
VOLUME 43, NUMBER 18 PHYSICAL REVIEW LETTERS 29 OcTQBER 1979

J. W. Connor, R. J. Hastie, and J. B. Taylor, Phys.
Rev. Lett. 40, 396 {1978).

YM. D. Kruskal and C. R. Oberman, Phys. Fluids 1,
275 (1958).

B. Coppi, Phys. Rev. Lett. 39, 938 (1977).
H. Grad, Magneto-Rigid and Plasma Dynamics

(American Mathematical Society, Providence, 1967),
p. 162.

Neutron Scattering as a Probe of the Orientational Ordering
of Nitrogen Molecules on Graphite

J. Eckert
Los A/amos Scientific Laboratory, Los Alamos, Neu Mexico 87545

W. D. Ellenson
DePartment of Chemistry, University of Maine, Orono, Maine 04478

J. B. Hastings and L. Passell
Bxookkaven National Laboratory, VPton, Ne~ York 11973

(Received 11 September 1979)

Orientational ordering of nitrogen-molecule overlayers on graphite has been inves-
tigated by neutron diffraction. The ordering transition is found to occur at 30 K in both
the registered and dense-solid phases despite a 5% difference in the nearest-neighbor
distance.

On substrates with uniform and homogeneous
surfaces, physisorbed gas films are known to
form surface states analagous to the solid, liquid,
and vapor phases of bulk matter. In addition,
when the films are composed of molecules rather
than atoms, they also appear to undergo transi-
tions from structurally ordered but orientational-
ly disordered phases to phases in which the mole-
cules assume preferred orientations. Such tran-
sitions, despite their fundamental interest, have
thus far been virtually ignored in spectroscopic
studies of physisorbed molecular systems. While
efforts have been made to determine molecular
arrangements in orientationally ordered surface
states, little attention has been paid to the details
of the actual ordering process.

Not long ago, we became interested in the pos-
sibilities of probing surface-ordering transitions
in molecular films with neutrons. Our initial ex-
ploratory experiments, which we wish to describe
here, involved nitrogen molecules on graphite, a
system that has attracted considerable experi-
mental and theoretical attention in the past and
for which it has recently been predicted that ori-
entational ordering would cause a doubling of the
unit cell of the structurally ordered film. ' ' We
will present evidence that the expected doubling
does occur and can be detected by the appearance

of a superlattice peak in the neutron diffraction
pattern. Moreover, the temperature range with-
in which the peak is observed will be seen to coin-
cide with a region in which a broad, ill-defined
structure —conjectured to arise from the order-
ing process appears in the heat capacity of the
films. '

To place our experiments in their proper con-
text, let us briefly review some of the salient
features of the nigrogen-graphite system as it is
presently understood. Heat-capacity" and neu-
tron-diffraction' measurements have shown that,
at temperatures below roughly 90 K, nitrogen-
molecule monoplayers form a two-dimensional,
lattice-liquid film on graphite basal planes. Be-
low 84 K the lattice-liquid solidifies into a (v3
xv 3 )R30' overlayer, i.e., into an epitaxial solid
in which one out of every three hexagons of the
substrate basal plane is occupied. In this struc-
ture the molecular lattice is a triangular net with
a nearest-neighbor spacing of 4.26 A. When the
coverage is further increased, the epitaxial solid
is forced out of registry and converted to a den-
ser, incommensurate-solid phase which is basi-
cally a self-defined, two-dimensional structure
determined primarily by the interactions between
molecules of the film rather than by their inter-
actions with the atoms of the substrate. This can
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be inferred from the fact that the dense-solid lat-
tice is a triangular net with a nearest-neighbor
distance of 4.04 A, a structure essentially iso-
morphous to the close-packed (ill) plane of the
low-temperature, n phase of bulk solid nitrogen.
It should be noted, however, that the dense-solid
overlayer is not a pure monolayer phase since a
partial second layer is required to maintain its
stability. The measurements to be described
below involve both the registered and dense-solid
phases of the nitrogen film.

