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Using a thick disk cavity of a torsional oscillator, we have measured the viscosityh and slip lengthz
independently both in normal and superfluid3He. In the normal-liquid phase, superfluid fluctuation effects
were seen clearly near the superfluid transition temperature. The ratio of the slip length to the viscous mean
free path,z/lh was constant as predicted by theory, but its magnitude was about 2/3 of the theoretical
prediction. In the superfluid phase, the temperature dependence of the observed value ofz/lh supports the
existence of Andreev reflections in superfluid3He. @S0163-1829~96!50834-9#

The Landau theory of Fermi liquids is known to describe
well the properties of liquid3He at very low temperatures.
The theory established many important concepts to under-
stand interacting Fermi systems. Most properties of liquid
3He predicted by the theory have been confirmed experimen-
tally. However, the temperature dependence of the viscosity
h has not been demonstrated experimentally. The experi-
mental difficulty in the viscosity measurements is attributed
mostly to long mean-free-path effects of3He quasiparticles.

Since the mean free pathl of a 3He quasiparticle in-
creases likeT22 in the degenerate temperature region, it
could be quite large and become comparable to the typical
size of the experimental cell or the viscous penetration depth
d. In this case, the hydrodynamic description of the liquid
breaks down and it is difficult to derive the viscosity from
experimental data.

In this temperature region, one existing theory that takes
the long mean-free-path effect into account is the so-called
‘‘slip theory.’’ The theory introduces a new parameter, the
slip lengthz, in the liquid velocity profile near the wall. The
theory predicts that the ratio of this slip lengthz to the vis-
cous mean free pathlh is 0.58 and is independent of tem-
perature for the normal Fermi liquid.1,2 Most viscosity mea-
surements are analyzed on the basis of this theory. So far,
experiments for pure liquid3He have found that the magni-
tude ofhT2 was not constant,3 but it has been suggested that
it might become so with a larger value ofz/lh , at least in a
certain temperature range.4 Therefore, the magnitude ofz/lh
plays an important role in determining the temperature de-
pendence of the viscosity. In this paper, we present indepen-
dently derived experimental results of the viscosity and slip
length from torsional-oscillator experiments.

We also show the results of viscosity and slip-length mea-
surements for superfluid3He. In this case, the liquid proper-
ties are characterized by the properties of the Bogoliubov
quasiparticles. The mean free path of the quasiparticle also
can become very long, and we need to use slip theory. In
early experiments, the viscosity decreased rapidly to zero as
the temperature was decreased well belowT/Tc , although
the theory predicts finite viscosity even atT50. The discrep-
ancy between theory and experiments is considered because
of the effects of a long mean free path and Andreev reflec-
tion of the quasiparticle. Therefore, what is measured was
the effective viscosity.

If Andreev reflection exists in superfluid3He, an incident
particlelike quasiparticle will be reflected as though it were a
holelike quasiparticle at the wall, where the order parameter
is distorted. In this reflection, the quasiparticle group veloc-
ity is reversed, but its momentum is almost unchanged.
Therefore, the momentum transfer between the quasiparticle
and the wall is negligibly small. The process acts to make the
slip length large. The probability of the Andreev reflection
increases with decreasing temperature as the relative number
of low-energy quasiparticles increases at lower temperatures.
As a result, the slip length becomes progressively large at
low temperatures.

In the torsional-oscillator experiment, what we measure
are the resonance frequency shift and the change of quality
factor from those of the empty cell. The liquid properties
then are related to these quantities. The form of the relations
depend on the relative magnitude of the thicknessd of the
liquid disk and the viscous penetration depthd. Using the
slip boundary condition, the transverse acoustic impedance
Z1 can be expressed as
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for the case ofd!d ~thin disk!. Here,v andr are the reso-
nance angular frequency and the liquid density, respectively,
andZ is defined as stress tensor divided by the wall velocity.
The real part ofZ1 is related to the change of the inverse of
quality factorD~Q21!, and the imaginary part ofZ1 is related
to the shift of the resonance frequencyDf . In this case, the
liquid densityr ~or normal componentrn for the superfluid!
can be obtained from the frequency shift. This is why thin
disks are adopted in many experiments. However, to derive
the viscosity, one has to assume the magnitude and its tem-
perature dependence of the slip lengthz.

