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Suppression of Superfluidity of He in Cylindrical Channels
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%e have measured the suppression of superfluidity of liquid He in small cylindrical pores. The
suppression is smaller than calculated by recent theories, and indicates that a dissipative state intervenes
before true superAow through the pores commences. The critical currents are 2 orders of magnitude
lower than those measured in the bulk, and do not show the same power-law behavior.

PACS numbers: 67.50.Fi, 67.40.Hf

The boundary condition on the order parameter of
superfluid He results in a suppression of at least one
component of the three-dimensional order parameter
near a surface. The influence of the surface should ex-
tend over a distance of several coherence lengths, ' and in

long cylindrical pores, the constraints imposed by the
confining geometry could produce other than the usual 2
or 8 phases observed in bulk liquid. These boundary
efl'ects are strongly dependent on whether the surface is

diftuse or specular to incident quasiparticles. For pores
with radii on the order of the zero-temperature coher-
ence length, the superfluid density and the transition
temperature should be suppressed since the coherence
length diverges at the bulk transition temperature.
Another result should be a low critical velocity due to a
suppressed gap.

It was with the aim of exploring these eA'ects that we

undertook this experiment. He is particularly well suit-
ed for this investigation since the zero-temperature
coherence length, go=A vF/2trkBT„ is strongly pressure
dependent, varying from about 700 A at low pressures to
about 150 A at melting pressure. Thus, in a particular
experimental configuration, by adjusting the pressure,
the ratio of coherence length to cell dimension can be
varied by a factor of 5.

Nuclepore filter, Of nominal size 4000 A, was selected
as the confining geometry since this material has straight
pores of relatively uniform size. An examination of elec-
tron micrographs by the manufacturer and by us showed
a pore size of 3500+ 200 A and a porosity of 12.6%.
Photographs of a random 20-pm area revealed several
clusters where two or more pores overlapped at the sur-
face. However, within these large "holes, " tracks corre-
sponding to single pores were imaged. Evidently the ma-

jority of pores are not perpendicular to the surface.
Therefore, the likelihood of two overlapping pores being
parallel is exceedingly small. Finally, there is evidence
that the pore cross section may be barrel shaped. Nu-
clepore filter has been used in a previous experiment by
Manninen and Pekola, in which critical currents were
studied. Packed powders or fibrous materials have
broad size distributions and poorly defined geometries
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F'IG. 1. A schematic view of the experimental cell showing
the dimensions.

and thus were not suitable for this experiment.
The experimental cell is illustrated in Fig. 1. An an-

nular flow channel, with dimensions 0.25 mm width
&1.25 mm height, was built on a 7.6-mm radius. The
Nuclepore filter was glued into a pair of frames and then
inserted across the channel. The flow cell was mounted
on a torsion tube and formed an oscillator with a reso-
nant frequency of about 850 Hz.

This arrangement functions as a highly sensitive detec-
tor of superfluidity of He in the pores through the mea-
surement of the period of the oscillator. When the fluid
in the pores is normal, the membrane presents a high
flow impedance to the fraction of fluid in the channel not
locked by viscosity. In this case, the entire fluid mass is

strongly coupled to the oscillator. When the He in the
pores is in the superfluid state, the impedance of the
membrane becomes negligible, allowing the superfluid
mass in the annulus to decouple and lower the period of
the oscillator. In principle, this technique would produce
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—(1 —X)v Ap, b
= r APp, p, (2)

where pb is the bulk superfluid density, pz is the
superfluid density in the pores, 2 is the area of the chan-
nel, and P is the porosity of the membrane. Combining
these two equations determines X:

(3)

By substituting the geometrical factors from our experi-
mental configuration, we find that as long as the
superfluid density in the pore is reduced by no less than a
factor of 10 below that in the bulk, J is very close to
zero. In other words, when even a weakly developed
superfluid state exists in the pores, the inertia due to the
Kelvin drag of the membrane is small compared to the
inertia of the rest of the fluid so that the oscillator
behaves as though the membrane were not present.

Experiments were carried out by our cooling the liquid
to a temperature on the order of 0 7T/T, or below, and.

operating the oscillator in a phase-locked loop to track
the resonant frequency. The amplitude of oscillation was
maintained at a constant level from as low as —0.5 A
peak to peak at all pressures to in excess of 50 A. at low

pressures. The cell was then warmed through the transi-
tion region at about 15-20 pk/h. At this rate, no
thermal offset was observed between the thermometer
and the experiment. The period and dissipation of the
oscillator were recorded, together with the out-of-
balance signal from a lanthanum-doped cerium magnesi-
um nitrate thermometer. Upon warming through the
bulk transition temperature, the cell was cooled through
the same temperature range at a different amplitude and
the procedure repeated. An entire sequence at a single
amplitude took approximately 20 h to complete.

