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Elastic neutron di6'raction has been used to study the structure and layering of nitrogen films ad-
sorbed on the (002) surfaces of an exfoliated graphite substrate. The neutron-di6'raction pattern of
the fully compressed monolayer at a coverage e= 1.67 layers and a temperature ~ 11 K which we
reported earlier has been reanalyzed (unity coverage corresponds to a complete layer having the
commensurate &3X &3 structure). We now find it to be consistent with a four-sublattice pinwheel
structure as well as the two-sublattice herringbone structure which we found previously. Below 11
K, we infer crystallization of the bilayer at e between 2.6 and 3.3 layers. As the coverage is in-
creased further, di8'raction peaks from bulk particles are first observed at 6=3.7 layers, and their
intensity increases linearly with 8 up to 10 layers. It is suggested that two amorphous or highly
disordered layers of N2 may adsorb above the fully compressed monolayer prior to bilayer crystalli-
zation and a single such layer may adsorb above the bilayer prior to bulk nucleation. From analysis
of the di6'raction pattern at 8=3.3 layers, we infer that the bilayer crystal, like the fully compressed
monolayer, is slightly distorted from hexagonal symmetry. The two N2 layers are commensurate
with each other and have the same density, which is slightly less than that of the fully compressed
monolayer. While we are unable to reach a definitive conclusion on the type of orientational order-
ing in the bilayer, we present some arguments favoring a pinwheel structure, possibly with more
orientational disorder in the first layer than in the second. At coverages 8=6.4 and 8.0 layers, we
find no change in the bulk peak intensities at 23.4 K, where a large heat-capacity peak has been ob-
served. We conclude that a layering transition does not occur at this temperature and suggest in-

stead that the heat-capacity peak may result from the melting of the second layer. Based on this in-

terpretation, we propose a new phase diagram for the N2-graphite system which is consistent with
both heat-capacity and neutron-diA'raction data.

I. INTRODUCTION

Nitrogen (N2) adsorbed on the basal plane surfaces of
graphite provides one of the most attractive systems for
theoretical investigations of molecular orientational or-
dering in physisorbed films. Accurate models of the in-
termolecular and molecule-substrate interactions for this
simple diatomic molecule have allowed detailed computer
simulations of the monolayer and bilayer structures as re-
viewed in Ref. 1. On the other hand, experimental
confirmation of the theoretically predicted molecular
orientations in the various monolayer phases of N2 on
graphite has been more dificult to obtain. As we have
discussed previously, ' both low-energy electron
diffraction (LEED) and x-ray diffraction have serious
shortcomings for determining the orientation of the ad-
sorbed N2 molecule. LEED sufFers from multiple-
scattering effects which complicate the interpretation of
the diffracted beam intensities. Since both electrons and
x rays scatter from the electron charge cloud, the
diffraction patterns are attenuated at large wave vectors
by the molecular form factor.

Elastic neutron diffraction has some advantages over
both LEED and x-ray scattering for investigating mo1ec-
ular orientational ordering in monolayers of nearly spher-

ical molecules. ' Because neutrons scatter from pointlike
nuclei rather than the electron charge cloud of the mole-
cule, the neutron-diffraction patterns are not attenuated
by the molecular form factor. Nuclear scattering also re-
sults in greater sensitivity of the higher-order Bragg
rejections to the molecular orientation. The molecule
appears as a dumbbell to neutrons rather than having the
nearly spherical shape of the electron charge cloud. Thus
some of the higher-order Bragg reAections which are un-
detectable in LEED and x-ray experiments can be quite
sensitive to the molecular orientation.

In our previous experiments, ' we were able to infer the
molecular orientations at low temperature in the com-
mensurate (Q and uniaxial incommensurate (UI) mono-
layer phases of N2 in which the molecules lie with their
N—N bond parallel to the graphite (002) surface in a
two-sublattice herringbone (HB) arrangement. The in-
plane azimuthal orientation of the molecule could be
determined with an accuracy of about +5 . With some-
what less certainty, we also determined the molecular
orientations in the fully compressed monolayer or tri-
angular incommensurate (TI) phase. In this case, we
found a "two-out" HB structure in which both molecules
in the unit cell have their N—N bond tilted with respect
to the surface.
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This paper describes neutron-diffraction experiments
extending our study of the structure of N2 films adsorbed
on graphite at low temperature to coverages above that
of the fully compressed monolayer. It addresses the ques-
tions of how thick a N2 film can grow on the graphite
basal plane surface and what is its multilayer structure.
To our knowledge, the bilayer or, in fact, any multilayer
structure of an orientationally ordered molecular film has
never been determined.

Previous electron-diffraction experiments indicate that
N2 incompletely wets graphite at low temperature. That
is, bulk clusters of N2 are observed to form after the ad-
sorption of two layers on the graphite (002) surface. Al-
though the structure of the N2 bilayer has not previously
been determined experimentally, LEED patterns of the
bilayer at a temperature of 15 K do not show the sys-
tematic absences of spots characteristic of the glide line
symmetry in the C monolayer phase. For the HB ar-
rangement of molecules in Fig. 1(a), the glide-line symme-
try implies that P& =$2 and also that their N—N bond is
parallel to the surface [(P=O in Fig. 1(b)]. Based on their
LEED results and the mean-field calculations of Harris
and Berlinsky, Diehl and Fain suggested a four-
sublattice pinwheel structure for the second layer and a
poorly ordered, out-of-plane [PRO in Fig. 1(b)] herring-
bone structure for the first layer.