For the case of thick disk, whered@d andd!R ~R is the
radius of the liquid disk!, the impedanceZ can be expressed
as
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In this case, ifr is known, one can determineh andz inde-
pendently from the experiments. In the superfluid we usedrn
data obtained by Parpiaet al.5 Note that the slip effect is
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taken already into account in the expression ofh. Therefore
no correction is necessary. We only have to deriveh andz
from the measured data of theDf and theD(Q21).

The diameter and the height of our torsional oscillator cell
are 11 mm and 6 mm, respectively, which is similar to those
used by Ritchieet al.6 For the temperature range of the
present measurements, the viscous penetration depth can be
as large as 1 mm. In this case, the analytical solution of the
velocity field becomes inaccurate because the liquid near the
corner is affected by both the side and upper or lower wall.
Therefore, the velocity field of the liquid in the cavity was
calculated numerically.

The cell body of the oscillator was machined from the
Stycast 1266 and BeCu is used for the torsion rod. The reso-
nance frequency is about 1490 Hz. The block diagram of the
measuring circuit is similar to those of Archie’s.7

In the present measurement, accurate adjustment of the
phase position is very important. A small deviation of the
phase determination leads to a large error in the value of slip
length. The method we adopted for the determination of the
resonance frequency and theQ value are as follows; first, we
adjust roughly the phase position for the resonance. Then, we
shift the phase645°, and read the drive voltage and the
frequencies for each position. The position of the phase for
the resonance is determined so that the drive voltage of the
oscillator becomes equal to a645° phase shift. The differ-
ence of these two frequencies gives the half width and the
central value gives the resonance frequency. TheQ value is
calculated from these quantities.

The torsional oscillator is mounted on a copper nuclear
demagnetization cryostat. The temperature of liquid3He is
measured by LaCMN and the3He melting curve thermom-
eter, which was calibrated using the Greywall temperature
scale.8

Figure 1 shows the experimental results ofhT2 as a func-
tion of temperature at various pressures. The lowest tempera-
ture for each pressure corresponds to the superfluid transition
temperatureTc . The broken lines show the best fit of the
following equation for each pressure data.

hT25
1

A2BT
.

The T-linear dependence of thehT2 is consistent with the
previous measurements, but its magnitude is larger than
those obtained by other groups.

The solid curves, which show the deviation from the bro-
ken line at the lowest temperatures, are the theoretical pre-
dictions by Emery9 based on the fluctuation effect above the
superfluid transition. To obtain the best fit to the experimen-
tal data, the value of the parametersG1530 anda50.5 are
adopted for all pressures. These values are within the range
of values suggested by Emery. The agreement between
theory and experiments is excellent. The existence of this
form of deviations was suggested already by Hooket al.4

~see the insert of Fig. 1!. However, this behavior was, so far,
not related to the fluctuation effect above the superfluid tran-
sition. Note that the viscosity in our results is independent of
the value of the mean free path of3He quasiparticle or slip
length: within the frame work of the slip theory, the effect is
taken already into account. Therefore, we conclude that the
observed deviation of the viscosity from the finite tempera-
ture correction is because of the fluctuation effects above the
superfluid transition.

Figure 2 shows the results ofz/lh derived from the same
data with the viscosity measurements in the normal liquid
3He. The viscous mean free pathlh is determined from

lh5
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,

wheren is the number density of3He atoms,pF is the Fermi
momentum, andh is the viscosity obtained in these experi-
ments.

