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Film growth and wetting of curved surfaces
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We report experiments on the low-temperature adsorption of He films on the surface of graphite
fibers. We contrast the adsorption on two kinds of fibers, one with a positive radius of curvature,
and one for which part of the surface has a negative curvature. The curvature has a dramatic effect
on the limiting thickness of the film. For the fiber with positive curvature, the limiting film thick-
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ness is less than 200 A, while for the fiber with negative curvature it can reach over 10000 A. The
data agree very well with the universal form of the Dzyaloshinskii, Lifshitz, and Pitaevskii [Adv.
Phys. 10, 165 (1961)] theory as worked out by Cheng and Cole [Phys. Rev. B. 38, 987 (1988)]. This
agreement, though, may perhaps be fortuitous as the convoluted surface of the fiber gives rise to an
adsorption process that is more complex than what this theory describes.

INTRODUCTION

Considerable interest has arisen in past years in the na-
ture of wetting of solid substrates by liquid and solid
films. ' The ability of a film to wet a surface is charac-
terized by the strength of the substrate-adsorbate interac-
tion. Wetting can be inhibited for interactions which are
either too small or too large, and a rich variety of phase
diagrams was predicted for various degrees of wetting of
the substrate by the adsorbate. ' The details of adsorp-
tion in systems which wet completely are thought to be
well understood theoretically in the framework of the
theory developed by Dzyaloshinskii, Lifshitz, and Pi-
taevskii (DLP). This theory fully accounts for retarda-
tion effects in the van der Waals interaction which are
important for thick films. The DLP theory was verified
in a convincing fashion by Sabisky and Anderson for
helium adsorption on various atomically Hat substrates
over a wide range of film thicknesses. Very little work
has been done is other helium-substrate systems to look
at film growth in the retarded regime. One reason is that,
for porous substrates, capillary condensation can pre-
clude the observation of the continuous growth of thick
films. Even for nonporous materials, surface morpholo-
gy can complicate the details of the adsorption process.

In recent years, Bartosch and Gregory introduced an
elegant adsorption technique using a thin vibrating
graphite fiber as a microbalance. The graphite fiber sub-
strate has the advantages that it is nonporous, in the
sense that there are no regions where irreversible capil-
lary condensation occurs, and it can be cleaned in situ.
Moreover, fibers of varying surface structure are avail-
able. Several experiments were performed with this tech-
nique using a variety of gases (Oz, Ar, He).

These experiments were all analyzed using the
Frenkel-Halsey-Hill (FHH) theory, ' which is essentially
the limit of the DLP theory where retardation is neglect-
ed. For thick enough films, retardation and curvature be-
come the dominant factors determining the film growth.
Therefore a quantitative study of the effect of these two
factors is of importance.

In the present experiment we carry out such a study.
In order to access the thick-film region, one must work at
pressures extremely close to the saturated vapor pressure.
To realize this, we adopted a technique where the fiber is
located near the top of a long (10-cm) cell. In this way,
when liquid begins to form at the bottom of the cell, the
fiber is at a pressure smaller than the saturated pressure
by the amount pgh. This very small distance from the
phase boundary can be conveniently manipulated by
changing the liquid level in the cell. For example, at 2K
and with h = 1cm, the pressure difference from saturated
conditions is less than 10 mmHg. This amounts to
—3 X 10 of the saturated vapor pressure.

Furthermore, we study two types of fiber, one with the
usual round cross section, and a more exotic type, with a
cross section having a region of negative curvature. By
contrasting these two varieties, we can draw meaningful
conclusions regarding the effect of surface morphology
on the adsorption process.

In particular, we show that complete wetting takes
place by demonstrating continuous film growth up to a
thickness of 10000 A. On the other hand, we show that
there is a contradiction involved in the straightforward
application of the DLP theory to describe film growth on
a highly convoluted surface. In fact, it is quite surprising
that the theory can actually fit the data as well as it does.

