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Wetting and nonwetting of molecular films at zero temperature
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The wetting characteristics of classical rare gases adsorbed on smooth solid substrates at zero
temperature are studied as a function of the molecule-substrate interaction. Comparisons of the rel-

ative stabilities of monolayers, bilayers, and trilayers with respect to each other and to the bulk solid

phase show a succession of growth regimes with increasing substrate interaction strength relative to
molecular pair interactions: nonwetting, incomplete wetting with maximum thicknesses of one

layer, incomplete wetting with a mutually commensurate bilayer, and complete wetting. Their order
of appearance and the values of substrate strength at crossover boundaries depend sensitively on
substrate potential shape, substrate screening of interactions between adsorbate atoms, and the mag-
nitude of the bulk solid energy. Close correspondence with experiment is obtained from Cole-Klein
potentials with enhanced first-layer well depths and with substrate screening. This model has a nar-
row complete wetting region with boundaries at relative substrate strengths near those observed in
films on graphite. The complete wetting regime is bounded on the high-strength side by incomplete
wetting films consisting of mutually commensurate close-packed bilayers, and on the low-strength
side by close-packed monolayers. At still weaker substrate potentials the adsorption is nonwetting.
The layer densities of the incompletely wet films are found to be several percent greater than surface
planes of the bulk solid, supporting the conjecture that the transition from complete to incomplete,
with increasing substrate strength, is driven by structural mismatch between the film and the bulk

solid. These features are consistent with observations of light molecular gases on graphite and other
surfaces.

I. INTRODUCTION

There is a considerable amount of current interest in
the wetting characteristics of molecular films adsorbed on
solid substrates. ' Three principal classes of wetting are
observed. In "complete wetting" or "type-1 growth" the
films remain uniformly flat with increasing pressure, and
grow asymptotically toward infinite thickness at the sa-
turation pressure Po of the bulk phase. This contrasts
with incomplete wetting" or "type-2 growth, " where the
film is uniform only up to a finite thickness, usually one
or two molecular layers, with a bulk phase forming
abruptly at Po. In extreme cases of type-2 growth, termed
"nonwetting" or "type-3 growth, " there is virtually no ad-
sorption of uniform film at P & Po, but only bulk conden-
sation at the saturation pressure. The same types of
growth are seen in chemisorbed and metallic films, where
classes 1, 2, and 3 are, respectively, termed "Frank —van
der Merwe, " "Stranski-Krastanov, " and "Volmer-Weber"
growth. Recent experiments on physisorbed molecular
films 5 have shown that type-2 growth is predominant at
low temperature. On graphite substrates at low T only
Ar, Kr, and Xe exhibit type-1 behavior, ' while on
Au(111) surfaces all simple molecules studied to date
form type-2 films. It is believed that the principal fac-
tors controlling low-temperature growth are the relative
strengths of the molecular-substrate and molecule-
molecule interactions. Theoretical studies, which
predicted universal type-1 growth for relatively strong
substrates, were based on film models of uniform density
and structure. ' However, recent experiments show that

the type-1 region is restricted to a narrow range of relative
interaction strength, and that type-2 growth is reentrant at
weaker and stronger substrate binding. It has been sug-
gested that the reentrant type-2 regime at strong substrate
binding is due to film compression, which causes a
mismatch with the bulk structure. ' The experiments
have stimulated the development of improved models
which relax the constant-density condition. A recent cal-
culation based on a lattice-gas model does display reentry
on strong substrates. A study of model rare-gas films
shows the possibility of reentry, but the mode of growth
at low temperature is quite sensitive to the detailed range
dependence of the substrate potential.

In the present work we examined a series of film and
substrate models where the forms of the potentials and
their parameters are those of current approximations to
physical systems. All of the models assume a smooth
solid substrate. Extensive calculations explored each of
the models over wide ranges of interaction parameters.
The results confirm the sensitivity of growth to the de-
tailed form and strength of the substrate interaction. For
certain models we obtain reentrant wetting similar to the
observed behavior. We also find that more complicated
sequences may occur, having very narrow but distinct
growth regimes within the main sequence. In agreement
with experiment, the calculated maximum thickness of
type-2 films in the reentrant strong-substrate region was
typically found to be two layers. The two layers have
identical structures and are mutually registered. The layer
densities of the films in the strong-substrate type-2 regime
are significantly different from that of the close-packed
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planes of the bulk phase, supporting the conjecture that
the incomplete wetting on strong substrates is caused by
substrate-potential-driven film-bulk solid lattice mis-
match.

