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The phase diagram of CF4 adsorbed on graphite in the monolayer and bilayer region is mapped
out in an ac heat-capacity study. In the monolayer region, the resultant phase diagram shows the

existence of five different solid phases. The melting transition can proceed from the (2&2) com-

mensurate, I(S) (an incommensurate phase), and the hexagonal incommensurate (HI) phases.
Strongly-first-order melting is found from the (2X2) and the I(S) phases. In contrast, a sharp and

small heat-capacity peak followed by a broad anomaly, similar to the melting of Ar on graphite in

the submonolayer region, is observed at the melting of the HI phase. In the bilayer region, four dif-

ferent regions of coexisting solid phases are found. The melting of the bilayer solid occurs at a triple

point at 89.05 K. Our data also suggest a bilayer critical point at 93 K.

I. INTRODUCTION

Due to the interplay of the substrate periodic field and
the density variation of the adsorbed layer, the CF4 on
graphite system contains many different phases not ob-
served in other adsorbate systems. ' In the submono-
layer region, scattering studies found three different solid
phases: a three peak phase 3P, an incommensurate phase
I($), and a (2 X 2) commensurate phase. The I(S) phase
is thought in an earlier study to be a striped phase. In
addition, our heat-capacity data, to be reported below,
suggest an additional incommensurate solid phase that ex-
ists between the 3P and the I(S) phases. We shall label
this the intermediate phase (IP). At the near-monolayer-
completion coverages, melting transition proceeds from
two different pure incommensurate solids as well as from
the pure (2 X 2) commensurate phase. The richness of the
monolayer phase diagram allows studies of various
commensurate-incommensurate ( C-I) transitions and
melting transition from different solid phases. CF4 on
graphite is also special in that the commensurate phase is
a (2 X 2) rather than the more common (v 3 X v 3) phase.
The (2 X 2) phase is formed with the molecules located on
the vertices of the graphite honeycomb. ' ' As shown in
Fig. 1, there are eight equivalent adsorption sites. The
order-disorder transition of this (2X2) structure has been
considered theoretically. ' Depending on the detailed
adsorbate-adsorbate and adsorbate-substrate interactions,
this (melting) transition can be either first order or con-
tinuous. '

One challenging problem in the study of adsorption is
to understand how -these various monolayer phase evolve
to bulk phases and how do the nature of the transitions
between the phases change with increasing surface cover-
age. A detailed study of the bilayer system is particular-
ly important. In this coverage region, in addition to the
usual competition between the vertical substrate-adsorbate
interaction and the lateral adsorbate-adsorbate interaction,
the interaction between adsorbates in different "layers"
also plays a significant role. The CF& on graphite system,
owing to its relatively low three-dimensional (3D) vapor

pressure in the bilayer region, is suitable for the applica-
tion of the high-resolution ac heat-capacity technique up
to and beyond the melting temperature of the adsorbed
layers.

Before discussing our results we shall first summarize
previous experimental results of CF4 on graphite. In the
monolayer region, there are a number of inconsistencies
among the various scattering results. In an early neutron
scattering experiment, five different solid phases were
detected in the submonolayer region. Even if some of
these may not be distinct phases, it is certain that at low
temperatures the solid is in the so-called three peak phase
(3P), where three diffraction peaks were seen. At 55 K a
phase transition changes the solid to an incommensurate
structure and at an even higher temperature, 65 K, a
commensurate-incommensurate (C-I) transition is found.
Above 65 K the solid film is in the (2 X 2) commensurate
structure. A two-dimensional (2D) triple-point melting
transition is found for this (2 X2) phase at 75 K. Accord-
ing to a vapor pressure isotherm experiment by Dolle
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FIG. 1. (2g) commensurate phase of CF4 on graphite. The
honeycomb structure is the graphite substrate and the open cir-
cles denote the CF4 molecules. A, B,C,D, and 3',8', C', D', are
eight equivalent adsorption sites within a unit cell.

34 8050 1986 The American Physical Society



PHASE DIAGRAM AND PHASE TRANSITIONS OF MONOI. AYER. . .

et al. , the liquid-vapor critical point is around 99 K. A
low-energy electron diffraction (LEED) experiment was

also performed on this system, in the incommensurate
phase between 55 and 59 K the overlayer was found to
possess orientation order induced by the substrate. Due to
the coinplication of many possible configurations, these
scattering measurements were not able to determine the
structures of the 3P and the incommensurate phases. Re-
cently, two different synchrotron x-ray diffraction experi-
ments were carried out. The first study (denoted as x-ray
I) by Kjaer et a/. found evidence that the incommensu-
rate phase detected in the earlier neutron study between

3P and (2X2) structures is likely a striped incommensu-
rate (SI, as defined by Kjaer et al. in Ref. 4) or uniaxially

compressed phase. In this phase the domain walls are
parallel to each other and the adlayer is compressed aniso-

tropically compared with the commensurate solid. Their
result also indicated that a pure SI phase exists at higher
coverages. At even higher coverages, the CF& layer is in a
dense hexagonal incommensurate (HI) structure. The
melting transition from the (2X2), SI, and HI phases
were all interpreted as being continuous. The results of a
more recent synchrotron x-ray experiment (denoted as x-

ray Il) differs from x-ray I in a number of important as-

pects. In particular, they dispute the existence of a SI
phase. The authors interpreted their data, taken around
65 K, which is slightly below the C-I transition as indica-
tive of a coexistence region of an incommensurate fluid
with metastable patches of commensurate solid. At lower
temperatures, the adlayer is in a uniformly compressed in-

commensurate solid phase. This situation looks similar to
that of the C Itransition -of Kr adsorbed on graphite
where a fluidlike region intervenes the commensurate and
incommensurate solid phases.

The structures of the bilayer solid phases are unclear at
this point. By extrapolating the high-temperature vapor
pressure isotherm data, Dolle et al. suggested that CF4
does not wet graphite at low temperatures and at 65 K
there is a single layer-bilayer layering transition. They
also found a bilayer critical point at 106 K. The early
neutron scattering study' on the bilayer region seemed to
be consistent with the isotherm observation that CF& at
low temperatures forms a single layer on graphite that
coexists with bulk clusters.

Results of an ac heat-capacity study' "on CF4 on gra-
phite is reported here. The resolution of our heat-capacity
determination is 0.2% and the absolute value of the heat
capacity can be determined to within 10%. In this study,
a total of 45 heat-capacity scans were made. In each scan,
a heat-capacity measurement was carried out as a func-
tion of temperature for a fixed amount of CF4 in the sam-

ple cell and the experiment ranges from 18 to 106 K.
Since a fixed coverage heat-capacity scan is not sensitive
in detecting phase boundaries that are parallel to the tem-
perature axis, vapor pressure isotherms at 75, 96, and 100
K were made to complement the heat-capacity study.

The organization of the remainder of this paper is as
follows. In Sec. II the phase diagram of CF4 on graphite
based on this study is presented; in Sec. III transitions in
the submonolayer region are discussed; in Sec. IV we
describe the melting in the (2X2) phase; in Sec. V the

melting in I (S), and HI phases; in Sec. VI the phase dia-
gram in the bilayer region is reported. A summary is
presented in Sec. VI.

