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Low-energy electron diffraction study of molecular oxygen physisorbed on grapbite
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Monolayers of molecular oxygen physically adsorbed on single-crystal graphite have been studied

using low-energy electron diffraction (LEED). The lattice parameters for the low-coverage oblique 6
phase and the higher-coverage centered-rectangular 6* phase are presented as a function of density
and compared with x-ray studies. New information about the 6' phase (which is oriented differently
on the substrate) indicates that it may be an equilibrium phase. Three different phases are observed
at temperatures above those where the 6, 6*, or 6' phases exist: a low-coverage liquid, an
intermediate-coverage 0 phase, and a high-coverage Quid phase. The liquid and Quid phases have
molecular-axis disorder, sufhcient short-range order to produce LEED pat terns, and bond-

orientational order. We discuss the properties of these phases and the nature of the 0 phase, which

we believe is a two-dimensional solid with molecular-axis disorder. Our data provide a detailed
monolayer density-temperature phase diagram.

I. INTRODUCTION

There has been a great deal of work on the structure,
thermodynamics, and phase transitions of rnonolayers of
simple atoms and rnolecules physisorbed on the basal
plane of graphite. ' These adsorbed layers provide a reali-
zation of two-dimensional (2D) condensed matter that can
be compared with theoretical models and relatively simple
calculations. Because the graphite substrate is energetical-
ly very smooth, the effect of the lateral modulation of the
adsorption energy caused by the substrate periodicity is
small. In addition, graphite is available in several forms
with large, homogeneous regions of the basal-plane ad-
sorption surface; this enables adsorbed layers to be probed
by numerous experimental techniques.

Physisorbed 02 on graphite produces a particularly rich
and diverse phase diagram summarized in Fig. 1. In
Fig. 1(a) a schematic 2D spreading-pressure —versus—
temperature phase diagram shows all the phases. The
two-phase coexistence regions and possible continuous
transitions show up as lines on this diagram. Triple
points occur at intersections of the lines. Figure 1(b)
shows the more complicated density-versus-temperature
phase diagram constructed from monolayer densities in-
ferred from low-energy electron diffraction (LEED),
neutron diffraction, ' and x-ray diffraction studies.
Note that the critical-temperature' ' ' —to —triple-
temperature ratio' ' is 66/26=2. 5. This is twice as
large as most 2D systems and will be discussed in Sec.
IV.

The structure of the low-coverage, low-temperature 6
phase has been studied by neutron, ' x-ray diffrac-
tion, " and computer simulation, ' as well as our
earlier LEED work. ' Our earlier LEED data were
presented as a function of coverage deduced by comparing
6-phase melting temperatures determined by LEED with
those determined using heat-capacity' measurements on
Qrafoil. We give LEED data here as a function of the
directly measured monolayer density and compare the

LEED and x-ray data directly. Some data not available
when Ref. 3 was published are also included. In addition,
further information is given about conditions under which
the 6' phase is observed.

At higher coverages, the g~ and gq phases occur. To
briefly recapitulate, the g~ phase is a monolayer phase, is
stable between 12 and 18 K, and has an incommensurate
oblique mesh (slightly distorted from a triangle). The g2
phase is also a monolayer phase, is stable between 18 and
38 K, and has an incommensurate simple triangular
mesh; there is a transition between these two phases at
about 18 K. The g~-gq transition has been detected in
heat-capacity measurements. At these coverages we also
observe diffraction from a structure denoted g', which has
a mesh that is similar to the g2 but has a very different ro-
tational epitaxy. -' Because the g' structure exists at the
same densities and temperatures as the gl and g2 phase, it
is not shown on our phase diagrams. We believe the g
structure is stabilized by defects on our graphite sub-
strates. We were not able to observe with LEED the
high-density, antiferromagnetically ordered e phase, ' '''
due to slow ordering kinetics.

We present here data on the higher-temperature liquid
0 and fluid phases shown in Fig. 1. We find that the
liquid and fluid phases are sufFiciently well correlated to
produce six diffuse diffraction spots. The 0 phase was
first detected in our measurements; data presented in Sec.
IV indicate that the 0 phase is probably a solid. We fur-
ther discuss the nature of these phases including their ro-
tational epitaxy and the bond-orientational order in the
liquid and fluid phases. We also discuss the phase transi-
tions and qualitatively compare our data with heat-
capacity and magnetic susceptibility data.

