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~e report studies of the anomalous wetting of a cesium substrate by a liquid-helium film by means of
the technique of third sound. In an apparatus which incorporates both glass and cesium substrates, we

observe third sound to propagate across cesium for helium films such that the film thickness on glass is

dg~ 11.5 layers. For dg (9 layers, third sound does not propagate across the cesium substrate. The

transition region is hysteretic as a function of the amount of helium in the experimental cell.

PACS numbers: 67.70.+n

Recently Cheng et al. [1] undertook a theoretical study
of the behavior of helium in the vicinity of alkali-metal
surfaces at T 0 K. Such surfaces are interesting since
the potential well which binds the helium to the surface is

extremely weak. This is particularly so for the case of the
helium-cesium interaction; it is predicted [1] that helium

will not wet cesium for any value of the chemical poten-
tial (at T 0 K).

In an attempt to study the adsorption of helium to al-
kali metals and to experimentally test the prediction of
Cheng et al. [1] for cesium, we have used waves on a heli-
um film, known as third sound [2], as a probe. Third
sound is a long-wavelength disturbance which propagates
on a liquid-helium film at temperatures below the super-
fluid transition. As is the case for a tidal wave on the
ocean, the wave velocity is given by t| -fH, where f is
the restoring force per unit mass and H is the depth of
the medium. For third sound, f is due to the van der
Waals force between the helium and the substrate. A
more complete expression for the velocity of third sound,

C;, on surface i can be written as a function of the film

thickness d; by use of the relation

C =(p ,)k, a;/j;(3/j;+4. a )
pmgd; (d;+P;)

where (p, )/p is the effective superfluid fraction [3] in the
film, kq is the Boltzmann constant, m4 is the mass of a

He atom, L is the latent heat, S is the entropy, and a;
and P; are parameters of the helium-substrate interaction.
The passage of a third-sound wave crest (trough) is ac-
companied by a transient decrease (increase) in the local
temperature of the film. This transient change in the am-
bient conditions can be observed by either capacitance [4]
or thermometric [5] techniques.

Our experiments are conducted on a substrate, shown
schematically in Fig. 1, made of borosilicate glass onto
which four detectors and a generator of third sound have
been deposited by vacuum evaporation. A resistive silver
third-sound generator Z is located approximately at the
center of the glass substrate. Four aluminum "detectors"
of third sound (A, B,C,D) are located at symmetric posi-
tions on the substrate. These detectors operate as sensi-

tive superconducting transition edge bolometers and mea-
sure the temperature swing associated with the passage of
the third-sound wave. A region between detectors A and
B has been modified by the application of a cesium film to
the glass surface by in situ vacuum evaporation. The
evaporation source is a commercial alkali-metal dispenser
[6] which was located -3.5 cm from the substrate. A
collimator enclosed the dispenser and extends to 1 mm

from the glass substrate so as to prevent the deposit [7] of
cesium on the glass everywhere except for a well-defined

region between detectors A and B. As deduced by third-
sound measurements, cesium does not reach the regions
B-D. We are unable to directly determine the thickness I
of this cesium film, but from the parameters of the evap-
oration process we estimate I to be approximately 3 pm.
The substrate is enclosed in a sealed brass chamber which

is attached to the end of a standard cryostat insert and
housed in a pumped helium bath. The amount of helium
in the chamber can be changed by use of a filling capil-
lary which enters the cell. The pressure P in the cell is

kept below the saturated vapor pressure Po at the temper-
ature T so that no bulk puddle of liquid exists; thus, the
film is never in coexistence with bulk liquid. Under such
conditions, the film thickness d; on a given substrate
(which the heliutn wets) can be related to Po/P by the
approximate relation d; (1+4;/P;)=a;/Tln(Po/P). For
glass as=27 layers K and Ps=42 layers. For cesium
these parameters have not been measured, but it is pre-
dicted [8] that ac, =0.5as. The film thickness values we
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FIG. 1. Schematic of the glass substrate geometry used for
this work. Z is a generator of third sound. The shaded region is
an evaporated cesium film. The region between C and D has no
evaporated coating; it is clean glass. Except for the cesium
coating the substrate is symmetric about the driver Z.
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report here are the values of the thickness on the clean
glass substrate dg as deduced by measurements of the
third-sound velocity on the clean glass.