FIG. 1. The viscosity ofh of the normal 3He timesT2 as a
function of temperature at various pressures. The dashed lines indi-
cate theT-linear corrections for thehT2. The solid curves are the
Emery’s theoretical results showing the fluctuation effects above
the superfluid transition~Ref. 9!. The inset shows the similarity of
our present data at 21 bar to that of Manchester group.

FIG. 2. The slip lengthz normalized by the viscous mean free
path lh as a function of temperature at 0 and 5 bar in normal
3He. The dashed line is the theoretical prediction by Jensenet al.
~Ref. 1! and Einzelet al. ~Ref. 2!.
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Within the experimental scatter, the ratioz/lh is indepen-
dent of temperature as predicted by the theory, although its
magnitude is considerably smaller than the theoretical value
of 0.58. This discrepancy in the magnitude between theory
and experiments also is seen in the earlier measurements and
our results are consistent with those of the Cornell group.10

Our results are obtained from the direct measurements of the
slip length, the first experiments to our knowledge. The fact
that the valuez/lh is not larger than the theoretical prediction
ensures that we apply the slip theory for the analysis of the
experimental data.

Figure 3 shows the results of the viscosity measurements
in the superfluid phase. The solid lines are the theoretical
predictions.11 AboveT/Tc50.6, the results are in fairly good
agreement with theory, except for the zero bar data. The
viscosity shows a rapid decrease just belowTc , and then
tends to a constant value. In zero bar, the coincidence is not
good. The reason is not clear at the moment, but one possi-
bility is that the scattering parameter used in the theory
might be larger than 0.68~Ref. 11!.

As long as the slip theory could apply, the results should
not depend on the magnitude of the mean free path of the
quasiparticle. The rapid decrease of the viscosity at the low-
est temperatures, showing the deviation from the theoretical
curve, is probably because of the extremely large mean free
path of the quasiparticle, where the slip approximation can
no longer be applicable.

Figure 4 shows the slip length normalized by the viscous
mean free path in the superfluid phase of3He. The viscous
mean free pathlh is calculated as
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where Yn is the generalized Yoshida function. The solid
curves are the theoretical estimations by Einzelet al.12 at 0
bar. The lower curve was obtained by assuming that the qua-
siparticle is scattered diffusively at the wall, and shows very
weak temperature dependence. The upper curve was calcu-
lated including the Andreev reflection of the quasiparticle at
the wall. In this case, the slip length increases progressively
with decreasing temperature as the relative number of low
energy Bogoliubov quasiparticle increases at lower tempera-
tures.

The present data show an apparent increase of slip length
with decreasing temperature in qualitative agreement with
the theory including the Andreev reflection. The results sup-
port the existence of the Andreev reflection.13–15

In Fig. 4, in the temperature range of 0.6,T/Tc,1, the
data fall below the upper theoretical curve. On the other
hand, they fall above the curve near the lowest temperatures.
These discrepancies between theory and experiment may be
explained as follows: in the theory, the order parameter pro-
file is assumed to change as a step function. So, the calcula-
tion gives the upper bound of the slip length. We consider
this as the possible reason for the deviations at higher tem-
peratures. BelowT/Tc50.5, the quasiparticle mean free path
increases rapidly with decreasing temperature. Therefore, as
mentioned above, the slip approximation becomes inaccurate
in this region.

In conclusion, we have measured both the viscosity and
the slip length using a thick disk cavity of torsional oscilla-
tor. In the normal liquid, we first have derived the fluctuation
effect in the viscosity above the superfluid transition. In the
superfluid phase, the observed temperature dependence of
the slip length supports the existence of the Andreev reflec-
tion in 3He.

This work was supported partly by a Grant-in-Aid for
scientific research from the Ministry of Education, Science,
and Culture, Japan.

FIG. 3. The viscosityh of the superfluid3He normalized atTc .
The solid curves are the theoretical results by Einzel~Ref. 11!.

FIG. 4. The slip lengthz normalized by the viscous mean free
pathlh in the superfluid3He. The solid curves are the theoretical
results at 0 bar by Einzelet al. ~Ref. 12!.
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