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Wetting properties of alkali-metallic surfaces by superfluid-helium film have been tested through heat
transport. Appearing as an exception among other substrates, cesium is found to interrupt superfluid-
film flow, suggesting nonwetting of cesium by superfluid helium. In addition, superfluid-helium films
were observed to be only marginally stable on glass having been in contact with cesium vapor.

PACS numbers: 67.70.+n, 67.40.Rp, 68.45.Gd

It is a daily experience for low-temperature physicists
that, in an isothermal enclosure containing superfluid
helium, a film will cover all available surfaces. This is a
manifestation of the fact that liquid helium wets most
materials [1]. As opposed to other wetting liquids such as
oil, superfluid films have the advantage of reaching ther-
modynamical equilibrium in a particularly short time. In
addition, liquid helium is an extensively studied fluid for
which accurate theoretical models exist. In that context,
the theoretical prediction by Cheng, Cole, Saam, and
Treiner [2] that alkali-metal surfaces may be an excep-
tion to this so far universal wetting behavior is particular-
ly interesting. This prediction may be related to a well-
established experimental evidence in atomic and molecu-
lar physics. Two-body interaction potentials between al-
kali and helium atoms exhibit extremely shallow wells
[3], due to the negative electronic affinity of He and the
large size of the alkali outer electron orbital.

We present here the results of an experimental test of
the wetting properties of superfluid *He on sodium, potas-
sium, rubidium, and cesium surfaces. During these ex-
periments, it was also found that a glass surface, presum-
ably modified by the presence of cesium, exhibits peculiar
properties with respect to helium films.

When a helium film is in equilibrium with bulk liquid,
the film thickness a few centimeters above the bulk sur-
face is on the order of dp=15 nm [4], and consequently
hardly visible. Nevertheless, the existence of the film is
manifested by a very efficient heat and mass transport
when one tries to create a temperature gradient. For in-
stance, a l1-cm-wide saturated film can sustain a power
flow on the order of a fraction of a milliwatt without ap-
preciable temperature gradient. These heat transport
properties rely directly on the existence of a wetting
superfluid film, and are hence of interest to test the wet-
ting of a substrate by superfluid helium.

The experimental arrangement is schematically repre-
sented in Fig. 1. The sample is a sealed glass tube (inner
diameter: D =0.4 cm, length: /=20 cm, wall thickness:
e=0.1 cm). The tube was carefully evacuated and de-
gassed, and a small amount of the alkali metal to be test-
ed was introduced under vacuum. Next, the tube was
held at liquid-nitrogen temperature, filled with *He gas
(1 ppm grade) under a pressure on the order of 1 bar,

2966

and then sealed. Through melting and flowing, a ring of
alkali metal was made on the inner surface of the tube,
typically a few millimeters wide and a few tenths of a
millimeter thick. This ring [5] separates the inner sur-
face of the tube into two topologically disconnected re-
gions. When the sample is cooled down below the con-
densation temperature To (T is typically between 1.7
and 1.8 K), a volume of a few mm? of superfluid liquid is
formed in the bottom and a film covers the available
inner surface. If the alkali ring is not wetted by the
liquid helium, it will interrupt the superfluid film,
suppressing this otherwise dominant contribution to heat
transport between the two ends of the sample. A tube
without any alkali metal was also prepared for compar-
ison.

The heat transport through the sample is measured in
the following way. The tube is isolated from the cryogen-
ic bath by vacuum, but its lower end is thermalized to the
bath through a copper clamp. An electric heater is at-
tached to the top of the tube. While heating is applied at
this point with a power Q, temperatures are measured at
the top, the middle, and the bottom of the tube by
carbon-resistor thermometers [6] thermalized to the tube
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FIG. 1. Sketch of the experimental arrangement. p: Pyrex
tube; r: alkali ring; v: vacuum; c¢: copper clamp; Q: heater
power; T,,T,,T»: measured temperatures.

© 1991 The American Physical Society



VOLUME 67, NUMBER 21

PHYSICAL REVIEW LETTERS

18 NOVEMBER 1991

by copper wires. These temperatures are denoted, respec-
tively, T, Ty, and Tp.

It is well known [4] that under a thermal constraint, a
superfluid film will remain practically isothermal by a
displacement of the superfluid component towards the
heat source. In our experiment, heat transport takes
place through evaporation of the film at the heat source
and recondensation at the heat sink, the sample exhibit-
ing a nearly zero thermal resistance (7, —T3)/Q [71.
This situation is maintained as long as the film can sus-
tain the superfluid flow. If the critical velocity is exceed-
ed, or if the film is evaporated (“burnt”), there will only
remain a much weaker heat conduction by the glass and
the gas, resulting in a large temperature gradient across
the sample.

