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Oxygen monolayers adsorbed on graphite studied by neutron scattering
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The phase diagram of absorbed films of 0, molecules on (002) surfaces of graphite has been measured in

the range of densities from submonolayer to 1.6 monolayer. This system is particularly interesting because it

orders magnetically below 11.9 K for dense monolayer and. higher coverages. This magnetic order is observed

both through the antiferromagnetic-superstructure-Bragg reflection as well as through the accompanying

magnetostrictive distortion which is seen as a splitting of the nuclear Bragg scattering peak. In all, three

distinct two-dimensionally ordered phases have been found, each being incommensurate with the graphite

surface lattice. Both first-order and continuous transitions have been observed between these phases.

I. INTRODUCTION

The condensed phases of molecular oxygen 0,
are unusual in that the 0, molecule has two un-
paired electrons in a triplet S= 1 state, and the
spins on neighboring molecules interact via a di-
rect overlap coupling. Its low-temperature ~
phase is the only known direct overlap homonu-
clear antiferromagnet, and exhibits a strong mag-
netoelastic distortion. ' At higher temperatures
the paramagnetic P phase is undistorted on aver-
age, and the bulk ~ -P transition is of fir st order. '

It is of particular interest to investigate the
structure and phase transitions of this simple anti-
ferromagnet in two dimensions. Recent studies of
physisorbed rare-gas layers on uniform surfaces
have shown that many of their properties are es-
sentially two dimensional (2D) in character. '
Structural probes such as low-energy electron dif-
fraction (LEED)' and neutron diffraction' have ob-
served and identified a variety of phases in these
thin films, and there have even been a few neutron
measurements of their dynamics. " The nature of
the phase transitions in these systems has attract-
ed both experimental" ' and theoretical interest. '

We report here neutron-diffraction measure-
ments of both the structural and magnetic proper-
ties of 02 physisorbed on Grafoil, ' a uniform graph-
ite material with large specific surface area con-
sisting predominantly of (001) planes. Grafoil has
nearly ideal properties for the study of adsorbed
thin films by both thermodynamic and structural
probes, among w'hich neutron scattering is one of
the most powerful and direct. Although it is not
a surface-specific probe, recent measurements
on such diverse adsorbed substances as N„"Ar,
Kr, E„D„'He, 'He, and CH, have established
the applicability of the neutron technique even to

submonolayer coverages of coherent scatterers,
and each species investigated has revealed new

structur al or dynamic behavior. '
0, molecules have only a small molecular elec-

trical quadrupole moment, so they tend to align
alongside each other in condensed phases with
their magnetic moments confined to the plane per-
pendicular to the molecular axis. As a result, the
bulk & phase consists of sheets of molecules very
tightly packed in a distorted triangular structure,
with their molecular axes normal to the plane and

an antiferromagnetic planar structure. It is natur-
al then to inquire whether analogous structural and

magnetic order occurs in monolayer films. The
results described below confirm the existence of
such a phase, in addition to two other distinct
monolayer phases. Aspects of the thin-film phase
diagram and phase transitions are also reported.
A preliminary report on these measurements was
published earli. er '0

II. SAMPLE

It was first discovered in thermodynamic mea-
surements" on monolayers, that the Grafoil sub-
strate gives very distinct phase diagrams, proving
that the adsorbing surfaces must be of highly homo-
geneous quality. Diffraction techniques using,
e.g., neutrons, x-rays, or low-energy electrons
reveal such properties of the substrate as the
effective coherence size of the adsorbing surfaces
and their crystallographic orientation, while direct
observation by electromicrography shows that
Grafoil consists of grains of single crystalline
gr aphite which have large surfaces parallel to the
hexagonal planes of the crystal of dimension 1-10
p, m. This is sketched in Fig. 1. There is some
uncertainty about the typical thickness of the
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time the filling was changed the temperature of
the sample cell was raised to about 70'K. Subse-
quent cooling to low temperature took place over
3-4 h intervals, which was determined to be suf-
ficiently slow to allow for surface phase annealing.

iiP{e)

FIG. 1. Schematic drawing of Grafoil sheet. L indi-
cates the typical coherence length of the adsorbed layers.
I'(~) describes the distribution of angles giving the non-
parallelism of the substrate surfaces.

grains. From the width of neutron Bragg peaks
one estimates a coherence thickness of about 100
A, whereas a calculation using the measured total '

area gives a geometric thickness of 300 A. The
2D homogeneity of the surfaces is likewise re-
stricted, presumably by steps in the atomic layers
and other crystal faults. From the shape of the ob-
served Bragg reflection from the adsorbed layers,
one can deduce that the maximum coherence length
L, of the crystalline ordered adsorbed layers is in
the range of 100-150 A (see Fig. 1}.

