
VOLUME 46, NUMBER 24 PHYSICAL REVIEW LETTERS 15 JUNE 1981

Solitonlike Propagation of Zero Sound in Superfluid 3He
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We report observations of nonlinear phenomena in the propagation of zero-sound pulses
near a collective-mode attenuation peak in 3He-B. These include saturation of the sound

absorption, amplitude dependence of the group velocity, and pulse breakup. Our data
show effects similar to those observed in nonlinear optical systems. We suggest that
above a threshold input level, the sound pulse propagates as a soliton.

PA CS numbers: 67.50.Fi

Ultrasonic propagation experiments in super-
fluid 'He have revealed a variety of attenuation
peaks which originate from an excitation, by a
sound wave, of collective internal vibrations of
the Cooper pairs. ' These pair vibrations can be
somewhat simplistically thought of as being the
upper energy level of a two-level quantum system,
with the lower level represented by the quiescent
superfluid. In a classic paper on self-induced
transparency in optical systems, McCall and
Hahn" have shown that it is possible to propagate
large resonant pulses through a medium consist-
ing of an aggregate of two-level quantum systems
with very little attenuation, even though the medi-
um is almost totally opaque for small resonant
pulses. In this work, we experimentally demon-
strate the existence of analogous phenomena in
the propagation of zero-sound pulses in super-
fluid 'He. In particular, our studies reveal a num-
ber of effects which closely resemble soliton
propagation. Magnetic solitons in 'He-A have
been studied experimentally with use of NMR
techniques by several groups' ' and theoretically
by Maki and co-workers. ' These magnetic soli-
tons tend to form static domain walls in the tex-
ture of the order parameter and thus do not dis-
play the variety of pulse-propagation phenomena
seen in the present experiment.

The choice of appropriate coordinates for the
experiment on the superfluid phase diagram was
based on several criteria: First, thermal relaxa-
tion (guasiparticle damping) should be small on
the time scale of the pulse (a iew microseconds).
Second, the attenuation should vary only slowly
with temperature to minimize the effect of tem-
perature drifts. Third, the attenuation should
not be too high, so that the power level used to
saturate the absorption would be compatible with
cryogenic capabilities. With all that in mind, we
did the measurements at 24 bars and about 1 mK,
which is the location of the recently discovered

collective-mode peak' '" in 'He-& for 1QQ MHz
drive frequency. " The sound cell was the same
one used in previous work. " It contained two 20-
MHz X-cut quartz transducers separated by
0.318 cm. The transmitting crystal was excited
with rf tone bursts, a few microseconds long.
Temperatures were measured with a La-doped
cerium magnesium nitrate thermometer cali-
brated against the Helsinki T, vs pressure scale."
To eliminate spurious effects due to harmonic
generation, tuned electronics were used for the
input and output. Particular care was paid to ex-
clusion of heating effects. We checked this by ap-
plying sequentially bvo equal pulses and measur-
ing their relative amplitudes as a function of time
separation. As seen in the inset of Fig. 1, which
shows the attenuation versus temperature in this
region, heating caused by the first pulse will alter
the amplitude of the second pulse because of the
change of attenuation with 1". We found no observ-
able heating effects within about 50 psec, which
is three to five times longer than the time of ar-
rival of the signal. The actual power density ap-
plied to the liquid is difficult to estimate, but the
total observed heat leak corresponds to an upper
limit of 1 mW/cm' during measurements at the
highest power level, or an energy density of about
10 nJ/cm' inside the cell.

