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Triple-point wetting of multilayer films yhysisorbed on graphite
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A graphite fiber microbalance technique is used to study the growth mode of Kr, Xe, CH4, and CO
films on graphite. The maximum thickness of the adsorbed film is finite below the triple points T, of
each of these adsorbates. The maximum thickness increases rapidly as T is brought toward T, and levels

off for T T, . This behavior is suggestive of a wetting transition that is pinned at the respective T, of
adsorbates.

INTRODUCTION

The study of a film physisorbed on a smooth substrate
provides a convenient way to investigate the crossover
from two-dimensional to three-dimensional behavior. To
do so, one must be able to vary continuously the thick-
ness of the absorbed film from the rnonolayer to macro-
scopically thick multilayers by, for example, simply in-
creasing the equilibrium vapor pressure of the absorbate.
When this is possible, the adsorbate is said to completely
wet the substrate. The actual maximum film thickness is
often limited by gravitational and other thinning effects
to tens of layers. Another distinct possibility for the evo-
lution of the film is that increasing the vapor pressure of
the adsorbate towards the saturated vapor pressure re-
sults in no additional adsorption in the film phase. In
this case the adsorbed film coexists, in equilibrium, with
three-dimensional (3D) bulk at saturation and the adsor-
bate is said to wet the substrate incompletely. A wetting
transition occurs when the adsorbate-substrate system
undergoes a transition from incomplete wetting to com-
plete wetting at some temperature T~.

A recent lattice-gas treatment of multilayer adsorption
suggests that the relative strengths of adsorbate-
adsorbate and adsorbate-substrate attractions determine
the wetting nature of a particular system. ' Complete
wetting is expected at low temperatures if adsorbate-
substrate attractions dominate (strong substrate) over
weaker adsorbate-adsorbate attractions. Incomplete wet-
ting is expected for weak substrates. For substrates of in-
termediate strength a wetting transition at T~ is possible.
However, experimental studies found incomplete wetting
growth for a number of solid films with strong
adsorbate-substrate interactions. This discrepancy has
been explained to be related to the strain induced by
structural mismatch between successive solid layers,
which prevents complete wetting by a solid phase. In
such a scenario, one would expect, for a system of strong
adsorbate-substrate interaction, the pinning of the wet-
ting transition at the triple point T, of the adsorbate to be
a general phenomenon. Indeed, triple-point wetting
transitions have been reported in a number of systems,
e.g., 02 on graphite, ' Ne and H2 on Ag, and a number
of adsorbates on Au. On the other hand, this expecta-
tion is not consistent with the widely accepted interpreta-

tion of classic volumetric vapor pressure isotherm experi-
ments ' that Ar, Kr, Xe, and CH4 wet graphite at tem-
peratures well below their triple points. Since incomplete
wetting at low temperatures is found for systems that
have adsorbate-substrate interactions both stronger and
weaker" than these four adsorbates, these four adsorp-
tion systems are described as exhibiting reentrant wetting
growth.

A recent adsorption study of Ar on graphite, however,
performed with the graphite fiber microbalance tech-
nique, found results indicative of incomplete wetting at
low temperature. ' The maximum thickness of the ad-
sorbed Ar film is found to be limited to five layers at low
temperatures, with no evidence of continued film growth
as pressure is brought towards Po. However, the limiting
film thickness at P =Po is found to diverge as the temper-
ature of the isotherm is brought towards the triple point
T, of Ar.

The vast amount of experimental work of multilayer
noble and van der Waals rnolecules adsorbed on graphite
has recently been reviewed by Hess. ' In addition to
complete and incomplete wetting growth, experimental
evidence of surface melting, surface roughing, interface-
induced freezing, and layer critical points of a multilayer
film are also discussed by Hess. In this paper we shall ex-
amine in some detail the evidence for the reentrant wet-
ting growth of these four adsorption systems and present
our multilayer adsorption isotherm results of Xe, Kr,
CH4, and CO on graphite utilizing the graphite fiber mi-
crobalance technique. CO on graphite is interesting be-
cause the result of a recent volumetric isotherm study'
was interpreted to be indicative of a wetting transition
pinned at the orientational transition of the a and P
phases of bulk solid CO. CH4 on graphite is interesting
because the result of a series of heat capacity' and NMR
experiments' with exfoliated graphite was interpreted to
go through a sequence of wetting, dewetting, and wetting
transitions as the temperature is brought toward the tri-
ple point from below. We also present an adsorption
study of CF4 on graphite, showing the capability of the
fiber technique in detecting incomplete wetting growth.
CF4 on graphite is the most clearcut nonwetting system,
since adsorbed film is limited to only two layers below 72
K. Our results of Xe, Kr, CH4, and CO on graphite are
consistent with the finding of the Ar on graphite fiber ex-
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periment and appear to support the simple picture of a
wetting transition pinned at the bulk triple point of these
adsorbates.

