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Damping of Second Sound near the Superfluid Transition of 4He under Pressure
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New measurements of the damping D2 of second sound in 4He near T& which are a factor
of 5 more precise than previous results are reported. They span a wide pressure range,
whereas previous data existed only at vapor pressure. The pressure dependence of Q
agrees well with renormalization-group theory predictions, but the detailed temperature
dependence differs slightly from that predicted on the basis of the presently available
theory.

PACS numbers: 64.60.Ht, 67.40.Pm

Recent comparisons' ' of the renormalization-
group theory for the dynamics of the superfluid
transition' ' in He with experimental measure-
ments of the thermal conductivity" above the
transition temperature T& have shown that this
dynamics is remarkably rich in interesting fea-
tures. " It involves a nonuniversal weak- to
strong-coupling crossover at a small reduced
temperature associated with an anomalously
small bare dynamic coupling constant. ' It also
involves a universal near instability of the dy-
namic scaling fixed point at the physical dimen-
sionality d = 3 which is associated with slow tran-
sients"'" that prevent direct experimental ob-
servation of the asymptotic critical behavior.
These features seem to be contained accurately
in both theory and experiment and it is in part
because of the richness of the problem that we
may regard the level of agreement with experi-
ment that exists so far as a major success in the
field of critical phenomena. There are two other
reasons to view this system as a very stringent
testing ground for the theory, both having to do
with technical aspects of the problem. The first
is the well-known particularly suitable nature of
the superfluid transition for high-resolution ex-
perimental study. " The second is related to the
existence of the weak-coupling regime mentioned
above. Whereas the basic model given by the the-
ory may well contain the dynamics exactly, spe-
cific predictions must be obtained through a per-
turbation expansion. In the weak-coupling re-
gime, this expansion is a controlled approxima-
tion, and, in principle, an unambiguous test of
the theory should thus be possible in a range
where the reduced temperature is still a small
parameter. These circumstances, and the unique
opportunities which they provide, in our view war-
rant considerable additional experimental and
theoretical effort to complete the picture. In the
present paper, we add to the experimental in-

formation about this transition by reporting on
new measurements of the damping D, of second
sound for T & T~ which are roughly a factor of 5
more precise than the best previous data. They
cover the entire pressure range of the transition,
whereas previous results"" were only at vapor
pressure.

We used cylindrical copper cavities with sec-
ond-sound generators (heaters) at one end and
bolometers at the other. The amplitude of a
sound burst of frequency f up to 100 kHz was
measured after each of several traversals back
and forth through the cavity and its decay yielded
the attenuation n. Typical data in the range far
from Tz are shown in Fig. 1 as a function of f'.
The finite intercept of the straight line through
the data is due in part to thermal wall losses. "
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FIG. 1. The total measured attentuation, corrected
for the viscous wall-loss contribution ~z, as a function
of the square of the frequency f for t = 0.10. The data
at small f, shown as open circles, were omitted in the
analysis because they are influenced significantly by
diffraction effects and frequency-dependent thermal
wall-loss contributions. The slope of the solid line
through the data is proportional to +.
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FIG. 2. The damping Q as a function of (T~ —T)/T ~
on logarithmic scales. Open circles: Bef. 13. Open
triangles: Ref. 14. Cross es: Ref. 16. Solid circles:
this work. For Refs. 13 and 14, only a few typical
error bars are shown. For the present work, error
bars are shown whenever they extend beyond the sym-
bol. The prediction of Bef. 1 discussed in the text is
represented by the solid (cell-B based) and dashed
(cell-g based) lines.

Even at these temperatures where the bulk at-
tenuation n, is relatively small, n is seen to be
a linear function of f', and the slope o.,/f', which
is proportional to D„can be determined with
meaningful accuracy. The damping D, is derived
from

D, = 2u, 3(a,/(u'),

where ~= 2' and u, is the second-sound velocity.
The results of our measurements near vapor

pressure are shown as solid circles in Fig. 2.
Whenever the error is larger than the circle, an
appropriate error bar is given. For t= 1-T/T-~)0.1, our data agree well with those of Hanson
and Pellam. " For smaller t, the difference of
up to 20 is easily attributed to temperature-
scale uncertainties in the older data. For t
& 10 ', our data agree well with those of Crooks
and Robinson" and of Ahlers. " However, our ex-
perimental errors are only about 2 to 4P and thus
approximately a factor of 5 smaller than those of
Ref. 13 and a factor of 15 smaller than those of
Ref. 14. Near t =10 ", the systematic differ-
ence between our data and those. of Ref. 13 is no

larger than the estimated errors in the older
data "

