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Two-Dimensional 02 Adsorbed on Graphite
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Properties of two-dimensional 0& adsorbed on graphite are calculated in the extremely
low-coverage & region and for monolayers, with use of pattern-recognition optimization
and Monte Carlo techniques. Equilibrium configurations and orientations, orientational
order-disorder, melting, and dissociation transitions are predicted at various Oz den-
sities. Phase characteristics, including a plastic crystallite phase, are compared with

experiment.

PACS numbers: 68.60.+q, 67.80.Gd, 68.55.+b
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FIG. 1. Phase diagram for 0& adsorbed on Grafoil.
The &, P, and & phases are solid and the lines refer
to phase boundaries.

Properties of two-dimensional (2D) oxygen
physisorbed on graphite have been investigated
with use of neutron diffraction, ' low-energy elec-
tron diffraction, 2 and heat capacity measux'ements. '
From the data, a phase diagram has been partial-
ly mapped out' and is shown in Fig. 1. The solid
lines outline the phase boundaries deduced from
scattering data and the triangles give the 5-phase
melting line at p =0.45 and 0.3 from very recent
specific-heat measurements. ' The number of 0,
molecules per unit area p is scaled so that the
well-known v 3 &W3 structure corresponds to
unity. Monolayer coverage occurs at p =1.69 and
the 2D n and P phases are apparently structurally
and orientationally characteristic of the densest
packed planes of bulk o- and P-Os, respectively.
There is no evidence of a commensurate phase. '

In the extreme 5 phase where p «1, calcula-
tions based upon the physics of infinite 2D layers
are unable to provide an interpretation of the very

limited experimental data. ~'~ As an alternative
model for this regime we propose that small two-
dimensional clusters of 02 are formed and are
distributed in size and space on the surface in a
distribution that is dictated by substrate and clus-
ter properties. An objective of this work is to
investigate the thermodynamic properties of these
clusters and to interpret the results in connection
with our proposed model. To provide greater
contact with experiment we have also calculated
properties of the relatively data-rich infinite
monolayer state.

The calculational methods we employ are a pat-
tern-search optimization technique, and a Monte
Carlo procedure, both of which are discussed in
detail elsewhere. ' The O,-O, potential is chosen
to be the Lennard-Jones 6-12 atom-atom form of
English and Venables, ' plus a quadrupole poten-
tial with moment Q = —0.39&&10 ~ esu cm'. The
parameters (o,e)o=(3.05 A, 54.335 K). The 0,-
C potential is also taken to be of the 6-12 atom-
atom form, where the parameters are chosen by
the standard averaging procedure using (~,o)c
=(28 K, 3.40 A)' for the carbon-carbon potential
and the above mentioned parameters for O,-O, .
The total substrate-O, interaction is calculated
with use of the expansion of Steele, ' truncated
after the second term. We neglect the magneti. c
interaction because the exchange energy is poor-
ly understood'" and because estimates of the
nearest-neighbor magnetic coupling constant in-
dicate that it is less than' 2'%%up of that given by the
O,-O, potential. Thus, our studies are more ap-
propriate for the paramagnetic P phase and the
extreme 6 phase.

For monolayer coverages of 0, on graphite we
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have carried out an optimization program with
periodic boundary conditions assuming a two-sub-
lattice model. Because of the uncertain accuracy
of our O, -C potential, we have calculated system
properties using the full anisotropic potential and
separately with a spherically symmetric repre-
sentation of the O,-C potential. The dashed line
in Fig. 2 gives the total interaction energy per
unit surface area, where the O~-C interaction
has been spherically averaged. The energy mini-
mum occurs for an unregistered equilateral-tri-
angle lattice with a nearest-neighbor distance d
=3.18 A, and the O~ molecular axes are perpen-
dicular to the surface. These results are in
agreement with neutron scattering data' for the
P phase although d departs from the experimental
value of 3.28 A by about 3%%u&. The adsorption en-
ergy, which we define as the total interaction en-
ergy of the 0, with the substrate, is —4.9 (4e).
Results obtained with use of the anisotropic 0,-
C atom-atom potential are represented by the
solid line on Fig. 2. The total interaction energy
per unit area (Er/A) is a minimum at p = 1.8.
Moreover, the 0, molecules sit on an unregis-
tered equilateral-triangular lattice with their
molecular axes perpendicular to the surface
plane. These results are virtually identical to

