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A new collective mode of heat transport has been observed in superfluid helium at low tempera-
tures and pressures. Unlike ordinary second sound, this new mode travels at essentially the
acoustic-sound velocity and is characterized by the nearly collinear phonon relaxation arising from
anomalous dispersion. The mode has been found to persist into the collisionless regime, w7 > 1.

PACS numbers: 67.40.Pm, 63.20.Hp, 66.70.+f

The existence of a propagating temperature wave,
second sound, in superfluid *He was experimentally
discovered by Peshkov!' in 1944. This provided
dramatic confirmation of Tisza’s and Landau’s basic
ideas about the superfluid phase of “He. Landau?
showed that the ordinary second-sound velocity c,
could be calculated from macroscopic thermal proper-
ties via

c} =p;TS%p,C, ()]

where p, and p; are the normal and superfluid densi-
ties, S and C the entropy and specific heat per unit
mass, and 7T the temperature. Landau® later gave a
more microscopic description of second sound as a col-
lective density wave in the gas of elementary excita-
tions, the phonons and rotons, comprising the normal
component of the fluid. So long as the mean free path
of these excitations is short compared to the second-
sound wavelength, the mode will propagate with velo-
city determined by Eq. (1) or, equivalently, derived
from the fundamental dispersion relation of the ele-
mentary excitations. In the low-temperature, pho-
non-dominated regime, Eq. (1) reduces to c¢,=c¢/V/3
with ¢( the ordinary acoustic-sound velocity. Observa-
tion* of this low-temperature limit for c, is very diffi-
cult as a result of the rapid decrease of the wide-angle
scattering rate ‘rIl required for thermal equilibrium.

It is now well established’ that at low temperatures
and pressures the thermal properties of superfluid heli-
um are dominated by low-energy acoustic phonons
which possess anomalous, or upward, dispersion. In
this regime the only important scattering process is the
three-phonon event and this is, as a result of the small
degree of anomalous dispersion, of very small angle.
Wide-angle events are very rare, coming largely from
multiple small-angle ones and, as a consequence, the
propagation of ordinary second sound is inhibited.
Maris® predicted, however, that in this regime of col-
linear phonon processes a new, peculiar type of second
sound would exist, one in which phonon relaxation oc-
curs only in the direction of propagation. It is the ob-
servation of this new collective mode that we report
here.

Maris® has shown that while true thermal equilibri-
um obtains only after a time or order 7, it is possible
to have a quasiequilibrium situation after the much
shorter time determined by the small-angle collisions.
A pseudotemperature’ can be assigned to groups of
phonons propagating in a given direction and equili-
brating amongst themselves via small-angle three-
phonon events. In this ‘“‘one-dimensional’ situation
temperature waves propagate with speeds close to ¢
rather than co/~/3. As a function of frequency w, cal-
culations show a very gradual rise in the phase velocity
from co/v/3 for @ <<7' to ¢y when 77!'<<w
< ry'. It has also been predicted® that the mode will
persist into the ‘“‘collisionless’ regime w7, > 1, again
because of the reduced dimensionality.

We have employed both c¢w resonance and pulsed
time-of-flight techniques to study this new collective
mode. A 3x0.5-mm? gold thin-film heater, evaporat-
ed on a glass plate, and a novel single-crystal bolome-
ter are arranged in a parallel-plate geometry with su-
perfluid *He between. The bolometer consists of a
GaAs/ (AlGa) As heterostructure grown by molecular-
beam epitaxy and containing a high-quality two-
dimensional electron gas (2DEG). The 2DEG is
buried about 1000 A below the surface of the hetero-
structure upon which the heat pulses impinge. A mag-
netic field, typically 5 T, applied perpendicular to the
heterostructure surface, biases the 2DEG into the
quantum-Hall-effect regime where its electrical con-
ductivity, measured in the Corbino configuration, is
higly temperature dependent. Employment of this un-
conventional detector is an outgrowth of experiments
on phonon absorption by the 2DEG in which super-
fluid helium serves as a spectral filter.’ For the
present experiment, measurements have been per-
formed at temperatures down to 90 mK, and at all
pressures below the helium melting point, 25 bars.
The spacing between the heater and detector has been
determined to be 1.31 mm through measurements of
ordinary second sound at temperatures near 1 K. The
experimental configuration is depicted in the inset to
Fig. 1.