EXPERIMENTAL APPARATUS

1/2
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where T is the tension, l is the length, p is the fiber den-
sity (2. 18g/cm ), r is the radius, S is the cross-sectional
area, and Yis Young's modulus (7X10' dyn/cm ). The
second term in brackets represents the contribution from
the natural stiffness of the fiber. Equation (1) is valid as
long as the tension is the dominant restoring force. At
our operating frequency of 21 kHz this is indeed the case.

The experimental setup of this study is similar to that
used previously by Bartosh and Gregory to study the
growth mode of Oz on graphite. It is also similar to that
used by Taborek and Senator' and by us' to investigate
the wetting properties of liquid helium on graphite. It
differs from the arrangement used by Bruschi, Torzo, and
Chan' in that excitation of the fiber is achieved by elec-
trical rather than mechanical means.

This experiment utilizes P-130 graphite fibers supplied
by Amoco Performance Products. ' These fibers are of a
higher quality than the P-120 and P-100 fibers used in the
02, He, ' ' and Ar (Ref. 12) experiments. The electrical
and thermal conductivity of P-130 fibers are nearly a fac-
tor of 2 greater than that of P-120 fibers and only a factor
of 3 smaller than that of single-crystal graphite. Electron
microscopy pictures, taken by us and others, show that
the basal planes are oriented as long and narrow facets
that run parallel to the fiber axis. Imperfections appear
in the form of ridge-trough structures, ' also along the
fiber axis. The separation of the ridge-trough imperfec-
tions are found to be on the order of 1000 A. The P-130
fiber has also been used recently to study the adsorption
of Ar. The sharpness of the second step in this study
indicates the surface single-crystal basal plane domains
have characteristic lengths of 200 A. In our experiment,
a single fiber, —10 pm in diameter and 1 cm long, is
mounted to a sample holder containing a small per-
manent magnet and pole pieces. One end of the fiber is
attached to a rigid support with silver epoxy. The other
end is attached, also with silver epoxy, to a cantilever
spring made from 0.002-in. -thick Be-Cu foil that main-
tains a nearly constant tension in the fiber upon changes
in temperature of the holder. The sample mount is
placed inside a copper sample cell that is temperature re-
gulated to better than 1 mK. Cleaning of the fiber sur-
face is done in situ before each isotherm by simply pass-
ing 15—20 mA of current through the fiber, heating it to
an average temperature of 400'C.

A small ac current (-0.1 —1 pA) of frequency fo is
used to excite the fundamental mode of vibration. The
fiber vibrates perpendicular to the magnetic field, and the
amplitude of vibration is kept sufficiently small ( « 1 pm)
such that we observe no dependence of fo on the driving
current. In vacuum, the resonant frequency fo is given
b 21

ADSORPTION AND HYDRODYNAMIC EFFECTS

The shift in resonant frequency bf from the adsorption
of a film of thickness d and density p& is

bf d pi

f r p
(2)

pw
v vo (3)

where vo is the vacuum resonant frequency, p is the wire
density, and k is the Stokes function. This coefficient k is
a function of the dimensionless parameter q given by

1/2
2cpu I'

2 ~ 2~' (4)

where g is the viscosity of the vapor and k is the viscous
penetration depth. Values of k versus q are tabulated in
Stokes's paper.

In order to determine the frequency shift b,f due to the
adsorption of a film, the hydrodynamic effect as shown in

Eq. (3) must be subtracted properly. In the absence of ad-
sorption, the resonant frequency of the fiber as a function
of pressure should be described by Eq. (3). Figure 1

shows isotherm data for Kr at 293 K along with the
Stokes-theory prediction for two different values of the
fiber radius. A value of r =4.8 pm gives the best fit to
the data and will thus be used for quantitative analysis
for this paper.
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FIG. 1. Resonant frequency as a function of pressure for Kr
near room temperature. The calculated hydrodynamic back-
ground is shown for two different values of the fiber radius:
dashed line, r =6.0 pm; solid line, r =4.8 JMm.

The vapor surrounding the oscillating fiber also causes
the resonant frequency to change due to the effect of
viscous drag. Stokes was the first to work out the hydro-
dynamics of a cylinder oscillating in a fluid. The result
is that the resonant frequency v of a wire surrounded by a
vapor of density p„ is given by

1/2
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FIG. 2. Resonant frequency as a function of pressure for Kr
and Xe. Both isotherms display stepwise growth of at least four
layers.

EXPERIMENTAL RESULTS

Isotherms of Xe at 106.0 K and Kr at 78.0 K are
shown in Fig. 2. The resonant frequency of the fiber is
plotted versus pressure up to the bulk saturated vapor
pressure Po. Four steps, at P/Po values consistent with
volumetric adsorption isotherms studies using exfoliated
graphite substrates, can be clearly resolved. The resonant
frequency shows very little additional decrease beyond
the fourth step. This finite frequency drop indicates that
the small bulk crystallites that form in the P =Po limit
do not stick to the graphite fiber. A possible explanation
for nonsticking is that the equilibrium size of the crystal-
lites is substantially larger than the width (-1000 A) of
the long flat facets on the fiber surface.

