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"Surface sound" has been observed for the first time, in He3 adsorbed on the free sur-
face of liquid He4. Measurements of the surface-sound velocity and surface tension are
used to obtain new values for the effective mass I= (1.3 +0.1)m3 and binding energy eo/
&g=2.28+0.03 K of the adsorbed He .

This Letter reports measurements of the veloc-
ity of surface sound on liquid He4, cooled below
100 mK, and covered with about 0.2 atomic lay-
er of adsorbed Hes. Earlier surface-tension
studies'~ have shown that in such low concentra-
tions the adsorbed He3 can be treated as a two-
dimensional Fermi gas of weakly interacting qua-
siparticles. Surface sound4 is a eompressional,
adiabatic, longitudinal wave in this almost ideal,
two-dimensional system. The measurements al-
low one to check the theory governing the surface-
sound velocity u„and to derive some of the prop-
perties of the adsorbed He' at low number density.
These are the quasiparticle effective mass M,
the binding energy to the surface relative to the
l3ulk &p and the effective interaction between the
quasiparticles. The binding energy ep has been
calculated by a number of theorists~ but no theo-
retical estimates for the effective mass of inter-
action have been published yet. The sign and
magnitude of the interaction is of particular in-
terest because of the possibility of observing two-

dimensional superQuidity in adsorbed He'.
The existence of surface sound was predicted

by Andreev and Kompaneets. 4 In their theory,
because of the existence of surface excitations—quantized capillary waves ("ripplons") and ad-
sorbed He' quasiparticles —the free surface of su-
perfluid helium can transport mass, entropy, mo-
mentum, etc. , and it obeys a set of hydrodynamic
equations which are analogous to the two-Quid
bulk equations, At low temperatures in pure He4,
or in very dilute solutions of Hes in He4, the in-
fluence of the normal Quid in the bulk becomes
negligible compared to that at the surface, and
there are then two forms of small oscillations of
the surface: capillary waves and what Andreev
and Kompaneets called "surface second sound"
(which we abbreviate to "surface sound"). The
surface sound has velocity u, given by

v„u,' = —(Ba/8 lnN, ),

where o is the surface tension, N, = —(Bv/spa)r
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is the number of adsorbed He' per unit area of
the surface, s =S/N, with S= —(&o/87')„, the sur-
face entropy per unit area, and p., is the He'
chemical potential. Clearly —(So/91nN, ), is the
two-dimensional analog of an adiabatic bulk mod-
ulus, since s is the entropy per He' atom. The
quantity v„ is the mass per unit area of the nor-
mal Quid on the surface. It is the two-dimension-
al analog of the normal density p„. In our exper-
imental situation v„and 8 are mainly due to ad-
sorbed He' but, in principle, there are small
contributions from thermally excited ripplons
which become negligible below - 100 mK.

Our original observation of surface sound' (un-
published except for this reference) was made on

a helium surface with an unknown number of He'
per unit area; the present experiments were
made in conjunction with measurements of the
surface tension v from which, in principle, the
surface number density N, can be determined.
The experiments were made on two 0,337-liter
samples of liquid helium, the first of commercial
He' containing about 0.13 ppm of Hes, the second
formed from the first by adding 0.0575 ppm of
He'. The effective "free surface" of the samples
was larg" about 104 cm'. This was due to some
fine copper wire and some fibrous materials in
the upper part of the experimental cell which, at
low temperatures, were covered with saturated
helium film. The concentration and area of the
samples was such that, below -90 mK, all of the
He~ was adsorbed on the surface (including that
of the saturated film) and none was dissolved in
the bulk of the liquid.

The experimental cell contained two "transduc-
ers, "which are small, vertical squares of car-
bon resistor board, which could be raised or low-
ered with respect to the liquid surface by super-
conducting motors, '0 In addition, there were a
number of other fixed transducers at different
distances stationed so that they intersected the
liquid level. Each transducer could be used in a
time-of-Qight measurement as the transmitter
(by applying a brief heating pulse) or as the re-
ceiver. For the receiver, a feedback circuit
maintained the transducer temperature constant
at about 100 mK. Signals incident on the receiver
were measured as a decrease in the power sup-
plied by the circuit. To detect surface sound we
averaged 10 to 10' signals to raise the signal-
to-noise ratio. The ce11 also contained a parallel-
plate capacitor to obtain 0 from the capillary
rise of the liquid between the plates. Further ex-
perimental details are given in Edwards et al."
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FIG. 1. Measurement of the velocity of surface sound
at T =28 mK. The surface-sound signal, which begins
at t —=3.2 msec, was produced by a transmitter pulse of
1.2 nJ at t = 0.

and Gasparini et al."
A typical surface-sound signal is shown in Fig.