As mentioned above, 02 on graphite has been investi-
gated by several experimental techniques at various la-
boratories. For example, heat-capacity measurements
have been carried out in three laboratories. ' ' In all in-
vestigations there is a wide variation in gas filling of the
cells required to produce a given phase transition temper-
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ature between 26 and 32 K, suggesting serious problems
with alternate-site adsorption, clustering, and/or inter-
granular condensation when using large-area substrates.
Thus, the coverage scales deduced from filling are not
reproducible from study to study, and measurements at
the same filling and temperature but from two different
samples can give two different locations on the phase dia-
gram. For this reason we have redrawn the phase dia-
gram [Fig. 1(b)] to show the phases as a function of
monolayer density instead of the coverage indirectly in-
ferred as in Ref. 4. To use information from techniques
not directly measuring monolayer density, we assume
there is a unique relationship between monolayer density
and phase transition temperature.
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FIG. 1. Tentative phase diagrams of 02 adsorbed on graphite.
(a) Schematic 2D spreading pressure versus temperature dia-
gram. (b) Monolayer density versus temperature diagram. This
is a density-temperature phase diagram, rather than a coverage-
temperature phase diagram as in Ref. 4; adsorption in the second
layer (if any) is not shown. The monolayer densities are deduced
from the mesh parameters measured from the di6'raction pat-
terns from this study, neutron studies (Refs. 7 and 8), and x-ray
studies (Refs. 9—11). The dashed lines are more speculative
phase boundaries than the solid lines. Some narrow coexistence
regions are not shown. Open squares are the 5-phase densities at
the 6-gas phase boundary. Solid inverted triangles are the 5-
phase densities at the 8-gq (T ~ 18 K) or 8-g& (12 K & T & 18 K)
phase boundaries. Solid squares are the g~ or $2 densities at the
8-g~ or 8-gq phase boundaries.

II. EXPERIMENTAL TECHNIQUES

The experimental apparatus used in this study was
essentially the same as that described earlier. Typical
base pressures were below 2X 10 ' Torr as measured by
a bare Bayard-Alpert gauge. The residual gases in the
system were measured with a quadrupole mass spectrome-
ter and primarily consisted of H2, CO2, and Nq + CO, at
partial pressures of around 5X10 " Torr; CH4 and HqO
were also present with partial pressures of about 2& 10
Torr. Experiments were limited in duration to less than 2
h to minimize effects of these residual gases. The LEED
electron gun was typically operated at 50—200 eV and
about 0.1 —1 nA, with a spot diameter of about 0.35 mm
full width at half maximum (FWHM).

The graphite samples used in this study were natural
single crystals cleaved in air with Scotch tape, baked to
between 850 and 980 C in Aowing dry nitrogen gas, and
then clamped to the copper sample holder. Baking above
950'C generally produced the best crystals. The graphite
substrate was mounted in the vacuum system on a copper
sample holder, which was attached to the end of a
helium-transfer system. The temperature of the sample
holder was measured with a silicon-diode thermometer,
which was calibrated against a germanium resistance ther-
mometer. The germanium resistor was factory calibrated
between 4 and 75 K. The error in the relative tempera-
tures (temperature diff'erences) is about 0.1 K; the error in
absolute temperature is about 1 K.

Occasionally, an impurity LEED pattern was initially
observed from the graphite crystals and Oq would not or-
der on regions of the crystal where this pattern was
present. Electron bombardment of the crystal at high
current densities (up to 100 nA in 0.1 mm ) removed the
pattern and enabled ordered adsorption. Some crystals
initially showed no detectable impurity pattern, and 02
would order without the electron bombardment treat-
ment. After cooling to very low temperatures (less than
about 18 K), there was an irreversible degradation of the
crystal which was indicated by an increase in both the size
of the overlayer spots and the diffuse background. The
degraded crystal had to be replaced or recleaved in order
to resolve small spot splittings such as shown here for the
6 phase (Fig. 8).