II. PHASE DIAGRAM

The proposed phase diagram is shown in Fig. 2. The
notations for each phase in the phase diagram are con-
sistent with that used by other studies. Since the existence
of a striped phase is controversial, we used symbol I(S) to
denote this incommensurate phase. In our phase diagram,
an n = 1 coverage is defined as a (2X2) completed layer.
This coverage scale was determined by a nitrogen iso-
therm at 74 K. ' This isotherm as well as an isotherm
performed at 96 K with CF4 are shown in Fig. 3. In the
ideal case, the number of particles required to form a
(2X2) monolayer is —,

' of that necessary to form a
(v 3Xv 3) monolayer. Therefore the coverage for a
(2 X 2) overlayer inferred from the end point of the
liquid-solid coexistence region of the 74-K Nz isotherm is
9.94/ 10' . Due to the very low vapor pressure value, the
phase boundary between the I(S) phase and the fluid
phase cannot be resolved in the CF4 isotherm. Since the
population of vacancies in the CF4 (2 X 2) and the NI
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FIG. 2. Proposed phase diagram based on this study. Solid
circles are location of observed heat-capacity anomalies. Sohd
lines are proposed phase boundaries. Dotted lines are more
speculative phase boundaries. Dashed lines with arrow indicate
real experiment paths after desorption correction. A dashed line

separating the well-correlated fluid from the isotropic fluid is

also shown. In the submonolayer region, the triple-point melt-

ing ends near n =0.6. Hatched region in the monolayer denotes

the solid-vapor coexistence. Above n =0.7, the melting signal
broadens but still stays at the triple point temperature up to ap-
proximately n =0.8. A narrow coexistence region of (2 X 2) and

liquid is found along the {2X2)and L boundary. In the bilayer

region, there are four different solid phases coexisting with the
first layer HI phase, also shown as a hatched region. The first

layer HI phase melting hne may terminate in the bilayer region
near 93 K and n =2.0.
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FIG. 3. Vapor-pressure isotherm for N2 at 74 K (top curve)
and CF4 at 96 K (bottom curve). The substep in the N2 iso-
therm is the solid-fluid coexistence region and the end point of
that region is used to define a complete (+3X V 3) monolayer.
The kink in the CF4 isotherm near n —11.8X10" is the phase
boundary between the I(S) phase and the HI phase. The num-

ber of adsorbate is in units of 10" molecules for both N2 and
CF4.

(v 3Xv 3) structures and the stability of those phases
against the formation of other incommensurate phases
may be different, the (2 X 2) completion coverage inferred
from the Nz isotherm may be, and is found to be, dif-
ferent from the actual coverage for the completion of a
(2 X 2) CFq monolayer on graphite. We will return to this
point later.

The overall structure of our phase diagram in the
monolayer region is similar to that based on scattering ex-
periments but the temperature of some phase boundaries
are substantially different. Our coverages for the com-
pletion of (2X2) layer and for the boundary separating
the I(S) and HI phases near 85 K are in much better
agreement with the x-ray-I study. In the x-ray-I study,
the ideal (2X2) completion coverage (n =1) is defined
against the upper boundary of the Kr on graphite
(~3Xv 3) solid. In our coverage scale, n =1 is defined
against the lower boundary of the pure (v 3Xv 3) phase
af N2. ' In order to match the two coverage scales, a
reduction by a factor of 1.1 should be applied to our cov-
erage scale. If this normalization factor is applied, the
phase boundary between the I(S) and HI phase below 90
K in our phase diagram is found at n =0.94, in good
agreement with the x-ray-I result.

The new features from our phase diagram are as fol-
lows. In the submonolayer region, a new intermediate
phase labeled as IP phase, is proposed between the 3P and
I(S) phases over a narro~ temperature range of about 1

K. The IP phase &nay also extend to higher temperatures
sandwiching between the HI and I(S) phases. In the re-
gion near monolayer completion, our phase diagram
shows the melting of CF4 on graphite can proceed fram
the (2X2), I(S), and HI phases. The melting transitions
of the (2X2) and I(S) phases are strongly first-order pro-
cesses. The melting transition of the HI phase occurs at a
lower temperature and shows features similar to that ob-

served for the melting of submonolayer Ar on graphite. '

This suggests that the melting transition is a weakly first-
order, two-step process. ' Above monolayer completion
region four different coexisting solid regions are found.
The melting of the bilayer solid occurs at 89.05 K, the bi-
layer triple point. The critical point of the bilayer is
found near 93 K.

III. TRANSITIONS IN THE n ~ 1 REGION

In the submonolayer region, with coverages less than
n =0.8, the solid phases coexist with 20 vapor. In our
phase diagram we propose that there are four different
solid structures. With increasing temperature we find the
3I' phase, the intermediate phase Ip, the I(S), and the
( 2 X 2) phase.

Between 18 and 50 K we found no heat-capacity anom-
aly within our resolution (0.5 kz per molecule). At 57.15
K a prominent heat-capacity peak was found. Comparing
our result with that from x-ray and other scattering stud-
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FIG. 4. Heat-capacity signals near 57 K at different cover-
ages. Notice the small side peak around 58.4 K. In the top
panel, the side peak and the main peak are separated as two dis-
tinct Gaussian-like peaks. In the middle panel, the n =0.98 and
1.03 scans are shown together to show the low-temperature tail
indicating the existence of phase boundaries near these cover-
ages.
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TABLE I. Heat-capacity features for the 57.15-K peak.
FTHM is the full width at half maximum. Two separate runs
were made using two different cells, the data of n =0.35, 0.775,
and 0.80 are taken from the second run.

Coverage Peak position
( n) (K)

Peak height
( C/%kg )

0.20
0.35
0.45
0.60
0.61
0.74
0.775
0.78
0.80
0.83
0.91
0.98
1.03

57.15
57.10
57.15
57.10
57.10
57.15
57.20
57.15
57.40
57.30
57.40
58.15

A broad peak

8.5
10.5
9.0
8.5
8.6
8.5

10.0
8.0
9.60
8.0
7.6
6.0

exists between 60 and 62 K.

2.2
2.2
2.6
2.7
2.9
2.9
2.8
3.15
2,7
3.3
2.95
2.25

ies, ' we identify this peak to be related to the transition
from the 3P phase. The heat-capacity traces for this sig-
nal are presented in Fig. 4. The data is shown with the
background from the calorimeter and the regular part of
the heat capacity of the overlayer subtracted. From Fig. 4
it can be seen that this prominent peak stays at 57.15 K in
the entire submonolayer region. Beyond n =0.8, the peak
positive moves gradually towards higher temperatures.
At n =1.03, this peak broadens significantly, indicating
that the phase boundary represented by this signal be-
comes nearly parallel to the temperature axis. At a slight-
ly higher coverage (n =1.07) no heat-capacity anomaly
around this temperature is detected. The characteristics
of this transition signal are summarized in Table I.

