
VOLUME )2, NUMBER 4 PHYSICAL REVIEW LETTERS 28 JANUARY 1974

relation k, =k+k', where k or k' refer to the
originally unstable modes. Two instabilities for
which the instability criteria are met in the cur-
rent sheath have angular dependences similar to
those observed. They are the electron-cyclotron
drift instability and the lower-hybrid drift in-
stability.
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Pressure waves propagate through a superleak in both He-& and He-&, showing that
both are superfluids below T~. Superfluid relative density is obtained from velocity mea-
surements over a wide pressure range above and below the polycritical point.

We have shown using both transient and reso-
nance methods that pressure waves propagate
through a superleak in both 'He-A and 3He-B
over a wide range of static pressure. ' This is
the first experimental proof of the superfluidity
of both extraordinary phases of liquid 'He. Fourth
sound, a pressure wave in superfluid He with
normal fluid locked in a porous medium, was
first discussed by Pellam' and observed by Rud-
nick and Shapiro. ' lt has been discussed theo-
retically in a context of 'He by de Gennes' and
Saslow. ' Measurements of fourth-sound velocity
C~ yield relative superfluid density p, /p via the
equation

p./p = c,'/c, ',
where C, is the velocity of first sound' and p', /p
denotes a suitable average if the superfluid is
anisotropic or if size effects are important, and
where thermal effects have been neglected with
sufficient accuracy for present purposes. Our
measurements, extending down to T/T, = 0.8,

show that p, /p is quite small, varies slowly with
temperature, and shows little or no detectable
change near the first-order transition at T»',
this is in possible disagreement with the interpre-
tation of the wire-damping experiments' and with
a predictions relating l —p, /p and zero-sound ve-
locity, but is reasonably close to what one might
expect from susceptibility' measurements.

Our experimental epoxy cell, 2.63 cm long and
2.11 cm in diameter, was packed with cerium
magnesium nitrate (CMN) powder (size less than
37 pm) to 80/o of crystalline density, the CMN

being used as superleak, refrigerant, and ther-
mometer. Each end was closed using a capaci-
tive-type pressure transducer. s For transient
measurements a voltage step of 20-40 V was ap-
plied to the transmitting transducer; the receiv-
ing transducer was connected through a band-
limiting amplifier to an oscilloscope. For reso-
nance measurements the transmitter was driven
by the reference channel of a lockin detector;
the receiver was connected to a preamplifier

141



VOLUME 32, NUMBER 4 PHYSICAL REVIEW LETTERS 28 JANUARY 1974

CO
II

I—
CD

cv cf

0. 12—

0. 10—

o ~0 ~

0 ~
p ao
P ~ 0 ~

4
0 ~

~ 0 ~
~ 0 ~

FIG. 1. Response of receiving transducer to a step
applied to the transmitting transducer showing the in-
itial transit time and subsequent echoes of fourth
sound for a pressure of 25.5 bar and T/T~ =0.89. The
receiving bandwidth is 300-10 Hz, the horizontal
sweep is 2 msec per main division, and twice the cell
length is 5.25 cm,

(
P~ [(f/C, )3H,]'
p 3He [(f/C, )4He T- 0]

(2)

where the denominator was determined" by sep-
arate experiments at pressures from zero to the
melting-curve minimum with the same mode in
the sa.me cell but with superfluid He nea. r T =0,
where (p, /p)~H, is unity. Some of our measure-
ments are shown in Fig. 2 as p, /p calculated
from the experimental quantities in Eq. (2) ver-

and then to the lockin. For 4He measurements
at low T the cell had a Q &500, but for the 3He

measurements the amplitude, though not the fre-
quency, of the fourth-sound signal was history
dependent and sensitive to pulse heating. We
were unable to obtain information on intrinsic
dissipation, not unlike fourth-sound measure-
ments with 4He.

