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The superQuid density of He confined to porous Vycor glass has been determined from
fourth-sound measurements over a temperature range from below 0.1 K to within 10 mK
of the transition. For temperatures below 1.4 K the normal-fIuid fraction can be de-
scribed in terms of a roton contribution with gap 4/k& = 5.85 K and a "one-dimensional, "
T, phonon contribution, Near the transition temperature, T~ =1.955 K, the superfluid
density is found to vary as (T, —T) ~ with P = 0.65+ 0.03.

The study of helium confined to the narrow (ap-
proximately 60 A diameter) channels of porous
Vycor glass' provides an excellent opportunity to
examine the effect of restricted geometry on the
excitations of the liquid and on the character of
the superfluid transition. In the work reported
here we consider both of these questions.

In the past, extensive determinations have been
made of the superfluid density using fourth-sound'
and persistent-current' techniques in both packed-
powder and Vycor systems. The temperature for
which superf low is first seen, the "onset" tem-
perature, is observed to decrease with decreas-

ing pore size. For onset temperatures on the or-
der of 2 K the fourth-sound rneasurernents in
packed powders indicate that the superfluid den-
sity approaches zero in a nearly linear fashion. ~

Both the depression of the onset temperature'
and the temperature dependence of the superfluid
density near onset' have been discussed in terms
of the temperature-dependent healing length of
the Ginzburg-Pitaevskii-Mamaladze theory. ' In
this theory the healing length, $, is given by $
= $,(& —T/T z) 't'. The experiments indicate that
$, is in the range of l to 2 A. A key assumption
for this analysis is the requirement that the or-
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der parameter obey a zero-value boundary condi-
tion. Unfortunately there exists neither rigorous
theoretical justification nor direct experimental
evidence for such a boundary condition in super-
fluid helium.

Earlier fourth-sound measurements in Vycor
by Fraser and Budnick' and by Gregory and Lim"
have indicated that the superfluid transition may
be sharper in Vycor than for a packed powder of
comparable pore size. Our work confirms this
indication. We believe that the relatively sharp
transition seen in the Vycor case is a result of
greater homogeneity in pore size distribution as
compared to packed powders.

In the present experiment we have observed
fourth-sound resonances using an oscillating-
cavity technique. " The experimental details are
described later in the paper. The fourth-sound
velocity, C~, is obtained from the observed reso-
nance frequencies and the known cavity length.
An effective superfluid density ratio, p, /p, is
given by the usual expression, '

where C,(0) is the zero-temperature extrapola-
tion of the fourth-sound velocity. In Fig. 1, the
superfluid density given by Eq. (1) is plotted
against the temperature. The solid line gives
the behavior of p, /p for bulk helium at saturated
vapor pressure. For temperatures below 1 K,

. the temperature dependence of the superfluid den-
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sity for helium in Vycor clearly differs from that
of bulk helium. However, apart from a shift in
transition temperature, the data near T, closely
resemble data for bulk helium.

We have made a power-law fit of the form p, /p
=A(l -T/T, )~ using only the data lying within 0.1
K of the transition temperature. (The best fit is
given for f =0.65+ 0.03 and T,= 1.955+ 0.002 K.)
In Fig. 2 we show the conventional log-log plot of
the superfluid density against reduced tempera-
ture, e =1-T/T, . It is clear that the superfluid
density follows the same "two-thirds" power-law
in porous Vycor as it does in bulk helium, in
marked contrast to the results obtained in packed
powders' and the expectation based on the Ginz-
burg- Pitaevskii-Mamaladze' healing-length mod-
el.

Josephson" has pointed out a scaling relation-
ship between the superfluid exponent, g, the heat-
capacity exponent, o. , and the dimensionality of
the system, d. Thus, P =[(d —2)/d](2 —n). For
three-dimensional bulk helium, the heat-capacity
exponent is always near zero"; therefore p is
close to two-thirds as observed. " Since we find
the same -superfluid exponent for helium in Vy-
cor, we can conclude that in spite of the small
dimensions of the channels in the porous glass
the channels are sufficiently interconnected that
the superfluid can behave as a three-dimensional
system. If this point of view is correct, then one
would expect the heat-capacity exponent, e, to
be near zero and a sharp cusp would be expected
in the heat capacity at the transition. Published
measurements of full-pore heat capacity" by the
University of Sussex group, however, show a
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FIG. 1. Superfiuid density p, /p =[C4(T)/C4(0)]' ver-
sus temperature for liquid 4He in Vycor. The solid
line gives p, /p for bulk helium at saturated vapor pres-
sure.