In approaching the problem of orientational or-
dering experimentally, we were mindful of the
possible ground-state configurations for the reg-
istered-solid overlayer suggested by Berlinsky
and Harris's' mean-field theory of electric quad-
rupole-quadrupole coupled diatomic molecules in
the orientation-dependent potential of the graphite
substrate. Assuming, as Steele' suggests, that
the surface potential tends to align the nitrogen
molecules with their axes parallel to the film
plane; then, according to Berlinsky and Harris,
the monolayer should form one or the other of
the triangular configurations shown in the inset
to Fig. 1:he two-sublattice case applying when
the substrate interaction is stronger than the
quadrupolar coupling and the four-sublattice case
in the opposite limit when the quadrupolar coup-
ling is dominant. In between these extremes, an
intermediate phase is expected in which the mole-
cules remain in the two-sublattice configuration
but tilt their axes out of the plane. The two-sub-
lattice, in-plane configuration of Fig. 1 was also
independently proposed specifically for nitrogen
on graphite -by Fusilier, Gillis, and Ha.ich.'

In the orientationally disordered, high-tempera-
ture phase, all lattice sites become equivalent.
Thus, regardless of which configuration repre-
sents the low-temperature ordered phase, the or-
dering transition mill have the effect of doubling
the overlayer unit cell and new diffraction peaks
can be expected to appear. Calculation of the rel-
evant crystallographic structure factors shomed
that of the low'-index diffraction peaks accessible
to investigation with neutrons, the intensity of the
(20) reflection (referring to the doubled unit cell
of the ordered phase) ought to be relatively unaf-
fected by the ordering process while the (21) re-
flection, which has a zero structure factor and
therefore will not diffract in the disordered phase,
becomes an allowed, low-intensity reflection
when the molecules orientationally order. Hence
in either the two- or four-sublattice case, the ap-
pearance of a (21) diffraction peak would signal
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FIG. 1. Diffraction from a (~ax vg)~0' adsorbed
nitrogen-molecule overlayer in the orientationally
ordered, registered-solid phase. The (21) peak is the
superlattice reflection.

the onset of the orientational-ordering transition.
Our search for the ordered state of the nitrogen

film involved the same basic experimental pro-
cedure as employed in the original neutron stud-
ies of Ref. 5. For the graphite substrate we used
a stack of Grafoil' sheets in a thin-mailed, cylin-
drical aluminum container 5.1 cm high and 4.4
cm in diameter. The container was attached to
the refrigeration block of a controlled-tempera, -
ture, flow-type helium cryostat capable of main-
taining any fixed temperature within the range
5-300 K. Monolayer coverage mas determined
from adsorption isotherm measurements; in our
cell 357 cm' (STP) of nitrogen gas were required
to obtain a complete registered-solid monolayer.

All diffraction scans were made with 2.47-A
wavelength neutrons using a triple-axis neutron
spectrometer set to accept only elastically scat-
tered neutrons. Both the monochromating and
analyzing crystals of spectrometer were pyro-
lytic graphite. In addition, a pyrolytic graphite
filter was mounted in the incident monochromatic
beam to remove unwanted higher-order (shorter-
wavelength) neutrons reflected by the monochrom-
ator. For all scans, the sample cell was oriented
so the scattering vector Q =%, -%~ was aligned
perpendicular to the most probable c-axis direc-
tion of the partially oriented substrate crystal-
lites, i.e. , Q was nominally parallel to the graph-
ite basal planes. $& and%& represent, respective-
ly, the incident- and scattered-neutron wave vec-
tors. ) As is usual in such experiments, the back-
ground from the substrate was measured with no
gas in the cell and diffraction from the surface
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nitrogen-molecule film taken as the difference
between scattered intensities with and without gas
in the cell.

Plotted in Fig. 1 is the difference diffraction
pattern obtained from a complete monolayer of
the registered-solid phase at a, temperature of
8 K. Three peaks are evident, all with the asym-
metric shape characteristic of powder diffraction
from two-dimensional crystalline arrays; they
index as the (20), (21), and (40) reflections from
either of the orientationally ordered configura-
tions shown in the inset to the figure. Increasing
the temperature had only a slight effect on the
(20) intensity but, as expected, the (21) intensity
decreased rapidly, falling to zero at a tempera-
ture near 30 K. The same pattern emerged from
a study of the dense-solid overlayer. Again,
three peaks were observed and could be indexed
as the (20), (21), and (40) reflections from the
same basic unit cell, but in this case with a near-
est-neighbor distance of 4.04 rather than 4.26 A.
As before, the (21) intensity was markedly tem-
perature dependent, disappearing altogether at
about 30 K, while the (20) intensity changed little
over the same temperature range.