A. Model l: Krypton on smooth "graphite"
with iritegrated 6- I2 potentials

The parameters for u (r) were taken to be those for Kr:
c'0 ——201.9k' and o =3.57 A. The molecule-substrate in-
tcract10Q 1Q th18 model 18 RQ 1ntcgI'stcd I cnnard-Jones po-
tential

u(z)=a[ —,', (o/z) —(~/z)'] with a=2m-e/3pgo', (4)
We are concerned with the equihbrium structures of

layered films at coexistence with the unconstrained bulk
phase. The system chemical potential p is therefore fixed
at the value po of the bulk at its saturated vapor pressure.
If the substrate area and total particle number are also
fixed, equilibrium between film and bulk corresponds to
the minimum of the thermodynamic potential Q. At
very 10% tcmpclatUIc Q=E —Np, snd hcncc equilibrium
occurs Rt IMnlmum total cnc1gy E. IIl order to apply thc
equilibrium condition it is necessary to calculate, for each
set of model parameters, the structures and energies of the
various possible film phases at p=po. The stable film
phase Rt cocx18tcncc can thcQ bc dctcITDlncd by cxsHllnlng
the total system energy as a function of the distribution of
particles between bulk and film. In the example below we
compare the stabilities of a monolayer and a bilayer film.

The surface densities and average energies per molecule
in the monolayer and bilayer at po are denoted here by
Pl~, Bb Rnd 8~,8b, respectively. Thc molecular cncI'g1cs
contain the contributions of the molecule-substrate and
molecule-molecule 1nteIact1ons. The mm1m1zat1on cond1-
tion yields, for the growth of the bilayer phase,

&b~b —
~bPO «m~m —~mgO

If the bilayer is the stable phase at coexistence, then the
growth of a trilayer must be unfavorable, which is indicat-
ed by the relation

(2)

where n, and e, refer to the density and average energy in
the tr1laycr. Compar180ns such as those above can be car-
ried out for any thicknesses, but we have not extended the
detailed calculations of film phases beyond trilayers.
Where trilayers are found to be stable, we take it to be an
indication of type-1 behavior. Justification for this cri-
terion is presented in Sec. IV.

In ail of the calculations, we modeled the molecule-
molccule interactions by I.ennard-Jones 6-12 pair poten-
tials,

u(r) =4cof(o./r)' —(o/r) ] .
The principal differences among the several mode» in-
volve different forms of thc molecule-substrate potential
although when substrate shielding «fe«s we« included
these caused changes in the effcctivc 111'tciact1011 between
molecules in the first layer. I11 thc following scc'tloiis wc
discuss each of tlM models 111 detail.
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FIG. I. Total energy per atom in a close-packed monolayer
having Lennard-Jones 6-12 pair interactions as a function of the
radius of neighbor shells included in the lattice sum. The atoms
are adsorbed on a smooth attractive substrate.

where ps is the density of the substrate atoms. The poten-
tial parameters are assumed to be given by the semiempir-
ical combining laws

&=(&o&s)', o =(oo+og)/2, (5)

with the effective graphite parameters ex=27.8k& and
os=3.37 A. The relative strength of the substrate in-
tel'act1011 was characterized by tllc latlo S =111/po, whcic
u, is the single-particle binding energy to the substrate.
FoI' thc 9-3 potcntla1, Q I =—1.248A'. po 18 equal to thc
sublimation energy of the solid at T=O. For most of the
calculations we set pu ——8.6@0, corresponding to the
theoretical relation for classical Lennard-Jones fcc
solids, ' but in model 4 we varied the ratio by 5% above
and below this value to explore the sensitivity of wetting
to the bulk cohesive energy. S was varied by changing the
value of the "graphite" density ps.

Thc Kr moIcculcs werc dcp081tcd on thc 8UbstI'stc 1n
different assumed configurations, and the average total
molecular energies e due to intermolecular and molecule-
substrate interactions were calculated for each value of S.
Thc intermolecular cncI'glcs wcI'c coQlputcd by pairwisc
sums over the atoms in successive neighbor shells.
Layer-substrate and interlayer separations were varied to
find the equilibrium separations. The total energy was
found to be essentially constant beyond a radius of 25
nearest-neighbor distances, but the sums were extended to
twice this distance. The excellent convergence of the lat-
tice sum is illustrated in Fig. 1.

