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Observation of a High-Frequency Cutoff for Phonon Propagation in Liquid 4He

T. Haavasoja, V. Narayanamurti, M. A. Chi~, and H. N. Bhatt
Bell Lpboratories, Murray IIill, Ãeso Jersey 07974

(Received 16 May 1983)

A new high-frequency cutoff for phonon propagation which lies beyond the well-known

low-frequency cutoff due to anomalous dispersion is observed in phonon propagation ex-
periments in liquid He using superconducting Sn and Al tunnel-junction generators and

detectors. The cutoff depends strongly on pressure and is interpreted as arising from a
strong increase in phase space for phonon-roton scattering as normal dispersion in the

phonon branch sets in.

PACS numbers: 67.40.Db, 67.40.Pm

The role of critical points in the shape of the
excitation spectrum of He II in determining the
lifetime of the elementary excitations has been
the subject of intense experimental and theoreti-
cal study for many years. The propagation of
htgh-frequency phonons (hu»& kT), for example,
in He II is strongly affected by the laws of con-
servation of momentum and energy. The disper-
sion relation up to - 20 bars in anomalous, i.e. ,
the phase velocity v~ increases above the velocity
of sound c for small wave vectors [v~ =c(1+ I yl q'
+. . .) j as shown experimentally. ' This anomalous
dispersion allows a spontaneous decay of a pho-
non below a certain threshold energy E, =@(d, into
two or more phonons in accordance with the con-
servation laws. Dynes and Narayanamurti' have
measured E, as a function of pressure by using
superconducting Al-oxide-Al tunnel-junction pho-
non generators and detectors. ' Various conse-
quences of anomalous dispersion have been stud-
ied theoretically" ' and Aldrich, Pethick, and
Pines, ' using a polarization potential model,
have reconciled the differences between experi-
ments at very long (ultrasonic) wavelengths with
the decay-threshold measurements.

In this Letter we report an observation of a
new high-frequency cutoff energy E," in phonon
propagation at low temperatures ('I' & 200 mK) in
addition to the low-frequency cutoff due to anoma-
lous dispersion. The occurrence of E," is shown
to depend markedly on pressure and is interpret-
ed as arising from phonon-roton scattering reduc-
ing the phonon lifetime for S~ &E,".

The experiments were done with use of Sn-
oxide-Sn tunnel- junction generators and either
bulk or granular Al-oxide-Al detectors. The
tunnel junctions were evaporated on a glass sub-
strate and these were placed parallel within a
distance of 1.10+0.05 mm from each other. The
maximum power dissipated at the generator was
typically a few microwatts. The lowest attainable
temperature of - 50 mK was reached by dilution
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FIG. 1. The signal derivative, dS/dI&, with respect
to the generator current I& as a function of the genera-
tor voltage VG at various pressures. An Al detector
(24A~ —-0.36 meV) and a Sn generator (2D«-—1.15 meV)
were used.

ref rigeration.
The phonon propagation was studied by the

quasimonochromatic modulation technique. ' The
generator bias current was modulated typically
at a frequency of -500 Hz and the transmitted
phonon signal was followed at the detector by a
lock-in amplifier. This type of detection tech-
nique produces an -output which is proportional to
the derivative of the total signal with respect to
the generator current, dS/dI~.

Previous work' using such modulation tech-
niques had been confined to the use of Al junctions
both as generator and detector. The use of a Sn
generator allows the probing of the region im the
elementary excitation spectrum between the ener-
gy gap of Al (0.36 meV) and that of Sn (1.2 meV)
in great detail, which had not been done hereto-
fore. These differences are discussed in greater
detail below.