The total area for adsorption of the sample used
here is 28 m' per gram as determined bah from
vapor pressure isotherms and from diffraction
measurements. In the individual Grafoil sheets
the adsorbing surfaces have a substantial degree
of relative parallelism and are predominantly par-
allel to the macroscopic foil surface: rocking
curves of the (002) Bragg reflection are Gaussian
shaped with a full width of half-maximum (FWHM}
of 27' (see Fig. 1). This property of the substrate
allows a distinction in the spectroscopic measure-
ments between properties parallel and perpendicu-
lar to the film plane.

The substrate is obtained as 0.2-mm-thick sheets,
out of which we cut circular discs, 30 mm in dia-
meter. These discs were baked out at 100'C in
vacuum and installed in the sample cell without be-
ing exposed to air. In the sample cell the discs
are oriented horizontally, making them parallel
to the neutron scattering plane. The total weight
of Grafoil in the cell was 41.4 g. It was mounted
in a He cryostat, and the 0, gas was introduced
through a capillary tube. The amount of gas ad-
sorbed (referred to as the filling) was monitored
at room temperature by measuring the gas pres-
sure in a 2-liter bulb from which the 0, gas was
added to or subtracted from the sample cell. Each

III. NEUTRON SCATTERING TECHNIQUE

The measurements were performed on triple-
axis spectrometers. For small momentum trans-
fers we used the cold source beam and an energy
of 4.7 meV. A considerable reduction of the back-
ground scattering from the substrate is obtained
by using neutron energies E near or below the cut-
off of Brggg reflections from the basal plane points
of the reciprocal lattice of graphite, i.e., the (hk0)
reflections, occurring at X=4.5 meV. The main
source of the background is multiple scattering in
which the neutrons are scattered two or more
times in the sample. Lowering the energy to 4.7
meV reduces the number of possible scattering
processes involving (hk0) reflections to the extent
that the remaining background is due to other
sources. All measurements were done with the
analyzer set to accept only the elastically scatter-
ed neutrons, which further optimized the signal to
background ratio.

IV. DETERMINATION OF THE PHASE DIAGRAM OF THE
TYCHO-DIMENSIONAL MOLECULAR LATTICES

A. Shape of the diffraction peaks

For an ordered monolayer there is no limitation
in the Bragg condition on the momentum transfer
perpendicular to the film. Nevertheless, a single
ordered film oriented at a given angle to the neu-
tron scattering plane would give sharp Bragg peaks
as with three-dimensional crystals. However, in
the case of adsorbed layers on Grafoil two kinds.
of disorder change the diffraction pattern. First,
there is no correlation between the angles with
which the individually adsorbed films are rotated
around their normal vector. The layers thus con-

, stitute a 2D powder. This means that scattering
points for a set of films all parallel to the scatter-
ing plane are in two dimensions located on circles
with radii equal to the length of the 2D reciprocal-
lattice vector and in three dimensions on cylind-
ers. The second kind of disorder of the adsorbed
films is constituted by the nonparallelism of the
layers, because the p axes of the graphite cryst-
als are distributed in a 27' FTHM range around
the ideal orientation (see Fig. 1}. Consequently,
the Bragg peaks from ordered layers on Grafoil
are distorted. A layer whose normal vector is
tilted an angle 8 towards the neutron scattering
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vector Q will contribute to the Bragg scattering
when Q =vgcosg. With all orientations taken into
account, we then get the following line shape:

curve is obtained by adding an isotropic distribu-
tion to the Gaussian distribution for the tilt angle
so that P(0) =H, +H, & e 8 ~" . We have used the
same values of HJH, as Kjems et p&.