CHARACTERIZATION OF FIBERS

We turn now to a brief discussion of the nature of the
two fibers used in the experiment. Figure 1 shows elec-
tron micrographs of the two fibers. The P-100 fiber, '

shown in Fig. 1(a), is a circular pitch-based graphite fiber
whose basal planes run along the axis. The size of the
crystal domains has been estimated to be about 200 A,
based on work on x-ray line broadening. " As discussed
in previous work, one effect of the surface structure is to
provide extra area for adsorption. '

The Fortafil 5 fiber, ' shown in Fig. 1(b) is unique in its
noncireular cross section, which resembles a figure 8. It
is clearly seen that the fiber has regions of both positive
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FIG. 2. Schematic representation of the experimental cell.
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FIG. 1. Scanning electron microscope cross-sectional photo-
graphs of the two fibers used in the experiment. (a) P-100 fiber.
(b) Fortafil fiber.

and negative curvature. On a smaller scale, some wavy
ridgelike features are evident, although we do not believe
that they reflect any underlying crystal structure. From
resistivity and isothermal adsorption measurements we
can conclude that this fiber is amorphous carbon with
domain size probably at most 10 A.

EXPERIMENTAL SETUP

The experimental arrangement is shown in Fig. 2. A
capacitor is formed by two vertical parallel plates of
printed circuit board. The electrode arrangement is such
that fringing fields are eliminated. The capacitor serves
to measure the gas density in the cell below saturation,
and also to measure the level of bulk helium in the cell, as
it is filled at the saturated vapor pressure. The capacitor
is read using a standard three-terminal bridge. We can
resolve about 10 pF which corresponds to a density
resolution of 1.6X10 g/cm . At 2K, this is two parts
in 10 of the total density of the saturated vapor. When

measuring the height of bulk liquid helium in the cell, the
resolution in capacitance translates to a resolution of
0.001 mm in the level.

Above the capacitor, a graphite fiber of length approxi-
mately 1 cm is attached horizontally between two thin
strips of phosphor bronze, one of which serves as a spring
to hold the fiber under constant tension. This fiber is the
oscillating microbalance. The fundamental resonant fre-
quency is about 10 kHz. The Q of the fiber in vacuum
was -5X 10 at a temperature of 2 K, and decreased to
about 10 when the density of the gas surrounding the
fiber reached saturation. Centered about the fiber on the
outside of the plates are two permanent magnets whose
field is perpendicular to the fiber. A reference graphite
fiber, of the same resistance as the oscillator, is varnished
to the outside of one of the capacitor plates. The oscilla-
tor and reference fibers constitute two arms of an ac
Wheatstone bridge. Placing the reference fiber near the
oscillator fiber has the advantage that the resistance of
the fiber oscillator is almost perfectly balanced by the
resistance of the reference fiber, independent of tempera-
ture. The inductive component of the voltage across the
oscillating fiber, caused by its motion in the magnetic
field, is used in a phase-locked loop arrangement to main-
tain the resonant condition. The power dissipation in the
fiber was always kept (50 pW and the resonant frequen-
cy was experimentally independent of drive at these lev-
els.

The copper sample cell, containing the capacitor,
fibers, and magnets, was immersed in a pumped helium
bath. The temperature of the bath was electronically
controlled to within 1mK. The experiments reported
here were carried out at 1.2 K (T ( T&.

Before a run, we heated the fiber in situ to a tempera-
ture of 1000'C (with the cell at (2K) to burn off any
contaminants. The temperature was determined by
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measuring the fiber resistance during heating. The
dependence of the fiber's resistance on temperature had
been measured previously.

Both the resonance frequency and capacitance signals
were automatically monitored at intervals of 20 sec as
helium gas was allowed to leak slowly into the cell. A
typical run from p =0 to p=p„,took -3 h. Once satura-
tion was achieved, helium was added and a similar pro-
cedure was followed to obtain the resonant frequency as
the bulk liquid level increased.

Periodic checks were made to ensure that the adsorp-
tion process was reversible. This is important to rule out
the occurrence of catastrophic capillary condensation.
For conditions below saturation, we could pump on the
cell and lower p to check that the data reproduced. For
conditions at saturated vapor pressure, this was not pos-
sible, since the pumping rate was too slow to appreciably
lower the bulk helium level in the cell over a reasonable
length of time.

For this region, we checked for reversibility in the fol-
lowing way: By letting in a small quantity of helium
quickly, we could overpressure the cell to a pressure
infinitesimally close to the saturation pressure. When
this was done, we noted that the frequency dropped to
the value that was later obtained, just before the bulk
liquid covered the fiber. After a few seconds, the frequen-
cy would return to its value before the helium was intro-
duced, as the excess gas condensed. (The quantity of gas
let into the cell, in this case, was too small to produce a
measurable frequency change, if introduced slowly. ) This
test was performed at various points along the curve, and
no evidence for hysteresis was ever observed.

