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Understanding the basic mechanisms which govern the
microscopic growth of multilayer films on solid surfaces
is a problem which poses a tremendous challenge to the
surface scientist. It is widely recognized that the number
o uniform layers which form on a surface is finite if the
structural parameters of the film differ significantly from
those of the bulk solid (i.e. , incomplete wetting occurs).
Hence, it seems reasonable to assume that a detailed
within the
nowledge of the microscopic arrangement
first few layers of a thin film is crucial for understanding
w y wetting does or does not occur. Our purpose here is
to use neutron diffraction to determine the structural
properties of thin solid argon films (one to four layers
t ick) physisorbed on a graphite substrate, and to compare them with equivalent data for solid methane films on
grap ite. We chose these two systems because previous
theoretical predictions' and experimental evidence ' suggested that under appropriate conditions complete wetting (i.e. , infinite layer-by-layer growth) occurs. The recent availability of computer simulations ' for these systems has greatly aided our study of the microscopic layering process. Comparing our neutron scattering results
with the simulations opens an avenue for answering questions not previously possible by diffraction meth d
one. We view these combined microscopic studies as a
film
necessary first step in understanding
multilayer
ing and premelting, the sintering of bulk solids, and interacia melting.
Inn a previous study, 6 we calculated the powderaveraged diffraction profiles for a model system consisting of close-packed scatterers with either an ABC or
ABA stacking sequence. Figure 1 shows the thickness
ependence of the low-angle diffraction pattern for such
an idealized system, i.e. , one in which there is no sub-
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FIG. 1. Model 1'ine-shape calculations of powder-averaged
diffraction profiles for an ideal system of close packed scatterers. A direct comparison is made of the two possible stacking
sequences (i.e., ABC and ABA) as a function of layer thickness.
and
triangular,
All in-plane structures are commensurate,
chosen to have the same nearest-neighbor separation of 3.76 A.
The fixed interplane distance of 3.07 A was used for all calculations. The figures shown include the effects of folding a Gaussian instrument function (with a full width at h lf
=0.03 A ) in order to illustrate what would be recorded in an
idealized experiment.
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strate. This simplified picture of the layering process can
serve, however, as a conceptual basis for more detailed
The actual atomic arrangement within a
investigations.
film several layers thick is unquestionably
more complicated because real physical systems have stacking faults,
domain walls, and other imperfections which result from
the presence of surface steps, inhomogeneities, impurities, vacancies, etc. In fact, even in a model system of
close-packed spheres, structural incompatibilities
can
occur because two stacking sequences (i.e. , ABA and
For most systems, but more
ABC) are possible.
specifically for argon on graphite, the difference in formation energy between ABA and ABC stacking is essentialmaking it difficult to predict,
ly indistinguishable
a priori, which stacking sequence will dominate in the
thin-film (three to four layer) regime. Most theoretical
treatments of argon film growth to date have used the
ABC stacking sequence as their starting point, assuming
that it represents the lowest-energy configuration of the
system. This constraint seems justified since bulk solid
argon forms an fcc structure and in order for an argon
film to attain macroscopic size (i.e., completely wet the
graphite), the ABC sequence must ultimately dominate.
Previous electron diffraction studies using a single-crystal
graphite substrate have indicated that solid argon films
completely wet at low temperatures, although no indication of the lattice constants or stacking arrangement was
thergiven. However, a more recent, higher-temperature
modynamic study of this layering process employing a
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graphite fiber oscillator, suggests that only a finite number of argon layers can form before bulk condensation
occurs. The results of this thermodynamic study are consistent with triple-point wetting for the argon-graphite
system. A direct determination of the structural parameters of the argon multilayer system may therefore prove
valuable in helping to understand where the origin of this
discrepancy lies.
Phillips and co-workers have recently performed
several Monte Carlo computer simulations
from which
they abstracted equilibrium snapshots of the atomic armultirangements within argon and methane-on-graphite
layer films. The interplay between computer simulations
and neutron experiments'has
been of benefit to both
groups by suggesting realistic models of the argongraphite growth process.
The neutron scattering experiments were performed at
the Brookhaven National Laboratory —High-Flux-Beam
Reactor (HFBR) on the H5 triple-axis spectrometer.
Scans were made with the spectrometer operating in the
elastic mode at a wavelength of either 1.64 or 2.43 A with
a Q (wave-vector) resolution of =0.03 A ' FWHM.
Ar gas was used as the adsorbant beResearch grade
cause this particular isotope has a large coherent scattering cross section. The substrate, a vermicular form of
crystalline graphite, ' was formed into several cylindrical
pieces (by recompressing the powder), before placing it in
a thin-walled aluminum cell. The sample cell was mounted on the cold finger of a closed-cycle helium refrigerator,
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difference profile (open circles} from an X =1.3 film of Ar film on vermicular graphite at 10 K. The
0
solid line fit is0 a powder-averaged fit to an incommensurate triangular solid with lattice constant of 3.830 A and a Debye-%aller factor of 0.055 A . The arrows indicate the regions on the difference spectrum where background diffraction signals from the graphite
substrate and aluminum sample cell appear. The inset shows the lattice compression as a function of coverage at 10 K. The solid and
dashed lines in the inset are extrapolations of the bulk argon lattice constant at = 10 K from previous x-ray and neutron diffraction
studies referenced in the text, respectively.