In addition to frequency shifts due to layer condensa-
tions, the isotherms also display a smooth background re-
lated to hydrodynamic damping. The first step is partial-
ly masked by the initial rapid drop in frequency due to
this effect. The equations of hydrodynamics are only
strictly valid when the mean free path of the atoms or
molecules in the vapor is much smaller than the radius of
the fiber. For the isotherms in Fig. 2, the mean free path
is always more than twice the diameter of the fiber, and
so we are unable to apply the Stokes theory in this case.
Whenever applicable, we will show the hydrodynamic
background as calculated from Eq. (3). As the pressure
of the sample chamber is increased towards Po, the reso-
nant frequency of the fiber actually increases slightly.
This phenomenon is seen for isotherms taken at tempera-
ture substantially below the triple point of the adsorbate.
This phenomenon has also been reported in an earlier

graphite fiber experiment. For Xe and Kr, this positive
shift is typically a fevv Hz above the minimum value. We
have investigated this effect by repeating isotherms near
and below 110 K with the same as well as with different
graphite fibers. Whereas the pressure of the layering
steps is always reproducible, the magnitude of the posi-
tive shift at Po varies from run to run. This positive shift
diminishes with temperatures and becomes unobservable
when the temperature of the sample chamber is brought
to within a few degrees below the triple point of the ad-
sorbate. One possible explanation of the positive shift is
that the thickening solid film is contributing to the
stiffness term in Eq. (1). This is unlikely to be correct,
since we have seen that the layering of the first four solid
layers causes the frequency to decrease. Furthermore,
the additional stiffening of a solid film of a few layers is
expected to be minute compared to that of the fiber at 4.8
pm in radius. The most reasonable explanation is that
near Po at low temperatures, small solid crystallites are
nucleating from the two ends of the fiber where it is at-
tached to the silver epoxy patches. The observed
positive-frequency shift can be accounted for by a de-
crease of one micrometer in the effective length of the
fiber. Under the microscope, the silver epoxy are found
not to wet the fiber, and the joints are formed with the
epoxy drying around and clamping the fiber. We specu-
late that the crevices between the fiber and the epoxy
patches are the likely nucleation centers of the solid crys-
tallites. As temperature is brought towards T„ this effect
vanishes, perhaps because the small solid crystallites un-
dergo surface melting for T near T, .

The important conclusion to be drawn from the data in
Fig. 2 is that the film growth of Kr and Xe and graphite,
as was found for Ar on graphite, ' ' is limited to a few
layers at temperatures far below the respective triple
points. This is indicative of incomplete wetting. As a
comparison, isotherms of Kr and Xe performed at tem-
peratures just below and above the respective triple
points, are shown in Figs. 3 and 4. The isotherms taken
just above the respective triple points show a divergent
drop in the frequency as P is brought towards Po. The
total drop in frequency is limited for isotherms taken
below their triple points. The magnitude of the total de-
crease in frequency diminishes rapidly as the temperature
of the isotherm is reduced from T, . Since the layer criti-
cal points of the second and higher layers are well below
the triple points of the various adsorbates, ' the iso-
therms shown in Figs. 3 and 4, in contrast to those shown
in Fig. 2, do not show a stepwise decrease in the frequen-
cy. The magnitude of the hydrodynamic background
also increases at higher temperatures due to the corre-
sponding increase in vapor density and viscosity. The
dashed line indicates the hydrodynamic contribution to
the frequency shift as calculated from Eq. (3). Values for
the vapor viscosity were taken from Ref. 23. The vapor
density was calculated from the equation of state includ-
ing second virial coeKcients. After subtraction of the
hydrodynamic contribution, the total decrease in fre-
quency at P =Po shown in Figs. 3 and 4 translates
through Eq. (2) to an effective film thickness of 13 layers
for Kr and 17 layers for Xe at temperatures 2.8 and 0.8 K
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below their respective triple points. The maximum thick-
ness for isotherms taken 0.5 K (Kr) and 0.3 K (Xe) above
the triple points is on the order of 100 layers. The most
straightforward interpretation of Figs. 3 and 4, as stated
in the Introduction, is that Xe and Kr on graphite exhibit
triple-point wetting.