There have been several computer simulations of the
N2 bilayer structure on graphite. O' Shea and Klein used
Monte Carlo calculations to investigate the bilayer struc-
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FIG. 1. Projection of a monolayer Nz unit cell on the graph-
ite surface for (a) the two-sublattice herringbone and (c) the
four-sublattice pinwheel models. For each molecule, the azimu-
thal angle is positive if measured counterclockwise from the
positive a direction as shown for molecule no. 2 in (a). Note
that this definition divers from that in Ref. 1. The head of the
arrow on each molecule denotes the end highest above the sur-
face. Iri (c), molecule no. 1 is perpendicular to the surface. (b)
Side view showing tilt of the molecular axis.

ture of point quadrupoles. Two basic models were ex-
plored: (1) a "free" bilayer in which the molecular orien-
tations are not subject to a substrate crystal field, and (2)
an "in-plane" bilayer in which the substrate crystal field
is so strong that the linear quadrupoles of the first layer
are constrained to be planar. The ground state of the free
bilayer has the same symmetry as two (111) planes of
bulk u-N2. Each layer has the four-sublattice pinwheel
configuration illustrated in Fig. 1(c). In the ground state
of the in-plane bilayer, the upper layer was found to have
an out-of-plane herringbone structure. A pinwheel struc-
ture for the second layer has a slightly higher energy.

More realistic potentials were used by Vernov and
Steele in their molecular-dynamics simulations of com-
mensurate and uniaxially compressed N2 bilayers at tem-
peratures of 25 and 35 K. The intermolecular interaction
included both a N-N Lennard-Jones potential and an
electrostatic quadrupole energy represented by a three
point-charge model. The film-substrate interaction was
derived by summing a pairwise-atomic potential between
a N atom in the bilayer and a graphite C atom. It was
expanded as a Fourier series in the graphite basal-plane
reciprocal-lattice vectors. Vernov and Steele found a ten-
dency for an in-plane orientation of the molecules in both
layers. The effect of the second layer was to flatten the
molecules below, eliminating any which might be stand-
ing on end. For their model of the potentials and the
temperatures of their simulations ( ~ 25 K), the com-
mensurate bilayer did not orientationally order with her-
ringbone packing, while the uniaxially compressed films
did.

The most recent simulations of the multilayer structure
of N2 on graphite are the Monte Carlo calculations of
Kuchta and Etters. For the intermolecular interaction,
they use a N-N pair potential of their own construction
and a four point-charge model for the quadrupole-
quadrupole interaction. Their film-substrate interaction
is also more elaborate than that of Vernov and Steele. In
addition to the van der Waals contribution between the
substrate carbon atoms and the atoms of the adsorbed N2
molecules, a substrate-mediated N2-N2 interaction is in-
cluded which depends on the dielectric function of the
substrate and the dynamic polarizability of the N2 mole-
cules. Finally, there is a relatively small electrostatic in-
teraction between the N2 electric multipoles and their im-

ages induced in the substrate.
The interaction model of Kuchta and Etters is

sufficiently accurate to predict the commensurate (C) in-
plane herringbone structure at monolayer coverages. The
azimuthal angle Pz in Fig. 1(a) is calculated to be 134' in
the middle of the range determined experimentally. '

Their principal disagreement with experiment is the
failure to predict the fully compressed monolayer struc-
ture or nearly triangular incommensurate (TI) phase ob-
served both in the LEED (Ref. 3) and neutron-
diffraction experiments. As the areal density p is in-
creased above that for the C phase (p= 1), a uniaxial in-
commensurate (UI) phase is found up to p=1.06, in
agreement with experiment. ' However, at this density,
the monolayer is in coexistence with the bilayer, and the
TI phase is never realized. The bilayer structure is com-
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piete at p=2.2, having a distorted herringbone structure
[Figs. 1(a) and 1(b)] for the bottom layer and a pinwheel
structure [Fig. 1(c)] for the top layer. At low tempera-
ture, bulk formation is predicted to occur at densities
above bilayer completion.

Although diffraction studies of N2 multilayer s on
graphite have been limited, Zhang et a/. have conducted
extensive heat-capacity experiments on multilayer films.
These authors also found evidence of incomplete wetting
but with a maximum of three film layers before bulk nu-
cleation rather than the two layers inferred in previous
diffraction experiments. ' They observed a large and
sharp heat-capacity peak at 23.4 K for coverages above
two layers and interpreted it as due to a layering transi-
tion from a two-layer —plus —bulk to a three-
layer —pius —bulk system. They also identified a different
temperature for the molecular orientationai-disordering
transition in the bilayer than in the trilayer phase.

A principal motivation for our work here was to deter-
mine the structure of the solid N2 bilayer and to see
whether it might reveal the mechanism inhibiting trilayer
growth at low temperature. We also wanted to search for
evidence in the neutron-diffraction patterns for a layering
transition at 23.4 K as suggested by the heat-capacity ex-
periments.

Our study is organized as follows. In Sec. II we brieAy
describe the neutron-diffraction technique and data-
analysis procedure. In Sec. III, we present the observed
diffraction patterns and structural parameters inferred
for various models of the fully compressed monolayer
and bilayer phases. Our results and conclusions are sum-
marized in Sec. IV with the aid of a phase diagram.