1(d) k T 1+ PI
1 ~ mgh o'v2B

d m po kgT rkgT
(2)

Here, 0. is the surface tension of the liquid, m is the
molecular mass, v is the molecular volume, and r is the
radius of the fiber. In the first term on the right-hand
side, we have included a correction to the chemical po-
tential of the vapor due to the nonideality of the vapor.

THEORY

Cheng and Cole' have worked out the DLP theory for
film growth of various liquids on various substrates, and
have cast the results in a universal form. They determine
the van der Waals constant y(d) by the relation

y( d)=y(0)[1 +1.64( 1/d, )' ]

where d is the film thickness. y(0) and d, &2 are functions
of the adsorbate and substrate, and for helium on graph-

.ite are given to be

y(0) = 1890 K A

d, /2=180 A .

Retardation effects are contained in the dependence of
y(d) on d. The film thickness is now determined by
equating chemical potentials inside and outside of the
film.

(8 is the virial coefficient, and p& is the liquid density. )

The last term on the right-hand side of Eq. (2) refers to
the effect of surface tension due to the curved surface of
the film. The surface tension serves to either enhance
(negative curvature) or inhibit (positive curvature) film
growth. For positive curvature, the film thickness is lim-
ited to a maximum value defined by y(d)/d =cru/r. A
negative curvature leads to a divergence of the film thick-
ness at saturation (p=po) when h =h, =av/mgr. In the
present experiment, h is varied between 1 and 10 crn. In
general, the effects of curvature are most evident when
mgh -0 U /r. This means that the experiment is best suit-
ed for the study of fibers with radii of curvature in the
range 2-20 pm. For the fibers we used, the curvature is
precisely in that range.

For the purposes of comparing results from the two
types of fiber to the predictions of the theory, it is most il-
lustrative to plot data in the form log, obf versus

log, ob p'/kT where

bf,
fo

PI d

pf r
(4)

where pf is the fiber density, fo is the frequency of the
fiber as measured in vacuum.

For a fiber of arbitrary cross section we can write

~f.
fo 2 mf

where 3 is the effective surface area of the fiber and mf is
the mass of the fiber. It has been noted in other work
that the effective surface area, which must be assumed in
this equation to fit adsorption data, is always larger than
the calculated geometric area, presumably due to the
convoluted surface structure. In our work, we determine
the ratio of effective to geometric surface areas as a pa-
rameter in our fit to the data, and simply note that we get
values of -3.5 for this ratio, independent of film thick-
ness. This number is also similar to that found by Zim-
merli and Chan, by a direct adsorption measurement on a
large quantity of fibers. '

We now discuss the hydrodynamic contribution to 6f.
The hydrodynamic problem was originally solved in a pa-

2BpI
EIJ,'=kT 1+ ln +mgh .

m po

This is also the natural choice for the x coordinate since
hp', the difference of the chemical potential from its
value at the phase boundary, is the parameter experimen-
tally varied. The effective curvature of the fiber then be-
comes a parameter of the theory to be determined by
fitting the experimental results.

In comparing the theory with experiment, we must re-
late the film thickness d to the shift in the resonant fre-
quency from its value as measured in vacuum. The shift
b,f„,is comprised of two terms: hfdf, caused by the hy-
drodyamic drag on the fiber by the surrounding vapor,
and b f„caused by adsorption. The frequency shift due
to a film of thickness d and density pI adsorbed on a cir-
cular fiber of radius r is given by
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per by Stokes, ' and determines that the frequency shift
of a fiber of density pf moving in a gas of density p, is

~f»

fo
KpU

where K is a function of the dimensionless parameter q
given by

will obey the FHH theory. We apply this condition to
the data in the regime of low film coverage where retar-
dation and curvature effects are negligible. A similar
procedure was followed by others. ' Henceforth in our
discussion, we will refer to hf as the part of the frequen-
cy shift due to adsorption alone.

RESULTS AND DISCUSSION

q=

Here 5=(ri/cop, )' is the viscous penetration depth, ri

is the viscosity of the vapor, and r is the radius of the
fiber. For a circular fiber, K is a known function as
worked out by Stokes. For a noncircular fiber, such as
the Fortafil, K can only be solved for numerically. In the
limit that 5((r, » is a constant, whose value depends
only on the fiber geometry. In this case, the hydro-
dynamic frequency shift would be a linear function of the
vapor density. For our system, 5-r, and the dependence
on the density is more complicated.

