)
154.3 (Ref. 31)
289.8 (Ref. 31)
150.9 (Ref. 31)
191.0 (Ref. 32)
283.0 (Ref. 33)

y 20yy2D

0.87
0.39
0.85
0.86
0.83
0.62

y20 yy3D

0.31
0.17
0.34
0.31
0.30
0.24
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V. LIQUID-VAPOR CRITICAL POINT
OF MONOI. AYKR KTHYI KNK ON GRAPHITE

Figure 10 shows five traces showing the heat-capacity
anomaly related to crossing the liquid-vapor coexistence
region for various submonolayer coversges. The height
snd the half-width of the peak are similar to those found
for two-dimensional liquid-vapor transition of other ad-

film [peak (5)] between n =1.10 and n = 1.88. This assign-
ment is consistent with the x-rsy-difFrsction result which
found a loss of long-range order in the monolayer before
the bilayer film. The monolayer melting peak was found
to decrease in size with coverage above n=1.15 and
disappear for n=1.88 and above. This result suggests
that between n = 1.15 and n = 1.65 the adsorbed film con-
sists of a monolayer (LD) and a coupled bilayer (2S) rath-
er than a decoupled top and bottom layer. Above the
coexistence region, s pure bilsyer film is found. For
1.10~n g 1.15 the melting temperature of monolayer ap-
pears to bend downwards from 94 to 88 K. The mona-
layer melting temperature remains constant near 88 K in
the monolayer and bilayer coexisting region. The heat-
capacity peaks related to the melting of monolsyer and
bilayer in Fig. 9 are comparable in height (-2k& per
molecule) and width (-3 K) with each other. These
peaks are also comparable to the melting peak in sub-
monolayer eoverages. The similarity suggests that the
nature of melting of the bilayer is similar to that of mono-
layer, namely it is also continuous.
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FIG. 10. Heat-capacity anomaly related to liquid-vapor tran-
sition of the monolayer film.

sorbate systems. ' ' The fact that the peak tempera-
ture is essentially coverage independent between n=0.35
and n=0.55, indicating s coexistence boundary that is
perpendicular ta the temperature axis over s wide cover-
age range. In the methane system, ' where an exhaustive
study was made, the critical exponent p which character-
ized the liquid-vapor coexistence boundary, was deter-
mined to be 0.127+0.02 in good agreement with the value
of 0.125 expected for a 2D Ising model system. Here p
is defined by the power law (n& n, ) =—(n, n, )—
=8[(T,—T)/T, j~ where n&, n„, and n, are, respectively,
the two-dimensional liquid, vapor, snd critical coverages,
and T, is the critical temperature. Although the two-
dimensional liquid-vapor coexistence region in ethylene
on graphite, as that in Ar, ' and CF4, was not mapped
out to the extent to yield a reliable value for p, the quali-
tative shape of the coexistence boundary found in these
systems is similar to that found in the methane on graph-
ite system. This similarity is indeed expected as a conse-
quence of principle of universality.

Figure 10 show's that the two-dimensional critical tem-
perature of C284 on graphite at 110 K is 2.3 K higher
than that of C2D4 on graphite. A similar isotopic efFect is
found in the methane or graphite system [68.7 K (CH~)
and 68.4 K (CD4), respectively]. The sign of the isotopic
effect is also consistent with that found for three-
dimensional liquid-vapor transition in methane. The
isotopic efFect in ethylene is much larger than that for
methane. %'e are not able to locate the critical tempera-
ture of bulk C2D4 for comparison.

Our critical temperature at 110 K is substantially
lower than the value found by vapor pressure isotherm
experiments at 114.2 K (Ref. 1) and 120 K (Ref. 8). ~e
believe our result is more reliable because in our experi-
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0.15 C2D4
0.3S CqD4
0.45 C2D4
0.55 C2D~
0.70 CqD4
0.47 C2H~

73.0+1.0
107.0+0.5

107.7+0.5

107.7+0.5
95.0+0.5

110.0%0.5

TABLE VI. 2D liquid-vapor transition.

Height (units of C/Nkq)

4.0+0.5
7.0+1.0
8.0+1.0
7.0+1.0
6.4+1.0
7.0+1.0

4.021.0
3.6+0.5

3.2+0.5
2.6+0.S

2.6+0.5

3.6+0.5

12+5
25+5
23+5
17+4
13+3
23+5

ment scans were made along a path that is perpendicular
to the phase boundary of the coexistence region. In con-
trast, vapor pressure isotherms are performed along a
path that is parallel and therefore less sensitive to the
phase boundary. ~

The peak temperature, height, half-width, and heat of
transition of heat-capacity peak due to two-dimensional
liquid-vapor transition of ethylene on graphite are tabu-
lated in Table VI.