II. EXPERIMENTAL DESCRIPTION

The experimental methods were the same as used in
our earlier work. ' The neutron-diffraction patterns were
obtained on the two-axis spectrometer equipped with a
position-sensitive detector located at port "D" of the
University of Missouri Research Reactor. As before, the
sample consisted of 40 disks of an exfoliated graphite
(Papyex ) having a mass of 51 g enclosed in an aluminum
cell and mounted in a closed-cycle refrigerator. The
Papyex specific surface area was measured to be 21 m /g
from a vapor-pressure isotherm measurement with N2 at
78 K. Completion of the C monolayer phase was taken
to be at the foot of the substep in the isotherm occurring
at a pressure of 6.2 Torr as in Ref. 1.

For convenience, we introduce a unit of coverage 6 in
addition to the areal density p defined above. The cover-
age 6=1 corresponds to the number of molecules in a
complete layer of the C phase in which there is one mole-
cule for every three carbon hexagons (a &3 X &3 super-
lattice) on the graphite basal-plane surface. This is the
same unit of coverage used in the heat-capacity studies
on N2 multilayers.

Precautions were taken in loading the sample cell at
multilayer coverages to ensure that all the measured gas
was adsorbed onto the graphite substrate rather than at a
cold point in the capillary to the cell and that the film
was well annealed. Typically, the cell was warmed to 100

K and the gas introduced into the capillary, which was
heated above this temperature. If necessary, the cell tem-
perature was lowered subsequently in order to expedite
filling. But in no case was the cell temperature below 63
K when filling was completed. Finally, the sample was
cooled slowly (-1 K/min) to the temperature of the
diffraction measurement ~ 11 K.

The profile-analysis technique which we used to fit a
model structure factor to the diffraction patterns has
been described elsewhere. " ' Motion of the nuclei
about their equilibrium position is assumed to be small
enough that it can be treated by a Debye-Wailer factor of
the form exp( —Q ( u ) ) where, for simplicity, the
mean-square displacement ( u ) is taken to be the same
for all nuclei.

III. RESULTS

A. Fully compressed monolayer phase

At the outset of our study, it seemed plausible to us
that, at low temperature, the structure . of the fully
compressed monolayer or triangular incommensurate
(TI) phase would closely resemble that of the first layer of
the N2 bilayer. From our previous investigations, we
had inferred an out-of-plane or "two-out" herringbone
structure for the TI phase. Nevertheless, it was diScult
to exclude the possibility of a pinwheel structure [Fig.
1(c)] due to the large parameter space which needed to be
surveyed (particularly the angles P and I3). Thus when re-
cent ground-state calculations' favored a pinwheel struc-
ture for the fully compressed monolayer and, moreover,
gave an explicit parameter set as a starting point for our
fitting procedure, we were strongly motivated to
reanalyze the neutron-diffraction pattern of the TI phase.

In Fig. 2 the neutron-diffraction pattern of the TI
phase (6=1.67) at a temperature of 10.5 K is reproduced
from Fig. 7 in Ref. 1. The solid curve in Fig. 2(a) is the fit
previously obtained' to a "two-out" herringbone struc-
ture, while that in Fig. 2(b) is the best fit which our
reanalysis gave to a pinwheel structure. The lattice and
orientational parameters of each model are listed in Table
I. Both models yield a density which is about 10%
greater than that of the C monolayer phase and have a
slightly oblique cell [y&90 in Fig. 1(a), a&b in Fig. 1(c)].
Thus in each case, a coverage 6=1.67 would correspond
to about 30%%uo of the molecules in the second layer (a cov-
erage 6= 1.11 would occupy the first layer). We estimate
the determination of the angles P and P to be about +8'.
In the case of the pinwheel model, the orientation of mol-
ecule no. 1 in the unit cell [Fig. 1(c)] was fixed perpendic-
ular to the surface. For the other three molecules both P
and P were allowed to vary starting from their values in
the first layer of Bruch's' bilayer pinwheel model. The P
value was constrained to be the same for these three mol-
ecules and was found to be about 10 less than for the
herringbone structure. The fits to both the herringbone
and pinwheel models in Fig. 2 assume the same Debye-
Waller factor of ( u ) =0.03 A .

Comparing Figs. 2(a) and 2(b) we see that the
diffraction profiles calculated for the "two-out" and
pinwheel models of the TI phase are quite similar. This
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situation contrasts with that found for the in-plane her-
ringbone model of the C phase where the diffraction
profiles were sensitive to the azimuthal orientation P of
the molecules (cf. Fig. 3 of Ref. 1). We can understand
this result qualitatively by recalling that the neutron
scatters from the point nuclei of the molecules and that it
is the projection of the nuclear positions onto the surface
which largely determines the integrated peak intensities.
In models of the TI phase where some of the molecules
are tilted away from the surface (PRO), the length of the
projection of the N—N bond onto the surface decreases,
and hence the sensitivity of the structure factor to the az-
imuthal angle P is diminished.

In the available scattering windows away from the
graphite Bragg peaks, the only differences between the
diffraction profiles of the two models appear to be the

I 1 I I

1.67 LAYFRS N2 IPAPYEX
T=10.5 K

{a ) HERRINGBONE

LIJ
O
LLI
IX

a (A)
b (A)

y
P

2

4

4

z, (A)
L (A)
(u ) (A)

