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We have developed a new technique to study superfluidity in saturated liquid- He films. Using the
enhanced sensitivity of this new method, we directly observe the suppression of the film s transition tern-

perature T, as the film thickness decreases. We also measure a we11-defined maximum critical film

current which scales with temperature as (1 —T/T, )', where a =1.5+' 0.17.

PACS numbers: 67.50.—b, 67.70.+n

Recently, much interest has been focused on the na-
ture of superfluid He confined to regions where one or
more of the dimensions is of the order of the temper-
ature-dependent coherence length. Theoretical work has
concentrated on the prediction of the modifications to the
superfluid properties caused by the confined geometry. '

The experimental challenge has been to perform mea-
surements in small geometries where the boundaries are
simple enough to make rigorous comparisons to the
theory. Already, qualitative comparisons to theory have
been made from data on experiments in complex
packed-powder systems and in multipore geometries.
However, little work has been reported based on simple
geometry.

A particularly simple geometry, which has been of in-
terest for many years, is that consisting of an adsorbed
liquid film. This film, which is common to both "He and

He, can consist of a liquid layer with thickness, 8, on
the order of a few hundred angstroms, fortuitously com-
parable to the He zero-temperature coherence length,

4o
Because one expects superfluidity to be suppressed

when confining dimensions are of the order of go, it was
not surprising when early searches for He superfluid
films produced negative results. " However, it was very
surprising when a recent paper not only described the
detection of superfluidity in these films, but in addition
reported a superfluid transition temperature much higher
than in the bulk, unconfined liquid. ' Subsequent re-
ports' ' from this group do not confirm their early
findings, but show film-flow effects similar to those re-
ported here.

In order to study this phenomenon more thoroughly,
we have developed a new technique which detects
superfluid film currents at least 3 orders of magnitude
smaller than in previous experiments. ' ' As will be ex-
plained below, this technique confirms the observation
that the He films can exhibit superfluidity, but only at
temperatures below the bulk transition temperature, in
accord with the standard theoretical model.

Our experiment is shown schematically in Fig. 1. ' A
solid copper cylinder is partially immersed in a bath of
liquid He (which is cooled by a conventional nuclear

demagnetization refrigerator). Although electrically iso-
lated, this cylinder is in good thermal contact with the
He via a 10-m silver-powder heat exchanger. The flat

top surface of the cylinder protrudes a distance h above
the bath. The top circular edge is rounded with a radi-
um of curvature of about 0.5 mm. Slightly above this
metal surface is positioned a flat metal disk which forms
a capacitive pair with the top of the lower cylinder.
Since the dielectric constant of the He is greater than
unity, the application of a dc voltage, V, produces a force
which tends to pull the liquid into the capacitor gap.
Since at low temperatures there is a negligible amount of
vapor present, the only way liquid can move into the gap
is through a superfluid film which covers the protruding
end of the copper cylinder. The flow of normal liquid
through the thin film is negligible because of the associ-
ated enormous flow impedance.

The amount of liquid in the gap is measured by our
monitoring the interelectrode capacitance, which in-
creases when He arrives in the capacitor. The experi-
ment consists of application of the potential V, and ob-
servation of the subsequent change in capacitance.

In the actual apparatus, the film-flow detector is sur-
rounded by a pair of concentric metal cylinders whose
measured capacitance serves as a detector of the liquid
level in the bath.

The gap in the film-flow detector is 62 pm which per-
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FIG. l. A schematic diagram of the apparatus used to both
generate and detect superfluid 'He film Aow.

1988 The American Physical Society 302



VOLUME 60, NUMBER 4 PHYSICAL REVIEW LETTERS 25 JANUARY 1988

(a)
~ ~ ~ ~ ~ ~

E
E 2—

I

C) T=0.7 mK
h=1.5 mm

mits us to detect film-thickness changes of about 1 A in

1 s. The liquid-level detector has a annular gap of 500
pm and can resolve level changes of 1 pm. (There are
surface-tension corrections which must be made to find
the correct height h. These are included in the data
shown below. ) The central solid copper cylinder has a
radium of 12 mm. The disk electrode above the cylinder
has a radius of 9 mm. Overall, the film-flow detector can
detect mass currents as small as 7X 10 mm /h in 1 s.
A typical superfluid current can be determined in about
10 s.

The static capacitance of the film-flow detector mea-
sures the total amount of He in the gap. Since the
copper surface is microscopically quite rough on the
scale of the expected film thickness (=10 cm), we are
unable to determine capacitively the actual filni thick-
ness. However, on the basis of the total measured liquid
in the gap, we know that 8 & 5000 k The actual value
of 8' may be much smaller.