There are two points we wish to make about this
57.15-K signal. Firstly, the shape of the peak indicates
the possibility of two phase boundaries separated by about
1.2 K. Secondly, there is a large entropy change involved
in this transition. The first observation is based on the
fact that in addition to the main peak at 57.15 K there is
a side peak near 58.4 K. The significant difference in the
peak sizes between the main peak at 57.15 K and the side
peak at 58.4 K as shown in Fig. 4 indicates the different
nature for the two heat-capacity anomalies. The presence
of the vapor phase in the submonolayer region rules out
the interpretation of a three phase (two solid phases in ad-
dition to vapor) coexistence region between 57.15 and 58.4
K. Instead, we propose a new phase in this 1.2-K tem-
perature region. We have tentatively identified this to be
the intermediate or Ip phase.

%e have calculated the total area under this signal. As
we show in Fig. 5 the transition entropy change for this
entire heat-capacity anomaly is comparable to or even
greater than that of the (2 X 2) melting at the triple point.
In bulk CF4, there is a solid-solid transition, called the a-
P transition, at 76.2 K. ' This is an orientational ordering
transition with concomitant structural changes. The a-I3
transition also has a much larger transition heat than the
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FIG. 5. Integrated area under the heat-capacity peak for the
57 K anomaly (top panel) and the melting transition (bottom
panel) as a function of coverage. Top panel indicates a phase
boundary just below n =1.07. Bottom panel indicates melting
transitions for n &0.9 and n ~1.0 are from different solid
phases.

bulk triple-point melting. ' In the 20 system, the aniso-
tropic coupling between CF& molecules may produce an
orientationally ordered phase at low temperature that un-

dergoes a transition to a disordered phase as temperature
is increased. The transition temperature and the large
transition heat involved in the 57.15-K main peak suggest
that this is an orientational ordering transition, The so-
called 3P phase that resists structural determination from
the scattering studies may be due to a complicated cou-
pling of the orientational and translational degrees of free-
dom (large unit cell or domain structure due to the molec-
ular orientations). The nature of the IP phase in the small
temperature interval is unclear and further scattering
study is required.

As coverage goes above n =0.8, the adlayer is in a pure
solid phase. In the pure solid phase both the 57.15-K
heat-capacity anomaly and the side peak shifts to higher
temperatures with increasing coverage. Figure 4 shows
that the heat-capacity scans at n =0.98 and 1.03 in this
temperature range are different from that at lower cover-
ages. A long tail appears on the low-temperature side of
the peak at n =0.98. This low-temperature feature be-
comes more prominent for the n =1.03 scan. The transi-
tion entropy under the whole signal also diminishes with
coverage. The main peak for the n =0.98 scan is signifi-
cantly sharper than those at lower coverages. It is possi-
ble that in the so-called 3I' phase, as suggested by the neu-
tron study, there is significant density variation in the
overlayer. This interpretation would suggest the
anomalies observed in scans with n less than 0.98 are
from the 3I' phase and that at n =0.98 from the HI
phase. For scans at coverages higher than n =1.03, no
heat-capacity anomaly is seen in this temperature range.
A reasonable interpretation is that a phase boundary al-
most parallel to temperature axis lies near n =1.03. The
tentative phase diagram, including the more speculative
boundaries shown as dotted lines in Fig. 2 in this region is
consistent with these considerations. The 3I'+HI coex-
istence region above the pure 3I' phase is consistent with
the x-ray-I result.
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The C I-transition between the I(S) and (2X2) struc-
tures has a very small heat-capacity signal as shown in

Fig. 6. The transition temperature in the submonolayer
region is near 66.4 K; The peak height is only about 1 k~
per molecule. Scattering experiments' ' indicate that the
change of the lattice constant of the adlayer at this transi-
tion is continuous, our result is consistent with this obser-
vation. As mentioned in the Introduction, the x-ray-II ex-

periment suggests the existence of an incommensurate
fiuid phase between the (2X2) and the incommensurate
solid [our I(S)] phase. We do not find two heat-capacity
signatures corresponding to entering and leaving this fluid
phase. It is possible that the transition signal is too weak
to be detected for one of these two boundaries or there is

no distinct phase boundary between the so-called incom-
mensurate fluid and the solid phase.

The phase boundary of this C Itrans-ition moves to
higher temperature for coverages higher than n =0.9.
The boundary separating the commensurate (2 X 2) and
the I(S) phase near n =0.95 appears to be parallel to the
temperature axis. Compared with the C-I transition
boundary of the N2 (~3X ~3) phase at n =1.1 (Ref. 10),
the C-I boundary between the (2X2) and I(S) phases at
n =0.95 for CF4 is remarkably low. One interpretation is
that the (2X2) phase contains a great deal of vacancies
and this commensurate phase is not stable against the for-
mation of an incommensurate overlayer with increasing
2D spreading pressure. This (2X2) phase is also not
stable against changes in temperature, as exhibited in the
triple point, rather than incipient-triple-points-like melt-
ing of commensurate Kr, N2 overlayers. ' We will discuss
this in more detail in the following.

At 76.3 K a 5-function-like heat-capacity anomaly was
observed in the submonolayer region. By comparison
with scattering results we were able to identify this as the
melting transition of the (2 X 2) sohd at a triple point.
The liquid-vapor critical point is near 93 K according to
our measurement. The heat-capacity traces for these sig-

nals are shown in Fig. 7. The melting signal is sharp with
a reduced peak height C/Nkz of 100 and a half width of
0.25 K. The transition heat is about 42k~ K. For bulk
CF4, this value is 84k& K at the triple point temperature.f 89.5 K."

The triple-point melting of CF4 on graphite is unusual
in that the solid patches are commensurate with the sub-
strate. In other adsorption systems, triple-point melting is
found only from incommensurate solids. For ( v 3 X v 3)
commensurate solid of classical adsorbates such as N2 and
Kr, ' the melting transition at subrnonolayer goes through
a so-called incipient triple point. There is no liquid-vapor
coexistence region. and no critical point in the phase dia-
gram of N2 and Kr on graphite. The physical origin of
the incipient triple-point melting is that the substrate ad-
sorption barrier lowers the energy of the commensurate
solid in comparison with the liquid phase. This effect
causes the solid to melt at a higher than "normal" melting
temperature. ' ' If this melting occurs above the "ex-
pected" liquid-vapor critical temperature, melting
proceeds from solid-fluid coexistence directly into a
homogeneous fluid phase.

The ratio T, (2D)/T, (3D) is usually used to measure the
stability of the two-dimensional solid, where T,(2D) and

T,(3D) are, respectively, the melting temperatures of the
two-dimensional solid and bulk. For CF4 on graphite,
this number is 0.85. Compared with other systems this
value is extremely high, even higher than systems that
melt from commensurate solids such as Kr (0.73) and Nz
(0.78).' It would be misleading to conclude that CFq
should have a melting behavior like that of N2 and Kr on
graphite. We think T, (3D) is not a good quantity to use
since the bulk triple-point temperature depends on corn-
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FIG. 6. Heat-capacity anomaly for the (2&2) to I(S) C-I
transition. The peak positions are indicated by arrows.