"

~ e-(1 TP)-/6 (qyqz +s)-ldqd

where A. is a normalizing factor, I0 the integrated
intensity, 7., is the reciprocal-lattice vector of
the 2D structure, and 6 -=2&v/l. , where l. is the
coherence length. The factor e ~ ' is a weight-
ing function describing the nonparallelism of the
adsorbing surfaces. The width of the distribution
function is measured by diffraction to be w =16'.
Finally, cos8 =~/icos/. The resultant line shape
is a rounded saw tooth with a steep edge on the
low Q side, determined predominantly by L, and
a high Q tail which is essentially controlled by ~.

The line-shape formula of Eg. (1) is modified by a
form factor if the 2D-unit cell contains more than
one atom. For an 0, molecule oriented perpendi-
cular to the graphite surface this has the value
cos'(-,'Qdsing), where 6 is the angle at which the
gr aphite surf ace is tilted relative to the scatter-
ing plane. Finally, molecular translational, lib-
rational, and vibrational motion may be accounted
for by a Debye-Wailer factor, whose variation is
significant only when comparing the relative in-
tensities of different Bragg peaks. The effect of
tilt distribution and molecular form factor are
shown and compared to an observed (10) profile
in Fig. 2. An improvement in the fitting of the
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FIG. 2. Observed (10) Bragg reflection from an O~
layer forming an even lateral triangular structure. The
circles are the measured intensities after subtraction of
the scattering from the substrate. The coverage is p
=1.83 and &=26 K. The observed intensity is fitted to
the line shape, formula 1. For the full line the param-
eters are =16', 1-=105 A and ~(10)=2.2 A . The
dotted curve has the same parameters but a molecular
form factor has been included. The curve with the bro-
ken line giving the best fit has the same parameters
again, but an isotropic angular distribution has been
added to the Gaussian distribution, &(0) =0.3+&

5 phase

In the phase diagram of Fig. 3 the phase g is ob-
served for p&1.68 and for temperatures lower than
indicated by the melting line. Figure 4 shows a
series of diffraction groups for different coverages
in this range at T =4.2 K. In all cases the scatter-
ing from the substrate has been subtracted. The
full lines are fitted curves using formula (1),
where the intensityI„ the position v„and the co-
herence length L, have been varied. Most weight
is given the points along the leading left-hand front
of the group in order to find the best values of 7 0
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FIG. 3, Phase diagram of adsorbed 02 layers. The
filling is measured in. units of the gas amount needed
to complete a commensurate v 3 structure. The points
show where diffraction groups have been observed.

B. Phase diagram

By measuring the diffraction peaks from the ad-
sorbed 0, layer for various fillings and tempera-
ture we arrive at the coverage-temperature phase
diagram shown in Fig. 3.

The amount of gas which is adsorbed in the sam-
ple cell and w'hich is referred to as the filling is
reported in units of that amount which would just
complete a monolayer having the particular mono-
layer structure usually called the v 3 xW struc-
ture. " Here an atom or a molecule is located on
every third hexagon of the hexagonal surface
planes of graphite crystals. This structure is not
found for adsorbed 0, layers but is used to define
the unit because it has a distinct 2D density and
occurs for several other adsorbed gases. The
amount of gas which is equivalent to p = I was de-
termined in a previous measurement on adsorbed
H, and D, on Grafoil" using the same sample cell
and it equals 277 cm' STP.
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FIG. 4. (a) Neutron-diff-
raction groups observed
from Oq monolayers in the
~ phase. The circles are
the observed intensities cor-
rected for the scatter ing
from the substrate. The
curves are the fitted line
shapes. (b) Length of the
(10) reciprocal-lattice vec-
tor obtained by fitting the
curves i.n Fig. 4(a) and
plotted vs the square root
of the coverage p. The up-
per curve shows the melting
temperature vs v p. The
lines are guides to the eye.
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and I.. The position of the Bragg peak and the fact
that no other scattering peak from the film is
found in the region from 1.6 A ' to 2.8 A ' show
that the monolayer must have an equilateral tri-
angular structure and the observed Bragg peak is
the (10) reflection. Any other possible structure
mould give additional Bragg-peaks in the range in-
vestigated. There is no registry between the 0,
and the substr, ate structure.

