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We have performed measurements of third sound attenuation in thick films of
superfluid 4He in the presence of small amounts of 3He. The attenuation due
to 3He appears to depend linearly on the number density of 3He atoms in the
film. We discuss the results in context of a recently proposed mechanism
where the attenuation is caused by the interaction of the excitations in helium
with the trapped vortices.
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Films of 4He provide an example of a superfluid in a restricted geom-
etry. Unhampered by viscosity, the superfluid component is free to move
along the substrate surface. This system allows propagation of third
sound,1, 2 a long wavelength hydrodynamic mode similar to gravity waves
in shallow water. Although persistent currents exist in the films,3, 4 time-
varying flow such as third sound is attenuated by mechanisms that are still
not well understood. Liquid helium is exceptionally free of contaminants,
which freeze out at higher temperatures. However, the presence of the 3He
isotope, even in small amounts, alters some of the transport properties
beyond what one would expect by assuming that 3He simply enhances the
normal component of a homogeneous superfluid. For example, in persis-
tent-current decay measurements,5 the rate of decay increases in the pres-
ence of 3He. Also, small amounts of 3He reduce the thermal conductivity in
superfluid films adsorbed on strips of Mylar.6 Similarly, trace amounts of
3He reduce the rate at which the superfluid film flow replenishes a heated
region on a silicon substrate.7



In this paper we report how small amounts of 3He affect the attenua-
tion of third sound in a thick helium film. We find that the third sound
attenuation is proportional to the 3He fraction but the proportionality
factor can be reset by traversing the superfluid transition temperature. This
suggests that the attenuation is due to trapped remnant vortices which, as
was first shown by Ellis et al.,8 densely populate helium films. The perio-
dically swaying trapped vortices interact with the 3He background and
dissipate the energy in the third sound.

We study third sound in a thick (’300 Angstrom) saturated film
adsorbed on the surfaces of a circular resonator. The resonator is placed
inside of a temperature-controlled can (of approximately 200cc internal
volume), which is connected via a weak thermal link to the 3He pot of a
sorption-pumped refrigerator. Temperature control of ’ 0.3 mK is main-
tained, while the temperature is varied between the base temperature of the
refrigerator of ’ 0.25 K and the bulk superfluid transition at 2.17 K. The
cell is filled through a 3He-actuated, superfluid-leak-tight valve, which
remains sealed after helium is added. Both 4He and 3He are metered into a
container of known volume and introduced into the cold cell at T % 1.3 K.
The concentration numbers we use refer to the molar concentration of 3He
in the room temperature mixture.

Both the excitation and detection of the third sound are performed
capacitively.9 Helium films cover the surfaces of a polished brass pedestal,
which forms the bottom surface of the resonator, and of a glass flat, which
forms the top surface. The glass flat is patterned with evaporated gold film
(’200 nm thick) to produce four conducting quadrants composing the
drive and detector capacitor plates. To reduce the capacitive cross-talk, the
quadrants are separated by a grounded cross-shaped electrode. The active
area of each quadrant is 1.63 cm2, and the spacing between the quadrants
and the pedestal, calculated from the measured capacitance between the
quadrants and the pedestal, is between 38 and 60 mm. To avoid capillary
filling of the space between the pedestal and the glass, the support structure
of the glass holder is separated from the pedestal radially by ’ 1.5 mm,
which is larger than the helium capillary length.

We find that the resonator exhibits normal modes that we identify
closely with the Bessel function modes of a drum head. Such modes would
appear if the tangential component of the superfluid velocity vanishes at
the edge. This condition is equivalent to fixed boundary conditions for the
film height variation at the edge. Why these boundary conditions dominate
is not clear. Several resonant modes were detected and identified. These
modes correspond to resonances on either the glass flat or the brass sub-
strate. In this work we report attenuation of a single mode on the glass flat,
which is most efficiently excited and detected by our electrode configuration.
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This is the anti-symmetric Bessel mode of the first kind with m=1, n=1,
typically at resonant frequency f % 26 Hz. The resonance is excited with one
of the quadrants and is efficiently detected at the diagonally opposite
quadrant. We drive the mode with a sinusoidal drive signal of typical
amplitude ’ 5 V. Electrostrictive force, which is proportional to the square
of the applied voltage, excites the mode of interest. The detection quadrant
capacitor, biased to ’ 100 V DC through a 1012 W resistor, is connected
through a blocking capacitor to a low noise voltage preamplifier10 and to the
input of a lock-in amplifier11 which is referenced to the second harmonic of
the drive signal. The drive frequency is swept across the resonant response
while frequency, in-phase, and in-quadrature responses are recorded. The
spectrum, which consists of several damped simple harmonic oscillator
modes, then undergoes an analysis procedure in which the amplitudes,
positions and the quality factors of the mode of interest and nearby modes
are simultaneously fit to the real and the imaginary components of the
response. Variation in the peak position corresponds to the change in third
sound wave speed of propagation, while the peak width represents the dis-
sipation. We calculate the attenuation from the resonance condition,
w=c3Z1, 1