Typical response of the receiving system (band-

width 300-10' Hz) to a 40-V step at the transmit-
ter is shown in Fig. 1. The step occurs at the ex-
treme left of the trace; the receiver responds as
shown, the time separation between adjacent max-
ima being the same within experimental preci-
sion as the reciprocal of the frequency of the cor-
responding fundamental resonance.

Precise measurements of p, /p were obtained
as a function of temperature by measuring the
first longitudinal resonance" frequency f. Be-
cause of the reduction of the measured fourth-
sound velocity from that calculated using Eq. (1)
by the effective index of refraction of the powder,
we obtained (p, /p)3H, using the equation
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FIG. 2. Experimental values of p3/p obtained using
Eq. (2) as a function. of CMN magnetic temperature
for 88.59 (filled circles), 27.56 (open circles}, 25.50
(filled squares), 28.09 (open squares), 20.69 (filled
triangles), 17.26 (open triangles), and 12.39 (plus signs)
second-order transition temperatures &~ * are indi-
cated by arrows on the horizontal axis. The expected
locations of T~* are shown by arrows on the appro-
priate curves. The polycritical point is at -21.7 bar.

sus the CMN magnetic temperature T~. The phe-
nomenon of a minimum magnetic temperature as
absolute temperature T decreases is evident.
The critical temperatures T,* were obtained ther-
mally" for P &14 bar and at lower pressures by
extrapolating p, /p to zero and are shown by ar-
rows along the axis in Fig. 2. The arrows marked
BA on Fig. 2 for pressures of 27.56, 25.50, and
23.09 bar (all above the polycritical point) are the
expected positions of the B-A transition accord-
ing to our susceptibility measurements. ' Al-
though we expect from experience that He-8
would have formed for these pressures, there is
no major change at T»* evident either on this plot
or, more sensitively, on plots like that of Fig. 3.
Changes, if any, in P, /p at T„aare less than 5—
10% as measured in this experiment.

By measuring T,~ for ten pressures and com-
paring with the P-T, curve based primarily on
our zero-sound measurements, ' we obtained a
T-T* relation for the present thermometer which
we used to make reduced plots of lnp, /p versus
ln(1 —T/T, ). These show little pressure depen-
dence (probably less than 10%) and are sensitive
to uncertainties both in T, and in the T-T* rela-
tion. An example is shown in Fig. 3 for a pres-
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FIG. 3. Logarithmic plot of p~ jp versus 1—T/T,
for a pressure of 88.59 bar (circles). Also shown are
the values of p, /p deduced from susceptibility mea-
surements of Ref. 8 via Eqs. (8) and (4) for pressures
of 20.8 (filled squares) and 29.9 bar (open squares),
assuming the pressure independence of reduced plots.

p~ (1+3F,)g(T/T, )

p 1+3F,g(T/T, )
(4)

where Zo and I'~ are Fermi-liquid parameters. "
Although weak-coupling theory probably does not
apply and the Fermi-liquid corrections given in
Eqs. (3) and (4) are probably not accurate for L

sure of 33.59 bar, for which the liquid is entirely
in the SHe-A state. The data for all pressures
are not badly represented by p, /p c- (1 —T/T, )"
with n in the range 1.1—1.3, although quantitative
conclusions are weak because of uncertainties in
the temperature scale and in the precise value of
T, and the possibility of size effects. " With re-
spect to the latter, experiments with a more open
structure are now being contemplated.

Excluding Fermi-liquid effects, in weak-cou-
pling theory for nonmagnetic pairs" both the re-
duced nuclear susceptibility y/g„, where y„is
the nuclear susceptibility of the normal state,
and 1 —p, /p are the same function g(T/T, ), wheth-
er the superfluid is isotropic or not. Including
Fermi-liquid effects, Leggett showed'4 that for
I =0 pairing, one has

(1+ 4Z„)g(T/T, )

1+ ,'Z g(T/T, )
'—

and

& 0 pairing, we nevertheless hope to estimate p, /
p from experimental data for )(/y„using these
formulas. We use the data of Ref. 8 and do not
interpret 'He-B as a. Balian-Werthamer" state
since for the lowest T/T, achieved there the val-
ue of y/y„ is much too low for that interpretation.
We further assume approximate pressure inde-
pendence and 'He-A-'He-B independence of the
data on a reduced plot. The resulting values of

P, /p are shown on Fig. 3. The agreement is not
quantitative, but might be considered reasonable
in that near T, changes in y/)f„are divided by a,

factor (1+F,/3)/(1+Zo/4) -20 to 25 to obtain the
corresponding changes in P, /p.