Figure 4 also show's the variation of up with fill-
ing and temperature. The packing of oxygen mole-
cules in bulk solid 0, has been discussed by Bar-
rett and Meyer, ' who used calculated molecular
electron density contours to estimate how' densely
the molecules can be packed. The resultant length
and thickness are 4.18 and 3.1 A, respectively. In
the 0, layers on Grafoil the nearest-neighbor dis-
tance g„„varies in the g phase between 3.37 and

A- We can then conclude that the molecules
cannot have the molecular axis parallel with the
substrate, because they would not have sufficient
space to be free rotors parallel with the substrate,
and if they were forming domains with parallel
molecular axis then w'e would have observed more
than one Bragg reflection. We infer, rather, that
the molecules form an even lateral triangular
structure mhere the averaged tilt angle between
the molecular axis and the normal to the substrate
probably varies mith the value of a„„. If we use the
same molecular model as Barrett and Meyer, then
the average tilt angle can be as large as 40' for the
the 0, molecules in the g phase.

As the temperature is raised through the melting
region betmeen the g phase and the fluid phase the
Bragg peak intensity goes to zero in a continuous
fashion. Ar has also been found to form noncom-
mensurate monolayers mhich both experimental-
ly' and in molecular dynamics calculations" have
been found to have a continuous melting transition.
In the fluid phase the order is so small that. no
neutron diffraction has been identified.

Ot and P phase

When the filling is increased at low temperature
the Bragg peak splits into a double peak signalling
a distortion of the triangular lattice. This sets in
at p «1.61 and coincides with. the completion of a
monolayer of the p phase. The region of g and T
in which the splitting is observed is indicated in
Fig. 3 as the o. phase.

These Bragg peaks strongly suggest that the 0,
layers have the same structures as the densest
packed planes of bulk solid z 0,. In the bulk phase
the molecular axis is oriented perpendicular to
the planes, and the centers of the molecules are
located on a skew triangular lattice, as shown in
Fig. 5. When the temperature of 0, layers in this
phase is increased the splitting of the Bragg peak
disappears around 11.9 K, and all the scattering
intensity is then contained in a single peak, giving
a good fit to the calculated line shape (see Fig. 6).
The single Bragg peak observed above 11.9 K in
the P phase shows that in this phase the monolay-
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FIG. 5. (a) Structure of bulk 0. and P O~. (b) Struc-
tures of the densest packed planes of bulk n and P 02.

ers have a structure which within our measuring
accuracy, is identical to the basal plane structure
of bulk P 0, shown ln Fig. 5.

We have calculated the shape of the diffraction
peaks from the 0, layers assuming that they have
structures identical to the basal plane structures
of the bulk 0» and this is shown ~n Fig. 6. The
intensity has been adjusted to match the P -phase
group, but otherwise no parameter is varied.
Note that the intensity of the high-Q peak of the &

phase is half of that of the low-Q peak in agreement
with the proposed structure (see Fig. 5).

When the filling is increased well beyond p
—-1.61,

the second layer contributes significantly to the
scattering group of the z phase. This is seen in
Fig. 7, where the measured Bragg peaks at differ-
ent values of p are shown. The molecules of the
second layer must be adsorbed in positions which
are in registry with the first layer since a rather
strong variation of the scattering profile is ob-
served. Although the positions of the second-lay-

3000—

2000—

1000—

0—

0—

0—

~ 2000-
~ 1000—

~ 2000-

1000—

4000

3000—
2000

1000—
~dS

0—

4000
c) 300 0

o 2000

~ 1000
0—

3000—
2000—

1000

I i I I
V"

1.63 LAY

1.16 LAYE R

1,09 LAYER

OK

K

1000—

I . I

2.1 2.3
fl [A ')

FIG. 6. Neutron-diffraction groups observed from 02
layers in the o,'and P phase. The filling is p=1.94 and
the temperatures are given in the figure. The circles
are measured intensities corrected for the scattering
from the substrate, and the curves are the calculated
line shapes assuming that the lattice parameters are
those of densest packed planes of bulk 02, in the + and

P phase, . The amplitude of the groups is obtained by
fitting the amplitude of P-phase groups to the observed
points.
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FIG. 7. Neutron-diffraction groups from 0& layers of
three different fillings with partial second-layer occu-
pancy as shown in the figure. The density of the first
layer is determined by the diffraction peaks. The sub-
strate scattering is subtracted. The ful. l lines are fitted
curves where it is assumed that the second-layer mole-
cules are adsor'bed in registered positions above the
center of the triangles of the first adsorbed 02 layer.
At each filling the fitting parameters for the 20-K
group was the length of the 7'(10) vector, the peak in-
tensity and a correcting background. In the fitting of the
4.5-K group the same values of the peak intensity and
the correcting background was used. The values of the
7' vectors are given in Table I.
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TA]3LE I. Lattice vectors given by the curves in Fig. 7.