R and the relation between the quality factor of a resonant mode and
the attenuation, a= w

2Qc3
=Z1, 1

2RQ . Here c3 is the third sound velocity, Z1, 1 % 3.83
is the first zero of the Bessel function, J1(x), R is the radius of the glass flat
and Q is the quality factor of the resonant mode. Because the third sound
velocity varies with temperature due to the changes in superfluid density,
the dependence of the attenuation on frequency is implicit through the
change of the resonant frequency with temperature. It is, however, of no
significance in further discussion, since the effects we describe manifest
themselves below T % 1.5 K, where the third sound velocity changes are
small.

Figure 1 shows the temperature dependence of the attenuation for the
m=1, n=1 mode for mixtures with two different amounts of 3He in the
cell. The attenuation is reproducible if the temperature in the cell is varied
slowly and if the temperature is not raised above the superfluid transition.
However, as shown in the figure, cycling the sample through Tl sets the
system on a new attenuation curve. This strongly suggests that the film
typically exists in a metastable state which can be modified by thermal
cycling though Tl.

Note that the attenuation first decreases as temperature is lowered
from 2 to ’ 1.3 K as one might expect from attenuation mechanisms
arising from vapor recondensation,12, 13 thermal conductivity through the
substrate, or vortex-normal fluid interaction.14 However, as the tempera-
ture is lowered further, the attenuation reaches minimum values and then
begins to increase. The minimum attenuation and the temperature at which
the minimum occurs depend on the amount of 3He in the cell.
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Fig. 1. Attenuation vs. temperature for helium mixtures containing 330 ppm (solid
squares and open up triangles) and 660 ppm (solid circles and open squares) 3He.
Error bars represent fit quality for individual attenuation measurements. Attenuation
is reproducible unless the film state is reset by warming above Tl. Lines through the
data represent a model in which the attenuation is proportional to the 3He content in
the film. The model multiplier b (proportional to the number density of remnant
trapped vortices in the model described in the text) is 7500 m−1 for the solid and short-
dash lines, and 5000 for the short-dash and dash-dot lines. A set of attenuation mea-
surements for helium with no added 3He is shown by open circles. In these mea-
surements, attenuation was calculated from free decay of oscillations caused by a
tone burst. The data below ’ 1.3 K is obtained with the adsorption refrigerator
running; the data above 1.5 K is obtained with 1 K pot providing cooling through the
exchange gas in the adsorption refrigerator subsystem. The data in the intermediate
regime was not taken in most data sets due to severely shortened holding times of the
adsorption refrigerator.

As the temperature is lowered, the concentration of 3He in the film
increases due to condensation from the vapor. This concentration can be
calculated from chemical potential equilibrium between the vapor and the
liquid phases. We then can compare the temperature dependence of the
3He concentration in the film and the attenuation.

To calculate the molar concentration of 3He in the liquid phase, we
use the vapor pressure measurements by Sydoriak and Roberts.15 For low
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3He concentrations, the ratio of the 3He partial pressure PX to its saturated
vapor pressure Psat is proportional to the molar content X in the liquid,
PX/Psat(T)=B(T) X. We obtain the B(T) dependence by fitting the
measured values of PX vs. X in the small concentration limit for a set of
temperatures, and interpolating the results. Since most of 4He remains
condensed below T=2 K, we can evaluate the content of 3He in the film
from X(T)=N3He

RT
Psat(T) B(T) Vcell+N4HeRT , where N3He and N4He are molar amounts

of the helium isotopes in the cell, and Vcell is the cell volume.
The lines in Fig. 1 show the attenuation linearly proportional to the

concentration of 3He in the film, a3He=bX(T), where b is a multiplier
which does not depend either on 3He content or temperature. It does,
however, depend on the film history and assumes a different value each
time the superfluid transition is traversed. To further illustrate the correla-
tion between the attenuation and the 3He content of the film, we plot in
Fig. 2 the ratio of the two, corrected for b. The four data sets collapse on
the same horizontal in the temperature range between ’ 0.5 and 1.1 K.

Data below ’ 0.5 K shows deviations from smooth, monotonic
behavior, also seen in the measurements in pure 4He films. In the range
between ’ 1 and 0.5 K, the attenuation attributable to 3He for all data sets
rises somewhat more steeply than the calculated 3He density. Expressed in
terms of weak temperature dependence of prefactor b, this correction is no
stronger than b 3 T − 0.2.