FIG. 2. Typical monolayer
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whose temperature was regulated to better than 0.05 K.
As in previous experiments, all surface coverages, X, are
in units such that X =1.00 corresponds to one complete
register &3 X +3 monolayer as determined from a nitrogen isotherm performed at T=77.0 K. All the argon
films were first annealed at T =90 K and then at T =70
K for about 2h at each temperature, then slowly cooled
(about 1 K/min) to 10 K. It should be noted that the
sample cell and capillary fill-line arrangement used in the
present experiments was redesigned in order to eliminate
problems with long equilibration times experienced in our
previous studies of thick methane films (X) 3. 5). The
new arrangement eliminates a relatively large volume bellows valve, which was located in a low-temperature portion of the cryostat.
Figure 2 shows a typical monolayer diffraction profile
which, as usual, has had the substrate-sample cell background subtracted. The solid-line fit to the data is the result of a powder-averaged profile characteristic of an intwo-dimensional
(2D) solid
triangular
commensurate,
convoluted with a Gaussian instrument response function. The high quality of the fit gives us confidence that
our line-fitting procedure accurately describes the data.
Perhaps the most serious drawback in experiments of this
type is the presence of the intense graphite (002) background reAection in the immediate neighborhood of the
lowest-order (10) film peak. Although this graphite peak
as the argon layers are
becomes less significant
compressed (since the compressions moves the diffracted
peak to a higher-scattering angle), it nonetheless complicates the interpretation of the data in the vicinity of
Q=1. 87 A . Additional complications caused by the
small shifts in the graphite (002) peak position and
changes in peak shape produced by the addition of argon
'
layers have been discussed previously.
The inset in Fig. 2 illustrates how the lattice constant
varies with surface coverage. A gradual decrease in the
apdistance (which asymptotically
nearest-neighbor
proaches the bulk value ) is observed. In all cases the triwith the
angular solid that forms is incommensurate
graphite substrate. These results differ dramatically from
the behavior observed in an equivalent study of absorbed
methane films. In that study we observed a compression
of the methane nearest-neighbor distance to a value
which was about 1% smaller than the bulk lattice conof adsorbed
stant. Recent theoretical investigations'
methane monolayer over-compression
predict a lattice
constant in good agreement with the experimental value.
As the surface coverage is increased beyond monolayer
1.4), evidence of monolayer and bicompletion (i.e.,
layer solid coexistence is clearly seen in the diffraction
profiles. Excellent fits in this coverage regime were obtained by using a monolayer-bilayer coexistence, but will
not be shown here since we plan to present them in a future, longer report.
Figures 3(a) and 3(b) display the difFraction profiles
close to bilayer and trilayer completion, respectively.
The solid-line fit to the bilayer diffraction profile was obtained by varying the in-plane and inter-plane distances,
but with the individual layers constrained to be commensurate with one another. A sensitivity of better than
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FIG. 3. (a) Diffraction profile recorded for X=2.61 monolayer solid ' Ar film recorded at 10 K. The solid line represents
a fit to a triangular AB bilayer 0 structure using the same
nearest-neighbor distance of 3.775 A for each layer and interlayer spacing of 3. 17 A. A 0.045 A Debye-Wailer factor was
used in the fit. (b) Diffraction profile recorded for X=4.00
monolayer solid ' Ar film recorded at 10 K. The solid line
represents a fit to the data assuming a composite line shape constructed by combining both ABC and ABA stacking sequences
A nearest-0
with a contribution of 85 and
15%%uo, respectively.
0
neighbor distance of 3.760 A, an interlayer spacing of 3.20 A,
and a 0.030 A Debye-Wailer factor was used in the fit. The arrows indicate the regions in both spectra where background
diffraction signals from the graphite substrate and aluminum
sample cell appear.