The isotherm of Kr above the triple point in Fig. 3 also

FIG. 3. Resonant frequency as a function of pressure for iso-
therms of Kr above and below the triple-point temperature
(T, =115.8 K). The dashed line indicates the hydrodynamic
background as calculated from the Stokes theory. The 113.0-K
(PO =413 Torr) isotherm has been shifted down by 200 Hz for
clarity. The circles and crosses of the 116.3-K isotherm
(P0=570.5 Torr) are adsorption and desorption data, respec-
tively.

shows desorption data. After completing the adsorption
isotherm, small doses of gas were removed and the reso-
nant frequency was measured as a function of decreasing
pressure. We found no evidence of a hysteresis loop in
the adsorption-desorption cycle, in contrast to volumetric
vapor-pressure isotherm studies using exfoliated graphite
substrates.

As shown in Figs. 5 and 6, the isotherm results for CH4
and CO are similar to those of Kr and Xe. Because CH4
and CO have much smaller molecular weights than Kr
and Xe, the frequency shifts due to adsorption and hy-
drodynamic background are also smaller. The fact that
the calculated hydrodynamic curve for CH4 falls below
the measured isotherm is an unphysical artifact. This is
very likely a result of the combined uncertainties in both
the resonant-frequency measurements (discussed below)
and the calculated hydrodynamic correction. In con-
trast to the interpretation of Ref. 14, our data on CO
show a continuous increase in film thickness as the tem-
perature is raised through the bulk solid a-P transition at
61.5 K. A "divergent" increase in the film thickness is
found, however, as T is brought towards the triple point
at 68.1 K. A very recent ellipsometry experiment
reached similar conclusions regarding the growth mode
of N2 on graphite. Namely, there is incomplete wetting
growth both below and above the a-P transition and the
wetting transition is likely to be pinned at the solid-
liquid-vapor triple point. Considering the similarity of
the bulk and monolayer phases, the similarity in the
growth modes of CO and N2 on graphite is expected.

The results of the various isotherms are summarized in
Fig. 7. Here we have plotted b,f, the maximum frequen-
cy shift due to mass loading of the adsorbed film at
P =Pp as a function of temperature for the adsorbates
Kr, Xe, CO, and CH4. In each case, the total drop in fre-
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FIG. 4. Resonant frequency as a function of pressure for iso-
therms of Xe above and below the triple point ( T, =161.3 K).
The dashed line indicates the calculated hydrodynamic back-
ground. The 159.5-K isotherm (P0 =534.2 Torr) has been shift-
ed down by 240 Hz. Po =620.5 Torr at 161.6 K.

FIG. 5. Resonant frequency as a function of pressure for iso-
therms of CH4 above and below the triple point ( T, =90.66 K) ~

The dashed line indicates the calculated hydrodynamic back-
ground. The 89.86-K isotherm (Po =78.32 Torr) has been shift-
ed down by 30 Hz. Po =89.96 Torr at 90.83 K.
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FIG. 7. The frequency shift due to the film as a function of
temperature for the adsorbates used in this study. The "diver-
gence" near the triple point in each case is indicative of triple-
point wetting. The solid lines are drawn as a guide to the eye.

quency and hence the maximum film thickness exhibit a
rapid but continuous increase as T is brought toward T,
and levels off for T~ T, . This result is suggestive of a
wetting transition that is pinned at the respective bulk
triple point of the adsorbate. We shall comment on the
discrepancies that exist in the literature after a discussion
of the experimental results.

ANALYSIS AND DISCUSSION
OF GRAPHITE FIBER RESULTS

When an adsorbate wets a Hat substrate, the film thick-
ness d can be compared with the Frenkel-Halsey-Hill
(FHH) relation

Pod= —ln
y P

where y characterizes the strength of the adsorbate-
substrate interaction and the exponent x = —

—,
' reQects

the nature of the van der Waals attraction. The FHH re-
lation can be considered to be an approximation of the
Dzyaloshinskii, Liftshitz, and Pitaevskii (DLP) theory,
omitting retardation and many-body effects. In order
to compare the measured frequency shift 6f due to mass

loading with the FHH relation as shown in Eq. (5), the
frequency shift due to hydrodynamic damping must be
subtracted properly. There are three major sources of er-
ror that limit the accuracy in determining b,f.

One potential source of error lies in the uncertainty of
the hydrodynamic contribution to the total frequency
shift. As can be seen from Eq. (4), the hydrodynamic
background is sensitive to the choice of fiber radius, and
the viscosity and density of the adsorbate vapor. The
sensitivity to r is shown in Fig. 1. The viscosity of the
various adsorbate gases is typically known to within only
10%. As stated previously, the equations of hydro-
dynamics are only strictly valid when the mean free path
of the atoms or molecules in the vapor is much less than
the fiber radius. In calculating the mean free path, we
use the following expression:

1/2

l „=A@M
0.4990, 8R T

where R is the gas constant and M is the molecular
weight. In Table I we show the value of lMFp/r at the Po
for the different isotherrns, and it can be seen that in most
cases we have lMFp & r/100. Table I also shows other pa-
rarneters relevant to the present discussion.