Relatives values of 8 are observed to increase as h de-
creases, as expected. However, on the basis of previous
work, we do not consider it reliable to deduce 8 from h.
Hence, we choose to display measured film properties as
a function of h rather than B. ' '

The cell is filled slowly from the bottom at a tempera-
ture less than 100 mK until the free surface of the bulk
liquid rises to a known distance h from the top of the
film-flow detector. Since at these temperatures there is
no appreciable vapor and the liquid is in its normal state,
the film does not reach its equilibrium thickness nor does
it respond to changes in h.

As the temperature is lowered through the bulk transi-
tion temperature T, (which is detected with He
NMR), there is no observable change at the flow detec-
tor unless h is less than the capillary length (=0.5 mm).
After further cooling, the liquid abruptly begins to flow
into the capacitor gap to permit the film to reach its
equilibrium thickness. We identify this point as the film

superfluid transition temperature T, .
Once below T, the film flow continues until the film

thickness reaches its equilibrium value appropriate for
the particular height h. Once this equilibrium is estab-
lished, further decreases in temperature have no effect on
film thickness.

Below T, , when a voltage is applied across the capaci-
tor, the film flows into the gap to establish a new in-
creased equilibrium thickness. The film current is deter-
mined by the rate of change of gap capacitance. As
shown in Fig. 2(a), the mass current through the
superfluid film, J„increases as a function of electrostatic
driving force (proportional to V ) until it saturates at a
well-defined current. We identify this saturation current
with the depairing critical current J,. The fact that
there are currents below J, at finite values of V implies
that there are dissipation processes in the film flow which
precede pair breaking.

A typical measurement is shown in Fig. 2(b). At
point A, the voltage (200 V) is turned on and there is an
abrupt increase in capacitance due to the direct motion
of the two electrodes. Thereafter the capacitance in-
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FIG. 2. (a) The rate of arrival of He in the detector J, as a
function of V (which is proportional to the driving pressure).
(b) A data trace from a single measurement of the critical
current J,. See text for explanation.
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FIG. 3. The reduced critical temperature TF/T, for several
values of h.
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FIG. 4. The critical currents J, for four different values of
TF as a function of 1 —T/T, The TF's .were measured as ex-
plained in the text. The solid lines are fits to the data and each
has a slope a, as indicated in the legend.

ture as (1 —T/T, )' where a is between 1.34 and 1.67.
The temperature dependence predicted in several calcu-
lations on depairing currents in confined geometries is
(1 —T(TF) 's

Also apparent in Fig. 4 is the fact that the saturation
current J, is smaller at a given reduced temperature as
the film thickness decreases (with increasing h).

Studies of superfluid He film flow have also been re-
ported in a double-beaker experiment. ' ' If the data
from those experiments are analyzed in terms of the
height h, which is the directly measured quantity in both
types of experiment, there is agreement to about 15% in

both the critical currents and the T, suppression. '

In summary, it is clear that superfluidity in He films
can be achieved and that the resultant phenomena can
probably be understood in terms of existing theoretical
models. It appears as if the He superfluid film system
can be an interesting testing place for current ideas of
quantum liquids. We hope to continue this research us-

ing a flow apparatus whose walls are smooth on a scale
much less than (o.

The film-flow detector described herein was conceived
in a conversation with T. Misuzaki and A. Hirai. This
research was supported by the National Science Founda-
tion under Grant No. DMR85-16905.

creases linearly with time until at point 8 the voltage is
switched to zero. At this instant the capacitance abrupt-
ly decreases as a result of the electrodes moving back to
their original position. Subsequently the film flows out
of the capacitor and relaxes back to the equilibrium
thickness. The outgoing flow transient typically displays
a constant slope, determined by the depairing critical
current until very near equilibrium where the predepair-
ing dissipation becomes evident.

During each of these measurements the film thickens
by about 1%. For a fixed value of 1't, as the experiment
slowly ~arms, a temperature is reached at which the
current becomes zero. This is the film critical tempera-
ture T, characteristic of the height h.

We have determined the film transition temperature
T, as a function of the height h. The data, shown in

Fig. 3, demonstrate that TF is a decreasing function of
film thickness, as expected. Under no circumstances
have we detected film flow at temperatures above T, .
Since we do not have a reliable determination of the film

thickness, it is impossible to make a strong comparison of
our data to existing theory. However, it seems reason-
able that film thicknesses of the order of 10 A should
lead to suppressions of T, comparable to those which are
observed.

We have also measured the variation of saturation
critical current as a function of temperature for several
diH'erent film thicknesses. (The measurements were
made with an applied voltage of 200 V.) The data
shown in Fig. 4 demonstrate that J, varies with tempera-
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