Figure 1 shows the bolometer response following
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FIG. 1. Heat pulses observed at T~ 150 mK. Note
strong train of echoes at low pressure. Inset: Experimental
arrangement.

single heat pulses (typically 10 mW, 100 ns long) at
both low and high pressures. At low pressure the lead-
ing edge of the first pulse arrives after a delay very
close to that expected for either ordinary acoustic
sound or for ballistic phonon propagation. Uncharac-
teristic of ballistic propagation, however, is the long
train of large-amplitude sharp echoes, a feature gen-
erally associated with a collective mode. For the high-
pressure data only one echo is significant and the
pulses are reminiscent of ballistic propagation.* The
time of flight at these pressures gives a speed a few
percent less than cy. In Fig. 2 the ratio of first-echo to
main-pulse amplitude is plotted against pressure. Up
to about 13 bars this is roughly constant but then falls
sharply to a lower plateau reached by 19 to 20 bars.
The pulse shapes also exhibit two regimes, with sharp
pulse trains at low pressures giving way to broadened
single echoes above 20 bars. We interpret this
behavior as evidence for ‘‘one-dimensional’’ second
sound at low pressures where the phonon dispersion is
anomalous, followed by ballistic phonon propagation
in the normally dispersive region above 20 bars.
While these qualitative features are independent of
magnetic field and of the specific GaAs 2DEG struc-
ture used, there are variations in the details. For ex-
ample, the data shown in Fig. 2 depend slightly, but
systematically, upon magnetic field through the chang-
ing spectral response of the 2DEG detector.

The region of upward dispersion at small phonon
wave vector is followed by normal (downward) disper-
sion and eventually, by the roton minimum. There
exists a cutoff energy E, for phonons below which the
three-phonon process limits the mean free path.!
Above E, this process is cut off and the mean free
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FIG. 2. Ratio of first-echo to main-pulse amplitude vs
pressure. Below about 150 mK this ratio is temperature in-
dependent.

path, at low temperature, becomes macroscopically
large. A typical heat pulse starts out as a superthermal
quasiblackbody distribution of phonons with a charac-
teristic temperature of about 1 K. The three-phonon
process rapidly causes down-conversion of those pho-
nons below E, while those of higher energy progress
ballistically. The distribution of the downward-shifted
phonons depends upon the propagation distance and is
difficult to assess in detail. On the basis of the scatter-
ing rate for the three-phonon process one expects
essentially no phonons, except those above E,, to
remain above 1 K after traversal of the 1.3 mm to the
detector. It is this large mass of low-energy phonons
which, self-equilibrating via the nearly collinear three-
phonon process, develops into the new collective
mode. As the pressure is increased E. drops smoothly
from its zero-pressure value of 9.85 K to zero around
19 or 20 bars above which the phonon dispersion is no
longer anomalous.!! At low pressure, essentially all
phonons are participating in the collective mode, but
as the pressure is increased an increasing fraction of
the phonons are above the cutoff and propagating bal-
listically. Presumably the very different reflectance for
the ballistic phonons and for the collective mode
results from the very different wavelengths involved.
The collective-mode wavelength is of the order of tens
of micrometers as determined from the pulse length
(100 ns) and speed of propagation (co=238 m/s at
P =0), whereas typical ballistic phonon wavelengths
are in the angstrom range.