Herringbone

7.00
4.04
88.5
1.112
—135
135

20
20

60
0.03

Pinwheel
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8.18
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TABLE I. Structural parameters for the fully compressed
monolayer (TI) phase on graphite inferred from the diffraction
pattern at a coverage 6=1.67 layers and a temperature of 10.5
K (Fig. 2). Both herringbone and pinwheel models are con-
sidered. The angles P, P, and y and lattice constants a and b are
defined in Fig. 1. All angles are in degrees. Subscripts denote
the molecule number defined in Fig. 1. For the pinwheel struc-
ture, z& is the height of the center of mass of molecule no. 1

above the plane containing the centers of mass of molecules no.
2, no. 3, and no. 4. L is the "coherence length" defined in Ref.
10 and (u ) is the mean-square deviation from an equilibrium
position appearing in the Debye-Wailer factor. The density p is
dimensionless and is the ratio of the layer areal density to that
of the C phase (15.72 A /molecule).
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FIG. 2. Neutron-diffraction pattern of 1.67 layers of N2 on
Papyex at 10.5 K after subtraction of the substrate scattering
(data same as in Fig. 7 of Ref. 1). The solid curves have been
calculated using the parameters listed in Table I for (a) the her-
ringbone model of Ref. 1 and (b) the pinwheel model. A
different constant value has been added to the calculated curves
above the graphite (002) reflection (Q=1.88 A ) than below.
(c) Diffraction pattern of the bare Papyex. In addition to the
graphite peaks, the aluminum (220) peak from the sample cell
can be seen. Gaps appear in the film pattern in (a) and (b) in Q
ranges of the graphite peaks due to imperfect background sub-
traction.

presence in the pinwheel model of a weak I30I peak cal-
culated at Q=2.8 A ' and also slightly more intensit
for a group of unresolved reflections near Q=7. 1 A
Neither of these features is excluded by the data. There-
fore, we conclude that the pinwheel model provides at
least as good a fit to the TI phase diffraction pattern as
the "two-out" herringbone structure.

B. Coverage dependence of the dift'raction patterns
above monolayer completion

Neutron-diffraction patterns at coverages 8= 1.67, 2.6,
and 3.3 layers at a temperature of ~ 11 K are shown in
Fig. 3. Remarkably, we find no change in the patterns
between 8=1.67 and 2.60. This can be seen by compar-
ing the fit of the solid curve from Fig. 2(b), calculated for
the pinwheel model of the TI phase, to both patterns.
We emphasize that the solid curve has not been rescaled
at 8=2.60. On the other hand, we do observe a change
in the diffraction pattern from B=2.60 to 3.30. The
main peak near Q=1.8 A ' increases in both height and
width. In another scan at 6=3.30 (not shown), we did
not reproduce the increase in peak height at Q=1.8 A
but did observe the same increase in width. ' Also, as
shown in Fig. 3(b), for 8=3.30 there is an increase in the
scattering at higher Q with the peak at Q=4. 1 A
becoming more prominent.

We interpret the coverage dependence of the
diffraction patterns in Fig. 3 as follows. Recall that a
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coverage 6=1.67 is required to fully compress the mono-
layer at which point it is in the TI phase. As noted in
Sec. III A, about 30% of the molecules occupy the second
layer at this coverage. ' In Ref. 1 we suggested that these
second-layer molecules were either amorphous or in a
highly disordered state, and hence any peaks which they
might contribute to the diffraction pattern would be
broad and too weak to be observed. We now use the
same argument to explain the similarity in the patterns at
6=1.67 and 2.60. In this coverage range the observed
diffraction patterns do not change because there is a con-
tinued filling of amorphous second and third layers. At
higher coverages 0=2.60 and 3.30 the increase in height
and width of the main peak at Q=1.8 A ' [see Fig. 3(a)]
can be understood if there is crystallization of a bilayer,
as we discuss below.

In this interpretation the occupancy of the second and
third layers at a coverage 6=2.60 is not easily inferred.
If the amorphous second layer contains about the same
number of molecules as the first layer (as is the case for
the bilayer crystal —see Sec. III C), then the third layer
would have only —,

' as many. However, if the second layer
is highly disordered it may have a lower density than in
the bilayer crystal, resulting in a higher third-layer occu-
pancy. At a coverage 6=3.30, where the bilayer has
crystallized, the number of molecules in the first two lay-
ers corresponds to a coverage 6=2.21. The third layer
would be nearly complete, if it had the same density as
the first two. However, if it is amorphous, there could be
occupancy of fourth and higher layers.

As shown in Fig. 4, at coverages above 6=3.3 and
temperatures —11 K, new peaks (labeled i q) app—ear in
the diffraction patterns. These peaks can be indexed ac-
cording to the cubic structure of bulk a-N2 (Ref. 16) and
grow in intensity as the coverage increases. The integrat-
ed intensity of the (200) peak (labeled i) is determined
most easily because it does not overlap with other bulk
peaks, and the contribution of the main film peak at
Q=1.8 A ' can be separated by a line-shape analysis.
The plot of the (200) integrated peak intensity in Fig. 5
shows it to decrease linearly with coverage extrapolating
to zero at 6=3.7, where bulk nucleation presumably
occurs.

To summarize our interpretation of these results, we
infer that two amorphous or highly disordered N2 layers
form initially above the fully compressed TI monolayer
phase. At a loading of 6=3.0 the ordered first layer and
the disordered second layer crystallize into a bilayer
structure, leaving an amorphous third layer. As the cov-
erage is increased further, molecules continue to enter the
disordered film above the bilayer crystal until bulk nu-
cleation occurs at 6=3.7.

C. Structure of the crystal bilayer

As discussed in Sec. III 8, we attribute the change in
the diffraction patterns between 6=2.60 and 3.30 in Fig.
3 to the crystallization of the bilayer. This interpretation
is supported by bilayer profile calculations which repro-
duce the increase observed in both the height and width
of the main peak at Q=1.8 A ' between these two cover-
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8=2.