-4'

the case where the O,-C potential was spherical-
ized. However, a sharp change in Er/A occurs
at p = 1.33, accompanied by an orientational tran-
sition where the 0, molecular axes become paral-
lel to the substrate plane and to one another. The
lattice is distorted into isosceles triangles with

0, molecules at each vertex pointing along the
perpendicular bisector. The sides of the triangle
are 3.1V and 4.99 A. The dotted line gives the
total adsorption energy per 02 molecule (right-
hand scale) for this case. The local mimmum in
Er/A at p = 1.29 is actually the absolute minimum
in Er/N, where N is the number of 02 molecules
on the surface.

As a part of our model of the extreme 6 region
p «1, we have investigated the thermodynamic
properties of two-dimensional clusters of size
2 &N~ 12. Based upon the spherically symmetric
C-O, potential, Fig. 3 shows the expectation val-
ue of the internal energy per 02 molecule versus
temperature, for g =V. From 0 & T& 11 E, the
0, molecules form a perfect hexagon with one in
the middle, and their molecular axes are perpen-
dicular to the substrate plane. With increasing
temperature, the molecular fluctuations about
this orientation increase until at T =11 K, an
abrupt orientational order -disorder transition
takes place into a hindered-rotor, plastic crys-
tallite phase. This is evidenced by an abrupt
change in the slope of the energy-temperature
curve (Fig. 3) and by an abrupt change in the
orientational order parameter which, in this case,
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FIG. 2. Total interaction energy per unit surface
area of 02 on Grafoil vs coverage (left-hand scale)
md adsorption energy (right-hand scale).

FIG. 3. Expectation value of the internal energy vs
temperature for N = 7. Flags represent the statistical
uncertainty.
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is just the thermodynamic expectation value of
~
cos8;, 1, where 6;, is the angle between axes of

molecules i, j. This quantity is given in Fig. 4.
The two different curves correspond to the two
inequivalent bonds for X =7. From 11 & T & 25 K
the cluster is in a plastic crystallite phase (trans-
lationaily ordered but orientationally disordered).
At T =25 K, another sharp break occurs in the
energy, signaling a melting transition. As with
the orientational transition, there are a number
of tests that identify the character of the melting
transition. One of these is the expectation value
of the rms bond-length fluctuations between 0,
molecules, which sharply increases at T =25 K.
Other evidence' leads to the same conclusion.
As the temperature rises to 38 K, the cluster
dissociates into monomers constrained to a 2D
plane. All cluster sizes exhibit the same qualita-
tive behavior.

Table I gives calculated results for various
cluster sizes and for the infinite film where To,
T„, TD, d, and E,/4Ne are the orientational or-
der-disorder transition temperature, melting
temperature, dissociation temperature, nearest-
neighbor separation, and the interaction energy
per 0, molecule at 1.0 K, excluding the adsorp-
tion energy. Clusters with more than one orien-
tationally inequivalent site may have more than
one value for To.

Shapes are determined by the expectation value
of the 0, positions, which are at points of maxi-
mum coordination number. Thus, the equilibri-
um configurations for N & 6 are uniquely specified.
Isomeric states first appear for N =6 and the
ground state forms an incomplete hexagon. N =7
forms a hexagon and N =12 is formed from three
interpenetrating hexagons. It is likely that larger

clusters also grow by the formation of interpene-
trating hexagons, much like the icosahedral for-
mation in 3D rare-gas crystallites. ' In all cases
0, axes are perpendicular to the substrate plane.
The increase with increasing N of To, T&, T&,
and E, can be attributed to the approach toward
saturation of the bonds as N increases.

Several of the cluster results seem to agree
with experimental evidence. ' ' For example,
the nearest-neighbor separations (Table I) are
very near those values predicted from 5-phase
neutron scattering data and the equilateral tri-
angular structures and 0, orientations are also
consistent with that data. Another example is
the 6-phase melting line which has been mapped
down to p = 1 by neutron scattering' and also at
p =0.3 and 0.45 by specific heat measurements'
(see Fig. 1). A reasonable extrapolation of that
data to p«1, dashed line in Fig. 1, indicates
that melting may occur near 25 K. Our work
gives 18 ~ T~ ~ 29+ 2 K for N ~ 12 and, because
the 0, binding energy for N =12 is nearly saturat-
ed (approaching monolayer values; see Table I),
T~ will not increase much even for much larger
clusters. Thus, the cluster results seem to be
in reasonable agreement with the extrapolation
of experimental melting data. Another interest-
ing result is that molecules interior to the cluster
edge do not undergo rotational transitions prior
to melting but all edge molecules do. This leads
us to speculate that edge molecules in a monolay-
er undergo rotational transitions prior to melting