FIG. 2. Superfiuid density, p, /p, for liquid He in
Vycor plotted on a log-log scale versus reduced tem-
perature, e =1-T/T, , for T, =1.955 K.
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FIG. 3. The normal-fluid fraction, p„/p =1—[C&(T)/
C4(0)]~, versus temperature on log-log scale.

rounding of the peak over a range of about 50 mK.
It would be interesting to repeat this heat-capac-
ity measurement on a Vycor sample which has
shown the sharp behavior in superfluid density.

At temperatures well below the transition tem-
perature, particularly below 1 K, it is clear that
the superfluid density decreases more rapidly
with increasing temperature for helium within
the restricted geometry of the Vycor than for
bulk liquid. In Fig. 3 we have plotted the normal-
fluid fraction p„/p = 1-p, /p against temperature
on a log-log scale. For temperatures below 0.5
K, the data can be fitted with a T' dependence,
characteristic of a "one-dimensional" phonon
contribution to the normal fluid. Similar depar-
tures from the T' phonon contribution expected
for bulk helium have been reported previously.
Pobell et al."observed a linear "zero-dimension-
al" phonon contribution for helium confined to in-
terstices of tightly packed powder while more re-
cently Washburn, Butledge, and Mochel" have re-
ported a "two-dimensional" T' contribution for a
thin helium film on a flat substrate.

A theoretical discussion of this problem was
first given by Padmore, "who pointed out that an
increase in the phonon contribution to the normal-

fluid density is to be expected in helium systems
of less than three dimensions. More recently
Saam and Cole" have treated the problem of
films and full pores for the case of cylindrical
channels. They find a T' dependence for the nor-
mal-fluid density in channels with diameters com-
parable to the pore diameters of Vycor glass.
These discussions have provided a qualitative de-
scription conforming to the experimental findings,
but they underestimate the size of the observed
effect by at least an order of magnitude.

For temperatures above 0.5 K the data in Fig.
3 show a departure from the T' dependence seen
at lower temperatures. This departure can be
fitted up to a temperature of at least 1.4 K with a
roton-type excitation. Thus the superfluid den-
sity may be expressed by p, /p = 1-AT'+BT'

&& exp(- b/kBT) for T ~ 1.4 K. The value of the ro-
ton energy gap, b/kB, is found to be 5.85 K. This
value may be compared to the value of 6.2 K de-
rived by the University of Sussex group" from
heat-capacity measurements. They attribute the
roton contribution to the second statistical layer.
The observed reduction in the roton gap of about
3 K below the bulk value corresponds to the de-
crease found by Padmore" in his Feynman-Cohen
calculation for two-dimensional rotons.

A newly developed technique for the generation
and detection of fourth sound has been employed
in this work. The apparatus is similar in config-
uration to that used by Yanof and Heppy" in their
fourth-sound investigations of superfluid 'He. A

cylinder of porous Vycor glass, 2.2 cm long by
0.68 cm in diameter, was sealed with epoxy in a
thin copper sleeve. The cavity is suspended in a
vacuum from a flexible, 0.5-mm-diam, stainless-
steel tube. This tube also serves as a fill line.
A thin copper wire acts as a thermal link between
the Vycor cavity and a 3He-4He dilution refriger-
ator. The cavity is driven along the longitudinal
axis of the cylinder.

The forces acting on the cavity are those of the
drive, the elastic restoring force of the support,
and that due to the acceleration of the center of
mass of the helium confined within the cell. At
low frequencies (- 100 Hz) the system displays a
resonance on the support system. Changes in the
support resonance frequency are useful in deter-
mining the mass of helium condensed into the
cell. In the present experiment the fourth-sound
resonance frequencies lie well above the frequen-
cy of the support resonance; therefore, we shall
neglect the influence of the support resonance on
the fourth-sound resonances. We shall also ne-
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gleet any effect of fourth-sound damping; the
equation of motion given by Yanof and Reppy" for
the driven longitudinal motion of the Vycor cell
is then considerably simplified. Then, for a
drive force F, exp( —isn't), the amplitude, X„of
the longitudinal motion is given by

2C4 mLX,=-E ~ ' ~ —m, 1 — tan2C (2)

where M is the mass of the cavity including the
fluid, and m, is the effectice superfluid mass.