Results from two types of experiments are described
here. For experiments at temperatures less than about 32
K, the equilibrium Oq vapor pressure was very low. A
small amount of 02 gas was admitted through a leak
valve and directed at the sample with a doser-doser.
Any gas that adsorbed on the surface would not desorb in
our experimental times and a continuous Aux of gas was
not needed to maintain a constant coverage. Coverage
was increased by dosing the crystal with additional gas
when the temperature was high enough to ensure surface
equilibration (T & 24 K). The 5 phase was always studied
under these conditions, and the liquid and 0 phases were
studied under these conditions if the temperature and cov-
erage were su%ciently low.

At temperatures above about 32 K, some experiments
were performed under steady-state adsorption-desorption
conditions, with the doser-doser directing a continuous
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Aux of gas at the sample. Data were taken isothermally
as the effective equilibrium pressure at the sample was in-
creased. The impurity gases consisted primarily of N2
and CO, with a partial pressure of less than 10%%uo of the
total vacuum-system pressure. At the sample, the
effective N2+ CO partial pressure was estimated to be
less than 1% of the effective total pressure when the
doser-doser was in use, due to the higher 02 partial pres-
sure near the doser-doser. The liquid, 0, and quid
phases were sometimes studied under these conditions.

The LEED patterns from Oq on graphite were photo-
graphed with a 35-mm camera using 400-ASA black and
white film. The patterns were analyzed by projecting an
image of a LEED pattern onto graph paper. The centers
of the diffraction spots were located visually, marked on
the graph paper, and digitized. The positions of the
diffraction spots were then fit by the least-squares method
to the previously determined appropriate unit mesh.

The patterns from the liquid, 0, and Quid phases had
six diffuse diffraction spots (not resolution-limited
diffraction spots) and were also analyzed by measuring the
radial and azimuthal (angular) widths of the diffraction
spots using a calibrated microdensitometer. Due to fiuc-
tuations in the film density and uncertainties in the back-
ground LEED intensity, the widths of the diffraction
spots were estimated by visual fits to the intensity ob-
tained from the densitometer. The accuracy of the result-
ing widths is estimated to be 10%.

The unit mesh of the 6 phase is incommensurate and ob-
lique at low densities, as shown in Fig. 3(a) and first pro-
posed in the x-ray study of Ref. 10. The molecular con-
tours in Fig. 3 have been drawn parallel to the long axis
of the parallelogram unit cell shown by dashed lines, as
expected from steric considerations. ' ''

One interesting aspect of the azimuthal orientation of
the 6 phase shown in Figs. 3(a) and 3(b) and the g2 phase
shown in Fig. 2 of Ref. 5 is that rotating the molecules of
Fig. 3(b) about the a direction and close packing them to-
gether approximately produces the gq structure shown in
Fig. 2 of Ref. 5. This indicates that there may be some
common origin of the rotational epitaxy of these struc-
tures. (The fact that the molecules stand up in the higher
density g~ and g2 phases is a result of the competition be-
tween adsorbate-adsorbate and adsorbate-substrate
forces. '

)

The unit mesh of the 6 phase is incommensurate at all
densities, but becomes the centered rectangular 6* phase
as the density is increased by dosing near 24 K. The
molecular charge contours used for Fig. 3 show that the
molecules are close packed in this phase. The angle y is
equal to 90 within experimental error. '' " Our mea-
surements are not extensive enough to establish the pre-
cise region of existence of the 5* and 5' phases, so we in-
dicate only one 6 phase in phase diagrams in Figs. 1 and
9. The 6' phase will be discussed in more detail below.