VI. LAYER-CRITICAL-POINT TRANSITIONS

Since the result of the layer-critical-point transitions of
ethylene on graphite has already been reported, '9 only a
brief discussion wiB be given here.

The study of Menaucourt, Thorny, and Duval' found a
"vertical" step, representing a coexistence region of
monolayer and bilayer Nrns for a number of vapor-

pressure isotherms performed above T, . This vertical
step becomes washed out for isotherms taken above 119
K. Similarly, the "vertical" second step evident in our
108-K isotherm in Fig. 3 becomes less vertical at 115.2
K. As discussed above, the ellipsometry study also
found a number of vertical steps in isotherms measured
belo~ as well as above T, . Isotherms taken at higher
temperatures (e.g. , 112.5 K) also show rounding of the
higher layer (m &4) steps. The vertical steps in the iso-
therm show that the growth of the adsorbed film
proceeds layer-by-layer that passes through successively
coexisting regions; namely regions where a film of m —1

layers coexist with that of m layers with m =2, 3,4. . . .
At higher temperatures, the verticality of the isotherm
disappears signifying that the growth is no longer layer-
by-layer, i.e., the film thickness increases continuously
with the addition of adsorbate molecules. The critical

TABLE VII. Layer-critical-point transition. Here n and n, represent the coverage corresponding to total number of molecules in
the sample cell and the effective surface coverage with desorption correction at the transition temperature.

Coverage n

1.20
1.27
1.30
1.33
1.36
1.44
1.47
1.52
1.57
1.59
1.61
1.61
1.62
1.62
1.63

Coverage
ne

1.095
1.145
1.165
1.190
1.220
1.30
1.32
1.38
1.43
1.46
1.46
1.54
1.47
1.53
1.54

108.5% 1.5
114.5+ 1.5
115.0+1.5
115.0+1.5
115.0+ 1.5
115.5+ 1.5
116.0+ 1.5
116.0+ 1.5
114.7+ 1.5
113.8+1.5
115.02 1.5
109.0+1.5
115.0+ 1.5
110.0+ 1.5
111.1+1.5

Height
(mJlK. )

0.32+0.03
0.24+0.03
0.37%0.05
0.54+0.03
0.72+0.05
0.56+0.06
0.88+0.5
0.48%0.05
0.64+0.03
0.60%0.02
0.64+0.05
0.45%0.03
0.32+0.03
0.32+0.03
0.45+0.05

F%HM
(K)

4.2+0.5
6.4%1.3
7.1+1.0
7.7%1.0
8.0+1.0
6.5+1.0
6.9+1.0
5.9+1.0
4.6+1.0
3.0+1.5
4.1+1.0
3.9+1.0
2.6+1.0
3.2+1.0
5.0+1.0

hH
(mJ)

1.3%0.3
1.5%0.S
2.6+0.7
4.2%0.8
6.421.2
3.6+1.0
6.0+1.2
2.8+0.8
2.9+0.8
1.921.6
2.6+0.8
1.7+0.6
0.820.4
1.0+0.4
2.2+0.7

2.43
2.52
2.56
2.63
2.72

3.50
3.76
4.03

2.28
2.35
2.39
2.46
2.60

3.25
3.50
3.35

110.5+1.5
111.0+ 1.0
111.0+1.0
111.0+ 1.0
108.5+ 1.0

108.5+ I.0
108.5+ 1.0
108.S+1.0

0.72+0.08
0.64+0.05
0.88+0.05
0.64+0. 16
0.88+0.08

0.88+0.08
1.04+0.08

4.2+1.0
4.2+1.0
4.6+0.5
3.9+0.5
4.2+0.5

3.3%0.5
2.5+0.5

3.0+1.1

2.7+0.9
3.020.7
2.5%0.9
3.7+0.8

2.9+0.7
2.6+0.7
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temperatures separating the discontinuous or layer-by-
layer and continuous growth regimes is called the layer-
critical-point T, (rn). [T,(m) is not expected to be the
same for all rn's ).Following the discussion in the Intro-
duction, as the 61m thickness diverges, i.e., m ~ ao,
T, (m) approaches towards the roughening transition
temperature Tz.