Filling
Number of layers
Reciprocal-lattice vectors
at T= 4.5 K (A ~)

Near est-neighbor distances
a~ at T= 4.5 K (A)

Reciprocal-lattice vectors
at T=20 K (A-~)

Nearest-neighbor distances
a at T=20 K (A)

1.84
1.09
2.170
2.30
3o22

3 4]
2.203

1.94
1.16
2.170
2.30
3.22
3.41
2.203

3.293

2.74 ~ 0.01
1.63
2.175 + 0.005
2.28 + 0.02
3 ~23

3.39
2.205 + 0,005

3.290

er molecules or their rotational orientation can-
not be determined from the present results, the
observed line shape sets conditions on possible
location.

In cases where second-layer particles are locat-
ed in registry with and exactly above the first lay-
er particles, the two layers-will, in a diffraction
experiment, scatter in phase for substrate sur-
faces with tilt angle zero, and the resulting scat-
tering profile mill sharpen up as a result of the
scattering from the second layer. If, on the other
hand, the second-layer particles are located above
the centers of the triangles of the first layer
structure, then we will get extra scattering on the
high-Q side of the Bragg scattering profile, and
agreement with our observed profiles is obtained
using this assumption as shown in Fig. V. We have
fitted the position of the Bragg peaks, and those
values are given in Table I together with the cor-
responding nearest-neighbor distances. The two
values of a„, correspond to the nearest-neighbor
distances 3.20 and 3.43 A in Fig. 5. The second-
layer molecules are assumed to be 3.V5 A above
the first layer, the same as in solid bulk + 0,.'
For each of the three coverages a peak intensity
and a correcting background is determined by fit-
ting to the curves at 20 K, and the same values
are used in calculating the curves at 4.5 K.

When the temperature is increased in the P phase
the Bragg scattering intensity decreases and the
groups get broader. This happens in a 7-10-K
br oad temper ature range, and this is denoted as
the "transition region" in Fig. 4. There is no
sharp signature in our data which defines this re-
gion, but it is included in the diagram to signify
that the "melting" occurs over a broad tempera-
ture range.

Coexistence regions

Between the g and the + or P phases in Fig. 3
there are coexistence regimes. Figure 8 shows
a series of scans at constant filling at points
through the g+e, g+P, and the transition region
of the phase diagram. Although the g+~ coexis-
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FIG. 8. Neutron-diffraction groups observed in the
0'+6, P+6, and the transition region. The filling is p
=1.64 and the various temperatures are given in the
figure. The intensities are corrected for the substrate
scatter ing.

tence is not obvious in this figure, it appears
clearly on spectra obtained using Z YX, a better
oriented graphite substrate (see below). In the
g +g region two maxima are observed, whose posi-
tions |:oincide with the positions af the .Bragg peaks
of the g and g phases. At different fillings p in
this coexistence region, the relative intensity of
the two peaks varies according to the expected ra-
tio of molecules going into the two phases.

From the measured position of the Bragg peaks
we can calculate the respective fillings for mono-
layer completion. Near completion of the p phase
we find &(10)=2.15 A '. The commensurate M
structure has v(10) = 1.703 A ', and thus we get p
= '1.59 at the p-phase monolayer completion. For
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TABLE II. Phase-diagram data.

~oo) ~L-') a„„ ( )

At completion of
6 phase

At phase boundary
between 6 and 6+P

At completion of
m phase monolayer

At completion of
P phase monolayer (15 K)