A second source of error in our measurements of bf

IMFp /rAdsorbate

TABLE I. Values of parameters used in analyzing data near the triple point. Values for y are taken
from Ref. 32. For lack of a better value, we use the same y value for CO as that given for N2.

y (KA ) g (pP) pI (g/cm ) b f'+hf" (Hz)

CO
CH4
Kr
Xe

10 300
12 400
12 000
16200

46.6
37.5

105.8
130.6

0.85
0.45
2.45
2.98

7.7x10-'
1.4X 10
3.1x10-'
3.3 x10-'

+1.0
+0.6
+3.3
+4.4
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resides in the absolute determination of the resonant fre-
quency. In our experimental setup, the graphite fiber is
an element in an ac Wheatstone bridge circuit that is bal-
anced to a null away from the resonant condition. When
the bridge is driven at the resonant frequency f, an in-
duced voltage (typically —5 pV) Vo= VF+iV results
from the oscillation of the fiber in the magnetic field. The
quadrature component V is used to form a phase-locked
feedback loop to drive the voltage-controlled oscillator in
at the resonant frequency. The proper phase of the oscil-
lator is set by maximizing the induced signal Vo.

Any error in the phase setting P will lead to an error
b,f' in the measurement of the resonance frequency given
b 30

b,f ' =f tang/2Q,

where Q is the quality factor of the oscillator. Given a
signal-to-noise ratio of 10 at the output of the lock in,
our method for setting the phase can result in a phase er-
ror of +2'. The quality factor due to the hydrodynamic
drag can be evaluated from the Stokes theory and is
given by

(8)

where k' is again a function of the parameter q defined in
Eq. (4). Taking Xe near the saturated vapor pressure as
an example, we have from Eq. (8) Q =140, so that a
phase error of +2' would result in an error in the mea-
sured resonant frequency of Af ' =+2.8 Hz.

A third source of error in the resonant-frequency mea-
surement is due to residual signals that cannot be corn-
pletely nulled out. If the residual voltage V~ is in phase
with V~, then an additional error Af" is introduced:

A typical value might be Vz /Vo =+1/50, so that for Xe
where Q =140 we would have bf"=+1.6 Hz. In our
example for Xe, the combined elfect of Eqs. (7) and (9) is
such that it results in an uncertainty in Af of +4.4 Hz
near the saturated vapor pressure. A similar analysis for
the other adsorbates leads to the expected uncertainties
listed in Table I.

An uncertainty in 6f of 4 Hz for Xe near saturated va-

por pressure corresponds to a relative uncertainty of
slightly more than 1%. The uncertainty is smaller at low
pressure, since the Q of the vibrating fiber is higher.

The measured frequency shift due to mass loading of
the low-temperature isotherm b,f,„,as shown in Fig. 2,
is found to be consistent with the expected values. For
example, if we apply Eq. (2) to the case of Xe, we would
expect a frequency decrease of 2.8 Hz/layer, and a total
decrease of 11.2 Hz is expected for a four-layer film. A
total shift of 14 Hz is found. The agreement becomes
better if we allow for hydrodynamic corrections.

The quantitative dependence of b,f,„,on P /Po for iso-
therms taken above T, is not consistent with the
Frenkel-Halsey-Hill relation. According to Eqs. (2) and

(5), a plot of log, o(hf) versus log, o(lnPO/P) of these iso-
therms should yield a slope of —

—,'. This is not found in

any one of the four adsorption systems. For Kr and Xe,
a slope of 0.42+0.02 is found between P/Po=0. 9 and
0.9995. The measured frequency shifts hf,„,near Po are
found to be substantially larger than the calculated FHH
value b,f„~„with x = —

—,'. The hf,„,/d f„~, ratios for
both Kr and Xe are found to be near unity at P/Po =0.5,
but increase rapidly to 2.4 at P/PD =0.9, 3.0 at
P/Po =0.99, and 3.63 at P/Po =0.999. A similar trend
is found for CH4 and CO. Such an enhancement in the
effective liquid-film thickness in the limit of P =Po is also
found in the graphite fiber experiment of He, ' Ar, ' '

and a number of other adsorbates. ' We think the
enhanced adsorption as P approaches Po is related to the
ridge-trough imperfections on the surface of the graphite
fiber.