FIG. 7. Heat-capacity traces for the melting and the liquid-
vapor transitions in submonolayer coverages. Different scales in
the heat capacity and temperature are used for the melting and
the liquid-vapor signals. Dashed lines are drawn to guide the
eye and the arrows indicate the positions of the peak.
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plicated factors such as the symmetry and coordination
number of the solid. It is more suitable to compare
T,(2D)/T, (3D) of the various system because T, (3D), the
bulk critical temperature, is not dependent on the struc-
ture of the 3D solid. For CF4, this number is 0.33, which
is comparable to other incommensurate solids on graphite,
while for N2 and Kr this value is about 0.39. This sug-
gests the corrugation of the graphite substrate for the CF4
(2X2) overlayer, unlike that for Kr and Ni (V'3X &3)
overlayer, is not sufficient to stabilize the CF4 (2X2)
phase beyond the "normal" melting temperature. A re-
cent model calculation also found triple-point melting
from the commensurate solid when the substrate corruga-
tion is not sufficiently strong. ' The weak corrugation of
the substrate for the CF4 (2X2) phase is mainly due to
the fact that the adsorption sites are on the vertices rather
than the centers of the graphite honeycomb.

In addition to the melting signal, heat-capacity anomaly
related to crossing the liquid-vapor boundary is found at a
higher temperature for coverages between n =0.29 and
n =0.59. The critical point temperature is at 93+1 K,
which is lower than the value obtained from the isotherm
data at 99 K. It is clear that in detecting such a phase
boundary which is nearly parallel to the coverage axis, the
fixed coverage heat-capacity measurement is superior to
the vapor pressure isotherm technique. In the isotherm
studies, the critical temperature is determined by extrapo-
lating the compressibility as a function of teinperature
from isotherm data obtained at T y T, . Such a linear ex-
trapolation procedure tends to give a T, higher than the
correct value since the critical exponent y characterizing
the compressibility in a 2D liquid-vapor transition is 1.75
rather than 1.' '

IV. MELTING TRANSITION IN THE
(2x 2) COMMENSURATE SOLID PHASE

In the following two sections we are going to present
data on the melting transitions of the (2X2), I(S), and
HI structures. A summary of these results is contained in
a short communication. ' Shown in Fig. 8 is the melting
signal from the pure (2 X 2) phase. This pure solid phase
spans a coverage ranging from approximately n =0.8 to
0.95. It has been proposed that the order-disorder transi-
tion (melting) of this structure belongs to Heisenberg-type
transition with "corner type" anisotropy and the eight
equivalent ground states correspond to the eight corner
directions in a cubic magnet. The order of the transition
depends on the detailed interactions within the system.
The melting peak for the scan at n =0.775 is essentially
at the submonolayer triple-point temperature. The half
width of the peak [full width at half inaximum (FWHM)]
at 0.4 K is larger than that from scans taken at lower cov-
erages (n &0.6) at 0.25 K due to triple-point melting.
The scan at n =0.87 shows more clearly the broadening
of the signal as well as a shift in the melting temperature.
In addition, the peak shape becomes asymmetric indicat-
ing in addition to the main peak at 76.6 K there is another
anomaly situated on the high temperature side of the
main peak. For n =0.895, this side peak is at 77.3 K.
Upon a slight increase from n =0.895, this side peak
grows significantly. The melting signals for n =0.91 and
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FIG. 8. The melting signals for the pure (2&&2) solid. Dif-
ferent scales are used in the different portion of the figure.

n =0.92, as shown in Fig. 8 contain Aat top in the peak
region. These characteristics are not consistent with the
interpretation of a continuous transition with finite-size
rounding effect. We interpret this peak to be a signature
of a first-order transition with narrow coexistence region
of the (2 X 2) solid and liquid phases. The strong melting
anomaly observed in the triple-point region and the large
density discontinuity at melting near the triple point as
shown in Fig. 2 are both evidences of a large density
change between the solid and liquid phases. These are
consistent with the presence of solid-liquid coexistence re-
gion for the melting of the pure (2 X 2) phase. No evi-
dence of crossing over from first order to continuous-like
behavior is found over the entire (2 X 2) coverage.

At n =0.945, the heat-capacity peak shows a great deal
of fluctuations and the peak broadens significantly. The
fluctuation is probably due to being very close to a flat
phase boundary parallel to the temperature axis. This is
the phase boundary separating the (2X2) and the I(S)
phases. As we will see below, although the experimental
path of the n =0.103, 0.98, and 0.945 scans crosses the
phase boundaries at similar angles, these heat-capacity
scans are distinctly different. The n =0.98 scan shows
more fluctuations over a large temperature range from 82
to 91 K. Although the detailed phase boundaries in this
region are not clear, our data indicates that the phase
boundary separating the (2 X2) and I (S) incommensurate
phases lies between n =0.95 and 0.98. A recent heat-
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TABLE II. The melting transition signal in the (2&2) phase.

Coverage
(n)

0.29
0.35
0.42
0.45
0.48
0.56
0.61
0.70
0.74
0.775
0.83
0.87
0.895
0.91
0.92
0.945
0.98

Peak position
(K)

76.50
76.45
76.25
76.30
76.30
76.25
76.30
76.10
76.10
76.30
76.15
76.55
76.70
77.30
77.60
79.30
85.00

Peak Height
( C//%kg )

90.0
140.0
110.0
125.0
110.0
120.0
114.0
93.0
75.0
90.0
69.0
48.0
25.8
14.4
15.4
9.5

F%'HM
(K.)

0.25
0.20
0.25
0.25
0.25
0.25
0.25
0.40
0.45
0.40
0.40
0.83
1.58
2.33
2.40
3.20

V. MELTING TRANSITIONS IN THE I (S)
AND HI PHASES

%ith a slight increase in coverage above n =0.95, the
ITlelting transition shifts rapidly to higher temperature as
shown in Fig. 2. From the discussion above about the C-I
transition boundary, and with reference to the scattering
results, we identify the melting transition here as the melt-
ing from the incommensurate E(S) phase. The heat-
capacity scans in this coverage region are presented in
Fig. 9. Since the 3D vapor pressure in this coverage-
ternperature region is substantial, desorption of CF4 mole-
cules from the graphite surface causes a temperature-

capacity study of Ni on graphite found a narrow coverage
region of coexisting commensurate and incommensurate
solid phases at low temperatures. ' Recent synchrotron
x-ray experiments of Kr on graphite at the high-
temperature region found evidence for a fluidlike phase
that exists between the commensurate and incommensu-
rate solids. A similar fluidlike phase between the (2)&2)
and I(S) phases was suggested by x-ray-II study. We are
not able to draw firm conclusions regarding this possibili-
ty; phase diagrams with different boundaries can be
drawn to connect the C-I transition region to the melting
regions of the (2)&2) and I(S) phases. '