At phase boundary
between 6+P and P

1

2.15 + 0.01

2.170 + 0.005
2.30 + 0.02
2.210 + 0.005

1.59 + 0.01

1.61+ 0.02

1.69 + 0.01

1.69+ 0.01

1.76 + 0.02

3.41
3.22
3.28

the P and the o, phases we find similarly that mono-
layer completion corresponds to p =1.69. The
phase lines in the diagram of Fig. 3 were deter-
mined by using the actual amount of gas and the
known total area for adsorption. The more. accur-
ate values of p which delimit the g+P coexistence
region were obtained with help of the relative in-
tensities of the g and the P component of the dif-
fraction groups, and these values are given in
Table II. The lower limit coincides very closely
with the completion of the g-phase monolayer.
Since the upper limit lies about O'Fo above the P-
phase monolayer completion, a few per cent occu-
pancy of molecules in the second layer appears
needed for the first layer to assume the pure P
phase. Second-layer particles give rise to an ef-
fective pressure within the first layer. The limits
of the g +a to the pure z phase have not been ob-
served, but in diffraction scans where the gYX
substrate was used (see below) it was found that
a coexisting g component of the Bragg scattering
group does not change intensity when we go through
the u+/ to P +g phase transition. Thus we con-
clude that for a given value of p the same fraction
of the adsorbed layers has the g phase in the + +g

coexistence region as in the P +g one.
When entering the transition region from the P

+g phase the g-phase component of the double
Bragg peak disappears, and at further increasing
temperature the other component associated with
the p phase decreases in intensity. The details of
the phase diagram in that part of Fig. 3 where P,
g+g, g, and transition region joins, cannot be de-
termined from the present data.

/

Magnetic ordering and the n-P phase transition

One of the objectives of these measurements
was to investigate possible ordering of the mag-
netic moments of the 0, molecules. The very
close analogy which exists between the nuclear
structures of the adsorbed layers and the bulk
structures was indeed found also to apply to the
magnetic properties. From the spin ordering of
the basal planes of bulk solid 0, sketched in Fig.
5 it may be seen that this causes a doubling of the
magnetic unit cell in the K direction and gives rise
to a magnetic Bragg peak at the position of half
the momentum transfer oi the high-Q component
of the split nuclear Bragg peak of the e phase.
Figure 9 shows the measured magnetic groups.
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Only the p =1.96 group is reasonably well resolved.
The arrows in the figure, indicating positions and
relative intensities of the groups, are calculated
under the assumption that the structure is identi-
cal to the basal plane structure of the bulk 0„
with the intensity normalized to the low-Q compo-
nent of the split nuclear group. . In calculating the
magnetic scattering intensity we have used the
magnetic form factors given by Alicanov. " Even
at fillings below' p = 1.61 whgre w'e are within the
g phase, some magnetic scattering is observed
near the positions of the magnetic Bragg peaks.
The scattering is over a broad region of momen-
tum but apparently centered at a little smaller Q
than the group for p =1.96. At high values of p
(p =2.V8) approaching second-layer completion (p
=3.38) we observe, as discussed above, a double
nuclear peak with a distorted line shape, signal-
ling that molecules in the second layer are located-
in registry with the first layer. If we assume that
the structure is the same as for the first layer but
displaced as shown in Fig. 10, then the magnetic
ordering in the second layer will influence the
magnetic Bragg peak. The peak intensity will not
change, but extra scattering intensity should be
observed at the high-Q side of the peak. The scat-
ter of the experimental points of the magnetic
Bragg peaks in Fig. 9 does not allow' an interpre-
tation of the line shapes except that we notice
broadening of the magnetic Bragg peak when sec-
ond-layer molecules are present, consistent w'ith

the proposed structure.
The phase transition between the z phase and the

P phase has been investigated both by measuring

the nuclear and the magnetic Bragg peaks. In Fig.
11 the scattering intensity at the position of the maxi-
mum of the low-temperature magnetic Bragg peak,
is shown as a function of temperature for both in-
creasing and decreasing temperature cycles. The
substrate scattering has not been subtracted; the
count rate of 3200 in the figure corresponds to the
substrate scattering.

'

If the position of the Bragg
peak changes with temperature then a part of the
intensity variation can be caused by this. How'-

ever, estimates indicate this effect to be insig-
nificant. The variation of the magnetic Bragg in-
tensity in Fig. 11 indicates that the n-p transition
is continuous. Unfortunately, the w'eak magnetic
scattering does not allow a more detailed study.