Third sound is generated thermally by the application
of a current pulse to the driver Z. %e use a square-wave
drive with pulse widths in the vicinity of 50 psec and are
able to vary the amplitude A3 of the third-sound pulse by
varying the voltage amplitude V of the square-wave drive.
For all of the measurements we report here, the third
sound is linearly dependent [9] on the applied power. All
four detectors of third sound have approximately the
same sensitivity, and resistance calibrations are carried
out over a temperature range of several tens of mk near
the operating temperature of 1.38 K.

Data for two values of the helium film thickness taken
at 7=1.38 K as a function of increasing amounts of heli-
um in the experimental cell are shown in Figs. 2 and 3.
Figure 2(a) shows the change in the temperature of
detector A as a function of time due to a third-sound
pulse created at Z at t =0.075 msec for dg =11.5 layers.
The arrival of third sound at detector A at t =3.3 msec
demonstrates that the cesium surface is covered by a heli-

(a)

um film for this case. Figure 2(b) shows the direct
third-sound pulse at t =1.9 msec for the helium-on-glass
trajectory Z-D followed by an inverted pulse which has
been reflected from the edge of the cesium nearest to Z
and received at detector D. Vr'e are certain of the identi-

ty of the pulses due to the presence of detectors 8 and C
which we also monitor. Note that the reAected signal has
an amplitude which is negative compared to that of the
direct signal Z-D. %e have studied helium film thick-
ness values as large as dg=30 layers and, consistent with
the behavior seen in Fig. 2, for d~» 11.5 layers third
sound propagates across the cesium.

Thinner films show an entirely different behavior. Fig-
ure 3 shows data taken at 10.7 layers. The striking obser-
vation here [Fig. 3(a)) is the absence of any signal at
detector A. Also, notice in Fig. 3(b) that the amplitude
of third sound reflected from the edge of the cesium and
received at detector D has reversed sign. Data taken as a
function of increasing film thickness at film coverages in

the range 4.0 ~ dg ~ 10.7 are consistent with those shown
in Fig. 3(a); third sound does not appear to propagate on
cesium for films such that dg ~ 10.7 layers.

%e interpret the absence of third sound for smal1

values of the chemical potential (dg ~ 10.7 layers) to in-

dicate that the helium film does not wet [10] the cesium
with an increase in chemical potential in the same
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F10. 2. Examples of third-sound pulses received at detectors

A and D where the chemical potential is such that the thickness
of a helium film on glass is d„=11.5 atomic layers. (a) Third
sound which has arrived at detector A after passing over the
cesium surface. (b) Third sound observed at detector D. Note
the presence of the direct pulse followed by the arrival of a
pulse which has reAected from the edge of the cesium region.
This reAected pulse arrives with an amplitude which is negative
relative to that of the direct pulse.
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FIG. 3. Similar to Fig. 2 except d =10.7 layers. Note in (a)
the absence of any direct third-sound pulse; the third sound

does not propagate across the cesium for this case. Note also
that the pulse reAected from the edge of the cesium region visi-

ble in (b) is of opposite sign to the case of Fig. 2(b).
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manner as it does on nonalkali substrates. We believe
that the possibility that helium does wet the cesium but
that the superfluid density is zero in this range of cherni-
cal potential can be excluded for the following reason. A
film which wets cesium is predicted [8] to have a thick-
ness d&, =0.78dg with an "immobile" helium layer adja-
cent to the substrate that is substantially thinner than is
the case for glass. Thus, if the helium wets the cesium,
the film thickness should be much greater than that
necessary to satisfy the Kosterlitz-Thouless [11]criterion
for superfluidity at 1.38 K and superfluid should be
present with an appreciable superfluid fraction. The
abrupt change in behavior for dg = 11 layers indicates
that there may be a prewetting (or percolation) transition
at the value of the chemical potential represented by
dg = 11 layers.