The heat of melting for this pure (2)&2) phase is shown
in Fig. 5. It has the same value as that at the triple point
in the submonolayer region. Near n =0.95, this quantity
begins to decrease and stays at a smaller value for
n &1.05. This signifies a change in the solid overlayer
from the (2)&2) phase to the I(S) phase. Our conclusion
of a first-order melting for the (2X2) phase is consistent
with the x-ray-II result. The characteristics of the melt-
ing peak from submonolayer to n =0.98 are shown in
Table II.
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FIG. 9. Heat-capacity anomalies for the melting of J(S)
solid. The heat capacity is expressed in reduced unit, C/Xkz,
where X is the number of CF& molecules at low temperature
with no desorption correction. The prominent heat-capacity
peak is the melting for the J(S) phase. The coverage shown in
parentheses includes desorption correction at the melting point.
There is a small side peak at lower temperature for the two high
coverage scans. This peak is related to the melting of the HI
phase, see Fig. 11 and Table III.

dependent effective surface coverage. A symbol of n, is
used to denote this effective coverage. In Fig. 9, the heat
capacity is expressed in the reduced unit of C/Ekz,
where X is the amount of CF& at low temperatures
without desorption. The real reduced value of the heat
capacity at each transition temperature ought to be re-
scaled by the effective coverage at that temperature. Ex-
cept for Fig. 9 and later on for Fig. 10, the rescaled values
are used in the subsequent discussion. It should also be
noted that desorption affect may also alter the value of
the measured heat capacity directly. This effect, however,
is not expected to be significant. This is the case since the
difference in the isosteric heat of adsorption in two dif-
ferent phases (e.g. , solid and liquid) is on the order of the
heat of transition, and An, is much smaller than n,
throughout the transition region. The shape of the heat-
capacity anomaly at n =1.03 is different from that at
n =0.945 and 0.98 as mentioned in the preceding section.
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This confirms our interpretation that the nature of the
solid overlayer in these two regions are different and that
a phase boundary parallel to the temperature axis exists
near n =0.95. At higher coverages, the melting signal is
a strong anomaly with a flat central region, similar to that
observed for (2X2) melting. The transition entropy for
this peak as shown in Fig. 5 is about half of that for the
(2X2) phase. Following the same argument used in the
melting of (2X2) phase, the melting transition in this re-

gion is interpreted as first-order-like and the heat-capacity
peak signals the crossing of a coexisting solid-liquid re-

gion.
As pointed out in the Introduction, the nature of this

incommensurate I{S)phase is still controversial. If it is a
striped incommensurate phase, the melting process, ac-
cording to a model calculation, should be a two step pro-
cess. Because of the anisotropic property of the striped
incommensurate phase, melting does not bring the system
directly into an isotropic liquid phase; instead, there is an
anisotropic fluid phase with (2X1) symmetry intervening
between the striped and liquid phases. The melting from
the striped to this (2X1) fluid phase is expected to be
Kosterlitz-Thouless-like (KT). Since the appearance of
the flat central region in the observed heat-capacity
anomalies can be interpreted as being due to two un-

resolved peaks, it might be tempting to argue that the
heat-capacity anomaly is consistent with the two step
melting process rather than our interpretation of a first-
order melting with a coexistence region. This is unlikely
to be correct. W'e have decomposed the heat-capacity
anomaly into two symmetric subpeaks and found that
each of the resultant peaks is more consistent with a
first-order transition interpretation rather than continu-
ous. Indeed, in a KT-like melting, no sharp heat-capacity
peak is expected at the melting temperature. A first-
order-like peak is not expected for the melting from the
(2 X 1) fiuid to an isotropic liquid either, since this transi-
tion should be second order. Therefore either the I(S)
phase is not a striped phase, or the melting from the
striped phase is a first-order process.

The melting transition from the HI phase, the most
dense solid phase in the monolayer phase diagram is quite
different from that of the (2X2) or the I(S) phase. The
heat-capacity scans for this coverage range are shown in
Figs. 9 and 10. These heat-capacity scans suggest a
change in the melting behavior between n =1.20 and
1.34. The n =1.20 scan shows a small side peak near 96
K in addition to the large Aat-topped anomaly near 100 K
characteristic of the I (S) melting observed at lower cover-
ages. An isotherm taken at 96 K also shows a kink signi-
fying a phase transition in this coverage region (Fig. 3).
As surface coverage is increased from n =1.20 to 1.40,
the small side peak sharpens and moves to 97 K. Con-
comitant with this, the large peak near 100 K broadens
significantly {the FWHM increases by a factor of 2) and
loses its flat central region.

The heat-capacity scans shown in Fig. 10 are similar to
that observed for the melting of Ar on graphite in the
submonolayer region. ' For Ar on graphite, a small (3k~
per molecule) but sharp (FWHM of 0.3 K) peak near 47.2
K followed by a broad anomaly near 49 K was observed.
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FIG. lo. Heat-capacity traces for the melting transition of
HI solid. Heat capacity is expressed in the reduced unit
C/Xk~, where X is the number of CF& molecules on the gra-
phite surface with no desorption correction. The sharp and
small peak is the position of the HI phase melting. The cover-
ages shown are that at low temperature, the desorption correct-
ed coverages at the melting point are shown in parentheses.

The small sharp peak was interpreted to be due to a sud-
den, 0.2%%uo, decrease in the density of the overlayer at
melting. For CF4 in the HI phase, the sharp peak near 97
K has a half width of about 0.4 K and a peak height of
2.1k& at n =1.40. This heat-capacity peak corresponds
to an entropy change, b,S/Ekz, of about 0.01, which is
comparable to the Ar case. ' The entropy change of the
broad heat-capacity peak near 101 K, ES/Xkz, is about
0.15. The relative position, T, /T~, of the small, sharp
peak at T, and the broad high-temperature peak at Tb for
CF4 is also comparable to that for Ar. It is about 0.96 for
CF4 and 0.95 for Ar. The size of this small heat-capacity
anomaly increases for scans at n =1.46 and 1.51 by about
40%, then decreases until barely visible at n =2. Beyond
n =2 this small peak is buried in the scatters in the data.

Since the changes in entropy from a solid to an isotro-
pic fluid phase should be comparable for the I(S) and HI
phases, it is reasonable to consider both the sharp and the
broad high-temperature peaks observed in the scans for
the HI phase to be related to the melting transition. The
melting from the HI phase is therefore a two step process;
the first step is weakly first order at 97 K, and the second
is likely to be continuous. The small change in entropy
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that is related to the sharp peak at 97 K for the HI phase
suggests that the intermediate phase just about 97 K is in
a well correlated state, e.g., an orientationally ordered
fluid phase. The broad peaks near 101 K corresponds to
the transition from this well correlated fiuid phase to an
isotropic fluid phase. It is unclear to us whether the inter-
mediate well-correlated fluid phase is a hexatic phase as
proposed by the Kosterlitz- Thouless-Nelson-Halperin-
Young (KTHNY) melting theory or that the correlation
in this phase is mainly generated by the coupling to the
substrate's periodic corrugation. ' Further careful scatter-
ing studies may be helpful to settle this issue.