1.4 1.8
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2.2
Q(A')

2.6 3.0

8=3.3

e=2.6

8= 1.67

3.4 3.8 4.2
Q(A'')

4.6 5.0

FIG. 3. Coverage dependence of the diffraction patterns
below 11 K at coverages near crystallization of the bilayer: (a)
low-Q region and (h) high-Q region. At each coverage, the
diffracted neutron intensity has been scaled to the same number
of monitor counts in the incident beam. The same solid curve
from Fig. 2(b) has been superimposed on the patterns at
0=1.67 and 2.60. The solid curve at 0=3.3 is calculated for
the pinwheel model of the bilayer in Fig. 7(b).

ages. The bilayer crystal should contribute to the
diff'raction patterns at all coverages 6 ~ 3.30 (see Fig. 4).
Unfortunately, the bulk Bragg peaks overlap with those
of the bilayer and are too intense to allow a bilayer
structural analysis. Therefore, in this section we only at-
tempt to fit the 6=3.30 pattern to different bilayer crys-
tal models. As before, we assume that scattering from
disordered layers above the bilayer crystal do not contrib-
ute significantly to the diffraction pattern.

We first investigated a bilayer model in which both lay-
ers were constrained to have the herringbone structure of
Fig. 1(a). The relative position of the two layers with
respect to a plane parallel to the surface is illustrated in
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with the magnitude of both lattice vectors compressed
about 5% from those of the C monolayer phase. We see
that the molecules' azimuthal orientation ~P~ changes
from 135' in the TI phase to 125' for the herringbone bi-
layer. Also, the tilt angle P increases by 5' in the first lay-
er and 10' in the second layer over its value in the TI
phase. The second-layer molecule centers of mass are sit-
uated 2.85 A above the center of a triangle of three first-
layer molecules. The Debye-%'aller factor was kept at

2 = '2the same value as for the TI phase, ( u ) =0.03 A
Unfortunately, the line-shape analysis of the main bi-

layer or I 20] peak at Q=1.8 A ' is atfected by the close
proximity of the graphite (002) refiection. We have
identified the [20I bilayer peak position with the small
shoulder near the top of the leading edge of the large
peak observed. The observed peak maximum actually
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FIG-. 4. Coverage dependence of the difFraction patterns at

10.5 K above 8=3.30 layers. At; each coverage the difFracted
neutron intensity has been scaled to the same number of moni-
tor counts in the incident beam. The letters correspond to the
positions of the bulk n-N2 peaks as follows: i=(200), j=(102},
k= (112), l= (113),m = (203), n = (213},p= (104), and q= (114).
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Fig. 6(a). As a starting point for the fitting procedure, we
chose the P and P values obtained for the herringbone
model of the monolayer TI phase, at 6=1.67 (see Table
I). The best fit which could be obtained to the 8=3.30
difFraction pattern is shown by the solid curve in Fig. 7(a)
corresponding to the structural parameters listed in Table
II. The unit cell is slightly oblique [y =89.2 in Fig. 6(a)] SECOND LAYER
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FIG. 5. Integrated intensity of the (200) peak of bulk a-N2

versus coverage. Error bars are less than the size of the data
points.

FIG. 6. Schematic diagrams of three bilayer crystal models:
(a) herringbone bilayer, (b) pinwheel bilayer, and (c) herring-
bone first layer-pinwheel second layer. The azimuthal orienta-
tion P and tilt angle P of the molecules are measured as in Fig.
1.
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0
occurs at Q=1.89 A ', the wave-vector transfer of the
graphite (002) reflection. We explain this by imperfect
subtraction of the scattering from the graphite substrate
or possibly a coherent interference effect' between the
bilayer and graphite scattering for Q directed along the
surface normal. Attempts to identify the bilayer t201
peak with the maximum in the observed peak resulted in
poorer fits to the diffraction pattern at higher Q. Despite
this difficulty in analyzing the I20I line shape, we con-
clude that the calculated profile for the herringbone bi-
layer structure gives too much intensity in its trailing
edge near Q=2.2 A '. The model also fails to give
enough intensity near a small peak observed at Q=4.5

A '. The only other discrepancies between the calculat-

3.3 LAYERS N2/PAPYEX
T=10.5 K

RINGBONE BILAYER

(OO4)
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Z

6
D
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X 4
tX.

'
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U
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O

T

YER

(oo2)

Q(A ')
FIG. 7. Diffraction pattern of 3.30 layers of N2 on Papyex at

10.5 K after the substrate scattering has been subtracted (same
data as jn Figs. 3 and 4). The solid curves have been calculated
using the parameters listed in Table II for (a) the bilayer her-
ringbone model, (b) the bilayer pinwheel model, and (c) the
herringbone-pinwheel model depicted in Fig. 6. A different
constant value has been added to the calculated curves above
the graphite (002) reflection (Q= 1.88 A ) than below.

ed profile and the observed pattern occur near the graph-
ite (004) and aluminum (220) refiections, where imperfect
background subtraction is suspected.

