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Frequency Dependence of the Superfluid Transition in He Films on Porous Vycor Glass
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(Received 7 October 1988)

We have used an ultrasonic technique to measure the superAuid density and the dissipation in He
films adsorbed on porous Vycor glass. The superfluid transition is quite sharp at the lowest frequency (5
MHz) but broadens and shifts to higher temperatures as the frequency is increased (up to 196 MHz).
In contrast to earlier torsional-oscillator measurements on this system, we observe a dissipation peak at
the transition. We discuss the information which these results provide about the role of two-dimensional
vortices in the superAuid transition in films adsorbed on porous substrates.

PACS numbers: 67.40.Rp, 67.40.Pm

Superfluidity in helium films has been the object of
much theoretical and experimental interest. For films on
flat substr ates, the superfluid transition is of the
Kosterlitz- Thouless type, involving the unbinding of
two-dimensional (2D) vortices. For helium on porous
substrates, however, finite size eff'ects and the complex
multiply connected geometry of the surface are impor-
tant, to the extent that films adsorbed on porous Vycor
glass appear to behave three dimensionally in the critical
region. In order to determine the role of 2D vortices in
such films, information on the dynamics of film motion
would be valuable. We report here results of the first
measurements of the frequency dependence of the
superfluid density and dissipation in helium films on
Vycor, obtained by use of an ultrasonic technique. We
observe a narrow dissipation peak at the superfluid onset
and find that the transition broadens and shifts to higher
temperatures as the frequency is increased.

A number of recent experiments have studied super-
fluidity in He films on porous substrates. The results
for both alumina and platinum powders were similar to
the flat-substrate case, namely, a sudden decrease in the
superAuid density at the superAuid transition accom-
panied by substantial dissipation. These features were
interpreted in terms of the Kosterlitz-Thouless theory,
with broadening of the transition due to finite size effects
in the small powders. On the other hand, torsional-
oscillator experiments using Vycor substrates found a
relatively sharp superfluid transition near which the
superfluid density disappeared with a critical exponent
close to that of bulk liquid helium, which was considered
evidence that the transition was three dimensional. In
these experiments, the dissipation peak characteristic of
2D vortices on flat substrates was not observed. Very re-
cent experiments have used other glass substrates (silica
xerogels and/or aerogels) with pore sizes similar to
Vycor but with different microstructures. Torsional-
oscillator measurements of the superfiuid density (for
full pores) found sharp transitions but the critical ex-
ponent was different for each of the substrates.
Specific-heat experiments found sharp peaks at the

superlluid transitions for films on both Vycor and xerogel
substrates, an unexpected result since earlier measure-
ments had shown only broad features.

Several authors have extended the Kosterlitz-Thouless
theory to finite geometries. Initial work ' considered
vortices on the surface of isolated spheres and predicted
a very broad transition with negligible dissipation in
pores as small as those in Vycor. Recently, the theory
has been generalized ' to the case of an interconnected
network of cylinders. With this model of a porous sub-
strate, both the dependence of the transition temperature
on film thickness and the existence of a 3D critical re-
gion could be explained. A quite diff'erent approach is to
consider the substrate as a random potential acting on
the helium" and it has been suggested ' that it is the
long-range structure of this "quenched disorder" that
gives the different critical exponents for different sub-
str ates.

There is not yet a satisfactory understanding of super-
fluidity in films on porous substrates nor even agreement
on the effective dimensionality of such systems. The fre-
quency dependence of the superflv""d transition can pro-
vide valuable information about the role of 2D vortices
since their response depends on the measurement fre-
quency as well as the pore size. Near the transition,
most of the dissipation is due to vortex pairs with separa-
tions equal to the diffusion length rD =(2D/co) 't, where
D is the vortex diffusivity and m is the drive frequency.
This length is of the order of microns at torsional-
oscillator or third-sound frequencies. In porous media,
the restriction of vortex motion by the pore geometry is
expected to broaden the transition and reduce the asso-
ciated dissipation. These finite size effects become less
important than finite frequency eff'ects when the
diffusion length is smaller than the pore size. So far, the
only experimental information on the effects of pore size
on vortex motion comes from measurements using
powders of different sizes. ' However, since the micros-
tructure is not identical in all powders, measurements as
a function of frequency would be preferable. In Vycor,
the vortex diffusion length would become smaller than
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pore dimensions at frequencies above about 12 MHz (es-
timating the diffusivity' D as 6/m and the characteris-
tic length scale of Vycor ' as 200 A). In order to see
whether such a crossover occurs in helium films on
Vycor, we have used an ultrasonic technique to extend
the measurements of the superAuid density and dissipa-
tion to 200 MHz.