In order to correctly analyze the effects of adsorption,
the background contribution to bf due to hydrodynam-
ics must be subtracted. This is especially critical at low
coverages where the adsorption contribution is small.
This contribution cannot be calculated exactly. Howev-
er, we can obtain an experimental curve for the back-
ground by taking advantage of the fact that at saturation,
the adsorbed film thickness is independent of tempera-
ture. By varying T (at saturation), we can sweep the sa-
turated vapor pressure p„(and hence p„~over the same

range for which the adsorption data were taken. Since no
adsorption takes place during this process, recording b,f
versus p„then yields a background curve which is due to
the hydrodynamics alone. ' In Fig. 3, we show typical
data of frequency versus density and the data used for
background subtraction.

The background data can only be determined up to an
overall additive constant. This constant is fixed by
demanding that the difference between the two curves,
which represents the frequency shift due to adsorption,

In Fig. 4, we plot data from both fibers in the form bf
versus b,p'/kT. As is seen, there are two regions in b,p'
where data were obtained. The points in the range
-0.5 & log, pkp & 3.0 correspond to the unsaturated va-

por pressure regime, while those for which
-3.5 & log&oh@' & —5.0 were obtained as the level of heli-
um in the cell increased at saturated vapor pressure. The
gap in the data is in the region po &p &0.998po and is
due to the finite resolution of our pressure measurement.

For the sake of comparison, the data in Fig. 4 span
only four orders of magnitude in hp'/kT. For the
Fortafil fiber, we have obtained data spanning seven or-
ders of magnitude.

It is clear from Fig. 4 that the data for both fibers look
very similar in the unsaturated vapor pressure region.
The effects of curvature become important only very near
the saturation conditions which are realized in our exper-
iment while the cell is gradually filled with liquid. The
figure shows clearly that the adsorption characteristics in
the saturated region are very different for the two fibers,
in a way which is qualitatively what one would expect
based on their different curvatures.

In Fig. 5 we plot data from the P-100 fiber, along with
the fit that we obtained using the full theory with both re-
tardation and curvature effects included. The fit yields
the value of the curvature needed to obtain agreement be-
tween the theory and experimental data. We find a value
of + 14 Jum for the effective radius [radius
—= (curvature) '] which should be compared with the
true radius of 6 pm. In order to explain this difference,
one could imagine that the surface of the fiber is
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FIG. 3. Resonant frequency of the fiber vs gas density in the
cell. The top set of data (crosses) is the hydrodynamic back-
ground as described in the text. The lower set of data (squares)
is due to hydrodynamic loading and film adsorption combined.

FIG. 4. Frequency shift vs chemical potential difference for
the two fibers. Open circles refer to the Fortafil fiber (negative
curvature) while the open triangles refer to the P-100 fiber (posi-
tive curvature).
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solid vertical lines show the range of film thickness in the sa-
turated regime which determines the effective curvature
through our fit to the DLP theory. The fitted value of the cur-
vature is indicated by the horizontal line. The dashed vertical
lines show the estimated range of domain sizes on the surface of
the fiber.
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FIG. 5. (a) Frequency shift vs chemical potential difference
for the P-100 fiber. Solid line is the fit the DLP theory with an
effective curvature. {b) Magnification of the data in the saturat-
ed regime.

comprised of fiat (faceted) as well as rounded portions.
The film thickness on flat areas will be larger and the re-
sulting average thickness will also be larger than what
one would expect for a uniformly curved surface having
the geometrical radius. There is, however, no reason to
expect the functional dependence of d on hy,

' to remain
the same as given in Eq. (2), albeit with a different value
of radius r.

