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Melting and Wetting Behavior in Oxygen Films

D. D. Awschalom, '" G. N. Lewis, ' 'and S. Gregory
Laboratory of Atomic and Solid State Physics and Materials Science Center,
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At high coverages and low temperatures oxygen on exfoliated graphite takes the form of
a bilayer film plus bulk solid clusters. A transition at 47 K is interpreted as prewetting
in which a thick film is formed. Evidence for this transition is seen in heat-capacity and
magnetic-susceptibility measurements.

PACS numbers: 64.70.-p, 68.90.+g, 68.15.+e

Qxygen, the only magnetic gas which retains
its magnetic moment in condensed phases, pos-
sesses many interesting properties in the ad-
sorbed state. The system of oxygen on exfoliated
graphite has received considerable attention and
much of the phase diagram is well understood. '
Our interest here is focused on melting and pos-
sible wetting behavior. In an extensive series of
experiments we have measured the magnetic sus-
ceptibility and heat capacity of oxygen films on
Qrafoil exfoliated graphite from submonolayer to
multilayer coverages.

In Fig. 1 we have plotted the loci of various
transition features obtained from our data. The
great majority of these features are seen in both
susceptibility and heat capacity. A transition can,
however, quite often be detected in the suscepti-
bility data when it has become too weak to be seen
in the heat-capacity data. Some proposed phase
boundaries taken from Ref. 1 are shown by dashed
lines. (En this paper coverages will be defined
with reference to the "v3 && &3" commensurate
monolayer which we shall call a "mon. ")

A melting' transition of the film occurs at 25.5

K below 1 mon. and shifts upward in temperature
above this coverage. At 1.6 mon. (one fully com-
pressed 5 monolayer) the transition temperature
becomes constant at about 32 K and features as-
sociated with it rapidly diminish. The phase
boundary represented by this constant-tempera-
ture section has been associated with the upper
bound of 5+ & coexistence.

As the 32-K features diminish, new features
(shown in Fig. 1 by solid circles) grow rapidly
in strength and increase in temperature, even-
tually to about 42 K. We shall refer to these be-
low as the "40-K" features. They reach maxi-
mum size at 3 mon. , then decline somewhat at
higher coverage. We believe that the local de-
crease of the temperature of the "40-K" features
to 38 K at 3 and 3.5 mon. is associated with com-
pletion of the bilayer. (Repeating these runs gave

reproducible behavior. ) Above 1.5 mon. a transi-
tion is seen at a constant temperature of 47 K.
Evidence of this transition has been seen previ-
ously in heat-capacity measurements, ' but our
susceptibility measurements can now detect a
feature at coverages as low as 1.5 mon. The size
of the features associated with the transition in-
creases more rapidly above 3 mon. Figure 2

shows the coverage dependence of the area under
the peaks for these various features.

We believe that for "apparent" coverages great-
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FIG. 1. Phase diagram of oxygen on graphite. Dashed
lines are taken from Ref. 1. Dotted lines are suggested
by the present work. Locations of features from the
present work are shown with various symbols: open
lozenges, 2D e-P transition; open squares, 3D o. -P
transition; open circles, p melting; closed circles,
& melting (40-K feature); closed squares, 3D p-y tran-
sition; triangles, 47-K feature; inverted triangles,
3D (y) melting; closed lozenges, "60-K" transition
referred to in text.
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FIG. 2. Integrated heats under various heat-capacity
peaks: open circles, g melting; closed circles, g melt-
ing (40-K feature); triangles, 47-K feature; squares,
24-K 3D ~-p transition (multiplied by 10).

er than 3 mon. , which corresponds to about two
compressed fluid monlayers, two-dimensional
(2D) film actually ceases to thicken. Instead, con-
densation in cracks and contact regions between
the Grafoil platelets nucleates "bulk" islands
which account for the disposition of the added gas,
a situation discussed in connection with other
gases by Dash. 4 This picture is borne out by the
appearance of the 24-K n Ptransit-ion (see Fig.
1) of bulk oxygen above a coverage of 3 mon.
Stoltenberg and Vilches' and Heiney et a/. ' have
also observed experimental evidence for this "bi-
layer plus bulk solid" picture.