TABLE I. Calculated properties of 0& clusters.
(See text for a discussion an values enclosed in paren-
theses. )

Tp (K) T~ (K) Tg (K) d (A) Eo /4''
1.0

0.9-

0.8-
O

V
07-

0.6
0 12 16

T(K)
20 12

5.0+ 0.5

5.1 + 0.5
10.5+ 0.3
5.5 + 0.5
11+ 0.5
14+ 0.5
7+ 0.3

14+0.3
11+ 0.5

11+0.4
15+ 0.5

20+ 1
(-16)
19+1
(-16)

18+ 1
(-14)
25+ 2
(-16)
29+ 2

26
(22)
32

(~30}
38

(-32)

39
(~32)

40
(-35)

40

3.36
(3.39)
3.36
(3.81)
3.35
(3.48)
3.36
(3.39)

3.35
(3.39)
3.35
(3.39)
3.34

0.49

0.94

1.19

1.35

1.46

1.68

2.01

FIG. 4. Orientational order parameter for N = 7 vs
temperature.
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but interior ones do not.
The full O,-C potential gives results qualitative-

ly similar to those calculated with use of the
spherically symmetric expression except that the
O, -C anisotropies cause the 0, molecules to lie
flat on the substrate and the triangular structure
is distorted by the anisotropy. Some results for
this case are given in parentheses in Table I. For
M~6, TO=4 K; and for N =7, To= 6 K. In the
plastic crystallite phase, TO~T &T„, the 0, mole-
cules relax from the distorted configurations to
2D structures constructed by connecting equilater-
al triangles. This is caused by the 0, rotations
averaging out the anisotropies responsible for the
distortion. There is no indication of registry.

To summarize our work on infinite 0, monolay-
ers, it is significant that the nearest-neighbor
separation agrees to within 3'%%uo of experiment and
is almost exactly the same for those calculations
on bulk P-O, that used the English-Venables po-
tential. ' This, coupled with our determination of
an equilateral-triangular lattice and 0, orienta-
tions perpendicular to the substrate, supports the
view that 2D monolayers have the same character
as the densest, packed plane of bulk 0,. Depend-
ing on the strength of the O, -C anisotropy, a pos-
sible new low-density state at p= 1.29 is also pre-
dicted, where the 0, lay flat on the substrate. "

In the fractional-monolayer p «1 region, our
2D-cluster model gives structures, nearest-
neighbor distances, orientations, melting tem-
peratures, etc. , that are consistent with experi-

ment. ' '" Particularly unusual are the well-de-
fined orientational order-disorder transitions in-
to a plastic crystallite phase. Our results indi-
cate that monolayer 0, will gasify at T = 55 K.
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scattering data, to be published by 0. Vilches and by
R. J. Birgeneau and P. Stephens, which agrees qualita-
tively and quantitatively with our predicted low-density
"laying Qat" state. This contradicts earlier experi-
ments (Ref. 1). There is also new evidence that the
6-phase melting line approaches p = 0 at T =25 K as
we predict; see Fig. 1.
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Neutron scattering measurements have been made on pure, hydrogenated, and deuter-
ated samples of amorphous silicon (a-Si) in the wave-vector range 0.007—8.75 A'.
Small-angle data indicate structures in the samples of average radius of gyration as large
as 270 A. Large-angle data show that for the concentrations we have measured (14%), the
structure of a-Si is not aItered by the incorporation of large amounts of H or D. The sili-
con-hydrogen aud siiicou-deuterium partial structure factors have also been obtained.

PACS numbers: 61.40.Df, 61.12.Dw, 72.80.Ng

Amorphous silicon (a-Si) and hydrogenated a-Si
have received considerable attention very recent-
ly. ' This has been motivated by recent interest

in the general subject of amorphous materials as
well as by the discovery that incorporation of hy-
drogen changes the conductivity of a-Si by sever-
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