This is indeed what is observed, with the difference
that, in general, two different burning thresholds are
found. The upper part of the superfluid film disappears,
as revealed by a change in 7, — T,,. The lower part of the
film (which lies entirely on glass) is burnt only at a
higher power, with this second threshold being detected
on T, —T,. The powers corresponding to the burning
thresholds are given in Table I. Most of them are in the
range 0.1-0.2 mW. A noticeably different value is ob-
tained for the upper film in the sample containing the
cesium ring which is burnt by a power as low as 0.006
mW. This peculiarity was reproduced with two different
samples, and several times on a given sample, the cesium
ring having been melted and reshaped.

We determined the thermal resistance (T, — T5)/Q for
each sample below the first threshold. In this situation,
the superfluid film is supposed to cover the glass surfaces
and possibly the metal ring, if it is wetted. Except for
cesium, the thermal resistance was found to be zero, with
an experimental error =0.1 mK/uW. For cesium, the
thermal resistance was finite. Its value was on the order
of 2 or 3 mK/uW, depending on the sample. This resis-
tive behavior is shown in Fig. 2. We observed in addition
that T, and T, remain equal, indicating that the thermal
impedance lies in the part of the tube containing the cesi-
um ring. The magnitude of this finite thermal resistance
is the crucial experimental observation. It is not compati-
ble with the existence of a continuous saturated film in-
side the sample, with critical flows similar to usual ones.

The most probable explanation is that cesium is not
wetted by liquid helium and interrupts the superfluid film.
Two superfluid films exist in the sample, the upper one in

TABLE I. Heating powers in mW for film burning. Error is
typically = 2 on the last significant figure.

Alkali metal
None Na K Rb Cs
Upper film 0.22 0.12 0.08 0.13 0.006
Lower film 0.22 0.15 0.17 0.21 0.24
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FIG. 2. Temperature difference across the cesium ring vs
heater power, showing the finite thermal resistance. The
straight line is fitted on the low power points. Near the burning
threshold, a hysteretic behavior is observed.

close contact with the heat source, the lower one thermal-
ized to the bath, separated by the cesium ring. It is to be
emphasized that this situation is quite uncommon, since a
superfluid film in thermal equilibrium normally has no
border [8].

The value of the thermal resistance may be accounted
for as follows. The two films are thermally connected
through the helium vapor, the glass substrate, and the
metal ring itself. Orders of magnitude for the corre-
sponding thermal resistances are, respectively, 50, 10, and
0.03 mK/uW, to which Kapitza resistance has to be add-
ed (the alkali-metal thermal conductivity is assumed to
be 1 W/cmK [9]). Because of the nonwetting, the con-
tact between the cesium metal and the helium film re-
duces to a very small area whose transverse dimension is
likely to be on the order of the film thickness d. The cor-
responding Kapitza resistance is evaluated to be about
10° mK/uW and prevents direct heat flow between the
films and the metal. In fact, heat has to flow around the
contact lines via glass or gas. A simple model, assuming
that both the helium film and the metal are quasi iso-
thermal, shows that heat has to travel in glass over a dis-
tance on the order of the glass thickness e, and yields a
thermal resistance of 1 mK/uW for each contact, in
reasonable agreement with the experimental values. The
gas contribution is estimated to be an order of magnitude
smaller.

Hence it appears that, in our experimental conditions,
cesium interrupts superfluid helium films, but that a
superfluid film covers the other alkali metals studied.
The foregoing conclusions are in agreement with the
theoretical predictions of Cheng et al. [2] concerning Cs,
but not for K and Rb for which nonwetting is predicted.
It should be noticed, however, that pure, flat alkali sur-
faces are assumed for the theory. How well are these hy-
potheses realized in our sample?
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Although the tube was pumped and degassed above
100 °C for several hours prior to the introduction of alkali
metals, it is still likely that outgassing from the glass wall
introduces oxygen and water in a sufficient quantity to
cover the alkali surface. Even if the high density of heli-
um may efficiently slow down their diffusion through the
sample, they will eventually reach the alkali and react
with it. Fortunately, it is known that, for cesium and ru-
bidium at least, the oxides are dissolved in the bulk of the
metal [10], and so the surface may keep a metallic char-
acter. Between successive experimental runs, the metals
have also been melted and reshaped in order to renew
their surfaces, but no significant alteration of their visual
aspect was observed even weeks after the preparation of
the sample. We feel that the metallic surfaces tested were
as clean as possible in a practical sense, but presumably
contain a certain amount of oxides. Note, however, that
surface oxides should favor wetting, by providing stronger
binding sites for He atoms than the metallic surface it-
self.