We have also fitted a profile corresponding to a bilayer
pinwheel model to the 6=3.30 diffraction pattern. In
this case we assumed each layer to have a pinwheel struc-
ture so that the bilayer unit cell contained eight mole-
cules as shown schematically in Fig. 6(b). To fit the
Bragg peak positions, a nonhexagonal unit cell (a&b)
was required. For initial values of the orientational pa-
rameters P and P, we chose a set determined by Bruch'
in ground-state calculations. The solid curve in Fig. 7(b)
shows the best fit obtained corresponding to the structur-
al parameters listed in Table II. The fit yields a bilayer
density which is nearly the same as for the herringbone
model. In the fit, molecules no. 1 and no. 5 were con-
strained to be perpendicular to the surface while the
height z of each molecule was fixed at its calculated'
value. The angles P and P of the three nonperpendicular
molecules in the first layer are found to be about the same
as for the pinwheel model of the fully compressed (TI)
rnonolayer phase. However, the second-layer molecules
have a tilt P about 15' larger than in the TI phase
pinwheel model. (As before, the P angles for the nonper-
pendicular molecules in each layer are constrained to be
equal). The second-layer molecules are again centered
over a triangle of three first-layer molecules, but their
center of mass is almost 0.5 A higher than for the her-
ringbone model.

The calculated profile for the pinwheel bilayer model
fits the trailing edge of the main peak better than for the
herringbone bilayer structure. It also gives a better fit to
the weak peak at Q=4.5 A ' for the same Debye-Wailer
factor (u ) =0.03 A . However, the small t30I peak
predicted at Q=2.7 A ' is not observed.

Our last attempt to fit the bilayer diffraction pattern
was based on the model of Kuchta and Etters. As dis-
cussed in Sec. I and illustrated in Fig. 6(c), their Monte
Carlo calculations predicted a "disordered" herringbone
structure for the first layer and a pinwheel structure for
the second layer. Notice that there are four molecules in
the first layer of the unit cell in Fig. 6(c) compared to two
in Fig. 6(a) so that there are still a total of eight molecules
per unit cell as in the pinwheel bilayer model. The solid
curve in Fig. 7(c) is the best fit to the diffraction pattern
obtained for the parameters listed in Table II. Each of
the structural parameters was allowed to relax from its
calculated value except for the heights of the second-
layer molecules. The experimentally inferred structure
has the density calculated by Kuchta and Etters, but not
the hexagonal symmetry which they assumed. The lat-
tice vectors found are the same as for our fit to the bi-
layer pinwheel model. The center of mass of each non-
qerpendicular second-layer molecule is at a height of 3.03
A above the first layer —a value intermediate between
those of the herringbone and pinwheel bilayer models.
As for the orientational parameters, all of the values list-
ed in Table II are within +5' of those calculated by
Kuchta and Etters.

In the trailing edge of the main diffraction peak, the
quality of fit for the Kuchta-Etters model is about the
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TABLE II. Structural parameters for the Nz bilayer crystal on graphite inferred from the diffraction
pattern at a coverage 6=3.30 layers and a temperature of 10.5 K (Fig. 7). Three different bilayer mod-
els are considered: herringbone, pinwheel, and herringbone (first layer)-pinwheel (second layer). The
labels I and II refer to the first and second layers, respectively. All parameters are defined as in Table I.
Subscripts denote molecule number defined in Fig. 6. The center-of-mass heights z of the second-layer
molecules are measured with respect to the plane containing the first-layer centers of mass (in the case
of the pinwheel first layer, this plane is defined by the centers of mass of the three nonperpendicular
molecules).

Herringbone
I II

Pinwheel
I II

Herringbone —pinwheel
I II

a (A)
b (A)

y
P

3p 7

Pi, P5
Pz, P6
P3,P7

4r P8
zi, z5 (A)
zq, z6 (A)
z3,z7 (A)
z„z, (A)
L (A)
(u ) (A)

7.01
4.05
89.2
1.107
—125

125

0
-0

95
0.03

7.01
4.05
89.2
1.107
—125

125

30
30

2.85
2.85

95
0.03

8.04
8.16
60.0
1.107

—147
93

—27
90
8
8
8

0.294
0
0
0

95
0.03

8.04
8.16
60.0
1.107

—147
93

—27
90
24
24
24

3.29
3.32
3.32
3.32
95

0.03

8.04
8.16
60.0
1.107
—20
—70
—145

105
10
10
10
10
0
0
0
0
95

0.03

8.04
8.16
60.0
1.107

—40
—165

88
90
15
15
15

3.23'
303
3.03'
303

95
0.03

'R. D. Etters (private communication).

same as that obtained for the pure herringbone bilayer
structure. The fit is not quite as good as for the other
models at Q )3.2 A

To summarize, we have found that the diffraction pat-
tern attributed to the crystal bilayer can be fitted reason-
ably well by several physically plausible models. For all
of these models, the two Nz layers are commensurate
with each other and have a density slightly less than in ei-
ther the herringbone or pinwheel model of the fully
compressed monolayer (TI) phase (see Table I). Due to
the lower binding energy of the second layer to the sub-
strate, one might expect a slightly lower packing density
than in the first layer. ' The first-layer expansion of
0.5 —l. 1%% in area from that of the TI phase may be
necessary in order that the two Nz layers remain com-
mensurate.

D. Search for a 1ayering transition

In an effort to confirm the existence of the layering
transition at 23.4 K inferred by Zhang et al. from their
heat-capacity data, we have obtained difFraction patterns
as a function of temperature at coverages 0=6.4 and 8.0
layers. Our intent was to look for an intensity decrease in
the Bragg peaks of the coexisting bulk phase as a signa-
ture of layering. This method has been successful in in-
vestigating the layering transitions of ethylene' and iron
pentacarbonyl on graphite by x-ray scattering.