The weakly first-order, two step melting observed in
both Ar and CF4 on graphite in different coverage range
is striking. Recent computer simulation of Saito and the
model calculation of Chiu found that the dislocation
core energy is crucial in determining the order of the
melting transition. The transition can change from a
strongly first order to a weakly first order as the core en-

ergy increases. We do not know if the observed weakly
first-order, two step melting in Ar and CF4 systems can
be fitted into this picture.

A detailed phase diagram in this region for the melting
of the I(S) and HI phases is shown in Fig. 11. The melt-
ing temperature for the HI phase is defined at the posi-
tion of the small and sharp heat-capacity anomaly. Our
phase diagram implies a tricritical point near n, =1.13
and the melting between the I(S) and the well-correlated
fiuid is continuous. This is speculative, since the transi-
tion may in fact be weakly first order and a narrow I(S)
and well-correlated fiuid coexistence region may extend to
temperature well below 100 K. This coexistence region
being almost parallel to the temperature axis, is difficult
to detect with our technique. In Table III, we listed the
melting features of the HI phase and I(S) phase, the
desorption corrected coverages at each peak temperature
are also presented in Table III.

Since the boundary separating the (2X2) and I(S)
phases and that separating the I(S) and HI phases as
shown in Figs. 2 and 11 are parallel to the experimental
path, the nature of these two solid-solid transitions and
how these boundaries are connected to the melting lines of
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FIG. 11. Phase diagram in the vicinity of' the melting transi-
tion of the I{S)and HI phases. The coexistence region of I (S)
and liquid is shown to terminate near n, -1.13 and 101 K.
This region may persist to low temperature along the boundary
separating I(S) and we11-correlated fluid phases. The open
squares denote the position of the center of the broad heat-
capacity anomaly in the HI phase melting. The asterisk indi-
cates the position taken from the kink of the 96 K isotherm and
the heat-capacity peak at n =1.20 scan. The real experimental
paths are indicated by dashed lines with arrow. For details, see
text.

the (2X2), I(S) and HI phases cannot be determined in
this study. In the following, we propose speculative, but
simple, possibilities based on what we have learned in oth-
er systems.

(1) A reentrant fluid, ' ' similar to that observed in Kr
on graphite, exists between the (2X2) and the I(S)
phases. The transitions from the (2X2) to the reentrant
fluid phase and from the reentrant fluid to the I(S) phase
are both continuous. There exist tricritical points in both
the I (S) and (IX ') melting lines separating first order
and reentrant continuous melting.

(2) As shown in Fig. 11, the well-correlated fiuid phase
may extend to low temperature as a thin sliver separating

TABLE III. The melting signals above the {2)&2) phase. In the table, a blank space means this
quantity does not exist or is unclear; the asterisk means the quantity is hard to get. For each peak the
four numbers represent the effective coverage n„peak temperature (in K), peak height (in C/Xk~), re-
duced unit), and F%'HM (in K).

Coverage (n) Low-temperature peak High-temperature peak

1.03
1.07
1.10
1.155
1.20
1.30
1.34
1.40
1.46
1.51
1.61

1.175, 96.1,
1.23, 97.0,
1.24, 97.5,
1.285, 97.25,
1.335, 97.20,
1.370, 97.15,
1.490, 97.10,

1.2,
1.7,
0.9,
2.1, 0.4
3.3, 0.4
3.3, 0.4
2.8, 0.4

1.03, 95.40,
1.06, 98.00,
1.07, 99.40,
1.08, 100.15,
1.09, 100.60,
1.16, 101.30,
1.18, 101.10,
1.21, 100.90,
1.27, 100.90,
1.32, 100.50,
1.42, 100.20,

9.0, 2.75
9.6, 1.90
8.8, 2.15
9.2, 2.30
7.6, 2.40
6.5, 3.00
7.4, 5.50
0.3, 3.0
3.2, 3.0
3.4, 3.0
4.0, 4.0
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the HI and I(S) phases. It is also tempting to speculate
that this sliver of fiuid connects to the IP phase shown in

Fig. 2. This would suggest the IP may be a "quenched"
chaotic phase.

VI. PHASE DIAGRAM IN THE BILAYER REGION
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FIG. 12. Heat-capacity traces of multilayer CF4 on graphite
at temperatures near 59 K. The double-peak structures are re-
lated to transition in the bilayer system. The label on each scan
is the low-temperature coverage n. The heat-capacity values at
45 K for each scan (from bottom to top) are, respectively, 1.8, 2,
2.45, 3.3, 4.3, and 8.2 mJ/K. These values correspond to ap-
proximately 8.5k' per adsorbate molecule; this is somewhat
larger than the expected "regular" contribution of an adsorbed
film. It is possible that the transitions near 59 K extend down
to 45 K.

Shown in Fig. 12 are the heat-capacity scans near 60 K
of coverages above n = 1.50. Two heat-capacity
anomalies are found at 57.6 and 60.9 K, respectively. The
low-temperature peak is larger and sharper than that of
the high-temperature one. This double-peak structure ap-

pears at coverage near n =1.5 and grows until approxi-
mately n =2.5. Although this structure is present for all

scans of higher surface coverage, the size, the location,
and the shape of the anomaly do not grow with coverage

above pl =2.5.
Near the monolayer completion coverage, as we dis-

cussed in the preceding sections, 20 CFq solid is in the
dense HI phase, in this phase no heat-capacity anomaly
was observed in this temperature range. The appearance
of this double-peak structure near n =1.5 is probably a
sign of the formation of a bilayer solid. Our data suggest
a coexistence region of the first layer and the bilayer films

between n =1.5 and 2.5 and the observed peaks are relat-
ed to the phase transitions in the second layer or bilayer
solid. The first monolayer completes near n =1.5 and bi-

layer completes near n =2.5. The fact that the bilayer
completes at a coverage substantially below n =3 implies
that during condensation of the bilayer a reconstruction of
the first layer occurs. Similar behavior is seen in nitrogen
on graphite during growth of the bilayer system. In this
reconstruction process there is a promotion of the first-
layer molecules to the second layer in the bilayer solid
patches. The saturation of this double-peak structure
beyond n =2.5 indicates that no more layers form on the
top of this bilayer film near 60 K. This is consistent with
the picture that CF4 does not wet graphite at low tempera-
ture.

The growth of multilayer CF4 on graphite has been

studied by several experimental techniques. A vapor-
pressure isotherm and a neutron study' found that CF4
does not wet graphite at low temperature. More recently,
however, some reflection high-energy electron diffraction
(RHEED) measurements were interpreted as to show a
first-order wetting transition of this system near 37 K.
We have continued our heat-capacity study beyond the bi-

layar coverage and our result does not show a wetting
transition near 37 K. A similar conclusion is reached in
an ellipsometric isotherm study. The two latter experi-
ments suggest that CF4 does not wet graphite up to at
least 80 K.