0.5% for the in-plane distance and 5% for the inter-plane
resoludistance is realized with the current instrument
0
300 A (a value contion. A spatial correlation range
sistent with the crystallite size of the vermiculite substrate) and a 0.045 A Debye-Wailer factor was used to
obtain the fit shown in the figure. The argon lattice
compresses slightly with the addition of the second layer
as expected, but does not contract beyond the bulk value.
These results are once again strikingly different from
those obtained for the bilayer methane solid. In the
methane study it was found that the individual solid layers were incommensurate with one another. Both the argon and methane diffraction studies are in excellent
agreement with computer simulations of their microscopic structure made by Hruska and Phillips. In that study,
the 2D pair distribution function for the first two layers

)
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of argon

Alms on graphite were found to be identical,
whereas for an equivalent methane bilayer the 2D pair
for the two layers differed
functions
distribution
significantly. This led Hruska and Phillips to conclude
that in the bilayer argon solid the individual layers would
form in registry with one another while in the methane
bilayer the two layers would be incommensurate, exactly
as observed in the neutron experiments.
The diffraction data for the trilayer film in Fig. 3(b) can
be best fit by a model line shape which assumes regions of
ABA (15%) and ABC (85%%uo) stacking, as illustrated by
the solid line in the figure. In light of our opening remarks, the coexistence of the two stacking sequences is
not unexpected. Additional support for our suggestion
that a typical three-layer film is composed of ABC and
AB A regions can be obtained by considering that both,
the packing fraction, and the coordination number for
these two stacking arrangements are the same. This suggests that an appreciable
energy difference in the
adatom-adatom interaction only shows up at the nextlevel. In a three-layer system only a
nearest-neighbor
small fraction of the atoms have all of their next nearest
neighbors (i.e. , in the 3D sense) lending further support
to the suggestion that both stacking sequences should
coexist. A fit to the data assuming a pure ABC model is
fair but a pure ABA model fails miserably (see Fig. 1).
In fact, if in addition to assuming that we need a combination of the two stacking sequences, we also include a
small amount of bilayer component, the At becomes even
better. Since we are at a coverage which is roughly 95%
of that needed for trilayer completion, it is not surprising
that this is necessary. But the introduction of additional
the analysis
complicates
fitting parameters
simply
without adding anything to the physical understanding of
the growth process. In our earlier work with methane
roughly 20% more molecules, beyond the value determined from the lattice constant of the nth-layer solid,
were necessary in order to complete that layer. This suggests that in cases where a compression of an n-layer
solid occurs, some small (but significant) number of atoms
will probably occupy the n +1, n +2, . . . layer (or layers). What the fractional population of each layer will be,
of course, depends on the details of the gas-solid interaction and the temperature. '
Our results are in good agreement with the most recent
In the three-layer recomputer simulations of Phillips.
gime at low temperatures, his computer snapshots show
definite patches of ABC and ABA stacking, and a small
but finite population of atoms in higher layers. As with
the monolayer and bilayer solids, the spatial coherence
length of the trilayer solid is found to be about 300 A.
Interestingly, a further decrease in the Debye-%aller factor to 0.03 A is necessary to At the data, indicating that
the three-layer solid is distinctly more rigid than its
monolayer or bilayer equivalent.
The diffraction profile of a film near four-layer completion still indicates the need for a model with ABA and
ABC components. In this case, however, an increase in
the fractional amount of the ABC component is necessary. This behavior is consistent with the tendency of the
found in
film to prefer the ABC stacking arrangement

10000

3000

8000

2400

6ooo

1800 ~

aooo

1200

2000

600

CD

g)

O
CD

O

O

I
aI
Q

~

0

3. 3
Q(A ')

2. 7

3. 9

FIG. 4. Difference traces which illustrate the growth of bulk
solid argon crystallites at 10 K produced by taking the
difference between the scattering recorded at X =5. 5 and 5.15
(open circles) and the difference between X=8.07 and 5. 15
(solid line). The solid arrows indicate the expected position and
intensity for a bulk argon powder diffraction pattern. It should
be noted that the left- and right-hand scales differ by a factor of