Our technique is to measure the sound velocity v and
attenuation a of shear waves in the Vycor substrate.
When the adsorbed film becomes superAuid, only the
normal-Auid fraction remains viscously locked to the
substrate and so the sound velocity increases by an
amount proportional to the decoupled superAuid fraction:

av/v = —,
' (1 —x)osS,

where og is the areal density of the superAuid component
and S is the sample's specific surface area. The fraction
x of the superAuid which remains effectively locked to
the substrate depends on the tortuousity of the pore sur-
face. Ultrasonic measurements thus provide essentially
the same information as does a torsional oscillator since
the change in the sound speed is analogous to the
oscillator's period shift and the sound attenuation is re-
lated to the damping Q

'
by

(2)

The samples were made from commercial Vycor
(Corning 7930 "Thirsty Glass" ) and were about 0.3 cm
in diameter and 1 cm long. They were cleaned by heat-
ing at about 80 C in a 30% hydrogen peroxide solution
for 1 h and rinsed in distilled water for several hours.
The samples were air dried and then evacuated at room
temperature for a few hours. Two 20-MHz LiNb03 Ul-

trasonic transducers were bonded to the ends using a sil-
icone fluid whose high viscosity prevented it from being
drawn into the pores. The sample and transducers were
mounted, using spring-loaded pins, into a copper cell
(dead volume about 7 cm ) which was then sealed with
an indium 0 ring and evacuated. We have previously
characterized an identically treated Vycor sample from

the same batch. ' The pore volume fraction was 29%,
the specific surface area (from a nitrogen Brunauer-
Emmett-Teller measurement) was 105 m /g, and mercu-
ry porosimetry gave a pore radius of 19 A.

For the ultrasonic measurements a heterodyne tech-
nique was used to determine simultaneously the in-phase
and quadrature components of the received sound pulse
at each frequency. The velocity resolution of the system
was Av/v = 10 so that we could detect the decoupling
of 4&10 monolayers of superAuid. The system could
also measure 0.005-dB attenuation differences, corre-
sponding at 100 MHz to changes in the damping AQ
of 4x 10 . About 15 min were required to take data at
all frequencies before changing the temperature. Mea-
surements were made at low signal amplitudes (peak
power & 10 W, duty cycle 0.1%) where tests showed
that there was no sample heating or amplitude depen-
dence of the signal.

When a sample (with an adsorbed film) is cooled
below the superAuid transition temperature T„we find
that the sound velocity increases and that there is an at-
tenuation peak at T, . In order to separate the changes
due to superAuidity in the helium films from those due to
the glass itself, a temperature- and frequency-dependent
background must be subtracted from the data. This
background is due to the interaction of the sound wave
with the two-level systems which are characteristic of
amorphous materials. ' The presence of helium in the
pores is known' to increase the relaxation rates of the
two-level system in the glass so we cannot simply sub-
tract the empty-Vycor data. However, measurements
with different film thicknesses show that the onset of
superAuidity does not significantly change the back-
ground, so that we can determine it from the data far
from the transition. For the sound velocity, we simply
extrapolate the linear temperature dependence observed
above the transition, and for the attenuation, we fit the
data on both sides of the peak by a low-order polynomi-
al.

Figure 1(a) shows the sound velocity (after back-
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FIG. l. (a) Velocity and (b) damping of ultrasonic shear waves. Curves for different frequencies have been vertically displaced
for clarity. From bottom to top, the sound frequencies are 5, 8, 16, 30, 83, and 196 MHz.
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ground subtraction) at frequencies from 5 to 196 MHz
for one film thickness. The decoupling of the superAuid
fraction is seen as a velocity increase. The transition is
quite sharp at the lowest frequencies but becomes pro-
gressively more rounded at higher frequencies. At 5
MHz there is a rounded tail region extending about 5
mK above the transition. This is comparable to the
rounding seen in torsional-oscillator experiments at
1570 Hz, indicating that there is very little frequency
dependence up to 5 MHz. By fitting the low-frequency
data close to the transition, we can find a value of the
critical exponent for the superAuid density. For all films,
the data are consistent with the bulklike exponent of 3

observed in the torsional-oscillator experiments, but this
has a considerable uncertainty due to the rounding near
the transition.