Energies were thus obtained for various values of the
film density n, and the chemical potentials calculated
from the energy and its derivative,
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FIG. 2. Densities of atomic planes of Kr monolayers, mutu-

ally commensurate bilayers, and mutually commensurate tri-

layers coexisting with the fcc solid at T=O. The substrate-
molecule interaction is assumed to be the 9-3 potential obtained

by integration of 6-12 pair interactions. The S scale is the rela-

tive substrate strength u~/po, where u~ is the single-atom ad-

sorption energy and po is the cohesive energy of the fcc solid.
Densities are compared with that of {111)planes of the solid,
shown as the horizontal line at n =0.0762 A

Unique solutions of Eq. (6) for positive spreading pressure
n deldn at po yielded the equilibrium values for e and n

for each configuration. A series of such calculations was
performed for selected values of S. The principal calcula-
tions were made for three film configurations: a triangu-
lar close-packed monolayer, a close-packed bilayer com-
posed of two mutually registered layers, and a close-
packed trilayer composed of three mutually registered

layers. Comparisons with incommensurate and misre-

gistered structures showed that the mutually registered
configurations are more stable, consistent with experimen-

tal observations' and calculations' on specific systems.
The final stage was a comparison of the stabilities of

the three film configurations relative to bulk phase, as

outlined in Sec. II. The results are shown in Figs. 2 and 3.
Figure 2 compares the densities of the film phases with

that of the bulk over a wide range of S, extending well

beyond that of classical noble gases on graphite, e.g. , for
Ne the estimated S equals 1.55. All densities increase
monotonically with S. Below S= 1 the densities of the
atomic planes of the films are smaller than that of the
close-packed (111) planes of the bulk, while at higher S
they are greater. Monolayer densities are the most
responsive to changes in substrate binding; for example, at
S=1, n is approximately 24% greater than that of the
unconstrained monolayer in equilibrium with its two-

dimensional vapor. Trilayers are the least responsive to
substrate binding and lie closest to the bulk density over
the entire S range, while bilayers are intermediate at all S.
Thus on strong substrates the density is greatest for
monolayers and least for trilayers. This trend is due to
the interplay between the lateral compression by the sub-

strate attraction and the stabilization by intermolecular

forces in crystalline configurations. This general result

agrees with observations on Xe (Ref. 13) and Ne (Ref. 14)
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FIG. 3. Thermodynamic energies of Kr monolayer and com-
mensurate bilayer films in equilibrium with a bulk solid as a
function of relative substrate strength. The model substrate po-
tential and scale S are the same as in Fig. 2. The ordinate scale
is the total energy per molecule in the monolayer or bilayer rela-
tive to that in the trilayer. The graph shows that below S=0.6
no film is stable, indicating nonwetting, i.e., type-3 adsorption.
Above this value the regime is complete wetting, i.e., type 1.

films, which show that the density of the commensurate
bilayer is less than that of a coexisting monolayer on rela-
tively strong substrates.

Figure 3 compares the stabilities of the three film con-
figurations with coexisting bulk. We see that none of the
film phases are stable below S=0.6, and that the trilayer
is the stable film phase above S=0.6. Thus the wetting
sequence as a function of increasing substrate strength
progresses from nonwetting, i.e., a type-3 regime, to a
type-1 film. The type-3 regime appears at low S in all of
the model calculations, in agreement with analytic models
and with experiments. ' However, we find no type-2 re-
gion within the explored S range, in disagreement with
experiment. This discrepancy led us to examine other
models of the substrate-molecule interaction differing in
the form of u(z). In models 3—5 indirect screening of
U (r) was included.

B. Model 2: Kr on smooth substrates with modified
first-layer binding

This model was similar to Inodel 1, except that the in-
teraction between the substrate and the first film layer
was changed relative to higher layers, the energies of the
second and third layers being kept at their 9-3 values. It
is known' that the first-layer well depths of noble gases
on graphite and other solids are considerably greater than
those given by Eq. (4). The empirical factor of increase is
approximately 2—3, but is not known precisely for arbi-
trary molecule-substrate combinations. %e investigated
the effects of first-layer factors between 1.9 and 2.5. The
separate stages of the calculations were performed as in
model l. Since model 2 is only one stage of a more com-
plete model 3, it is discussed in the following section.