B. Lattice parameters versus density

III. THE 6 PHASE

A. Structures and LEED patterns

The 6 phase is the solid phase of 02 on graphite in
which the molecules are inferred to lie essentially parallel
to the substrate. ' '' The phase diagram indicates only
one 6 phase, but three different types of LEED patterns
are observed, as shown in Figs. 2(a) —2(c). [Schematic
drawings of the patterns in Figs. 2(b) and 2(c) were given
in Ref. 3.] At the lowest coverages, the pattern shown in
Fig. 2(a) is observed. The circles indicate refiections from
one domain of this structure. (One sample once showed
a monodomain diffraction pattern which was consistent
with that indicated by the circles. ) As the coverage is in-
creased by dosing near 24 K, the pattern always changes
to that shown in Fig. 2(b). We call the phases producing
the pattern in Figs. 2(a) and 2(b) the 6 and 5* phases;
coexistence between these phases has been observed. At
coverages where the 6* phase usually exists, the LEED
patterns of Figs. 2(c) and 2(d) are sometimes seen. Al-
though the diffraction pattern in Fig. 2(c) looks very
different from that in Fig. 2(b), the structure is the same
for Figs. 2(c) and 2(b) except for the azimuthal orientation
of the overlayer with respect to the substrate (the rotation-
al epitaxy). In Fig. 2(d) the 6' phase coexists with the
Auid phase to be discussed in Sec. IV.

The structures inferred from the LEED patterns of Fig.
2 are shown in Fig. 3 ~ The 0.002-a.u. electron density
contour ' used in Fig. 3 is a more accurate representa-
tion of the molecular size than the shape used in Ref. 3.

Our lattice-parameter measurements are presented in
Fig. 4 as a function of the experimentally calculated
monolayer density. This permits us to compare our
lattice-parameter measurements near 24 K (solid circles
with error bars) with those of x-ray measurements ()&'s)
on exfoliated graphite substrates at a variety of tempera-
tures and coverages. ' '" The melting temperatures exper-
imentally observed for the experiments indicated by solid
circles are also given in Fig. 4. All the LEED data shown
were obtained by dosing the surface below 25 K and then
warming up the sample to obtain the melting temperature.

A first-order transition to the centered rectangular 6*
phase occurs as the coverage is increased at 24 K. When

y is equal within experimental accuracy to 90, a
rotational-epitaxy angle of /=3' is observed. At lower
densities where y is about 92', P is always about O'. This
correlation between y and P also holds for some non-
equilibrium measurements not shown in Fig. 4. This
correlation suggests that the distortion of the unit cell into
the oblique structure observed at low coverages is caused
by the rotational epitaxy.

The LEED data in Fig. 4, indicated by solid circles,
can be interpreted as indicating a first-order transition be-
tween the oblique 6 and the centered rectangular 6*. Al-
though the x-ray data shown by & 's suggest a continuous
variation in y with density, these data were taken at a
lower temperature (15 K), and the analysis of these data
did not consider the possibility of coexisting phases of
different density and y va1ues. ' Synchrotron-x-ray mea-

0

surements on the 6 phase at a density of 0.0802 A find
a y between 90' and 90.03' at about 30 K." However,
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FIG. 2. LEED patterns from the 6 phase. The diffraction from one domain is indicated by the circles. The squares indicate one set
of spots that is split in (b), but almost degenerate in (a). The arrows indicate the direction of a graphite first-order diffraction vector.
There is some distortion caused by the LEED apparatus in the upper right corners of (a) and (d). (a) The low-coverage 5 phase at an
electron energy of 110 eV, a temperature of 23 K, and a density of 0.075 A . (b) The high-coverage 6 phase at 110 eV, 21 K, and—2 —20.077 A . (c) The 6' phase at 112 eV, 16 K, and a density of 0.080 A . The azimuthal smearing of the spots is discussed in Ref. 3.
(d) The 5' phase at 65 eV, 31.8 K, and a density at which the 5' phase coexists with the fluid phase discussed in Sec. IV. One
diffraction spot from the fluid phase is located between the two white lines. The different graphite orientation is due to a different
graphite substrate than (a) —(c).

these high-resolution measurements did not determine the
variation of y with density and could not determine P.