To see how this might come about, we present the fol-
lowing argument. In the monolayer regime, the effective
curvature is zero, since locally the surface always looks
flat. At the other extreme, when the film is very thick, we
expect that the fine structure of the fiber's surface will not
be reflected at the free surface of the film. ' In this limit,
the curvature is determined by the macroscopic radius of
the fiber. The exact way in which a crossover between
these two limits takes place will be determined by the de-
tails of the surface structure. It seems reasonable to ex-
pect that this crossover will occur at a film thickness
which is of the order of the average domain size of the
facets comprising the surface of the fiber. In our case,
this is on the order of 100—200 A. We sketch this quali-
tative picture in Fig. 6. The data we use in the fit (in Fig.
5) to obtain the curvature cover film thickness between
130 and 170 A, which, according to this picture, are
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FIG. 7. Frequency shift vs chemical potential difference for
the Fortafil fiber. Dashed line is the fit to the DLP theory using
the maximum negative curvature measured from the micro-
scope photographs. The solid line shows the calculated fre-
quency shift based on the gradual filling of the concave region
of the Fortafil fiber. The arrow indicates the value of the chemi-
cal potential difference at which the concave region starts to fill.

somewhere in the crossover region. The fitted curvature,
having a value of about one-half of the geometrical one is
consistent with this fact. The use of a single value of the
curvature makes sense only if the curve in Fig. 6 describ-
ing the real fiber is not steep in the crossover region.

In Fig. 7, we plot the Fortafil data, along with a fit
(dashed line) to Eq. (2) using the minimum (negative) ra-
dius of curvature as measured from the electron micro-
graph of the fiber. Since the concave region of the fiber
represents only about 20%%uo of the total surface area, using
this radius in Eq. (2) overestimates the enhancement of
the film thickness due to curvature. However, it is this
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r -co
= LIQUIO HELILN~ FORTAFIL FIBER

CROSS SECTION

minimum radius which determines the value of the chem-
ical potential AIM' at which the film thickness should
diverge. This point is indicated in Fig. 7 by the arrow.
The experimental film thickness does not diverge as pre-
dicted by the theory. This is understood by realizing that
the helium film can fill in the region of negative curvature
in such a way as to reduce the curvature. This process is
fully reversible. ' (This is not true for a region of uniform
curvature such as the interior of a capillary, where the
growth of the film must increase the curvature, and ir-
reversible condensation occurs. ) When the liquid level is
at a distance it below the fiber, the filin will fill in the con-
cave region until the radius of the free surface is just
equal to ov/mgh. Using this criterion, which we illus-
trate graphically in Fig. 8, we determine the contribution
to the frequency shift due to the mass of the liquid in the
filled in region. This is plotted in Fig. 7 (solid line). Once
this filling begins, its contribution quickly increases to be-
come the dominant term in the frequency shift. The fit to
the data contains no adjustable parameters, nor does it
include the effective surface area correction discussed
earlier. In particular, the limiting frequency shift ob-
served, just before the fiber is covered with liquid, corre-
sponds to the entire concave area filled with liquid. This
represents a film thickness of over 10000 A, which is al-
most two orders of magnitude larger than has been mea-
sured elsewhere' for helium adsorbed on graphite. Our
observation of continuous growth of film spanning from

0
atomic thickness up to 10000 A constitutes a conclusive
proof of complete wetting of graphite by liquid He.

Finally, we would like to address the question of the
effective area of the fiber. In order that the fiber have an
effective area which is roughly three times the actual
geometric one, a considerable portion of the surface must
be in the form of holes, cracks, etc. Each hole or crack is
a region with a negative radius of curvature. The value
of hp' at which capillary condensation occurs in a hole of
some radius r is determined by r r„is given by

The range of hp' in our experiment corresponds to 20
A&r, & 00. This means that at the outset, all the holes
with r(20 A are already filled with liquid. Holes of
larger radii must necessarily exist to account for the extra
surface area. During the adsorption process, all the holes
on the surface with greater values of r, should fill with
liquid. (We emphasize that the filling of holes depends
only on hp' and not on the ratio of the film thickness to
the hole size. This ratio may be very small when a given
hole begins to fill. For example, prior to the filling of the
concave region of the Fortafil fiber, for which r, =3.5Ium,
the film thickness is only of the order of 200 A. )

The net result is that the filrn growth combines uni-
form adsorption with the condensation process such as
we just described. This issue was raised previously by
several authors in a similar context. 3 We therefore find
it quite amazing that we can represent our data accurate-
ly with the DLP theory and an effective surface area. We
offer no solution to the puzzle as to why this theory pro-
vides an accurate effective representation to the true pic-
ture.

CONCLUSIONS

40-
CA

In conclusion, we demonstrated the complete wetting
of He film on graphite. The role of the curvature of the
surface was shown to play an important role on the film
growth near saturation conditions. Finally, we addressed
the applicability of the DLP theory to the adsorption of
the film growth on realistic surfaces.
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