The motional response of the cavity has sever-
al interesting features. For frequencies corre-
sponding to odd half-wave modes, i.e. , odd mul-
tiples of +,=2mC, L ', the pressure field associat-
ed with the fourth sound can balance the drive
force, and the displacement of the cavity, Xo,
approaches zero. A determination of the zero-
motion point then serves to determine the fourth-
sound velocity, C,(T). At a somewhat higher fre-
quency, co„ the amplitude of the cavity motion
diverges. In practice this motion will be damped
by dissipation in the support even in the case of
an infinite fourth-sound quality factor, Q, . Mea-
surement of the two frequencies, v, and Nz al-
lows us to determine the effective superfluid
mass directly without reference to the fourth-
sound velocity. For m, ((~ (in this experiment
m, - 10 'M), we have m, —= (w/2)'[(&o, —~,)/~, ]~.
In the case where the fourth-sound damping is too
large to neglect, the effective superfluid mass,
m„can still be obtained by use of the equation
of motion given in Ref. 11.

In the present experiment we find that at the
lowest temperature the effective superfluid mass
is only 10%%uo of the total helium mass, m, rec[uired
to fill the Vycor pores. The elastic properties of
the helium in the porous Vycor can be character-
ized by a sound velocity, C, through the relation
C4 = (m, /m)C'. Taking the low-temperature val-
ues of C4 and m, /m, we obtain a, value for C of
about 330 m/sec. This velocity corresponds to
the first-sound velocity in bulk helium at low tem-
peratures for a density of 0.165 g/cm'. It is in-
teresting to note that this value is close to the
measured average density of 0.168 g/cm' for 4He

in porous Vycor glass. "
The authors gratefully acknowledge the support

of the Science Research Council. We wish to
thank D. J. Bishop and J. M. Parpia for assis-
tance. One of us (J.D.R.) wishes to thank the
John Simon Guggenheim Memorial Foundation for

fellowship support and the members of the Uni-
versity of Manchester Physics Department for
their hospitality.

*Work supported by the Science Research Council,
and in part by the National Science Foundation through
Qrant No. DMR75-08624 and through the Cornell Uni-
versity Materials Science Center, Grant No. QH-33637,
MSC Report No. 2452,

'The porous Vycor glass used in the present experi-
ment was provided by the Corning Glass Research
Laboratory, Corning, ¹ Y.

2K. A. Shapiro and I. Rudnick, Phys. Bev. 137, A1383
(1965).

3J. R. Clow and J. D. Reppy, Phys. Rev. A 5, 424
(1972).

4M. Kriss and I. Budnick, J. Low Temp. Phys. 3,
339 (1970).

5E. S. Sabisky and C. H. Anderson, Phys. Rev. Lett.
30, 1122 (1973); G. G. Ihas and F. Pobell, Phys. Bev.
A 9, 1278 (1974).

R. P. Henkel, E. ¹ Smith, and J. D. Reppy, Phys.
Rev. Lett. 23, 1276 (1960).

~V. L. Qinzburg and L. P. Pitaevskii, Zh. Eksp. Teor.
Fiz. 34, 1240 (1958) [Sov. Phys. JETP 7, 858 (1958)];
Yu. Q. Mamaladze, Zh. Eksp. Teor. Fiz. 52, 729 (1967)
I.Sov. Phys. JETP 25, 479 (1967)].

For a recent discussion of this point see T. C. Pad-
more and J. D. Reppy, Phys. Rev. Lett. 33, 1410(C)
(1974).

BJ. C. Fraser and I. Budnick, Phys. Rev. 176, 421
(1968).
' S. Gregory and C. C. Lim, Phys. Rev. A 9, 2252

(1974).
~'A. W. Yanof and J. D. Beppy, Phys. Bev. Lett. 33,

631, 1060(E) (1974).
~2B. D. Josephson, Phys. Lett. 21A, 608 (1966).

K. H. Mueller, F. Pobell, and G. Ahlers, Phys. Bev.
Lett. 34, 513 (1975). These authors find =&' = -0.026
+ 0.004.

i4D. S. Qreywall and G. Ahlers, Phys. Rev. A 7, 2145
(1973).

~For a review of the University of Sussex heat-ca-
pacity work see D. F. Brewer, J. Low Temp. Phys.
3, 205 (1970).

F. D. M. Pobell, H. W. Chan, L. R. Cgrruccini,
R. P. Henkel, S. W. Schwenterly, and J. D. Reppy,
Phys. Rev. Lett. 28, 542 (1972).

~YT. E. Washburn, J. E. Rut/edge, and J. M. Mochel,
Phys. Bev. Lett. 34, 183 (1975).

8T. C. Padmore, Phys. Bev. Lett. 28, 1512 (1972).
~~M. W. Cole and W. F. Saam, Phys. Bev. Lett. 32,

985 (1974); W. F. Saam and M. W. Cole, Phys. Rev.
8 11, 1086 (1975).

2 D. F. Brewer, A. J. Symonds, and A. L. Thomson,
Phys. Rev. Lett. 15, 182 (1965).

2~T. C. Padmore, Phys. Rev. Lett. 32, 826 (1974).

1289