C. Model 3: Kr on model-2 graphite
with substrate screening

Molecules adsorbed on a polarizable substrate induce
image dispersion forces which oppose the direct attractive
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wetting regimes

interactions between molecules. This partial screening ef-
fect depends on the nature of the substrate and the
In.olecule-substrate distance: It is estimated to be
20—30% of the direct attraction between Kr molecules in
the first layer on graphite, and to have a much smaller ef-
fect on higher layers. ' We introduced screening into
model 2 by two alternate methods: through a factor
which reduced the first-layer lateral interaction, and by
the expression of McLachlan, ' in the form given by
Rauber et al. ' The combined effects of screening and
first-layer enhancement were explored by independent
variations.

The results are summarized in Fig. 4, which presents
the wetting sequences calculated for several sets of
enhancement and screening factors. It can be seen that
the sequence of wetting regimes and the S values at cross-
over from one regime to another are highly sensitive to
the first-layer well depth and to the magnitude of screen-
ing. Even the order of successive growth types varies: In
most sequences a type-1 regime occurs, but in others it is
absent over the entire range of S, In several cases the bi-
layer is the stable film phase (type 2b) in the upper part of
the S range; but in some, the high-S films are type 1.
Two features remain the same, however. At low S the ad-
sorption is type 3, and when this is immediately followed
by partial wetting, the film is a monolayer (type 2m).

These two features persisted in all of the subsequent cal-
culations.

D. Model 4: Noble gases on graphite,
with Cole-Klein potentials

Several major changes were made from the previous
calculations. Here we abandoned pseudographite, and in-
stead varied the relative strength of the molecule-molecule
interactions through the values for the rare gases, while
keeping the substrate density fixed at the normal graphite
value. The empirical molecular diameters of the rare
gases increase neaxly linearly with the paIr potential pa-
rameter eo over the series. %e constructed a model series
by a linear regression fit to the measured coefficients,
which is illustrated in Fig. 5. This linear scale for a
model rare-gas continuum series" permitted us to study
the wetting behavior of actual gases on graphite and pseu-
do noble gases beyond the physical range.

Cole and Klein"' have proposed a new analytic poten-
tial for noble gases on graphite. The new form results
from an analysis of He scattering studies, which indicate
that the effective pair potential between adsorbed and gra-
phite atoms is anisotropic, as well as an extension to other
rare-gas molecules. The laterally averaged potential be-
tween rare-gas molecules and the basal-plane surface of
graphite is given by as

T

4meu' 2, o. z z
u (z)= —— g 10,——g 4,—,(7)
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Here a=5.24 A is the area of the graphite-basal-plane
unit cell and d=3.37 A is the graphite planar spacing.
The values og ——2.84 A and as=24.7kii (Ref. 11) were
chosen by Cole and Klein to be consistent with the above
equations and the optimized parameters for He/graphite
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FIG. 4. %etting sequences for Kr on model-3 substrates.
The model interaction has the 9-3 form, except that first-layex
binding energies are enhanced by different factors, which are
given as the first number to the left of each sequence. Substrate
screening by image forces is included in the top four sequences
by a reduction of first-layer lateral interactions, by the factor
given as the second number to the left of each sequence. In the
remaining four sequences the scxeening is calculated from
theory.
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FIG. 5. I.ennard-Jones pair potential energies and molecular
diameters of the noble gases. The empirical values are approxi-
xnated by the linear x'egression line, which is used in the calcula-
tions of model-4 systems.
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IV. DISCUSSION

The model calculations show that wetting behavior is
extremely sensitive to the substrate potential, substrate
screening of. molecular interactions, and to the cohesive
energy of the bulk solid. Each of these were studied over
ranges encompassing their estimated physical forms and
values in an attempt to reproduce experimental results
reasonably well. The most successful set comprises a
modified Cole-Klein substrate potential' with substrate
screening. In order to obtain the experimental sequence of
growth regimes it is necessary to modify their proposed
form, deepening the substrate well for the first adsorbed
layer by a substantial factor. To a certain extent, the fac-
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FIG. 6. %etting sequence of noble gases on graphite, accord-

ing to the model-4 system, with empirical parameters chosen for
the closest correspondence to experiment.

films determined from scattering studies. ' The appropri-
ate potentials e and diameters o. for specific molecules are
assumed to be given by the conventional combining rules.
Equations (7) and (8) show considerably deeper well
depths for first-layer molecules than the 9-3 potential, and
are thus in better agreement with experiment. There is
also an appreciable enhancement of the interaction at
second-layer distances relative to the long-range z po-
tential.