The observed dependence of the attenuation on temperature indicates
that the dominant energy dissipation mechanism is within the film itself.
This appears to rule out the evaporation-recondensation mechanism of
Bergman12 as well as energy dissipation through substrate and vapor heat
conduction. It is, however, consistent with the dense vortex array model
of attenuation.14 In this latter model, represented schematically in Fig. 3,
quantized vortices, trapped by the irregularities at the substrate surface, are
deflected in the flow field of the third sound wave due to the Magnus force.
The vortex core and the surface dimple then interact with the excitations in
the liquid. At low temperatures the vortices are metastable, prevented from
annihilating due their strong binding to the microscopic surface defects.
The vortex density might be expected to depend on the history of the film’s
cooling through the superfluid transition. In this model, the effect of the
added 3He is to introduce additional scattering as the pinned vortices sway
periodically in the sound field. If the cross-section of such scattering is
independent of temperature, the attenuation can be expected to be propor-
tional to the 3He density in the film, with no other temperature depen-
dence.

We are not aware of direct measurements of interaction between vor-
tices in 4He and 3He impurities. However, there is data available on
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Fig. 2. (a) Attenuation as a function of temperature, normalized to the calculated
dependence of 3He concentration in the film on temperature and adjusted for a mul-
tiplicative factor. Symbols for the attenuation data are the same as in Fig. 1. Horizontal
line would correspond to attenuation linear in 3He concentration. (b) Calculated
normal component fraction (solid line), 3He molar concentration for a 330 ppm load
(long dash) and 660 ppm load (short dash) as functions of temperature.
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Fig. 3. Schematic depiction of a helium film populated with a
dense irregular array of quantized vortices, pinned to the
defects at the substrate surface. Vortices are deflected in the
oscillating velocity field of third sound by Magnus force.
Interaction between the moving vortices and the viscously
clamped excitations is dissipative.

interaction of 3He atoms with other microscopic entities in superfluid
helium. The vortex induced dimple at the surface might be modeled as one
part of a moving bubble. The scattering cross-section calculated from mea-
surements16 of mobility for negative ions in weak solutions of 3He in 4He
shows a weak temperature dependence consistent with a hard sphere
interaction potential with a collision radius of 2.1 nm and a Boltzmann
thermal distribution of 3He momentum. S-wave scattering alone would
introduce b 3 T1/2, which would not be consistent with the temperature
dependence we observe. However, below T % 1 K, resonant scattering is
significant, and calculation of its contribution to the attenuation is com-
plicated due to the complex shape of the vortex and the dimple14.

The calculated concentration of 3He is lower than the normal fraction
of 4He at the attenuation minimum by a factor of ’ 150 (see inset in
Fig. 2). It remains a mystery to us why the 3He atoms should be a more
effective dissipative scattering mechanism than the intrinsic normal com-
ponent. Perhaps the vortex-3He scattering is resonant, with its temperature
dependence masked by the dimple shape.

One possible dissipation mechanism would involve the motion of vor-
tices along the substrate surface, with the attachment point jumping from
one pinning site to another, or the creation of free vortices via de-pinning.17

The role of 3He then would be to reduce the pinning potential and possibly
to create a larger density of free vortices.18, 19 These effects, however, are
expected to be strongly dependent on the superfluid flow velocity through
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highly non-linear thermal activation. While thermal conductivity and per-
sistent current decay measurements are necessarily made in the film veloc-
ity range near onset of nucleation, our measurements involve peak film
velocities on the order of vpeak % c3 Dd/d % 0.3 cm/s, where d and Dd are
the typical film thickness and the peak third sound amplitude, respectively.
These low velocities and our checks of the linearity of the third sound
response seem to rule out any mechanism which involves movement of the
vortices along the substrate. Future experiments might check for the effect
of surface morphology on pinning by using atomically smooth surfaces
(perhaps O111P-oriented silicon wafers) or by pre-treating the substrate in a
manner which would greatly reduce the vortex pinning potential, such as
pre-plating with an inert gas.

In conclusion, we have presented measurements of the third sound
attenuation in thick films of dilute 3He: 4He solutions. We find that the
attenuation seems proportional to the concentration of 3He in the film.
Since the attenuation function can be changed by a simple multiplicative
factor by traversing the lambda point, we suggest that the damping mech-
anism arises from scattering between the 3He atoms and a very dense array
of trapped vorticity. Both the density of this trapped vorticity and the
specific scattering mechanism remain elusive.
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