Figure 2 shows the observed variation of the
(21) superlattice peak intensity at coverages of
0.8, 1.0, and 1.2 monolayers, the first two cover-
ages corresponding to a partial and complete
registered-phase monolayer and the third, to the
dense, incommensurate-solid overlayer. It is
important to note that the superlattice peak is
superimposed on the trailing edge of the (20) re-
flection from the film. As a consequence, near
the transition temperature the (20) scattering
(which is temperature dependent) becomes a large
fraction of the total observed intensity and is a
significant source of systematic uncertainty in
the difference count. For this reason, we are
hesitant to attempt to parametrize the tempera-
ture dependence of the ordering process by fitting
a power-law function to the data, . Nevertheless,
it is qualitatively if not quantitatively evident that
at all three coverages the transition occurs very
near 30 K. Aside from a marginally significant
difference in the shape of the curves close to
transition temperature, the registered and dense-
solid superlattice reflections exhibit remarkably
similar behavior. This is surprising in view of
the fact that quadrupolar couplings, which vary
as the fifth power of the distance, would be ex-
pected to be significantly stronger in the dense-
solid phase unless, of course, some compensat-
ing orientational rearrangement takes place.
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FIG. 2. Temperature dependence of the (21) super-
lattice reflection from the registered and dense-so1id
phases.

At this point, it is incumbent to ask if it is
possible to interpret our observations in terms
of a structural rather than orientational-ordering
transition? In answer to this, we note that there
are only five two-dimensional Bravais lattices
and only the assumption of a doubled unit cell
gives a fully satisfactory description of the low-
temperature diffraction pattern. In every other
case, either extra peaks are predicted —which
are not observed~r lattice constants consistent
with the data lead to intermolecular distances too
small to be physically reasonable. Thus the con-
clusion that the transition at 30 K is an orienta-
tional-ordering transition seems well founded.

An interesting comparison can be made between
our observations and O' Shea and Klein's' Monte
Carlo calculations of the orientational ordering
of idealized, two-dimensional, quadrupolar-
coupled, diatomic-molecular arrays. For nitro-
gen molecules on a triangular net with the same
lattice constant as the registered-solid phase and
with the additional constraint that the molecular
axes lie in the film plane, O' Shea and Klein pre-
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dict an ordering temperature of 28 + 5 K. An equi-
valent calculation for a more compressed lattice
with the same nearest-neighbor spacing as the
dense-solid phase but with molecular axes al-
lowed to tilt out of the film plane gave approxi-
mately the same ordering temperature, ' the
closer spacing being compensated by the forma-
tion of a rickrack configuration of the molecular
axes. That a model which treats the surface film
as an idealized, two-dimensional structure gives
results in good agreement with the experimental
observations is testimony to the essentially two-
dimensional character of the transition.

Finally, we have to address the question of
what are the ordered-state molecular configura-
tions of the registered and dense-solid films.
This would be a difficult problem even if we were
dealing with a three-dimensional solid, If that
were the case, we would expect to be able to de-
duce the ordered configuration from the intensity
profile of the diffraction pattern, ' assuming suffi-
cient diffraction data could be collected. But
there is too much background scattering from the
substrate (particularly at larger scattering vec-
tors) to make such an approach feasible with over-
layer films. The only realistic alternative is to
attempt to compare the observed intensities with
those calculated assuming ordered configurations
suggested by theory. We find, unfortunately, that
either the two- or four-sublattice configuration
can satisfactorily reproduce the observed diffrac-
tion profile of the registered-solid phase; the
data available are not sufficient to allow us to
choose between the two suggested alternatives.
Qne other possibility remains, namely, to search
for the extra superlattice reflections expected if

the ordered state is the four-sublattice rather
than two-sublattice configuration. As it happens,
this too appears to be impractical; a calculation
of the relevant structure factors makes it clear
that none of the extra reflections could be de-
tected with neutrons. Thus we are forced to con-
clude that, while we can study the onset and
development of orientational order in the nitrogen
overlayer, we cannot, at least at this time, deter-
mine the ordered configuration.
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the mechanisms of critical velocities has proven
a valuable test of our understanding of the nature
of the superfluid state for both superconductors

The oscillatory flow of superfluid He through an 18-pm-diam orifice has been studied.
A clearly defined critical velocity is seen in both the A and B phases. For velocities
greater than the critical value, the superf low involves an excess dissipation. The tem-
perature dependence of the critical velocity is reported for temperatures near the super-
fluid transition (7/T, &0.9).

The possibility of dissipationless floe is one of
the most dramatic aspects of the superfluid state.
The study of the limits of stable superf low and
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