A comparison of the predictions of the renormal-
ization-group theory with the experimental ther-
mal conductivity above T~' ' fixes a small num-

ber of nonuniversal parameters which the theory
cannot give independently. Thereafter, values of
the dynamic variables f and w of the theory are
known as a function of t and can be used to cal-
culate D, helot' T~, in principle without any
further adjustable parameters. The dependence
of D, upon f and w was derived by Dohm and
Folk'" from the symmetric planar spin model
(model E) of Halperin, Hohenberg, and Siggia. '
Model E is expected to represent the dynamics of
liquid helium only approximately and does not
contain accurately the coupling of the specific
heat to the order parameter. The asymmetric
planar spin model (model F), ' on the other hand,
is expected to reproduce the dynamics of this
transition exactly, but the corresponding calcu-
lation for D, has not yet been carried out for this
model. The model-E formulas for D, when used
with the dynamic variables f and so derived from
a fit' ' of the experimental thermal conductivity
above T&"by a model-E perturbation expan-
sion" yielded values" of D, in remarkably good
agreement with the older data. """Predictions'
for D, based on two sets of thermal-conductivity
data obtained in different cells (A and D) are
shown as solid (cell D) and dashed (cell A) lines
in Fig. 2. The difference between them may be
regarded as an indication of the uncertainty in
the prediction due to uncertainties in the conduc-
tivity measurement. Either line is consistent
with the old data but both differ systematically
by over 20% from our new results near t = 10 '.
It is in this range of relatively large reduced
temperatures that we expect the theory to yield
numerically accurate predictions because the dy-
namic coupling constant f is a small parameter
and the truncated perturbation expansion in f of
model I' should be quite accurate.

In principle, all adjustable parameters in the
theory were determined from the conductivity
measurements. In practice, the prediction for
D, involves the universal ratio of the longitudinal
to the transverse correlation length g~/$* and the
static coupling constant zg. Both of these static
parameters are given by the theory but at present
are not known with high numerical accuracy. Al-
though u enters D, in a complicated way, adjust-
ment of either u or $i/(r resulted in a nearly
parallel vertical displacement of the curves in
Fig. 2. We therefore introduce a single new ad-
justable parameter by changing u from its sec-
ond-order e-expansion fixed-point value u* = 0.040
to 0.030. This yields agreement with our new da-
ta at t = 5 x 10 ' where cell & and cell D give the
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same D,. The result based on cell D, together
with our data for D„ is shown in Fig. 3(a) as a
solid line. It now agrees with the measurements
also for t +10 4, but at intermediate values of t,
where the truncated perturbation expansion should
still be valid, the data and the theory differ by as
much as 15/o. The disagreement with the cell-A-
based prediction is somewhat larger.

In Fig. 3(a), we also show the more recent pre-
diction by Ferrell and Bhattacharjee" which is
based on their own treatment of the dynamicsio
and. on the same cell-D conductivity data' for T
& Tz. The dashed line corresponds to the solid
curve in Fig. 1 of Ref. 18. This theory also dif-
fers from the data by about 15/c near t = 10 '.
For larger t, the predicted D, rises rather too
rapidly with increasing t.

The value of u* (and of $~/$r) is expected to be
independent of pressure. We thus use u =0.03 ob-
tained at vapor pressure also at the higher pres-
sures and nrithout any further adjustments com-

pare the predictions based on the dynamic vari-
ables f and m derived' from cell-D thermal-con-
ductivity data under pressure' with our D, meas-
urements at 14.7 and 22. 3 bars in Figs. 3(b) and

3(c), respectively. At t=5x10 ', the agreement
persists at the level of a few percent, even though
the value of D, increases by 30 over that pres-
sure range. We regard the correct prediction of
the pressure dependence in this temperature
range as a significant accomplishment of the the-
ory. At sufficiently small I;, there is also con-
sistency between theory and measurements, even
though here the pressure dependence has become
negative. At intermediate temperatures, the dis-
crepancy revealed at vapor pressure persists sys-
tematically at all pressures.

In conclusion, the new measurements of D,
agree in their pressure dependence but differ in
their detailed temperature dependence with the
theoretical prediction based on the symmetric
planar spin model. The temperature dependence
differs also from the "high-temperature expan-
sion" of Ferrell and Bhattacharjee. " It would
be highly desirable to have a calculation of D2
based entirely on the asymmetric model (model
P) as well as more accurate theoretical values of
the static parameters u* and t~/$r to see if the
remaining differences between experiment and
the renormalization-group theory will be elimi-
nated.

This work was supported by the National Sci-
ence Foundation through Grant No. DMR79-
23289.
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FIG. 3. The damping D2 as a function of (T& —T)/T &

on logarithmic scales at several pressures. Solid
lines: cell-D-.based prediction with the static coupling
constant g adjusted to 0.03 (instead of 0.04 as in Fig.
2 and Ref. 1). For the highest pressures, the lines
terminate at f; =0.005 because the cell-D thermal-con-
ductivity data were only for small t. The dashed line in
(a) is the prediction given in Bef„18.
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