The profile of an adsorbed liquid film adsorbed near a
wedge formed by two intersecting planes has been calcu-
lated by Cheng and Cole. They found, perhaps not
surprisingly, that the film thickens near the center of the
wedge. This excess condensation becomes significant
when the thickness of the film d in the flat region, i.e., far
from the wedge, exceeds a characteristic length

g = ( n Ci /a )
' . Ci, n, and o. are, respectively the con-

stant describing the strength of the long-range van der
Waals interaction, the number density and the surface
tension of the film. For a noble gas, g is on the order of
5 —10 A. Indeed, they found the amount of "excess" in-
creases as (d/g) cos9, where 28 is the angle of the wedge
formed by the two flat planes. It should be noted that for
0&90', i.e., in the vicinity of a ridge, "thinning" of the
adsorbed film is expected. However, the amount of thin-
ning is limited by the attractive potential of the substrate.
A simple estimate shows that excess adsorption as mea-
sured by b,f,„,/b, f„~, near P/Pa=0. 9 and 0.99 is quali-
tatively consistent with the model of Cheng and Cole. If
we assume that the wedges on the surface of the fiber are
separated from each other by 1000 A, a wedge angle of
30' and a "true" film thickness d of ten layers (d is the
thickness of the film far from the wedge), then the excess
adsorption, according to Fig. 1 of Ref. 32, is three times
the adsorbed film on a flat surface. It is difticult to make
a more quantitative estimate of the expected excess ad-
sorption, since wedges with a fixed angle are clearly not a
realistic model of the ridge-trough imperfections on the
surface of the fiber.

Figure 7 shows a rapid increase and then a leveling off
of the maximum film thickness as T is brought toward
and exceeds T, . The fact that there is no discontinuous
jurnp at T = T, suggests that the excess adsorption or film

thickening also occurs for T T, . This is not surprising,
since the top layers of the adsorbed film near and below

T, are expected and reported to be liquidlike, and hence
favorable for excess adsorption. The smooth increase in
the maximum thickness found as T~Tt is consistent
with the prediction that the excess adsorption increases
with d. (In the Cheng-Cole model, it scales as d .) A.l-

though this excess adsorption prevents a quantitative
comparison of our data with the FHH equation, we can-
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FIG. 8. Resonant frequency as a function of vapor pressure
of CF4 at 90.6 K (Po = 1 Torr). Stepwise growths of the second,
third, and fourth layers are marked by arrows. The inset shows
two isotherms measuring the resonant frequency as a function
of total dosage of CF&. The total drop in frequency is consistent
with an adsorbed 61m of maximum thickness of two (65.8 K)
and three (74.2 K) layers.

not think of any mechanism that will mask the main, if
only qualitative, observation of this experiment, namely
the wetting transition that is pinned at the triple point of
the adsorbate. The nonwetting growth mode at low tern-
perature is unlikely to be an artifact of surface imperfec-
tions, since a rough surface tends to thicken and not
reduce the film thickness.

The excess adsorption we found with the graphite fiber
is qualitatively different from capillary condensation
found in porous substrates such as exfoliated graphite. In
particular, there is no sign of a hysteresis loop in the
adsorption-desorption cycle. The difference is probably
due to the fact that the "wedges" on the surface of the
fiber are exposed and are in good contact with the vapor
phase. In the case of porous substrates, the pores are
separated by narrow openings.

In order to check the capability of our technique in dis-
tinguishing incomplete and complete wetting growth, we
have made isotherm studies of CF4 on graphite as a "con-
trol" experiment. We chose this system because there is
a clean layering transition near 72 K. The fact that the
molecular mass of CF4 is comparable to Kr makes it con-
venient and relatively easy to detect the layering transi-
tion. In Fig. 8, isotherms at 90.6, 74.2, and 65.8 K are
shown. Since the saturated vapor pressures of CF4 at
74.2 and 65.8 K are very low (Po are 21 and 3 mTorr, re-
spectively), we were not able to measure the pressure reli-
ably; the resonant frequency of the fiber is measured as a
function of the amount of CF4 dosed into the sample
chamber. The maximum frequency drop due to the ad-
sorption of CF4 is 3.3 Hz at 65.8 K and 5.33 Hz at 74.2

K. These findings are consistent with the results of the
recent heat-capacity and ellipsometry experiments in-
dicating that below 72 K, the adsorbed film is limited to a
thickness of two layers. There is a layering transition at
72 K, and above this temperature and up to 80 K, the
maximum thickness of the adsorbed film is three layers,
according to the heat-capacity study, and four layers ac-
cording to the ellipsometry study. (The result shown in
Fig. 8 appears to favor the heat-capacity result. ) Upon
further addition of CF4 beyond the maximum dosage
shown in the inset of Fig. 8, positive shifts in frequency
are found. As discussed earlier, we think this positive
shift is related to the nucleation of small crystallites at
the ends of the graphite fiber.

The 90.6-K isotherm, taken above the triple point of
CF4 at 89.5 K, also indicates complete wetting growth
consistent with other absorbates. This isotherm is
different from those shown in Figs. 3—6 in that stepwise
growth of the second, third, and fourth layers can be
identified. This is consistent with the ellipsometry
findings that the layer critical points of the first several
layers of the CF4 on graphite system are located above
100 K.