To prove conclusively that a collective mode with
macroscopic wavelength is being detected we have
studied the cw response in our parallel-plate ‘‘resona-
tor’’ from dc to 250 kHz at rms power levels in the mi-
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FIG. 3. Standing-wave resonances at saturated vapor
pressure. Note the slight frequency shift with temperature.

crowatt range. Aside from the obvious zero-frequency
mode associated with temperature oscillations of the
entire helium sample, there are as many as three addi-
tional resonances, in nearly harmonic sequence, at fi-
nite frequencies. Typical frequency spectra, taken at
low pressure, of the rms detected signal (at twice the
heater excitation frequency) are shown in Fig. 3. We
find that these resonances may be calculated, to within
a few percent,!? from the relation

fo=ncy/2d, 2)

where d is the plate spacing. Table I lists the observed
frequencies f; and f,, of the two lowest modes at
nearly zero applied pressure in a cell with plate spacing
of 1.31 mm. Also given are the wave speeds, relative
to the acoustic-sound velocity cq, calculated by use of
Eq. (2). As the pressure is increased these modes
shift as ¢y does and decrease in amplitude sharply
above ~ 15 bars. Above 20 bars the spectrum shows
broad gentle oscillations with no obvious normal-mode
structure. These resonances are one-dimensional
second-sound standing waves, the fundamental and its
harmonics, in a parallel-plate geometry.

Using a phonon Boltzmann-equation method Maris®
has calculated both the speed and the attenuation of
second-sound modes as a function of frequency and
temperature for superfluid helium at zero pressure.
These calculations show a gradual transition from ordi-
nary (phonon) second sound at high temperatures and
low frequencies to the one-dimensional mode in the
opposite limits. This transition represents the passage
of wr, from << 1 to >> 1. The strong decrease of
the observed collective-mode signal as the temperature
is raised, due to the falling bolometer sensitivity and
increasing mode attenuation, limits our measurements

TABLE 1. Observed frequencies and wave speeds (Ref.
12) for the two lowest standing-wave resonances at P = 0.

Fundamental First harmonic
T S f2
(K) (kHz) ca/co @ty (kHz) ca/co Wy
0.12 89 0.98 1.3 180 0.99 2.6

0.22 85 0.94 0.06 175 0.96 0.12

to T <0.25 K. Maris’ numerical results show the
speed of second sound!® at 100 kHz (near our ob-
served fundamental mode) to rise from 0.95¢, to c, as
the temperature is lowered from 0.25 K. While the
data in Table I show a similar dependence, the low Q
factor of the modes and the narrow temperature win-
dow studied inhibit a detailed comparison. In addition,
the observed attenuation is roughly temperature in-
dependent below about 0.2 K perhaps signaling the
dominance of reflection losses over the bulk attenua-
tion that Maris calculates. The observed Q factor, typ-
ically ~ 5, is much smaller than we observe at higher
temperatures for ordinary second sound (Q ~ 80) in
the same cell. We believe that this difference is due to
the influence of surface irregularities. Ordinary
second sound, which requires large-angle scattering for
thermal equilibrium, will not be adversely affected by
a random distribution of reflection angles for the indi-
vidual excitations. The mode observed here, however,
equilibrating via small-angle (<10°) three-phonon
events, will degrade significantly upon reflection from
an irregular surface.

Further calculations have shown that one-dimen-
sional second sound will continue to propagate into the
collisionless limit w7, > 1. Benin® has argued that this
is due again to the smallness of the three-phonon
scattering angle and he predicts wavelike behavior up
to w7, ~— 2700 at 7=0.25 K. With use of Benin’s for-
mula' for 7, and on the assumption that the heat
pulse duration of 100 ns defines a sensible ‘‘frequen-
cy,”” then wr, — 50 has been observed at 150 mK in
the pulsed measurements. The uncertainties inherent
in pulsed measurements make this number unreliable
and at best a crude estimate. As Table I shows, we
have made cw observations at least as high as
w7 =2.6. For this datum the calculated three-phonon
mean free path, A\, =co7, is about 40% of the plate
spacing. At lower temperatures A\, will exceed the
plate spacing and ballistic propagation will take over.

In summary, we have observed a new type of collec-
tive mode in superfluid helium at low temperatures
and pressures. Both pulsed time-of-flight and cw reso-
nance techniques have been used to study this mode
which appears to correspond to the ‘‘one-dimen-
sional’’ second sound predicted by Maris. We have
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also found the mode to persist into the ‘‘collisionless’
regime, predicted by Benin to stem from the smaliness
of the three-phonon collision angle.
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