The small values for p, /p found in our experi-
ment for T/T, & 0.8 and the corresponding slight
reduction in P„/p for this temperature region as
well as the small, if any, change in p, /p at the
&-B transition do not support the interpretation
given by Alvesalo et al. ' of their wire-damping
experiment, barring gross size effects and some
special sensitivity to fluid anisotropy which would
be undetectable in our experiment. It is possible
that in this temperature range the two-fluid mod-
el need not be introduced at all to explain within
experimental error their measurements for T
& 0.8T, , which then would reflect both a decreas-
ing viscosity and nonlinear effects, in disagree-
ment with Seiden's theory" of viscosity but in

qualitative agreement with heat-flow measure-
ments. ' Our measurements also disagree with
the predictions of the phenomenological theory
of Putterman, in which 1 —p, /p should have the
same temperature dependence as the reduced
velocity of collisionless sound. " Nevertheless,
our work must be interpreted with care since we
measure an angularly averaged value p, /p, and
in a packed powder susceptible to size effects
rather than in bulk fluid.

We thank Professor S. J. Putterman for his
part in the motivation of this experiment and
Evelin Pichelmann for participation in prelim-
inary work. We are grateful to Professor I. Rud-
nick for helpful discussions and to Professor A.
L. Fetter and P rof essor Bruce Patton both for
discussing this experiment with us and for quan-
tita, tive help on its interpretation.
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We report on measurements of relaxation times for the decay of isothermal concentra-
tion gradients in He- He mixtures over the temperature range 10 ~ I&I—:I 1'/Ty —1I'

The data yield a mass diffusivity D which diverges when T p is approached from
higher temperatures. When fitted with D~ e, they give z =0.40, 0.36, and 0.33 for 3He

concentrations 0.100, 0.208, and 0.399, respectively. The estimated uncertainty for z is
+0.06. These results are consistent with theoretical predictions, but differ from experi-
mental results by others.

Recent measurements' of mass diffusion in di-
lute 'He-'He mixtures ('He concentration X & 1%)
seem to imply that the mass diffusivity D remains
finite when the superfluid transition temperature
T~ is approached from higher temperatures.
This behavior would be in conflict with theoreti-
cal predictions. ' ' %e wish to report on mea-
surements of relaxation times for isothermal
concentration gradients in 'He-4He mixtures near
Tz. Our results are for molar 'He concentra-
tions X= 0.100, 0.208, and 0.399, and for 10 '
~ I

e I
-=I &l&~ —& I

~ lo '. Approaching Tz from
higher temperatures, they reveal a divergent D
with critical exponents which, within the uncer-
tainties of theory and experiment, agree with the
predictions'4 of dynamic scaling" and of mode-
mode -coupling calculations. '

A schematic diagram of our sample cell is
shown in the inset of Fig. 1. Most of the mixture
is contained in the 0.50-cm-long holes of 0.11 cm
diameter in part A. These holes have a center-
to-center spacing of 0.14 cm, and yield a 50/p

transparency. In addition there are two 0.10-cm-
high spaces filled with sample, one each above
and below the perforated center section of part A.
These spaces each contain a capacitor to be used
for high-precision measurements of the concen-
trations of the mixture at the ends of our sample
cell. One plate of each capacitor is shown as
part B or part O'. The other, shown as a dashed
line, was a sheet of 0.012-cm-thick stainless
steel, perforated by 0.012-cm-diam holes with a
0.025 cm center-to-center distance (379' trans-
parency). ' The spacings between the capacitor