Zero-temperature calculations for O2 monolayers on a
smooth graphite substrate indicate a centered-rectangular
mesh (y=90') at low coverages, ' ' ' ' with a and b
close to those measured. This confirms our idea that the

skewing of the 5-phase mesh into an oblique mesh
(y&90 ) could be caused by the lateral modulation of the
adsorption energy by the substrate periodicity. If this la-
teral variation in energy is included, certain long-period
superlattice structures result in a skewing of the unit mesh
(y &90) and an orientational epitaxy angle P close to
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less than 30 K). However, it could be reproducibly
formed by cooling the substrate to between about 30 and
34 K and then dosing the sample sufficiently that the lay-
er would solidify when cooled to below 30 K. When the
crystal was cooled to below 30 K and then the sample
slowly dosed to produce the same solid density, the high-
coverage 5* phase in Fig. 2(b) would always form. When
this phase was then warmed to slightly above the melting
temperature (30—32 K) and recooled, the 5' phase would
form. When this thermal cycling was performed and the
dose was insufficient to produce a melting temperature
above 30 K, some regions of the crystal had the 6' phase
while others had the high coverage 6'. This last effect
could be due to slightly different coverages on the
different regions of the crystal. It is possible that the cov-
erage at which the 6' phase could be formed depended on
whether the graphite impurity pattern ' was initially
present or not, but this has not been carefully examined.

The behavior discussed above suggests that at high cov-
erage the 5' phase may be the equilibrium structure. At
these high coverages, the 5* phase is then metastable, but
it cannot transform into the 6' phase because of
insufficient surface mobility in the solid. It is possible
that at high coverage the Novaco-McTague energy (the
overlayer-graphite energy as a function of the alignment
of the overlayer) has two local minima at different rota-
tional epitaxies, as discussed in Ref. 3 and predicted for
the triangular-incommensurate structure of Xe on graph-
ite. ' ' At high coverage, the 5' phase may then be in the
global minimum and the 6 may be in a local minimum.
At lower coverages there would only be one minimum
corresponding to the 6 phase. It is also possible that the
rotational epitaxy of the 5' phase is stabilized by steps, or
impurity adsorption; however, this is less likely since both
structures were reproducibly observed on all crystals.

IV. HIGHER TEMPERATURE PHASES:
LIQUID, 8, AND FLUID

Three different phases are observed for adsorbed layers
of 02 at temperatures above those where the 6 phase ex-
ists: a low-coverage liquid phase, an intermediate-
coverage 0 phase, and a high-coverage fluid phase. Typi-
cal LEED patterns from these three phases are shown in
Fig. 5. The direction of a graphite first-order reflection
(outside the field of view for the energies of Fig. 5) is
shown by an arrow in each figure. The liquid [Figs. 5(a)
and 5(b)] is characterized by six broad first-order
reflections of scattering vector length near 1.80 A and
orientation along the direction of the first-order reflections
from a &3 structure. (A &3 structure would have a
momentum transfer of 1.70 A ' and orientation 30' from
the arrows in Fig. 5.) The 0 phase [Figs. 5(b) and 5(c)] is
typically characterized by twelve sharper first-order
reflections of scattering vector about 1.84 A ' and orien-
tation about +20' from the &3 direction (+10' from the
arrows in Fig. 5). Diffraction from a single domain of the
0 phase is indicated by circles in Figs. 5(b) and 5(c). [An
almost monodomain 0 phase was observed during the

same experiment as Fig. 5(c); normally the two domains
had similar intensity. ] We believe the 8 phase is a solid
(see below). The fluid phase [Figs. 5(d) and 2(d)] is
characterized by six broad first-order reflections of scatter-

0

in' vector about 1.86 A ' and orientation 30' from the
&3 direction (along the arrows in Fig. 5).

The local structure deduced from these patterns is
shown in Fig. 6. As there is no indication in the LEED
patterns of spots expected from molecular-axis orienta-
tional order, the Oq molecule is represented in these

0
figures as a sphere of the diameter 3.80 A deduced from
studies of 3D liquid Oz. Since the Oz molecule is about
4.18 A long, steric considerations suggest the molecules
are undergoing hindered rotation with some tilting out of
the plane. The liquid [Fig. 6(a)] and fluid [Fig. 6(c)]
phases do not have long range positional order; the figure
is drawn to show the bond-orientational direction and the
approximate average intermolecular spacing. None of
these phases has been detected in previous diffraction
studies using exfoliated graphite '' due to interference
from the graphite (002) diffraction peak (momentum
transfer 1.86 A ) in polycrystalline samples and to low
scattering intensity. (The wings of the liquid diffraction
spots were noted in Ref. 10.)