Without other experimental evidence, we cannot deter-
mine the nature of the transitions for this double-peak
structure. One possibility is that the peak at 57.6 K is a
signature of a single layer to bilayer layering transition.
This was suggested by a vapor-pressure isotherm study.
It is also possible that both peaks are from the bilayer
film. This interpretation would suggest that the bilayer
film can form on the substrate down to at least 18 K, the
lowest temperature of our study. We found no evidence
of any heat-capacity anomaly other than this double-peak
structure below 60 K for n & 1.1. The full size of this
double-peak structure is 12 mJ. If we assume the transi-
tion involves the entire bilayer film, the entropy change
associated with this anomaly is about 0.6k& per molecule.
This value is nearly the same as that due to the 57 K tran-
sition at submonolayer coverage from 3P to IP phase.

In Fig. 13, heat-capacity features near the bilayer melt-

ing temperature are presented. Between 61 and 86 K, no
heat-capacity anomaly is observed within the resolution of
our experiment. The small and sharp heat-capacity peak
near 96 K, characteristic of the HI melting persists up to
at least n =2.0. In addition to the 96-K small peak, a
broad heat-capacity anomaly near 93 K, a sharp peak at
89.05 K, and a small heat-capacity signal near 86 K begin
to show up near n = 1.83 and become more prominent for
scans of slightly higher (n =2.0) coverages. In Fig. 14,
the scan at n = 1.90 is shown with expanded heat-

capacity scale. The broad peak centering at 101 K is due
to the melting of the HI phase. The characteristics of
various heat-capacity peaks in the bilayer coverage region
are listed in Table IV. The effective coverage with
desorption correction at each transition temperature is
also shown in Table IV.
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FIG. 14. Heat-capacity traces at n =1.90. The broad peak
centering at 101 K is the transition associated with the HI
phase melting which is truncated in Fig. 14. The data are
shown in the unit of C/Ekq, where E is the number of CF~
molecules on the graphite surface at low temperature. For ef-
fective coverages at each transition, see Table IV.

FIG. 13. Heat-capacity traces of the bilayer near the melting

temperature. Heat capacity is shown in units of mJ/K. The la-

bel in each scan is the low-temperature coverage without desorp-
tion correction. For effective coverage at each transition see
Table IV. The dashed lines are drawn to guide the eyes.

The narrow width and the coverage range of the 89.05-
K peak are evidences consistent with the interpretation
that this is a signature of the melting of the bilayer sys-
tem. The size of the 89.05-K peak increases with cover-
age from n =1.83 to 2.22 but the peak temperature
remains constant at 89.05 K. These are signatures of
coexistence and we will discuss below what are the coex-
isting phases. In the n =2.55 scan, this peak deviates
from 89.05 K and shifts to 88.2 K. This indicates a
change in the adsorbed film and is probably related to the
completion of the bilayer. ' When we linearly scale the
peak size with coverage, we find the extrapolated coverage
for zero peak size is n =1.60. This is the coverage where
the second layer or a bilayer forms at this temperature.
At low temperature the onset of the bilayer is at a cover-
age n =1.5. The difference in coverage for bilayer con-

densation at different temperatures can be understood in
terms of an increase of the second layer gas phase with in-

creasing temperature.
In order to understand the melting signatures of a bi-

layer system, we need to consider the expected behaviors
for the case when the layer critical point is above and
when it is below the melting temperature.

When the adsorption system is at low temperature,
below the roughening temperature, first-order layer con-
densation occurs if surface coverage is increased iso-
thermally. If the total coverage is between m —1 and m

layers, there is a coexistence region of films of m layers
and m —1 layers. With increasing temperature this coex-
istence region narrows and ends at a layer critical point
T, (m). Above T, (m) there is no two phase coexistence
region and the coverage in the adsorbed film increases
with pressure continuously. This layer critical point is a
reflection of the bulk roughening transition in the layered
system. In the first few layers near the substrate, de-

pending on the relative importance of the substrate attrac-
tive field, the layer critical point can be either below or

TABLE IV. Transitions in the bilayer region near the melting temperature. For the bilayer melting

peak, the four numbers represent the effective coverage, the peak position (in K), peak size (in mJ), and
F~HM (in K). For the other two transitions, the two numbers are the effective coverage and the peak
position. A blank space indicates the absence of the transition. It was not possible to estimate accurate-
ly the effective coverage for the n =2.55 scan.

1.83
1.90
2.01
2.22
2.55

Melting point

1.80, 89.10, 0.7, 0.8
1.87, 89.10, 1.0, 0.8
1.97, 89.0, 1.2, 0.6
2.17, 89.0, 2.8, 0.6

88.2, 1.7, 0.8

Critical point

1.74, 93.2
1.80, 93.4
1.92, 93.0
2.13, 92.5

HI phase sharp peak

1.68, 96.4
1.75, 96.4
1.87, 96.2
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above the melting point of the film. If this layer critical
point is below the melting temperature, the adsorbed film
melts as a single-phase system (rather than one with two
distinct layered films). Melting signal may still be broad
compared with a true bulk system since the substrate may
induce density gradient in the film. In this case the melt-
ing behavior of the adsorbed film is expected to change
gradually with coverage.

If the layer critical point is above the melting tempera-
ture, the adsorbed film consists of two different phases: a
film of m layers and a film of m —1 layers. The melting
temperature for the m-layer film may be different from
the m —1-layer film. In principle, two separate melting
signals should be observed. For a bilayer film, meltings
can proceed in two ways, in the first case, the top layer
melts at a temperature below that of the bottom layer.
This is apparently the case for 02 on graphite. It is pos-
sible that for an incomplete bilayer film, the single bottom
layer and the bilayer film may melt at different tempera-
tures. This is apparently the case for C2H~ on graphite. '

Which one of the two processes will occur in a system de-

pends on the strength of the coupling between the top and
the bottom layers.

Without structural or diffraction information, we can-
not unambiguously determine how the CF4 bilayer system
melts. If we assume the 89.05-K peak is due to the melt-

ing of the bilayer solid that is coexisting with a mono-
layer, then in the coverage range between n =1.83 and
2.22, the peak size divided by the number of molecules in
the bilayer is a constant. This result quantitatively con-
firms the observation that near the melting temperature,
CFq adlayer is in a coexistence region and melting of the
bilayer occurs at a triple point. Another experimental evi-

dence supporting this conclusion is that this 89.05-K
melting signal does not evolve continuously from the
first-layer melting process. In this scenario, the layer crit-
ical point is above the melting temperature of the bilayer
and above 89.05 K the CF4 system is in a coexistence re-
gion between the first layer HI phase and the bilayer fluid
phase. This gives a reasonable and natural interpretation
to the heat-capacity signal near 93 K. That is, it corre-
sponds to crossing of the first layer HI solid and bilayer
fluid coexistence boundary.