In Fig. 8 we show the neutron-difFraction patterns from

a 6.4-layer sample at 10.5 and 26.0 K. These tempera-
tures are, respectively, below and just above 23.4 K, the
temperature at which a large heat-capacity peak is ob-
served. Vfe see that all of the bulk peak intensities with
the possible exception of the ones labeled I and n in Fig.
8(b) are temperature independent. This is shown with
greater sensitivity for the bulk (200) peak in the inset of
Fig. 8(a). If the amount of bulk material had decreased
as a result of a layering transition, we would expect the
integrated intensity of each of the bulk peaks to decrease
by about —,'. ' Thus our data do not support a transition
from two-layer —plus —bulk to three-layer —plus —bulk as
the sample is heated through 23.4 K.

In an effort to find an explanation of the heat-capacity
peak at 23.4 K which is consistent with our neutron-
diffraction results, we have considered the possibility of it
being caused by the melting of the second layer of the bi-
layer crystal. If such were the case, it is likely that the
—1.5 layers of disordered material above the bilayer crys-
tal would also become mobile. Thus above 23.4 K there
would be a solid first layer covered by a total of -2.5
fluid layers. Like the upper amorphous layers, this fluid
comp'onent should produce broad and weak peaks which
are difficult to resolve in the presence of the Bragg peaks
of the coexisting bulk phase (for the 6.4-layer sample, the
bulk material corresponds to a coverage of about 2.8 lay-
ers). For this reason, we have also obtained diffraction
patterns from a 3.30-layer sample at 28.6 and 32 K (not
shown) which do not contain a bulk component. A small
increase in the scattering at low Q ((1.8 A ') charac-
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teristic of a fiuid film is observed. However, this low-Q
scattering is too weak to analyze quantitatively.

IV. DISCUSSION AND CONCLUSIONS
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FIG. 8. Difraction pattern of the 6.4-layer film at tempera-

tures of 10.5 and 26.0 K: (a) low-Q region and (b) high-Q re-

gion. Inset in (a) shows with greater sensitivity the temperature
independence of the peak labeled i corresponding to the bulk

(200) peak of a-N2. The labeling of the other peaks is the same
as in Fig. 4. The solid curve in (b) is a guide to the eye through
the high-temperature points.

We have found both herringbone and pinwheel models
to be consistent with the neutron-diffraction pattern of
the fully compressed monolayer or TI phase. This result
convicts with the conclusion of LEED experiments
which found a pinwheel model to be incompatible with
the TI-phase diffraction pattern. Recent ground-state
calculations' indicate a pinwheel structure to become en-

ergetically favorable as the monolayer is compressed
beyond the UI phase. As a result of our analysis here, we
now have an explicit set of experimentally inferred
structural parameters (see Table I) for comparison with
these calculations.

Obviously, further ground-state calculations investigat-
ing a pinwheel structure for the TI phase would be desir-
able. These calculations should allow for a small distor-
tion of the lattice from hexagonal symmetry. It would
also be helpful if they addressed other experimentally ob-
served- features of the TI phase. One of these is the large
coexistence region between the UI and TI phases at low
temperature. ' Another is the absence of a specific-heat
anomaly associated with an orientational-disordering
transition in the coexistence region. ' Both of these
features suggest that there could be more orientational
disorder present in the nominally pure TI phase than in
the submonolayer C phase. This is supported by the
lower coherence length in the TI phase of 60 A (see Table
I) compared to 105 A in the C phase (from Ref. 1) and
95 A in the bilayer crystal (see Table II). In order to in-
vestigate the degree of orientational disorder, it would be
useful to supplement further ground-state calculations
with Monte Carlo and molecular-dynamics simulations
using the same potentials.

Our analysis of the 8=3.30 diffraction pattern in Fig.
7 does not allow a definitive determination of the orienta-
tional order in the bilayer crystal. Nevertheless, there are
several structural features which are common to all three
models which we have investigated. First, the layer den-
sity of the bilayer crystal is slightly less than that of the
fully compressed monolayer phase. Second, the two N2
layers are. of equal density and commensurate. And
third, the layers are slightly distorted from hexagonal
symmetry.

In Table II we have listed explicit parameter sets for
the three different models of the crystal bilayer. As for
the TI phase, further ground-state calculations which al-
low for a distortion of the layers from hexagonal symme-
try would be valuable for comparison. Although not con-
clusive, we would like to present some arguments favor-
ing a pinwheel structure for each layer or possibly a
structure with some orientational disorder in the first lay-
er and a pinwheel structure in the second layer. A poten-
tial problem with the bilayer herringbone model is that,
in order to obtain a satisfactory fit, the second-layer
height had to be lowered to z=2.85 A or 5% less than
that calculated by either Bruch' or Kuchta and Etters
and 14% less than used by Vernov and Steele. On the
other hand, we note that the only deficiency of the
pinwheel bilayer model in Fig. 7(b) is the weak I 30I peak
predicted but not observed. This peak weakens when the
first layer assumes a distorted herringbone structure as in
the Kuchta-Etters model. A scenario which would be
consistent with all of our data is that the fully
compressed monolayer has a pinwheel structure but ex-
pansion of the first layer to crystallize the bilayer intro-
duces appreciable orientational disorder into it. This
orientational disorder may not be exactly of the type
which Kuchta and Etters have calculated —the structure
may be more pinwheel-like as in the (111) plane of bulk
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n-N~.
Perhaps more important than the actual bilayer crystal