The nearest-neighbor spacing of the liquid and 0 phases
as a function of temperature is shown in Fig. 7 for cover-
ages near the coexistence boundaries. The circles and
triangles indicate the upper and lower nearest-neighbor
spacing limits of the liquid phase. These points suggest
an increasing density range for the liquid with increasing
temperature. The solid squares indicate a slight decrease
in nearest-neighbor distance for the 0 phase with increas-
ing temperature. This decrease may be related to small
changes in the rotational motion of the 02 molecules, with
the molecule behaving more like a free (3D) rotor at
higher temperatures.

The azimuthal and radial widths of the diffraction spots
for the liquid and 0 phases do not appear to change with
temperature (between 30 and 48 K) at constant coverage
near the liquid-0 phase boundary or near the liquid-gas
phase boundary. In contrast, the diffraction spots of
several other 2D liquids on graphite broaden with small
increases in temperature. ' The difference between Oq
and most other 2D and 3D liquids may be related to the
Oq liquid's extremely large stability range. (As mentioned
in the Introduction, the ratio of critical to triple tempera-
tures is about 2.5.) This large range indicates the liquid is
more stable relative to the solid phase than in most other
2D systems. A lack of stability in the molecular-axis
orientational order in the 6 phase could cause the 6 phase
to be less stable relative to the liquid. Most current melt-
ing theories do not consider the stability of the liquid,
which is apparently important for 02.

There are changes in the diffraction spots of the liquid
and 0 phase with increasing coverage at constant tempera-
ture. At the lowest coverages the radial width of the
liquid diffraction spots is larger than at higher coverages.
Measurements made at 39 K from a graphite crystal with
first-order reflections having a radial width of about 0.06
A ' found about 0.16 A ' FWHM at low coverages and
0.10 A at higher coverages. This would correspond
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FI~. 5. LEED patterns from the higher-temperature phases. The arrows indicate the direction of a graphite first-order diffraction

vector. (a) The liquid phase pattern at 39 K and 65 eV. (b) Coexistence between the liquid and 0 phases at 39 K and 65 eV.

iffraction peaks from one domain of 0 are circled. (c) The 0 phase at 32 K and 65 eV. The diffraction peaks from one domain are

circled and are s]ightly more intense than from the other domain. (d) The fluid phase at 32 K and 65 eV. Note epitaxial align nt

along the arrow, 30 different from the liquid in (a). (See Ref. 33.)

to an increase with coverage in correlation length from
about 10 A to about 25 A. The liquid's azimuthal width
increases slightly with increasing coverage, and at cover-
ages near the liquid-0 transition it is possible that the
liquid diffraction spots actually consist of two broad, over-
lapping spots aligned a few degrees away from the direc-
tion of the graphite first-order diffraction vectors. There
are no discernible changes in the 0 phase spot widths with

increasing coverage. However, as covering increases, the
diffraction spots continuously rotate closer to the graphite
(100) direction; the rotational epitaxy angle 0 defined in
Fig. 6(b) increases from 20 to about 25. 5' at the highest
coverage measured. Because the diffraction spots in the 0
and Auid may overlap in the transition region, we are not
able to determine whether the 9 to Quid phase transition is
continuous or first order.
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FIG. 7. Average nearest-neighbor distance a for the liquid
and 0 phases as a function of temperature. Liquid phase data
are shown by the circles for low coverages close to the liquid-gas
phase boundary and by the triangles for coverages just below the
liquid-0 coexistence region. The lines are guides to the eye. The
0-phase data are shown by solid squares for coverages just above
the liquid-0 coexistence region.

(c)

FICx. 6. Schematic representation of the local structure of the
higher-temperature phases. All three structures are incommens-
urate; one molecule is arbitrarily shown in the center of a graph-

0

ite hexagon. The molecular size shown is that of 3.8 A for bulk
liquid O2 (Ref. 34). (a) The liquid phase is aligned along the
graphite [110] direction with a typical nearest-neighbor spacing
a=4.0 A. (b) The 0 phase is rotated +20' from the graphite
[110] direction with a typical nearest-neighbor spacing a=3.95
A. (c) The fiuid phase is aligned along the graphite [100] direc-
tion with a typical nearest-neighbor spacing a=3.85 A.