We calculated film stabilities with the Cole-Klein po-
tentials for the model rare-gas series on graphite using the
effective values o~ and eg estimated by Cole and Klein
as input parameters. " Substrate screening was included
in the form described above. The results show the type-3
and -2m regions at low S as in the previous models. A
type-1 regime follows, but the sequence does not exhibit
any type-2 region at high S. We therefore explored modi-
fied Cole-Klein potentials, enhancing the first-layer well
depth by different factors. Complete calculations were
performed for enhancement factors of 1.5, 2.0, 2.5, and
3.0. In addition, we also investigated the sensitivity of the
wetting behavior to the precise value of the bulk energy,
varying the ratio ui/po by 5% above and below the
theoretical ratio of 8.6, for a first-layer enhancement fac-
tor of 2.0. Discussion of the significance of these modifi-
cations, and comparisons with experimental values, are
presented in Sec. IV.

Of this set of calculations, one yielded the reentrant se-
quence indicated by experiment. The full sequence,
shown in Fig. 6, was obtained with first-layer enhance-
ment factor of 2.5. As in the previous models the calcula-
tion predicts a type-3 regime at low S. This is followed
by incomplete wetting, type 2m. The next regime at
higher S is type 1: It is fairly narrow with crossover
boundaries at S=1.6 and 2.2. The film densities are simi-
lar to those of the previous calculations (see the discussion
of model 1 above), with regard to the trends with S: Fig-
ure 7 presents these results at selected S values.
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FIG. 7. Density of atomic planes of monolayers, bilayers,
and trilayers in equilibrium with bulk solid at T=O. The model
system is the same as in Fig. 6.

tor required to bring the calculation into agreement with
wetting experiments is probably an artifact of the evident
sensitivity of the calculation to all of the terms in the en-

ergy and their interplay. However, we find that a consid-
erable enhancement factor must be applied to the earlier
Cole-Klein potential for the heavier gases to bring the
predicted single-atom binding energy into agreement with
low-coverage measurements. For example, the predicted
ui for Xe is 1530kii, while experiment gives 2260k~, a
factor of 1.5 larger. Other sets of potentials and parame-
ters might well provide equally satisfactory, or even
closer, correspondence to observations. All of the models
contain several simplifications, which, given the sensitivi-

ty to details, may be significant. We have already noted
the sensitivity to substrate cohesive energy, which in the
last calculation was assumed to be equal to 8.6@0. Howev-
er, measured values for the heavy rare gases are lower by
as much as 20%. We have also assumed throughout the
calculation that the molecule-molecule interactions are
described by Lennard-Jones pair potentials. However, im-
proved forms have been proposed: We note that Gittes
and Schick find that wetting behavior may be significant-
ly changed by different pair potential forms. Additional
approximations include the assumption of a smooth sub-
strate and the neglect of many-body effects in the film.
The smooth-substrate assumption would seem a reason-
able approximation to incommensurate films, but may not
be adequate to the level required.

Nevertheless, the final model-4 calculation is qualita-
tively and semiquantitatively in agreement with experi-
ment. The narrowness of the type-1 regime suggested by
measurements on graphite, and confirmed by studies on
gold, is an important result. Its boundaries to regimes at
lower and higher S are about 30—50% higher than the es-
timated experimental boundaries. At higher S the
predicted growth mode is type 2b. There are no classical
rare gases in this range since Ne and He have appreciable
quantum corrections. However, it is worth noting that
Ne/graphite films do exhibit type-2b growth.
He/graphite films are particularly interesting systems,
and they are discussed separately below.