In Fig. 1, we show a series of received signal
traces obtained at a constant temperature for in-
creasing input power. At the lowest level, one
broad pulse is observed. This pulse shape is con-
sistent with the considerable dispersion in the
vicinity of the collective mode. " The group ve-
locity is considerably lower than „ the zero-
sound velocity. This effect, previously seen by
others, " led to suggestions that nonlinear effects
similar to the ones reported here might be ob-
servable. ' Over some range of low input powers,
the superfluid responds linearly. Once the input
power is increased above a well-defined thresh-
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FIG. 1. Typical received signal traces at ~=0.875
mK obtained with successively increasing input power
(bottom to top) showing pulse breakup for large input
pulses. Note the magnification of traces by a factor ~.
The inset shows the small signal attenuation vs T. The
asymmetry of the peak indicates that the energy gap is
quite insensitive to temperature changes below T/T~
~0 37

old, the area under the received pulse becomes
power independent. However, the peak ampli-
tude of this pulse continues to increase, with a
corresponding decrease in its width, so as to
maintain a constant area. Simultaneously, the
group velocity starts to increase as well. As the
power is further increased, additional, much
slower pulses are observed. The number of these
pulses is temperature dependent. In the region
of the highest attenuation, up to three additional
pulses were resolved. The areas and the veloci-
ties of these pulses increase rapidly with increas-
ing input power until they merge into one large
pulse which then becomes a linear function of the
input level. This indicates that the absorption is
completely saturated. We repeated the same
measurements both in the superfluid (away from
attenuation peaks) and in the normal phase, and
observed no dependence of the received pulse
shape and its velocity on input power. The total
area under the received signal (divided by the
area of the input pulse) is shown in Fig. 2, as a
function of the input pulse area. All sets of data
obtained near the attenuation peak show a dip

FIG. 2. Total area under the detected signal, divided
by the input area, vs the input area. Data points are 'I'

= 0.984 mK, 4.6-@sec pulses (triangles); I' = 0.908 mK,
1.3 @sec (closed circles); & =0.908 mK, 7-psec pulses
(squares) . Normal liquid phase (open circles) . (The
ordinate is offset for clarity. )

which occurs when the received signal area be-
comes independent of the input pulse area. The
upturn in the data occurs where additional pulses
first appear. We plotted the output area against in-
put area, since we found that in this way any de-
pendence on the pulse length or input power was
removed for data obtained at a constant tempera-
ture. It is important to point out that the depen-
dence of the data in Fig. 2 on the input area in-
stead of on the input power rules out incoherent
saturation as an explanation of the results. The
measured width (full width at half maximum) of
the attenuation peak in frequency was 600 kHz,
which is about twice the bandwidth of the receiver
crystal. Therefore, spurious effects that can
arise when only part of the frequencies contained
in the transmitted pulse are absorbed by the liq-
uid can be excluded as well.

In search of an interpretation, we found that the
qualitative features of our data are consistent
with behavior characteristic of propagating soli-
tons. ' '" The dependence of the data in Fig. 2 on
input area is characteristic of soliton solutions
of nonlinear wave equations. For example, in the
case of self-induced transparency" pulses with
dimensionless areas «S(3& will evolve in the
medium into outputyulses having an area 2&,
where S(s) =(p, /&) 1 „E(z,t) dt with E the electric-
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field envelope and p the dipole matrix element.
[The analogous expression for area in the case
of our experiment is f„i V(t)ddt, where V(t) is
the detected signal envelope in volts. ] As men-
tioned above, we indeed observed a region in Fig.
2 where the area of the output pulse is indepen-
dent of the input area. For S)3&, this particular
theory'~ predicts a breakup of the output pulse,
which we also observed, as seen in the traces in
Fig. 1. (The value of input area above which
pulse breakup will occur depends on the differen-
tial equation that describes the system under con-
sideration. ) The velocity of solitons increases
with their amplitude, whereas their width de-
creases (pulse compression). These two features
in our data are shown in Figs. 3(a) and 3(b) for
the first received pulse, as well as in Fig. 1. It
is also known that solitons can propagate through
each other without any change of shape. We per-
formed such "scattering" experiments by split-
ting the input pulse to excite both transducers
simultaneously, sending large sound pulses
through each other in the liquid. We found no dif-
ference between pulse shapes detected this way
and those obtained without scattering. In contrast,
this particular experiment, when carried out at
a temperature away from the attenuation peak,