We have given some thought to a picture in
which the first and second layers melt independ-
ently. In this picture the 47-K transition would
be associated with melting; however, the detailed
behavior of the various features cannot be recon-
ciled with this interpretation. Specifically, if
the 47-K transition &vere to be identified as melt-
ing it would, because of its higher temperature,
presumably have to be that of the first layer.
Thus, one would identify the "40-K"transition
with the second layer. However, the 47-K fea-
tures are absent at low coverages and do not grow
appreciably until two fluid monolayers are com-
pleted. The "40-K" features, on the other hand,
have increased to maximum size by this coverage.
It is therefore much more reasonable to associ-
ate the latter with melting of the whole film and
this requires us to view the film between 40 and
47 K as Quid. This is consistent with the obser-

vation of liquidlike scattering by Stephens et al. '
above 39 K.

Our interpretation of the low-temperature fea-
tures is that the transitions indicated by open and
solid circles in Fig. 1 are the meltirg of 5- and
f-oxygen, respectively, as suggested by the dot-
ted boundaries. Over a small coverage range at
which these phases coexist, both melting transi-
tions can be present.

As for the 47-K feature, we note that it grows
above 3 mon. , the coverage at which the 24-K
o. P-t-ransition susceptibility feature of "bulk"
oxygen is first seen, although a "pretransitional"
feature is evident in the susceptibility at a cover-
age as low as 1.6 mon. (An indication of the
amount of bulk solid is given by plotting the area
under the 24-K heat-capacity peak. ) The fact that
the feature increases in strength with increasing
coverage militates against explanations in terms
of one- or two-layer behavior. We suggest that
the 47-K feature indicates a prewetting phase
boundary which becomes a wetting transition at
bulk solid-gas coexistence. The increasing
strength of the feature as one approaches the
actual wetting transition follows naturally in this
picture.

The bulk P-y transition is accompanied by a
great structural change and loss of magnetic or-
der. We should quite generally expect that such
a bulk transition would change the wetting charac-
teristics of the system. Thus, the prewetting
transition could be driven by the P-y transition,
although the two transitions need not be coinci-
dental, even at bulk coexistence. Indeed, it is
certainly the experimental fact that the tempera-
ture of the prewetting feature is remarkably con-
stant over the entire coverage range. It should
be noted that, in our picture of the 47-K transi-
tion, the bilayer Quid film phase vanishes at the
transition as the y solid wets the substrate.
Above 47 K only y solid is present and this melts
at the bulk solid melting temperature of 54 K.
The 47-K feature in the magnetic susceptibility
(also seen in Fig. 3) is such that there is strong
deviation from simple Curie-Weiss behavior over
a wide temperature range on both sides of the
transition. We believe that the film is paramag-
netic above 40 K and this behavior therefore in-
dicates a considerable change in the average in-
teraction between oxygen moments, as would be
expected in a restructuring of the adsorbate of
the type suggested.

Gilquin' has measured stepped isotherms for
0, on graphite between 54.9 and 66.7 K, indicating
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Gilquin' terminate are all close to 60 K. Our
measurements appear to be consistent with these
values.

We would like to thank M. E. Fisher and R. Pan-
dit for many helpful discussions. One of us
(D.D.A. ) would like to thank the Exxon Foundation
for a fellowship. The work was supported by the
Materials Science Center-National Science Foun-
dation through Grant No. DMR-76-81083 and Na-
tional Science Foundation Low Temperature Phys-
ics Grant No. DMR-81-06887.

0 IO

I I I i I i I i I ) I

20 30 40 50 60 70
TEMPERATURE (K)

FIG. 3. Magnetic susceptibility and heat capacity of
3.5-mon. film vs T. Closed circles, susceptibility;
open circles, heat capacity.

layering in this system. Thus, a wetting-pre-
wetting transition at 47 K should presumably pro-
ceed through a sequence of layer transitions.
This would be somewhat different from the
"usual" wetting-prewetting behavior discussed
by Ebner and Saam' and Cahn' in which there is
a single "thin-thick" transition.

Finally, we note the presence of a transition at
about 60 K. Above this "60-K"transition the tem-
perature dependence of the susceptibility is that
of bulk oxygen. The transition is accompanied
by a sharp heat-capacity peak for coverages be-
tween 4.5 and 8.5 monolayers. The critical points
in which the four layer transitions determined by
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