For increasing values of the chemical potential, the ap-
pearance of third sound at detector A is an abrupt event.
This can be seen in Fig. 4(a) which shows the amplitude
of a third-sound pulse recorded at detector A, A„nor-
malized by the amplitude recorded at detector D, AD, vs

dg for increasing (solid symbols) and decreasing values of
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FIG. 4. Behavior of the third-sound pulse amplitudes as a
function of d~. Data (normalized to the amplitude of the direct
third sound received at detector D, Ap, for the trajectory Z-D)
are shown for increasing (solid symbols) and decreasing (open
circles) values of d~. (a) Amplitude ratio A, /AD, where A, is
the amplitude observed on detector A. (b) Amplitude ratio
A, /An, where A, is the amplitude of third sound reflected from
the edge of the cesium region closest to Z as recorded at detec-
tor D.

dg. For decreasing chemical potential there is no abrupt
extinction of the third-sound signal; A, /AD falls gradual-

ly with decreasing dg, The evolution of the amplitude of
third sound received at detector A is clearly hysteretic.
The normalized amplitude of the third sound reflected
from the edge of the cesium region closest to Z and re-
ceived at detector D, 3,/AD, bears an interesting relation-
ship to the amplitude observed at detector A; this is
shown in Fig. 4(b). For increasing values of dg (solid
symbols), A,/AD passes through zero and changes sign at
the value of dg at which third sound first appears at
detector A. For decreasing values of dg, a third-sound
signal is observed at detector A for coverages dg well

below that at which A„/Ag has passed through zero and
reversed sign. Behavior similar to that shown in Figs.
2-4 has also been seen at T=1.48 K.

As evident from Fig. 2, the time of flight on the third
sound on the cesium-coated substrate is larger than the
time of flight on glass. This reduced velocity can be
characterized by an index of refraction n =Cg/Cc, . As a
result of the choice of the dimensions of the cesium re-
gion of our substrate and the relative locations of the
third-sound generators and detectors, the index of refrac-
tion can be expressed as n =2r, /rD —1, where r, and rD
are the measured times of flight for the trajectories Z-A
and Z-D, respectively. We find n to be a decreasing
function of d~, falling from n-3 for dg-9 to n-2. 3 for
dg-14. This observed index of refraction could be due
to a reduced value of the superfluid fraction on the cesi-
um; but this is unlikely if the film wets. The reduced ve-
locity on the cesium could also be due to the presence of a
film on the cesium which is thicker than that on glass at
the same chemical potential. However, this is unlikely
for a flat surface since the van der Waals constant on
glass is considerably larger than is expected [6] to be the
case on cesium. Most likely, the enhanced time of flight
is due to roughness [12] of the evaporated cesium sub-
strate. Wetting behavior is predicted to be changed by
the presence of roughness on a surface [131; for the thin-
nest films the liquid-substrate interaction dominates the
behavior, while for thicker films, the tendency to wet is
enhanced by the topology of the surface structure. In this
case, the effect of surface tension becomes more impor-
tant.

Nacher and Dupont-Roc [14] very recently have stud-
ied the effective thermal conductance of a helium film
contained within a sealed glass tube which has a ring of
alkali metal on the glass at one spot along its length.
They interpret their experimental results as evidence that
the helium wets all of the alkali-metal surfaces studied
except for cesium. In the experiments of Nacher and
Dupont-Roc the film in the glass tube was always in coex-
istence with bulk liquid (and thus was saturated) whereas
our films are never in coexistence with bulk liquid. It is
also likely that the smoothness and impurity content of
the cesium may be different in the two experiments.

At the conclusion of these measurements, an amount of
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oxygen was admitted to the sample cell adequate to com-
pletely oxidize the cesium and the apparatus was brought
to room temperature. The cesium surface remained ex-
posed to oxygen at 25 Torr at room temperature for

I—1 —. days. Subsequent measurements at 1.38 K for d~
in the range 3 3 ~ dg ~ 14.6 layers resulted in the obser-
vation of third sound at detector A for all coverages stud-
ied. The oxygen appears to have reacted with the cesium
allowing the resulting surface to be wet by helium for all
values of the chemical potential studied. Although the
character of the surface following the oxygen dose is not
well known, two observations have been made. The index
of refraction for the oxygen-exposed surface was n —1

over the coverage range studied and the third-sound
pulses for this surface appear as those on glass for 4
«dg «8.5, but appear wider than those on glass for

dg ~ 8.5.
We conclude that, for small values of dg, helium does

not wet cesium as evidenced by the absence of third-

sound propagation across an evaporated cesium film. For
thicker films, third sound is observed to propagate across
this cesium surface. The transition region between the

presence and absence of third sound on cesium is ob-

served to be hysteretic. Further experimental work will

be required to establish whether this apparent prewetting
behavior [1,15] is induced by surface roughness.
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