0Q
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FIG. 3. (a) Group velocity vs amplitude for the first
received pulse. (b) Logarithm of the full width at half
maximum of the first received pulse vs amplitude, il-
lustrating pulse compression. Arrows indicate the on-
set of nonlinear behavior. (Data was taken at 1.05 mK. )

showed distorted pulse shapes. Despite the over-
all qualitative agreement, a conclusive interpre-
tation of our data can only be made with use of the
solutions of the nonlinear wave equation describ-
ing zero sound in superfluid 'He. Such an equa-
tion is yet to be derived. Therefore other inter-
pretations of our results are not ruled out. For
comparison purposes only, we analyzed the data
using the self-induced-transparency models for
nondegenerate" and degenerate" optical systems.
The degenerate case" also corresponds to spin
waves in 'He-B. (The collective mode investi-
gated is fivefold degenerate with respect to mag-
netic field, "'"and the measurements were done
in zero field. ) We did not find tluantitative agree-
ment with these models.
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periment. We benefited from discussions with
R. W. Giannetta, R. C. Richardson, Brage Gold-
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deV. ) would like to thank the National Science
Foundation for providing a fellowship. This work
was supported by National Science Foundation
Grant No. DMR-78-10901 and by the Cornell Ma-
terials Science Center through National Science
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A model of a disordered planar model is introduced and solved with use of the replica
method. The model is designed to mimic the inhomogeneities known to exist in heIium and
granular superconducting films. The results indicate that at onset, the universal results,
predicted on the basis of renormalization-group analysis, hold to lowest order in the
parameter measuring the disorder. The disorder has the important effect of increasing
the vortex pairs couplings, resulting in. an initial increase of the critical temperature.
Possible consequences of the results to related experiments are also presented.

PACS numbers: 67.40.Rp, 74.50.+r, 75.40.-s

The understanding of superfluidity in two-di-
mensional (2D) systems has been rapidly expand-
ing in the last few years, from the seminal pa-
pers by Kosterlitz and Thouless (KT)' and Bere-
zinskii, to the specific'4 predictions by Nelson
and Kosterlitz (NK). ' There have been several
experiments on helium films by Bishop and Rep-
py,

'
by Rudnick, ' by Telschom and Hallock, ' and

by Webster, Webster, and Chester' that have
tested the NK prediction. Also recent experi-
ments in superconducting films have been inter-
preted in terms of the KT theory. ' In spite of
this success, there is still some controversy on
the interpretation of the experimental results. In
particular, Dash' has argued strongly that the
He experiments were done on substrates that are

far from homogeneous, such that what has actual-
ly been me'asured is not genuine 2D superfluidity.
Dash further says that even if the substrate was
flat, the films themselves would not be uniform.
The same criticism applies to the experiments
done in superconducting films: The materials
used in these experiments are either granular or
amorphous.

In this communication a model of a disordered
planar model is introduced and solved with use of
the replica method. ' The model is thought to
mimic a granular superconductor or an inhomo-
geneous He film. The language of the supercon-

ductors will be used throughout while having in
mind that the same model applies to the helium
case.

Granular superconductors consist of metallic
grains embedded in an insulating matrix. At high
temperatures the grains are essentially decoup-
led from each other. When lowering the temper-
ature the grains interact via a Josephson coup-
ling that can lead to long-range correlations.
This has led several authors to write the Ham-
iltonian of a granular superconductor at low tem-
peratures as a ferromagnetic planar model"

H/k, T = g Z,p cos(8, —9, ,), (1)
r, r

where k~ is the Boltzmann constant (set to 1 from
now on) and T is the temperature. The variable
J, -, is related to the Josephson coupling between
grains. Early approximations" took J-, , as a
nearest-neighbor (nn) constant. However, in a
more realistic model J, -, . is a random variable
arising from the nonuniform size and shape dis-
tribution of the grains. Here J, , will be taken
as a nn independent random variable (irv). The
justification for taking J. .. as a nn variable is
similar in spirit to that given by Edwards and An-
derson to justify their model for a spin-glass. '
Start by defining J. .. as

J. ..=J, exp(- z-, -, ,).
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