MULTILAYER ADSORPTION STUDIES
USING EXFOLIATED GRAPHITE SUBSTRATE

The classic volumetric vapor-pressure isotherms of Xe,
Kr, CH4, and Ar on exfoliated graphite substrate show
layer-by-layer growth up to at least four layers at low
temperature. ' There is considerable ambiguity con-
cerning the proper interpretation of the continuous in-
crease in adsorption near P =Po beyond the layer-by-
layer growth regime. Although such an increase is con-
sistent with wetting growth (or conventional) interpreta-
tion, it can also be a result of capillary condensation.
Indeed, these isotherms show significant excess adsorp-
tion between the third and fourth layers. Capillary con-
densation is expected to be much more significant for a
thicker film in the limit of P =Pa.

A number of recent studies found more direct evidence
of capillary condensation in exfoliated graphite. A
neutron-diffraction study of Ar found evidence of capil-
lary condensed bulk crystallites once the total coverage
exceeds four layers. A recent vapor-pressure and x-ray
study of multilayer Xe on exfoliated graphite found bulk
Xe crystallites once a bilayer film is completed, and a
hysteresis loop extending down to bilayer surface cover-
age at 107 K in the adsorption-desorption cycle.

In view of these results, reports of complete wetting of
Xe, Kr, CH4, and CO at low temperature based on
vapor-pressure isotherm, ' heat-capacity, ' ' and
NMR (Ref. 16) measurements cannot be considered as re-
hable.

MULTILAYER ADSORPTION
ON SINGLE-CRYSTAL AND SINGLE-SURFACE

GRAPHITE SUBSTRATES

There are several experiments studying multilayer film
growth using single-crystal and single-surface graphite
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substrate, e.g. , highly oriented pyrolytic graphite
(HOPG). The growth of a thick film (up to 20 layers) on
a single-crystal graphite surface down to 10 and 20 K has
been reported in transmission-high-energy electron-
diffraction (THEED) studies, one of Xe on graphite and
the other of Ar, Kr, and Xe on graphite. These films
were dosed onto the graphite surface between 30 and 60
K before being cooled down to the desired temperature.

Low-temperature wetting growth was also reported in
the refiection-high-energy-electron-diffraction (RHEED)
studies of solid Ar, Kr, and Xe adsorbed on graphite. In
this experiment, a film of about ten statistical layers was
found at low temperatures. Ho~ever, a later study of
CH4 films on graphite, also using the RHEED tech-
nique, ' was interpreted to show evidence of incomplete
wetting below 40 K since there were indications of bulk
forming on top of 15 layers. The Xe system was repeated
in the same study and found no indications of bulk up to
250 statistical layers. The film thickness beyond about
four layers, however, is inferred from the exposure time
of the substrate to a dosing nozzle rather than measured
directly. It is not clear whether the THEED and
RHEED techniques can distinguish a layered film from
bulk crystallites with flat surfaces. A RHEED study of
CF4 on graphite observed an apparent wetting transi-
tion at 37 K; however, as reported above, heating-
capacity, ellipsometry, and the current graphite fiber
experiments (Fig. 8) found clear evidence of a limit of two
layers below 72 K.

The most extensive studies of multilayer adsorption on
graphite are those employing ellipsometry technique.
For Ar and HOPG, a film with a total thickness of 11
layers is found below T„with distinct layer-by-layer
growth for the first seven or eight layers. ' For
thicknesses above the equivalent of 11 layers, bulk crys-
tallites are found below T„and the limiting film thick-
ness is found to increase to 23 layers as T is raised beyond
T, . Similar results are found for Kr, Xe, and CH4 on

graphite, i.e., layer-by-layer growth up to seven layers
just below the triple point, and a much thicker film is
found just above the triple point. ' It was also report-
ed that in the case of Kr on graphite, a film of up to hun-

dreds of layers can be deposited onto the graphite sur-

face, but at temperatures below T, the thick film would

subsequently break up into bulk crystallites. A recent
x-ray study of multilayer Xe on single-crystal graphite
found that the maximum thickness of Xe is limited to six
layers below 55 K, seven layers at 69 K, 13 layers at 86
K, and a much thicker film (up to 24 layers) above 100 K.
However, the smooth diffraction profiles for the 24-layer
film are more characteristic of a uniform film with only a
small number of layers. The authors suggested that the
smooth profiles may be an indication that the film con-
tained substantial rough surface and stacking faults.

One is tempted to interpret the findings of layer-by-
layer growth up to seven or eight layers to be strong evi-
dence of wetting growth below T, . However, a recent el-

lipsornetry experiment of Nz on graphite is interpreted to
exhibit incomplete wetting growth at temperatures be-
tween the a-P transition temperature and the triple point,
in spite of the fact that layer-by-layer growth of the ad-

sorbed film is found up to ten layers. This interpreta-
tion is prompted by the presence of P-Nz crystallites in
coexistence with the layered film. It should also be not-
ed that the distinct increase in the film thickness as the
temperature is brought towards and exceeds the triple
points found in most of the ellipsometry experiments is
qualitatively consistent with our result shown in Figs.
3—6.