Figure 1(b) shows the corresponding attenuation
changes [converted to AQ

' using Eq. (2)]. In contrast
to torsional-oscillator experiments, there is a clear dissi-
pation peak. At the lowest frequencies, this peak is
sharp and its maximum occurs at the transition tempera-
ture indicated by the velocity data. As the frequency in-
creases, the peaks grow and become rounded. They be-
come much wider and the maximum shifts to higher
temperature. The broadening is asymmetric, occurring
almost totally above the transition temperature.

We made measurements for a number of different
helium coverages. Transition temperatures ranged from
0.15 K for the thinnest superAuid film to 1.94 K for full
pores. Figure 2 shows the damping peaks for the film
data at a single frequency (30 MHz). The peak height
scales with the transition temperature and hence with the
amount of superfluid present (since both are proportional
to the film thickness ). The shape of the peaks and their
frequency dependence are similar in all of the films.

Figure 3 summarizes the dependence of the damping
peak height on frequency and on film thickness. We
have divided the peak heights by the transition tempera-
ture for each film to illustrate the proportionality of the
peak height to film thickness. Below 100 MHz the peak

heights decrease with decreasing frequency for all films,
although less rapidly for the thickest film. This decrease
explains why torsional-oscillator experiments at kHz fre-
quencies did not detect dissipation associated with the
transition.

Within the temperature resolution of our data (better
than 2 mK), the low-frequency peaks (16 MHz and
below) are sharp cusps with maxima at identical temper-
atures. Together with the velocity data, this implies that
the onset of superfIuidity in helium films on Vycor is a
genuine phase transition with an inherent rounding of at
most a few mK.

The dissipation peaks can be compared to those seen
in torsional-oscillator measurements on Bat substrates.
There, finite frequency effects shift the transition to tem-
peratures slightly above its zero-frequency position and
give the peak a finite width. The original experiments
also observed additional dissipation below the transi-
tion, but later experiments' indicated that this was not
an inherent property of the films. Although these mea-
surements were done at a single frequency, the transition
is expected to broaden and shift to higher temperatures
with increasing frequency. The behavior which we ob-
serve (Fig. 1) is consistent with the predictions of the
Kosterlitz- Thouless theory in finite geometries. The
motion of "pore vortices" which is considered in recent
theories ' occurs on longer length scales and so will be

9, 10

important at much lower frequencies. At high frequen-
cies, vortex pairs with separations smaller than pore di-
mensions will dominate, and the motion of vortices be-
comes essentially two dimensional. The characteristic
frequency for films on Vycor was estimated above to be
about 12 MHz. Our data show just the expected
broadening and shift to higher temperatures at frequen-
cies above 16 MHz. The similar frequency dependence
in the different films can be taken to indicate that the
vortex diflusivity D does not depend strongly on film
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FIG. 2. Damping peaks at 30 MHz for diAerent helium film
thicknesses.

FIG. 3. Damping peak height Ag divided by transition
temperature T, as a function of frequency and film thickness.
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thickness.
Although the dissipation peaks have some resemblance

to the critical attenuation seen in liquid helium at the
lambda transition, the scaling with frequency is quite
different. ' In bulk helium, the attenuation peak is much
narrower and occurs slightly below the transition tern-
perature. As the frequency increases this peak broadens
on both sides of the transition and its maximum shifts to
lower temperature, in contrast to the behavior shown in

Fig. 1(b). We have also observed that, when the Vycor
pores are completely filled, the dissipation peaks are
comparable or even smaller in size than those in the film

with T, =0.84 K, even though the full pores contain
roughly 5 times as much superfluid. This suggests a
diA'erent dissipation mechanism in full pores. Because of
the large dead volume of our sound cell, desorption of
helium above 1.2 K prevents us from using thicker films

to study this behavior in detail.
Further experiments using other substrates will clarify

the relationship between the role of vortices in the
superlluid transition and the pore size and structure of
the porous material on which the films are adsorbed.
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