The lattice constant of the 0 phase is close to that of Ar
on graphite. However the rotational epitaxy angle of the
0 phase (20' —26') is substantially different from that of Ar
on graphite (about 3 ). In addition, the rotational epi-
taxy of Ar on graphite changes by only 2 with a density
increase of 5%, while that of the 0 phase changes by at
least 6' with a density change of 4%%uo. In the Novaco-
McTague model ' ' rotational epitaxy is determined by
the overlayer to graphite mesh constant ratio and, to a
lesser extent, by the overlayer longitudinal to transverse
sound velocity ratio. The model correctly predicts the ro-
tational epitaxy for Ar. The cause of the difI'erence in ro-
tational epitaxy between Oq and Ar (and the Novaco-
McTague model) could be due to the absence of internal
degrees of freedom of the adsorbed species in the
Novaco-Mc Tague model; for example, there will be
librational-vibrational coupling in the 0 phase.

The diffraction spots in the liquid and Iiuid (see Fig. 5)
are fairly sharp radially, so these phases have considerable
short-range translational order (-20 and 15 A correlation
length, respectively). Since these diffraction patterns do
not consist of rings but have well-defined maxima and
minima, the liquid and fluid phases are well oriented
with respect to the substrate. In other words, they have
long-range bond-orientational order ' which is probably
imposed by the sixfold substrate field.

In the Novaco-McTague model the properties of solid
overlayers that determine their rotational epitaxy are the
phonon dispersion relations and the nearest-neighbor spac-
ing. ' ' Propagating collective modes with infinite life-
times (phonons) do not exist in iiuids, but fluids have
propagating collective modes (both longitudinal and trans-
verse) with finite lifetimes. Thus, a model for the rota-
tional epitaxy (direction of bond-orientational order) of
fluid overlayers would include elements of the Novaco-
McTague model ' ' as well as the collective mode life-
times. We are unaware of such a model.

The 5-liquid, 5-0, 5*-fluid, and 5'-fluid transitions are
all first order, as evidenced by density changes, symmetry
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changes, and two-phase coexistence over a temperature
range of about 0.5 K. For submonolayer coverages (melt-
ing at the triple temperature) the 6-liquid coexistence
range is 0.2 K. This nonzero range could be caused by a
binding-energy heterogeneity ' of only 0.1%. Above
submonolayer coverages the coexistence range is 0.5 K,
reflecting the intrinsic coexistence. For temperatures
above about 31 K, the 6' phase melts into the fluid phase,
but this is an apparently irreversible transition, since on
cooling the fluid solidifies into the 6' phase. The 6' phase
always melts into the fluid phase.

The 6-liquid and 6-fluid melting transitions were shown
to be first order by the heat capacity and magnetic suscep-
tibility data. ' ' Analysis of heat capacity measurements
to determine the entropy change at this transition pro-
duces values from 0.8k~ (from data in Ref. 15) to 1.3k~
(from data in Ref. 14), which is larger than the 0.4k~
value quoted for incommensurate Ne melting. This
larger entropy might be a result of the disordering of the
Oq molecular axes in the melting. For the 6-0 transition,
Christoffer's data show two heat-capacity peaks, with the
higher-temperature peak changing when a magnetic field
is applied. ' However, the relationship between the heat
capacity data and the structural changes at the phase
transition is not clear.

An examination of the 0 phase diffraction pattern on
the graphite crystals with smallest mosaic spread (such as
crystal I of Ref. 5) reveals a splitting into triplets as
shown in Fig. 8. This indicates the 0 phase has a slightly
oblique mesh similar to the gl phase. Each spot in a
triplet is resolution limited (as sharp as the 5 phase spots)
as expected for a 2D solid phase. Above about 30 K (not
shown) no splitting could be resolved and the spots are
not resolution limited. The width of the diffraction spots
could be due to either an unresolved oblique solid struc-
ture or to a fluidlike nature for the 0 phase at temperature
above 30 K. Further measurements on high-quality sin-
gle crystals will be needed to determine the nature of the
L9 phase above 30 K. Because of the absence of orienta-
tional ordering spots, we believe the 0 phase has disor-
dered molecular axis orientations.