1. In this case the transducers intersected the
surface at a distance of 84 mm. If the input heat
pulse is increased it is possible to observe' the
transmission of phonons through the interior of
the liquid and evaporated atoms through the vacu-
um above the liquid, as well as the surface sound.
One can also observe surface sound generated by
evaporated atoms striking the surface. For small
input pulses, however, when there are no evapo-
rated atoms, the surface sound disappears as
soon as the transmitter is lifted out of or sub-
merged below the surface. In addition, the sig-
nal strengthens as one increases the area of the
transmitter or receiver exposed to the vacuum,
indicating that the saturated film on the surface
of the transducer plays a role in generating and
detecting the surface sound. A plausible explana-
tion for this will be discussed in a later paper.
It was verified that the velocity of propagation u,
was independent of the size of the transmitter
pulse, the path length; and the receiver power

Figure 2 shows the measured values of u, ver-
sus the temperature while Fig. 3 shows the sur-
face tension a(T) for the same two samples of
helium. The dashed curve in Fig. 3 represents
v for pure He4, including the ripplon contribution
given by Atkins. ' We have found from measure-
ments above 0.3 K that the ripplon theory is as-
ymptotically correct for pure He4 as one ap-
proaches low temperatures. The difference be-
tween the dashed curve and the data, , ha = o4(T)
—a(T), can be thought of a.s the "spreading pres-
sure" of the adsorbed He~.

In Fig. 3, as the temperature is increased from
0 K, the number density N, of He~ on the surface
remains constant at first and both u, and the two-
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FIG. 2. Surface-sound velocity ~~ versus tempera-
ture for the first sample (circles) and the second sam-
ple (triangles). The curves are theoretical (see text).

dimensional pressure Lh, o increase by an amount
which varies approximately as T'. This is typi-
cal of a degenerate Fermi system. At about 90
mK the adsorbed He begins to dissolve in the in-

terior of the liquid and 4o decreases quite rapid-
ly. At the same temperature u, begins to de-
crease below the theoretical curve, followed by
the extinction of the surface sound, presumably
because of damping by the He' below the surface.

Figures 2 and 3 show theoretical curves fitted
to our u, and o data, as well as to some unpub-
lished 0 measurements by Crum, "and some of
the earlier o measurements of Guo et al. ,

' those
with N, ~ 5x10" cm '. The curves were calcu-
lated by treating the adsorbed He' as an ideal
Fermi gas with mass M= 1.28ms and binding en-
ergy e,/@~=2. 28 K. The surface normal mass v„
in Eq. (1) was assumed to be N, M plus the small
ripplon contribution. In fitting the data, the ef-
fective area of the system and the He' concen-
tration of the first sample were adjusted, as well
as the values of ~, and M. The values of Ã, at 0
K for the two samples were found to be 0.97x10'

and 1.42 x 10 cm . The fit to the data is
excellent and in our opinion it confirms the theo-
ry underlying Eq. (1) very effectively. "

To estimate the uncertainties in c, and M we
have also tried a more complicated version of
the model by introducing a weak He'-He' interac-
tion V, ', as in Ref. 5. This is equivalent to a
simple 6-function potential. The ranges in the
possible values of e„M, and V, ' are e,/kB= 2.28
+ 0.03 K, M = (1.3 a 0.1)m„and Vo' = (0.4+ 1.4)
x 10 "erg cm'. Although the magnitude and sign
of the interaction are not well determined, we
note that a positive V, ' corresponds to a repul-
sion, implying that surface He' will not become
superfluid, at least at low densities. Since the
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FIG 3 Th f ti al difference behveen a' (0), the surface tension of pure He4 at 0 K, and the measured surfacee rac on
tension o'(T) for the same typo samples as in Fig. 2. The dashed line is the Atkins theory (Be . ) or pure e . e
solid curves are theoretical, fitted to the data (see text).
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present fit includes data at low densities from
Guo et al. , the new results for ep M and Vp'

supersede the less accurate values given in their
paper. The experimental value of ep is in rather
good agreement with the latest theoretical value
of Chang and Cohen, ~ eo/k&= 2.35 K.
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The attenuation of 2-GHz acoustic surface waves in a 300-A aluminum film has been
measured in the temperature region around the superconducting transition temperature,
The simple BCS theory yields a gap parameter of 3.60. While microwave electromag-
netic-attenuation measurements in the film indicate critical fluctuation effects near T„
there appear to be no such fluctuation effects in the ultrasonic-attenuation data of this
short-mean-free-path Al film.

%e report here observations on the attenuation
of 2-0Hz acoustic surface waves on lithium nio-
bate by a thin, granular aluminum film as a func-
tion of temperature near the superconducting
transition temperature T,. This film was chosen
to investigate the interaction of surface phonons
with thermodynamic fluctuations near T, since
there have been several experimental and theo-
retical studies of their effect on the conductivity
of such superconductors with a short mean free
path. '

Previously it was pointed out by Aslamazov and
Larkin (AL)' that the sound attenuation coefficient
would have a sharp peak which diverges like (T
—T,)

'~' in a bulk system and as (T —T,)
' in a

two-dimensional system. However, their expres-
sion applies only in the limit ql » 1, where q is
the sound wave vector and l is the electron mean
free path. Furthermore the numerical factor of
the fluctuation component of the ultrasonic atten-
uation coefficient, a„L, is so small fi.e. , n» /
o'„~ ((p, ) '[T,/(T —T,) v AL/o„ in the dirty limit,
where p, is the Fermi momentum and $ = ((,I)'"
is the coherence distance for a dirty supercon-
ductor} that an experimental observation of this
anomaly appears impossible. The AL attenua-
tion coefficient is concerned with diagrams (d)
and (e) in Fig. l. In these, fluctuations carry
the superconducting current; each of the two
vertices accounts for a factor k,T,/F-~- (gp, ) '.
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