Heat-capacity scans, performed along constant (or
quasiconstant) coverage path, as in the case of two-
dimensional liquid-vapor transition, is a suitable tech-
nique to locate the boundaries of coexistence and the
layer-critical-point temperatures. As discussed in the In-
troduction, the vapor pressure of ethylene, by compar-
ison to other adsorbates, is exceedingly low, so that vapor
desorption correction is not a serious obstacle for such a
study. The characteristics of the heat-capacity peaks re-
lated to the layer-critical-point transition are summarized
in Table VII.

For scans taken between n = 1 and 2, heat-capacity sig-
nals related to the crossing of the coexistence boundary
of monolayer and bilayer liquid films are found. At
higher coverages, heat-capacity peaks corresponding to
the crossing of the coexistence boundaries of the bilayer
and trilayer, and that of the trilayer and quadlayer liquid
films are also found (see Fig. 3 of Ref. 19). These results
locate the respective layer-critical-point temperatures at
T, (2)=115.3 K, T, (3)=111 K, T, (4)=108.4 K, and

T,(5)-105 K.
These values are striking that they showed liquid

ethylene is layered by the graphite substrate, %'e know
the adsorbed Nm is liquidlike since the melting tempera-
ture of the monolayer and bilayer are well below T, and

T, (2) and T, (3) and we know from x-ray and ellip-
sometry results that adsorbed film equal and thicker than
three layers are liquidlike upon their formation. The
monotonic decrease in T, (m) with m is quite reasonable
since the graphite substrate, responsible in layering the
liquid film, is expected to be less effective with increasing
m. These results ought to be considered together with
the ellipsometric isotherm results; namely layering tran-
sitions for the four-, five-, and six-layer films were found
near 102.1 K, 103.2 K, and 103.3 K, respectively. For
film coverage above six layers and for temperatures inside
(both below and above) 1 K of T„reliable experimental
information is not available. Based on available results, it
is tempting and reasonable to speculate that under more
ideal expermental conditions, for example, improved pre-
cision and stability in pressure and temperature control
and measurement under equilibrium rather than varying
pressure, Drir, Nham, and Bess might resolve even
more steps as T approaches T, above 103.3 K, leading to
a wetting transition at T, . If a much more sensitive
heat-capacity study can be made with a graphite sub-
strate with no capillary condensation, one might also ob-

serve the continued decrease in T, (m) towards T, with
increasing m. Since the sequence of layering transitions
is proposed to end at T„T,(m) will not assume a value
below' T, for any m. Such a scenario of 61m growth on a
solid surface resembles Fig. 4(b) in the paper of Pandit
and Fisher. "

The only other physisorbed system exhibiting layered
liquid is multilayer 02 on graphite. ' In this system, iso-
therm study found coexistence regions of the monolayer
and bilayer Nms, and the bilayer and trilayer films up to
60 K, and difFraction experiment clearly indicates that
the melting temperature of the various multilayer are all
below T, (50.4 K). However, the isotherm result indi-
cates that T, (m) might be constant at 60 K for the first
few layers. '

The layer critical point has been observed in a number
of other systems, namely, CF4, Kr, s and CH4 (Ref. 44)
on graphite. In these systems, T, (m) was found to be
below T, and the adsorbed 61ms are solid layers. CF4 on
graphite may be an exception, i.e., the layer critical point
T, (2) was found at 93 K, above its triple point 89.5 K and
the coexistence region is proposed to be that of a mono-
layer solid and bilayer fiuid. However, T, (m) for m & 3
are found to lie below T, .

Heat-capacity scans made at 13 coverages in the
monolayer-bilayer coexistence region allow us to deter-
mine that the critical exponent P characterizing the coex-
istence phase boundary lies between 0.08 and 0.17 where
p is defined according to (n i n, ) =—(n, n i )—
=8 [(T, —T)/T, 3 . Here n i, n „and n, are, respective-
ly, the bilayer, monolayer, and critical coverages. A va-
por pressure isotherm experiment studying the conden-
sation of the second layer of Ar on CdClz (i.e., the coex-
istence region of the monolayer and bilayer) found a
value of 0.16 for p with an upper limit of 0.21. These re-
sults are consistent with the theoretical predictions '
that the layer-critical-point transition, at least for that be-
tween m =2 and m = 1, does belong to the two-
dimensional Ising universality class.
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