V. SUMMARY

This study has examined some of the phases and phase
transitions of 02 adsorbed on single-crystal graphite; some
of the results of this study and the earlier studies are sum-
marized in the phase diagram shown in Figs. 1(b) and 9.
Figure 9 is an expanded region of part of Fig. 1(b) from
10—50 K and 0.065 —0.085 A . It summarizes the
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FIG. 8. LEED pat tern from the 0 phase at T=28 K and 65
eV showing the splitting into triplets. Inside the squares this

splitting is resolved, while inside the circles it is not. The t9

phase is coexisting with the 5 phase, whose spots are not
marked. The density of the 9 phase in this picture is

—20.075+0.003 A . The lattice parameters as defined in Fig. 2 of
Ref. 5 are al ——3.86+0.05 A a2=3.99+0.08 A, a3=3.93+0.05
A, 0 =60.2'+0.9', 02=58.2 +1.0, 0,'1=20.0 +1.0, F2=20.2
+1.0, F3=18.4'+0. 5 .

FIG. 9. Density-temperature phase diagram of 02 adsorbed
—2

on graphite for 10—50 K and 0.065-0.085 A . The monolayer
densities are deduced from diffraction measurements; possible

adsorption in the second layer (if any) is not shown. The dashed

lines are less certain phase boundaries than the solid lines. Open
circles and open inverted triangles are the liquid phase densities

at the liquid-gas and liquid-0 phase boundaries, respectively.
The solid circle and the &('s mark the 8 phase boundaries. Open
squares are the 5 phase densities at the 5-gas phase boundary.
Open triangles are the 5 phase densities at the 5-0 (T) 27.5 K)
or 5-liquid (26 K & T & 27.5 K) phase boundaries. Solid inverted
triangles are the 5 phase densities at the 5-g2 {T)18 K) or 5-gl
(12 K& T &18 K) phase boundaries. The 5' phase was usually—2
observed for densities near 0.080 A . The x-ray measurements
from Refs. 9 and 10 are the points without error bars.
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data presented in the earlier sections and earlier studies,
shows the narrow two-phase coexistence regions not
shown in Fig. 1(b), and shows the new triple lines at 27.5
and 31 K where, respectively, the 5, 0, and liquid and 6,
8, and Quid coexist. The phase boundaries were calculat-
ed from our data presented earlier (Figs. 4 and 7 and Fig.
3 of Ref. 5) and from diffraction data from other stud-
jes 7 1 I

We have measured the rotational epitaxy of the 6 phase
as a function of density and find there is a correlation be-
tween the rotational epitaxy and the skewing of the mesh
(from a centered rectangle into an oblique mesh). We also
observe a centered-rectangular 5* phase at higher cover-
ages, with an apparently first order 5-6* transition. Near
the highest densities the 6 is also observed; this phase has
a unit mesh that is the same as the high-density 6* phase,
but its rotational epitaxy is very different. Because we do
not know the densities and temperatures where the 6' and
6* phases are stable, they are not shown on the phase dia-
gram.

The phase transitions of the 6 phase into the higher-
temperature liquid, 6I, and Auid phases are all first order.
Diffraction patterns from the liquid and Auid phases have
been observed with LEED, and these phases have long-
range bond-orientational order, ' probably imposed by
the substrate. We believe the 0 phase is a solid with
molecular axis disorder. Unexpectedly, the structural
properties of the liquid, 0, and Quid phases do not change
significantly between about 30 and 45 K. For the liquid
(the only phase where additional data are available), ' '
this could be related to an extremely large stability range.

The rotational epitaxy of the 0 phase and its change with
density are very different from that of Ar on graphite,
even though the nearest-neighbor spacings are about the
same.

The 2D phase diagram for 02 on graphite is particular-
ly rich and complicated. There are nine monolayer
phases and six triple points known to date. The complex-
ity and richness result from a competition between steric
forces resulting from molecular shape, magnetic interac-
tions, adsorbate-adsorbate forces, and lateral modulation
of the adsorption energy caused by the substrate periodici-
ty.
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