A representative set of data is shown in Fig. 2. Here
the period of the oscillator is plotted against temperature

an abrupt decrease in the period of the oscillator with the
onset of superflow. In practice, the transition region is
characterized by a finite width which depends on the im-
pressed oscillation amplitude. Our ac technique has the
ability to produce low flow velocities, and has high sensi-
tivity to pressure differences across the membrane.

In the limit of incompressibility and complete viscous
locking of the normal fluid, two equations describe the
hydrodynamics. First, in the rest frame of the laborato-
ry, the conservation of circulation can be written

L'g2R'R + Vpl 0.

Here, t. , is the superfluid velocity in the channel, vz is
the superfluid velocity in the pores, R is the radius of the
annulus, and l is the thickness of the membrane. If we
define X as the fraction of superfluid that is coupled to
the oscillator, then v, is related to v, the velocity of the
membrane, by v, =X~ . The amount of fluid that is

decoupled from the oscillator must backflow through the
orifice, so that conservation of mass gives
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FIG. 2. Results of four runs at diff'erent amplitudes 0.61 A
(open squares), 1.9 A (filled squares), 6. 1 A (open circles), and
9. 1 A (filled circles) at a pressure of 20 bars. We plot the
period of the oscillator against the temperature. Features to
note are the signature at the bulk transition at —2.445 mK,
feature II which marks the onset of superfluidity in the pores,
and feature I the onset of dissipative superAow for a particular
amplitude.

for four different amplitudes of oscillation. The period
shift shows several different features which are
noteworthy. As the cell is cooled, the onset of
superfluidity in the bulk annular region is marked by a
small abrupt rise in the period of the oscillator. This
feature is amplitude independent and is thought to be
produced by a fourth-sound mode in the channel driven
off resonance. At lower temperatures, the period shift
becomes amplitude dependent, and at still lower temper-
atures the data once again become independent of ampli-
tude with the data at various amplitudes all collapsing
onto a single universal curve.

Our interpretation of these curves is simple. For any
given amplitude, below a certain temperature, labeled I,
the liquid in the pores is in the superfluid state and is
below its critical current. It thus presents no flow re-
striction to the rest of the fluid in the channel. Above
that particular temperature, the period increases as a re-
sult of a finite pressure difference across the pores which
accelerates the superfluid in the annular region. This
pressure difference is an indication that velocity-induced
dissipative flow is occurring in the channels. Thus, for a
particular induced velocity through the channels, the
membrane's impedance is observed to increase dramati-
cally as the cell is warmed above a certain temperature.
At temperatures above feature I, the data do not fall
onto a universal curve until a certain temperature, la-
beled II, is reached. This feature is universal for all am-
plitudes, and we associate this point with the onset of
superfluidity in the pores. Through the conservation of
mass [Eq. (2)], J„the current flowing through the mem-
brane, is given by (1 —Z)v p,b/P. With use of the usual
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temperature dependence of the superfluid density' and
the assumption that X=O, the superfluid current
backflowing through the pores can be inferred. The as-
sumption that E does not diA'er appreciably from zero
should only introduce a significant error close to the
transition.

Following the theoretical work of Vollhardt, Maki,
and Schopohl, '' who find that the critical current should
follow a relation J„=A(1 —T/T, ) 3i, we plot 1~i3

against the reduced temperature in Fig. 3, and determine
the temperature for feature I in the limit of zero current.
Our results at all pressures are qualitatively similar and
do not agree with this power law; rather, the apparent
best exponent lies between 2 and 2 for this range of
temperatures. It is possible that this efI'ect is due to a
size distribution of the pores. In addition, the value of
the critical current at a given temperature is between 2
and 3 orders of magnitude smaller than those measured
in previous experiments. ' ' . Finally, the limiting
temperature of feature I is diflerent from that of feature
II (see Fig. 3).