The discussion above follows an experimental path of
constant coverage and increasing temperature. In order to
see how the first-layer HI phase ends with increasing cov-
erage, it may be instructive to examine the phase diagram
along a path of fixed temperature and increasing cover-
age. Let us consider the system between 89 and 93 K
starting from a coverage inside the HI phase (n —1.4).
Vhth increasing coverage the system will hit the melting
line (the dotted line in Fig. 2) and some of the HI phase
melts into bilayer Auid. The size of the HI phase de-
creases with coverage until the bilayer fluid phase totally
covers the substrate. This is a first-order layer condensa-
tion process. This process terminates for temperature
higher than 93 K. In this sense 93 K is a bilayer critical
point. Above the critical temperature, the adsorbed film
does not show distinct layers. Along an isothermal path
of increasing coverage from the HI phase at T ~93 K,
the system wi11 melt via the weakly first-order two step

process as discussed in Sec. V. In the heat-capacity scans
above n =2, we do not observe the small, sharp peak due
to the HI phase melting. Therefore, the HI phase melting
line may terminate near or at the bilayer critical point.
%e cannot locate precisely the coverage position of this
bilayer critical point. The melting transition of the HI
phase may also smear our the bilayer critical point.

Another possibility which can explain the observed
heat-capacity signals is that there is no layer critical point
up to 100 K. Near the melting temperature the top layer
and the bottom layer are only very weakly coupled. The

Bulk a Phase

I 1

Bulk P Buik Liquid

F luid

I

50

Z(S)

/ 2D Liquid

20 Vapo~

I I I l I ) l I l

60 70 80 90 l 00
TF MPERATURF (K)

l
'

l
'

l
''

l
'

l
' l'

Bulk P Bulk Liquid
Bulk a Phase

0

'. '. Fluid
'I ~
~ ~

r (s)

/ 2D Liquid

20 Vaporl, l, I, l

50 60 7'0 80 90 l00
TEMPERATURE (K)

FIG. 15. Two possible phase diagrams of CF4 on graphite in

the chemical potential-temperature plane. Chemical potential is

shown relative to the bulk liquid value. (a) Top panel corre-

sponds to the situation with a bilayer critical point at 93 K.
This phase diagram is consistent with Fig. 2. Dashed lines near
60 K show transitions in the bilayer film. Dashed line near 100
K is the phase boundary separating the well-correlated fluid and
isotropic fluid phases. Above bilayer coverages there are layer-

ing transitions near the a-P transition (76.5 K) and a surface
transition shown as a dashed line, in the nonwetting bulk clus-
ters near 78 K, which may extend to the layered film (Ref. 27).
In this case the nature of the transition at 86 K is unclear. (b)
Bottom panel differs from the top one in that the HI phase is

strongly coupled to the substrate. The transition near 86 K,
therefore, can be interpreted as a decoupling process between the
top layers and the first-layer HI phase. Above 86, K the ad-
sorbed film consists of the bottom HI solid and the top solid
layers. The HI phase melts (near 95 K) via a two step process
through a well-correlated fluid region.
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89.05-K melting signal is from the second layer triple
point and the signal near 93 K represents the second layer
liquid-vapor critical point. During these transitions, the
top layer behaves like a 20 system and the bottom layer
acts as an inactive substrate. In this picture, the bottom
layer HI phase may persist up to the bulk coexistence
boundary. The difficulty of this picture is that the second
layer triplet point temperature seems to be too high (al-

most equal to the bulk triple point 89.5 K). The triple
point for the monolayer as shown in Fig. 2 is at 76.3 K.
Figure 2 is drawn according to the first, i.e., bilayer melt-
ing interpretation. The explanation for the heat capacity
anomaly near 86 K is unclear. At n =1.83, 1.90, only a
very weak signal shows up near 86 K. The peak position
shows variation with coverage. If we use the second pic-
ture, this signal may be regarded as representing a decou-
pling process between the top layer and the bottom layer
in the bilayer film. Corresponding to the two possibilities
in the bilayer melting region, the multilayer CF4 on gra-
phite phase diagram in the chemical potential-temperature
plane is proposed in Fig. 15. Figure 15(a) is consistent
with Fig. 2, in this diagram, the bilayer coexistence line
and the first layer HI phase melting line intersect at 93 K.
The bilayer critical point may be smeared out in coverage
due to the melting of the HI phase. Figure 15(b) is con-
sistent with the second possibility, namely the HI phase
behaves as a surface layer, it is strongly coupled to the
substrate and persists to the multilayer region.

There are two noteworthy features in the heat-capacity
behavior in the bilayer region. (1) The observed triple-
point melting, although it occurs at very high temperature
carries an unusual small transition heat. The size of this
peak at n =2.2 is about 2.8 mJ. If the transition is from
the bilayer film, the transition heat per CF4 molecule is
only about 10kii K as compared to 42 kii K in the first
layer. (2) The phase boundary near the critical teinpera-
ture at 93 K is very blunt indicating that the critical ex-
ponent 13 characterizing the coexistence is a very small
number. This boundary resembles the 20 liquid-vapor
coexistence boundary describable by the 2D Ising ex-
ponent of P= —,'.

rate phase, labeled as the Ip phase is situated between 3P
and I(S) phases and may extend to higher coverage and
temperature, e.g., sandwiched between the HI and I(S)
phases. Our data confirm the triple-point inelting inter-
pretation of the (2X2) commensurate solid at 76.3 K and
we find the critical point temperature for the liquid-vapor
transition at 93+1 K. The very weak signal at 66.4 K for
C-I transition is consistent with previous scattering re-
sults showing a continuous transition. We find that the
melting transitions from the (2X2) and I(S) phase are
first order. The melting of the HI phase is found to be
weakly first order similar to that of Ar on graphite. This
result together with the Ar result suggest that the weakly
first-order, two step melting may be a rather general
phenomenon. Careful scattering experiments studying the
well-correlated fiuid may be able to determine whether
this fluid is in fact the KTHNY hexatic phase.

In the bilayer coverage region, we observed the triple-
point melting signature at 89.05 K and a critical point at
93 K. The layer critical point is above the melting tem-
perature of the bilayer system. Two different possible
phase diagrams in the bilayer region were proposed. %e
think both possibilities are physically possible and in-
teresting. Recent heat-capacity results of C284 on
graphite also found the bilayer critical point to be near
115 K, above the melting temperature of both the bilayer
and monolayer. These results show that near the melt-
ing temperature, the competitions between the interactions
among the adsorbates and between the adsorbate and the
substrate, as well as the existing thermal fluctuations can
produce different paths for the monolayer phases to
evolve to the multilayer region. More quantitative experi-
mental studies in this coverage region are needed. The
phase diagram in the region above the bilayer is discussed
in Refs. 21 and 27. Above bilayer coverage, the melting
transition temperature of the film shows variations with
coverage as shown in Fig. 15. Due to desorption we can-
not determine the phase diagram in the region near the
bulk triple point. It is likely that a wetting transition may
occur near the bulk triple point that changes the CF4 on
graphite system from nonwetting to wetting growth.

VII. CONCLUSIONS

In summary, we have presented a detailed phase dia-
gram for CF4 monolayer and bilayer adsorbed on gra-
phite. Below monolayer completion, our data suggest a
concomitant orientational ordering transition as the ad-
sorbed solid phase transforms from 3I' to a high-
temperature incommensurate phase. This incommensu-
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