Another parameter to be discussed is the microscopic
shape of the surface. It is known [11] that rough surfaces
have wetting properties which can be different from those
of flat ones. For instance, wetting and drying contact an-
gles can be different. In helium-film physics, it has been
noticed that “dirty” surfaces tend to be wetted by thicker
films than are clean ones [4]. Also, an etched silicon sur-
face has been shown to adsorb an excess volume of film in
a certain thickness range [12], which is equivalent macro-
scopically to a stronger wetting. It is thus possible that a
rough surface made with an otherwise nonwettable ma-
terial could nevertheless be wetted by a helium film. To
summarize, the discrepancy between the theoretical pre-
dictions and the experimental results should not be neces-
sarily attributed to imperfections of the theory, or to the
inaccuracy of the substrate-helium potentials used. Sur-
face oxides, surface roughness, or contamination should
favor wetting. In that context, the nonwetting on cesium
appears most remarkable.

Now the burning thresholds remain to be explained.
The values of Table I in the range 0.1-0.2 mW are con-
sistent with a maximum film flow on the order of 5x10 ~°
cm?s ™!, which is a typical value for a saturated film [4].
Reduction from this standard value may be brought by
the diminution of the film perimeter on the ring. Except
for the case of cesium, the film burning occurs between
1.6 and 1.8 K. For Cs, burning in the upper part was ob-
served for temperatures as low as 1.33 K, well below
To=1.8 K. The observed burning power for cesium was
not affected significantly by the temperature which has
been varied from 1.3 to 1.65 K. A hysteretic behavior is
observed as the power is increased or decreased as shown
in Fig. 2. This hysteretic behavior suggests the existence
of a nucleation barrier to reinstall a superfluid film in the
upper part after burning.

In order to investigate the burning mechanism of the
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upper film, a second electric heater was attached on the
sample, just at the level of the cesium ring. Because of
the thermal resistance between the cesium and the lower
film, it was possible to vary significantly the temperature
difference between the two films by applying a power Q'
of a few microwatts using this second heater. It allows us
to vary independently the heat flow in the upper film and
the temperature difference between the upper and the
lower film. In Fig. 3 the temperature difference across
the cesium ring at the burning threshold of the upper film
is shown for various heat fluxes in this film. It appears
clearly that the burning of the upper film is not related to
some critical heat flow in it, but rather to a temperature
difference between this film and the rest of the sample.
This difference, namely, 10 =2 mK is surprisingly small,
indicating that the upper superfluid film is near a stability
limit. The corresponding difference u, —up in the chemi-
cal potential may be calculated easily, assuming that each
film is in thermal equilibrium with the vapor facing it.
The pressure being through the sample (neglecting the
weight of the vapor column), the variation of the chemi-
cal potential in the vapor reduces to

u—up=—s5T,—Tp)=—(s;+L/Tp)(T,—Tp), (1)

with s, and s, being the liquid and vapor molar entropies,
and L being the latent heat of vaporization. The numeri-
cal value of u, —up is found to be typically 70 mK. It
corresponds to a relative variation of the saturation pres-
sure of at most 5%, far below what is known to corre-
spond to the suppression of superfluidity in helium films
on glass (typically 50%) [13]. Hence this suggests that
the glass surface may have been modified. Indeed, the
vapor pressure of cesium at room temperature is sufficient
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FIG. 3. Temperature difference across the cesium ring at
threshold, vs the heat flux Q. For a given value of Q, the tem-
perature difference is adjusted using a second heater located at
the level of the Cs ring. The point at the origin corresponds to
no heating at all [6]. This shows that the burning of the upper
films is correlated with the temperature difference rather than
with Q.
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to form a monolayer in less than 1 s and it is likely that,
during the sample preparation, the glass surface has been
covered with cesium atoms. Because of the large core ra-
dius of the He-Cs potential (~0.5 nm), even a submono-
layer would drastically weaken the wall attraction at
short distance, causing the surface to be only marginally
wetted by liquid helium. Hence, a small difference be-
tween the chemical potentials in the two parts of the tube
would be sufficient to dry the upper one. In an attempt to
get more information on the transition mechanism, two
thermometers were installed on the upper part of the tube
above the cesium ring. The temperature of the upper film
was brought to its burning temperature. The tempera-
ture of the upper thermometer rose first, followed a few
minutes later by the second one. This indicates that the
disappearance of the upper film occurs by the displace-
ment of a front from the top of the tube to the cesium
ring. A direct measurement of the film thickness would
be of much interest to elucidate the exact nature of this
burning process, because it may represent an interesting
example of a prewetting transition [14].
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