We now compare our results to earlier critical current
experiments. Briefly, Eisenstein, Swift, and Packard '

observed that the saturated critical currents at 0 bar fol-
lowed the expected 2 power law. Manninen and Peko-
la, using Nuclepore filter of 8000-A pore size, observed
the same power-law behavior in two regimes. From their
data a low-dissipation regime was resolved at pressure
diflerences of (2 @bar, and a high-dissipation regime
was associated with the saturated critical current. Ling,
Betts, and Brewer' also observed two flow regimes simi-
lar to those in Ref. 7, but found, at pressures greater
than 21.5 bars, that the power law switched to 2 rather
than the 2 seen at low pressures. Finally in a recent ex-
periment, Pekola and co-workers' using a single 7000-A.
orifice observed the expected 2 power-law behavior at 0

and 2.4 bars, but with some suppression of the saturated
critical current over that in the bulk. Over all, the pres-
sure sensitivity of these experiments was in the range of
1 to 10 pbar, as compared to our value of 10 pbar.
Further, these experiments generally observe the sat-
urated value of the critical current rather than the onset
of dissipative flow as shown in Fig. 2. In view of our
higher sensitivity to pressure diA'erences, together with
the earlier observation of two dissipative states, it is like-
ly that our enhanced resolution permits us to identify a
novel, low-dissipation state in He-B, which intervenes
well before the saturation critical current is achieved.
We are unable to drive the flow cell with currents com-
parable to those in earlier experiments because of the
high amplitudes that this would require and consequent
heating.

It is unlikely that our observations are due to some in-
herent defect in the Nuclepore substrate. We emphasize
that our Nuclepore samples were not dilferent (except
for a factor of 2 smaller in size) from those used in Ref.
7. As evidence for the relatively sharp pore-size distribu-
tion, we can point to the narrowness of the onset of
disspative flow in Fig. 2. If a few very large pores were
present and controlling the flow, then at temperatures
sufficiently below T, in the smaller pores the critical
currents should approach the usual saturated values
since presumably all pores would be participating in the
flow. Clearly, this is not the case since we observe the
low critical currents over the entire range of tempera-
tures accessible to our cell.

The results discussed above are typical for the B
phase. At 29 and 23.5 bars, we find that feature I is seen
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FIG. 3. Critical current, J„,plotted against the reduced
temperature for data taken at 1.5 bars. The data are incon-
sistent with a —', power law. T, "I"and T, "II"mark the tern-

peratures of features I and II, respectively.
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FIG. 4. Pressure dependence of features I and II. Shown
for comparison are the result of the calculation of Kjaldman,
Kurkijarvi, and Rainer in Ref. 3 (as solid lines), for pore sizes
of 3500, 4400, and 5800 A. Note that the data obtained above
the polycritical point show greater suppression than corre-
sponding data in the 8 phase.
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TABLE I. Values of the reduced temperature for features I
and I I at all pressures.

Pressure
(bars)

0
1.5
3
5

7

10
15
20
23.5
29

Tc (1)/Tc bulk

0.853
0.900
0.921
0.937
0.952
0.965
0.973
0.976

0.977

Tc (11)/Tc bulk

0.894
0.925
0.943
0.957
0.968
0.976
0.986
0.989
0.986
0.989

in the 2 phase as well, but occurs at lower temperatures
than expected by extrapolation of the B-phase results,
The critical currents are also lower.

Kjaldman, Kurkijarvi, and Rainer assumed disuse
scattering of quasiparticles, and in the Ginzburg-Landau
limit found an expression for the suppression of the tran-
sition temperature in terms of the ratio of pore radius to
coherence length. A numerical calculation to extend the
results to all temperatures was also presented, and be-
cause of the large suppression has to be used in compar-
ison to our results for both features I and II which are
shown in Fig. 4 and listed in Table I. In addition, we

plot in this figure the expected behavior for the 3500-A
pore size together with suppressions calculated for pore
sizes of 4400 and 5800 A, which fit the pressure depen-
dence of features I and II, respectively. If the pores are
indeed barrel shaped, our measured suppression of T, for
feature I is within the range of that calculated, but it is

unlikely that the pores are distorted to the extent of
finding agreement with feature II and the calculations.

Manninen and Pekola found good agreement with the
calculations of Kjaldman, Kurkijarvi, and Rainer for
the suppression of the transition temperature. The re-
cent results of Pekola' show somewhat greater suppres-
sion for nearly the same pore size (7000 A), which they
find to be consistent with a model of the polar phase in

the pores. Once again, the results are obtained for sat-
urated critical currents rather than the onset of dissipa-
tive flow seen in our experiments.

To summarize, we have observed the existence of a
novel low-dissipation state in He confined within 3500-
A pores. This state is characterized by a critical current
2 to 3 orders of magnitude below the saturated critical

currents observed in earlier experiments and exhibits a
different temperature dependence. The observation of
this state is made possible by our ability to resolve small
pressure difI'erences using an ac flow cell. The
superfluidity of He is suppressed to 0.85T/T, at low
pressure but is smaller than expected unless a nonuni-
form pore cross section is assumed. The mechanism for
these eff'ects has not been identified, and it is unclear
whether it is induced by the small pore size or by other
than bulk order parameters induced by the cylindrical
symmetry and flow. We plan to extend our results to
smaller pores in the near future.
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