The "major" discrepancy between the graphite fiber
experiment and the ellipsometry and the recent x-ray ex-
periments is the limiting thickness of the adsorbed film at
low temperatures. The limiting thickness on graphite
fiber appears to be one or two layers thinner. It has been
suggested that this discrepancy may be due to the inferior
surface quality of the graphite fiber, in comparison to the
HOPG and single-crystal substrates. The mechanism
proposed is that there are likely to be more grain boun-
daries for a solid film grown from an inferior surface, and
these boundaries may limit the growth of thicker films.
Unfortunately, it is not easy to provide a quantitative es-
timate of this effect. Since the single-crystal domain size
on the surface of the graphite fiber has a characteristic
length of 200 A and that on HOPG is of order 10000 A,
it is not clear to us how these length scales can be respon-
sible for the difference in film thickness of one to two lay-
ers.

It was pointed out by Hess' that very stringent re-
quirements on temperature and hence pressure uniformi-

ty and stability must be met in order to establish and
maintain true equilibrium between the adsorbed film and
the surrounding vapor. This is the case because the ex-
cess substrate potential at the film surface is very small
for an adsorbed film thicker than five layers. This small
excess potential translates into a small depression of the
coexisting vapor pressure from the saturated vapor pres-
sure Po. It can be shown that in order to maintain a
five-layer Ar film at equilibrium, the temperature must be
uniform and stable to within 5 mK. For a film thicker
than five layers, the condition becomes even more
stringent. An advantage of the graphite fiber experiment
is that the sample cell and the volume of the vapor phases
is small (on the order of 10 cm ), and therefore much
more precise temperature control is possible. The tem-
perature of the entire sample chamber is maintained to a
stability of 1 mK, and since the sample cell is made with

heavy wall copper, the maximum temperature gradient
that exists inside the cell is also less than 1 mK.

Another possible complication is the slow approach to
equilibrium near P =Po. Each of the isotherms reported
here typically take 2—5 h to complete. Small doses of gas
are admitted to the cell and allowed to equilibrate for
about 5 min before each reading is recorded. Close to Po
the equilibrium times can be considerably longer because
a small dose of adsorbate gas can temporarily oversatu-
rate the vapor. When this happens, the resonant frequen-

cy may drop by an amount corresponding to several lay-
ers, but always relaxes back to the equilibrium value. For
a thicker film, the relaxation time can be as long as 1 h.
For technical reasons, the walls of the surrounding
chambers of the ellipsometry and the other single-crystal
and single-surface experiments are at a much higher tem-
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perature (e.g., room temperature) than the sample, and
adsorbate gas is admitted continuously into the chamber
in an isotherm study. Under these conditions, it is
diScult to maintain the temperature of the substrate and
the vapor in the immediate vicinity to a high degree (i.e.,
a few mK) of uniformity and stability. When Po is low
(at low temperatures), supersaturation of the vapor over
the substrate is expected, and it may be dificult to distin-
guish wetting film growth from epitaxial crystal growth
beyond saturation. '

CONCLUSION

To conclude, this microbalance graphite fiber experi-
ment found that the thickness of the adsorbed fi)m of Ar,
Kr, CH~, and Xe on graphite is limited to a few layers at
low temperature. The maximum thickness increases rap-
idly as T is brought toward the triple point of the adsor-
bate. The effective maximum film thickness at a fraction
of a degree Kelvin below T; is five to ten times smaller
than that at a fraction of a degree Kelvin above T, . Un-
fortunately, the ridge-trough imperfections on the surface
of the graphite fiber appear to induce excess adsorption
beyond what is expected for a Hat substrate, and prevent
a quantitative comparison of our data with the FHH
equation. Since the amount of excess adsorption scales
with the "expected" film thickness on a Aat surface, the
imperfection on the fiber surface is unlikely to alter the
main, if only qualitative, conclusion of this experiment;

namely, that these four adsorption systems appear to
show incomplete wetting at low temperature and wetting
growth at and above the triple point of the adsorbate.
The findings for these four adsorption systems are similar
to those with both stronger (e.g., N2-graphite, Ne-
graphite) and weaker (e.g., 02-graphite and C2H4-
graphite) substrate-adsorbate interactions. This would
suggest that there is no evidence for—and there is no
need to introduce the concept of—reentrant wetting for
solid films on graphite at low temperatures. The results
presented here appear to show that the six adsorption
systems discussed in this paper (as well as a host of other
adsorption systems) are consistent with the simple
theoretical model for systems with strong adsorbate-
substrate interaction. Whereas wetting growth is seen for
liquid film at T T„ it is not possible at low temperature
due to the structural mismatch between successive solid
layers. '
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