Although these adsorbates exhaust the rare-
gas/graphite series, the calculation appears to provide a
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good general description of all physisorbed films. Many
molecular films have been studied on graphite and other
substrates, and they are all found to be type 2 or 3 at low
temperature. Bienfait ct al. have analyzed their recent
cxpcrlnlcllts arid pl cvlous woi'k wltll gl aplll'tc sUI'faces.
Among the group are water, carbon dioxide, ethylene, ox-
ygen, nitrogen, Ne, He, He, methane, ' Xe, Kr, and Ar,
and all except the last four form type-2 films at low tem-
perature. None of the type-2 films have S values within
the Xe, Kr, and Ar range. Type-2 behavior has also been
reported for nitric oxide' and carbon tetrafluoride on
graphite, ethylene on boron nitride and cadmium
bromide, ' carbon tetrafluoridh and carbon hexafluoride
on copper, and chloromethanc, ethylene, and cyclopro-
pane on cadmium. On Au surfaces, Ar, Kr, Xe, nitro-
gen, oxygen, methane, and ethane have type-2 growth
below their triple points. It is particularly interesting
that even Ar, Kr, and Xe are type 2b on gold, which has
appreciably stronger binding than graphite, yielding S
values within the calculated 2b region. We are not aware
of any systems which form type-1 films at low tempera-
ture, other than the heavier rare gases and possibly
methane' on graphite. An additional correspondence
with experiment is the prediction that incomplete wetting
at low 5 is type 2m, and this is what is observed in most
films in this range. At still lower S, our calculations
agree with earlier theories, ' that sufficiently weak sub-
stfatcs produce type-3 systems. Thc theory pfcdicts cyc11c
type-1 —type-2 behavior on very strong substrates, but
with the exception of He/graphite, there are no physical
systems in this high range.

The calculated density differences between the type-
2—film planes and bulk solid surfaces are consistent with
experiment. Direct observations of lattice mismatches
have been obtained from high-energy diffraction stud-
ies: It is estimated that type-2b films have lattice pa-
rameters 8 few percent smaller than coexisting bulk struc-
tures. " As shown in Fig. 7 we calculate that the density
excess of bilayer over bulk planes at the upper type-1
boundary ls Rpploxlnla'tcly 3%. It is woftll notlilg 'tllat
the film densities exceed that of bulk planes throughout
the domain of stable films, down to the upper limit of
nonwetting. This result is counterintuitive, for it seems to
imply that the lateral stresses on bulk solid surfaces
should tend to compress the surface, contrary to the phys-
ical situation. Wc intefpret tllc result Rs being duc to thc
qualitative difference between the effects of a smooth at-
tractive surface and the structured substrate presented by
the bulk solid, together with the particular form of the as-
sumed paix potential. In this regard, we x'ecall that the
model-1 calculated film densities do fall below that of
bulk planes near thc Qonwctting boundary.

Throughout our calculations we assumed that type-1
growth is indicated by the stability of trilayers relative to
bulk phase. This assumption was dictated by the need to
truQcatc thc calculat1ons to I'casoIlRblc lcQgths. Vfe can-

not therefore rule out the possibility that limiting
thicknesses of three or more layers could occur, and
indeed, it is possible that the lack of 8 reentrant type-2 re-
gime at large S in some of the models is simply due to our
assumption that trilaycr stability implies complete wet-
ting. In thcsc models, onc might cxpcct that examination
of thicker films would reveal incomplete wetting, as con-
tinuum calculations ' indicate. The truncation appears
to be justified by experiment: With the exception of
He/graphite, no type-2 films with a limiting thickness
greater than two layers has been seen at low temperature.
However, recent theories predict that strictly type-1
growth cannot occur except under quite stringent condi-
tions. ' Complete wetting of a crystalline film on an at-
tractive substrate can only occur in special cases where the
net stress tending to strain the film parallel to the surface
vanishes. If the stress is small, the coexistence thickness
will be large, but since the strain decays with distance
from the surface more slowly than the attraction, it must
eventually raise the chemical potential of the multilayer
higher than that of the bulk. This implies that even Ar,
Kr, Rnd Xc on graphite cannot grow arbitrarily thick
films, although their limiting thicknesses may be greater
than the 8—10 layers observed.

Our final comment concerns helium films. The evi-
dence gathered from many studies indicate that He (Refs.
26—28) and IHC (Refs. 29 and 30) grow as type-2 films on
gx'Rphitc 8nd other suffaccs. Thc theory cannot bc Rpp11cd
to these highly quantum systems. If He were classical,
our calculations would be consistent with graphite results,
except that the limiting thickness of the experimental
films on graphite is about four layers, contrasting with the
predicted type 2b. This discrepancy might be attributed
to quantum effects, which decrease the cohesive energy of
the bulk more than the combined adhesive and cohesive
energy of the film. However, a more serious problem ar-
ises from the fact that the upper layers of the film are
liquidlike, with layer densities neaxly equal to the bulk
1lquld. Tllcfcforc, stIUctlll 81 Inlsnlatcll caIlllot bc lilvokcd
to explain the abrupt formation of the bulk phase. Nor
can we suppose that superfluidity plays a role, since type-
2 growth in He extends above the A, point, and He is
type 2. ' These questions pose a challenge for theory.
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