=3.3.

bulk argon. The computer simulations for film densities
near this coverage also indicate an increased preference
for forming the ABC structure. It is also important to
point out that a continued further reduction in the
Debye-Wailer factor to 0.02 A is necessary to fit the
four-layer data properly, indicating a continued stiffening
of the four-layer solid. Furthermore, the in-plane lattice
constant does not compress to the bulk value and the interplane distance remains larger than that expected for
close packing.
Figure 4 shows the spectra which result from subtracting a scan taken at X=5. 1 from those recorded at
X =5. 5 and 8.07. The arrows locate the predicted peak
positions and intensities for a bulk argon powder
diffraction scan [scaled to the (111) refiection) superimdifference peaks. Alposed on the Gaussian-shaped
though the distinction between a bulk powder-diffraction
line shape and that of a layered film diminishes as the
number of layers increases, model calculations suggest
that this distinction is still easily discernible at six layers.
Using the model calculations presented in Fig. 1, and assuming a film thickness within the range of four to seven
layers, we calculated a difference trace for every possible
combination
of four- to seven-layer model shapes
AB-CABCA ABCAB,
ABCABCA ABCABC,
(i.e. ,
ABCABC ABCA, etc. ). Th-e resulting traces were quite
different from the one shown in Fig. 4 with regard to
both the positions and shapes of the peaks. On the other
hand, the good agreement of this pattern, with that calculated for bulk solid argon and the near perfect scaling
of the difference spectra shown in Fig. 4, as the coverage
is increased from X=5. 15 to 8.07, leads us to suspect
that once four or five nominal layers of solid film are on
the surface, the formation of bulk crystallites has already
begun via capillary condensation [in fact, a near perfect
At to the four-layer data profile can be obtained if a small
amount of bulk (=4%) signal is added]. Capillary con-
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densation would also explain why the vapor-pressure
measurements performed during a recent thermodynamic
study of argon multilayers'
converged fairly slowly to
the expected bulk vapor-pressure value Po. The certainty
with which we can make this statement is limited by the
fact that the layered film approaches bulk density as the
coverage is increased (see, e.g. , inset to Fig. 4). In this
respect the argon-on-graphite
system differs from other
systems where incomplete
wetting has been clearly
identified (02, N2, C2H4) since, in the latter, the film and
bulk components are different enough in structure so that
they can be easily identified in the diffraction patterns.
Even though the present data tends to support the hypothesis that bulk crystallites form at higher coverages, a
word of caution with regard to the wetting properties of
argon on graphite is necessary. The evidence of bulk arwhich appears in our experimental
gon formation,
profiles, may not accurately address the issue of whether
or not solid argon intrinsically prefers to wet graphite
completely at low temperatures. It may only indicate that
the morphology of the graphite used in these experiments
determines the adsorption behavior when the number of
atoms (or layers) in the cell exceeds some particular
substrate-sample
dependent value, i.e. , bulk formation
may not be an intrinsic property of the system. On the
other hand, since the measured interlayer distances have
not attained the bulk value even at four-layer thickness, it
is possible that the substrate interaction is too weak to
support further layer compression, and there is enough
vertical strain to impede further uniform layering. This,
of course, means that experiments performed with a
single-crystal
be
graphite substrate might ultimately
more reliable in determining the wetting behavior of a
particular surface than those performed with a powdertype substrate. X-ray studies using single-crystal substrates are planned to address this issue.

In conclusion we have demonstrated that the growth of
solid argon films on graphite can be studied with conventional neutron powder-diffraction
techniques. The data
establish layer-by-layer growth of argon on graphite (to
at least four layers) and provide an interesting contrast
with the behavior of methane in the one to three layer regime. Excellent agreement is found with the diffraction
line shapes predicted from simple close-packed models
and with the results of computer simulations.
As the
thickness of the film decreases the systematic increase in
the observed Debye-Wailer factor is consistent with a
softening of the elastic constants as the system dimensionality changes from 3D to 2D. An increase in the
mean-square deviations of atoms from their equilibrium
positions in systems of lower dimensionality'
is a feature
which has long been predicted to occur. These results
should also be relevant to the interpretation
of recent
thermodynamic studies of the melting of thick films of argon' and methane' on graphite.
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