structure in understanding the incomplete wetting of the
film is the apparent role which disorder plays in its
growth process. In Ref. 1, we showed that about half of a
disordered second layer is required to fully compress the
monolayer. Here we have seen that the bilayer does not
crystallize until about two layers of disordered material
have accumulated above the fully compressed monolayer.
Also, after bilayer crystallization, about 1.5 layers of
disordered material adsorbs prior to bulk nucleation.
The presence of disordered material both before and after
bilayer crystallization suggests that there could be an ap-
preciable amount of orientational disorder within the bi-
crystal as well. Thus it is tempting to attribute the in-
complete wetting to structural disorder appearing in the
early stages of the solid film growth. However, another
factor which might inhibit trilayer formation is the lower
layer density p= 1.1 1, which we find for the bilayer (see
Table II) compared to the value p=1.14 which Kuchta
and Etters calculate for the (111) plane of bulk a-Nz.
Also, the distortion of the bilayer from hexagonal sym-
metry may affect the trilayer stability adversely. Monte
Carlo and molecular-dynamics simulations could be very
helpful in addressing the question of whether structural
disorder in the bilayer contributes to the incomplete wet-
ting of the Nz film.

The temperature independence of the Bragg peak in-
tensities of the bulk phase coexisting with the film has
provided strong evidence against a layering transition as
proposed in Ref. 8. We have suggested instead that the
large heat-capacity peak observed at 23.4 K for coverages
e ~ 3 results from the melting of the top layer of the bi-
crystal. The much greater size of this heat-capacity
anomaly compared to those associated with orientational
disordering of the molecules supports the view that some
translational disorder is introduced into the film. Be-
cause the second layer resides on the relatively corrugat-
ed surface of the orientationally ordered first layer, the
proposed second-layer Quid may be more correlated just
above the melting point (with respect to both molecular
orientations and translations) than the submonolayer
Quid at the corresponding temperature. A small increase
in the low-Q scattering of a 3.30-layer sample was ob-
served above 23.4 K. While this behavior is characteris-
tic of a well-correlated Quid component, further measure-
ments are required to substantiate this interpretation.
We cannot, therefore, exclude the possibility of another
type of phase transition occurring.

A second-layer melting point of 23.4 K may seem low
compared to the melting point of the completed C mono-
layer phase which exceeds the bulk triple point T, =63
K. However, the submonolayer C phase melts at 50 K,
which is closer to the range (50—70% of T, ) typical of
monolayers physisorbed on graphite. From this perspec-
tive, a melting point at 23.4 K (37% of T, ) appears plau-
sible for the second layer. Clearly a molecular-dynamics
study could be helpful in estimating the Nz bilayer melt-
ing point. No evidence of second-layer melting was seen
in previous molecular-dynamics simulations of the bilayer
at 25 and 35 K.

The second-layer melting hypothesis implies a phase
diagram differing greatly from that proposed in Ref. 8.
In the remaining discussion, we describe a new phase dia-
gram shown in Fig. 9 which we have attempted to con-
struct to be consistent with both the heat-capacity and
neutron-diffraction data. The points in the phase dia-
gram correspond to the location of heat-capacity peaks
observed by Zhang et al. The second-layer melting line
(solid squares) can be seen at -23.4 K. It has been ex-
tended as a dashed line below 0-2.7 to suggest that there
might be some mobility change near this temperature in
the disordered or amorphous (3) material above the fully
compressed monolayer solid labeled 1SO. (The 0 denotes
orientationally ordered; similarly, 2SO denotes the orien-
tationally ordered bilayer crystal. )

As in Ref. 8, we associate the vertical lines near 29 K
(circles) with orientational-disordering transitions. How-
ever, since we are now interpreting the second layer as
being fiuid (F) at this temperature, this transition must
occur in the first-layer solid. We have been unable to
identify a structural change in the 1S phase which corre-
lates with the depression in the transition temperature
near 8=2.4. We speculate that an expansion of 1S to a
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FIG. 9. Proposed phase diagram of multilayer N& on graph-
ite. 1S, 1S', and 2S denote the fully compressed monolayer solid
(TI) phase, expanded monolayer phase, and bilayer crystal
phases, respectively. A denotes an amorphous phase as de-
scribed in the text and nF the fluid phase where n is the number
of fluid layers. The symbols indicate positions of heat-capacity
peaks from Fig. 2 of Ref. 8. The solid squares correspond to the
second-layer melting transition, the solid and open circles to the
orientational-disordering transition in the 1S and 1S phases, re-
spectively, and the solid triangles to the bulk a-P transition.
Hatched region denotes coexistence of the 1S and 1S' phases. 0
and D denote orientationally ordered and disordered phases, re-
spectively.
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phase 1S' might occur which anticipates that required for
bilayer crystallization. Expansion of the monolayer lat-
tice would presumably lower the barrier to rotational
motion, thereby reducing the transition temperature for
orientational disordering. We note, though, that below
11 K no expansion can be resolved between 8=1.6 and
2.6 in the diffraction patterns of Fig. 3.

We speculate that the 1S phase is reentrant at higher
coverages due to compression from the thickening Quid
layers adsorbed above the solid monolayer. This provides
an explanation for the increase in the orientational-
disordering transition temperature from -28 K in the
1S' phase to -30 K for e&2.8. For 2.8&6~3.8 we
postulate coexistence between the 1S and 1S' phases
(hatched region in Fig. 9). In this coexistence region the
fiuid film thickness would vary from two (2F) to three
(3F) layers across a surface with the reentrant lS phase
being present under the thicker Quid regions. At cover-

ages e ~3.7, bulk N2 nucleates and the 1S' phase disap-
pears near completion of the third fiuid layer (T) 23.4
K). We emphasize the tentative nature of this phase dia-
gram and recognize that there may be other ways to
reconcile the neutron and heat-capacity data.
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