The structural aspects of the o. -p transition are
somewhat obscured by line broadening, due to the
finite substrate coherence length I. and to the ori-
entational distribution of the Grafoil surfaces. In
order to study these groups at the temperature of
the a-P transition we have used another substrate
called UCAR Zy'X (Ref. 17), which was lent to us
by Bretz. Z~X is a graphite which improved
orientational and coherence properties but which,
unfortunately, has only about —,', the specific sur-
face area, a severely limiting factor for neutron
sc attering studie s. Preliminary neutron-diffr ac-
tion data for a filling in the g++ coexistence re-
gion are shown in Fig. 12. The improved resolu-
tion allows clear identification of the low-Q g-
phase peak at all temperatures and shows the con-
tinuous collapse of the o. -phase structural peak
splitting as the temperature increases. We conjec-
ture that this splitting is a magnetoelastic effect;
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FIG. 10. Structure of the 0.' phase. The open circles
and arrows show the proposed structure of the second
adsorbed layer of 02 molecules.

FIG. 11. Neutron scattering intensity at the posi-
tion of the maximum of the magnetic superlattice re-
flection from adsorbed 02 layers in the o' phase. The
coverage is p= 1.96 corresponding to 1.16 times a rnono-
layer. The substrate scattering is not subtracted and
i.t corresponds to the count rate 3200 in the figure.
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FIG. 13. Splitting of the I,'10) Bragg peak observed
from monolayers of 02 in the 0' phase coexisting with
02 layers of the & phase. The values of the splitting
T(-'lp are determined by fitting the curves to the ob-
served points in Fig. 12.
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FIG. 12. Neutron-diffraction groups observed from 02
monolayers at constant filling but at varying tempera-
tures through the & + 6 and P+6 regions of the phase
diagram (Fig. 3}. The ZF~ UCAB graphite was used
as substrate. The peak at Q=2.16 A. is a co-existing
4-phase peak. The curves are calculated line shapes
assuming a skew triangular structure similar to that
shown in Fig. 5(b) for the & phase, but the splitting
of the two & phase peaks is varied to obtain the best
fit to the obser ved po ints.

if so, the splitting 7,~, is a measure of the nzag-
netic order parameter. The temperature depen-
dence of this splitting is shown in Fig. 13. The
sharpness of the transition corresponds to a con-
tinuous one with small P (= 0.1-0.2), but since the
data only go to h7/h~(T =0)=0.25 it is not possible
to derive a reliable value. The value of the o. -P
transition temperature is T, = 11.92 y 0.08'K.

The effect of the second-layer molecules on the &-
P transition temperature is small (see Fig. 3). From
the change of shape of the nuclea, r Bragg peaks with
increasing occupancy in the second layer (see Fig.
7), we are led to conclude registry between the

two layers of 0, molecules. The natural structure
to assume is shown in Fig. 10 but this implies that
for coverages between one and two layers a frac-
tion of the first layer must be uncovered and the
remaining of the layer covered with the second
layer. This gives rise neither to a splitting of
the observed Bragg groups, especially significant
for the P -phase groups, nor to a smearing of the
o. -g transition temperature. Therefore, the cou-
pling between the layers must be weak, but still
strong enough to ensure registry.

V. DISCUSSION

The + and p phases of monolayer 0, on graphite
bear a close resemblance to the like-designated
bulk pha, ses, their structures being essentially
those of the closest-packed bulk planes. This is
in accordance with the calculations of English,
Venables, and Salahub, ' who discussed the struc-
tural and magnetic properties of bulk 0, in terms
of a stack of 2D sheets of 0, molecules.

It is remarkable that we have observed no effects
attributable to the structure or the dynamics of the
graphite substrate, other than in its role of provid-
ing an adsorption plane. In particular, no com-
mensurate phase was found. This is in contrast to
all other systems studied on graphite, with the
single exception of argon. It thus seems reason-
able to discuss the structures and phase transi-
tions of the 0, monolayer films in terms of 2D
models. As shown by English et al., ' the equili-
brium configuration of a sheet of 0, molecules
would be one in which the molecular centers form
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a close-packed equilateral triangular structure,
with the molecular axes normal to the plane. This
results from maximizing the atom-atom interac-
tions in the presence of a very small quadrupole
moment, and neglecting the fluctuations in posi-
tions and orientations, as well as magnetic and
magnetoele astic interactions. The monolayer p
phase has this predicted structure, but it exists
only at temperatures above 11.92 K and for com-
plete monolayer coverages or greater. Presum-
ably, these coverages are needed to prevent the
molecules from having large-angle librational
fluctuations and perhaps short-range orientation-
al order, which may be present in the as yet ill-
characterized submonolayer p phase.

At temperatures below 11.92 K, magnetic inter-
actions play an essential role in determining the
structure of the film. They can be understood in
a simple qualitative way in terms of the electron-
ic structure of the isolated 0, molecule, slightly
perturbed by interactions with neighbors. The 'Z,
ground state of 0, has the electronic configuration

o (ls)cr+ (1s)o (2s)o„* (2s)o' (2p, )

and by Hund's rules the two unpaired m* electrons
form a triplet S=1 spin state. Two such mole-
cules aligned as in bulk and in '2D 0, can have ex-
tr a attractive interactions through virtual low--ly-
ing ionic 0, -0,' states only if, as required by
the Pauli principle, their molecular spins S are
not parallel. To lowest order, then, there is an
additional intermolecular force with effective Harn-
iltonian of the Heisenberg form

The exchange integral J is a function of the over-
lap of the 0,-0, molecular orbitals, and thus
should depend strongly on intermolecular center
of mass distance z», as well as on molecular
orientations Qy and 02.

As a result of this direct exchange interaction
pairs of neighboring molecular spins tend to align
antiferromagnetically. It is not possible to make
such configurations for all nearest neighbors on a
triangular lattice, with the result that such a sys-
tem does not have a mell-defined ground state.
However, magnetoelastic distortions can produce
four nearest neighbors which are antiferromag-
netically aligned, the other two ferromagnetic

molecules moving out. This also occurs in the
closest-packed plane of bulk 0, below 7.' =23 K.
Here, and in the monolayer, the four antiferro-
magnetic neighbors move in approximately 0.1 A
to a, , =3.20 A, while the other two move out to a„„
-3.43 A. Because of the strong dependence of J
on ~» it appears that the coupling between these
ferromagnetic next-nearest neighbors is insignifi-
cant at these distances. In the bulk this situation
persists up to the first-order o. -P transition at T
=23 K. For the monolayer system, however, we
have observed that both the distortion and the mag-
netic order are continuous functions of tempera-
ture, A complete microscopic 2D model of the
system would then require explicit consideration
of the dependence of both the intermolecular po-
tential and J on z and 0, and has not been done to
date. Domany and Riedel'have, however, exam-
ined the properties of a phenomonological Landau-
Qinzburg-Wilson Hamiltonian for molecules on an
equilateral triangular lattice with antiferromag-
netic Heisenberg coupling and cubic anisotropy,
together with an elastic distortion term and a mag-
netoelastic coupling. For the case appropriate to
0, the magnetic terms cause order, driving the
elastic distortion through the coupling terms. In
the model this yields a single continuous transi-
tion of cubic Heisenberg character, which is pre-
dicted to have universal critical exponents.

The continuous nature of this transition is in
agreement with our observations, however we can
make no definite conclusions on the values of any
of the critical exponents, other than to note that P
is apparently small. The major difficulty in de-
riving critical exponents from measurements on
adsorbed films stems from the finite coherence
length of the 2D layers. The finite size gives rise
to a spread of the transition temperature, and this
effect dominates the measured results in the criti-
cal region even when the

gal&

substrate is used.
Recently, Gregory" has made magnetic suscep-

tibility measurements of 0, films on Grafoil. He
observed magnetic anomalies in the g- and P-phase
melting regions, but his apparatus did not have

.sufficient sensitivity to observe the z-p transition.
Vilches, "however, has seen specific-heat ano-
malies at all phase boundaries reported in this
work, in'eluding the o. -P one.

The correspondence of the observed ~-p transi-
tion with that of a 2D system has its limitations,
and in particular needs extension in order to dis-
cuss the properties of second and higher layers.
The pure n phase is not completed until there is
a slight second-layer population. However, it
comes in at full strength with only a few per cent
overfilling, implying that the phase is.a monolay-
er characteristic requiring only the surface pres-
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sure provided by the overfilling. It is more diffi-
cult, however, to understand the constancy of the
transition temperature in the range 1-2 layer.
The shape of the z-phase Bragg peaks in this re-
gime as well as the magnetic scattering intensity
suggests that the second layer is in registry with
the first, and so they must be coupled to some ex-
tent, yet we have observed no influence of this on
the tr ansition.

The submonolayer 6 phase remains a puzzle.
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