In Fig. 1 we have plotted dS/dI~ versus the gen-
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FJ.Q. 2. The threshold energies E, , E, ', and F,"
plotted as a function of pressure. E, corresponds to
anomalous decay, F, ' to the roton minimum, and E~"
is the new threshold energy. The solid line follows
the roton minimum taken from Ref. 7.

erator voltage VG at various pressures from 0 to
25.3 bars measured with a Sn-oxide-Sn generator.
For P (12.5 bars we see a sharp rise of the sig-
nal when the generator voltage reaches E, , i.e.,
the low-frequency cutoff due to anomalous disper-
sion. At higher pressures we cannot follow E, be-
cause the Al detector is not sensitive to phonons
S(d & 2~» = 0.36 meV. Within the pressure range
from 8 to 25.3 bars we detect another but smaller
increase in the signal marked E,'. At somewhat
higher generator voltages the signal starts to de-
crease and finally reaches a level which is close
to that just before E,. The onset of this decrease
is marked E,". As a function of pressure the sig-
na1. amplitude increases monotonically by a factor
of roughly 5 from 0 to 25.3 bars.

We show the pressure dependence of the events
E, , E,', and E," in Fig. 2. As mentioned earlier
the event E, corresponds to the threshold of spon-
taneous decay due to anomalous dispersion and
agrees with earlier measurements' as well as
with our own measurements when using Al-oxide-
Al detectors and generators. The small bump in
dS/dI~ at E,' seems to follow the roton minimum
&„within our experimental accuracy; the solid
line is an average value of h„(P) determined by
various groups and taken from Greywall. ' This
feature has been observed earlier as well and is
to be associated with propagation of rotons. '

The new feature with a threshold at E," is de-
tectable only with Sn generators. We see at least
two reasons why this effect may become unob-

servable with Al generators. First of all E,"
& 4&» and thus we must rely on relaxation pho-
nons at energies@&„» 2&». Although the elec-
tron-phonon coupling in Al is not very strong,
still the modulated phonon distribution at genera-
tor voltages e VG. —2&» & 2~ » becomes highly
nonmonochromatic. Thus only a small fraction
(few percent) of the lock-in detected signal is due
to phonons of energy @~ =e Vc 2b» ) 2& A~. This
problem is avoided with Sn generators since we
do not have to work at frequencies @&„)2~ s,- 13
K. Furthermore, the 24 s „phonons themselves
do not propagate, thus relatively enhancing the
detection of the event at E,". The second reason
may be due to the fact that with Sn generators the
relaxation phonons detected must have traveled
through the cloud of highly scattered phonons or
rotons originating from the 2~s„phonons. This
2& background distribution can enhance the scat-
tering observed at E,".

We have evidence that although the density of
states has a singularity at the roton minimum,
most of the signal detected at @~~ E," is due to
phonon propagation and only a small fraction is
caused by rotons. Firstly, at zero pressure we
do not see much, if any, signal between &„and
E,. Secondly, we could not observe any appreci-
able expected change of phase of the signal when
passing through the roton minimum at high pres-
sures. Finally, in time-of-flight measurements,
the propagation velocity was that expected for
phonons.

As to the nature of the scattering process which
causes the reduction of the signal at @) E,",
we can conclude that the three-particle processes
we can think of, i.e. , spontaneous decay, colline-
ar Pitaevskii scattering, "and phonon decay into
two rotons, do not satisfy the conservation laws
at phonon energies@& '=E,". We thus have to con-
sider four-particle processes involving large-
momenta phonons and rotons in detail. As is well
known, ' "both rotons and phonons thermalize
among themselves on a short time scale, but the
relaxation process involving equilibrium between
the phonon gas and the roton gas is rather slow.
In the current experiment with a constant influx
of rotons, we expect, therefore, that there will
be an equilibrium density of rotons, mostly at the
roton minimum & (since T «&), determined by
the long roton lifetime. Consequently, the four-
particle scattering process of interest is one
which involves the scattering of a phonon with a
roton at &.

The phonon-roton scattering cross section has
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been calculated by Khalatnikov and Chernikova'"
in the limit of small phonon momenta to be

cp (p)

conserving delta function causes an even stronger
rise in the phonon-roton cross section than given
by Eq. (1). Using the interpolation formula for
the dispersion curve at saturated vapor pressure
and at 25 bars by DonneLly, Donnelly, and Hills, "
we have calculated the phase space with the actu-
al dispersion, and the enhancement" over that
with the linear dispersion curve with the sound
velocity is shown in Fig. 3. The sudden increase
in this cross section as normal dispersion sets in
correlates very we11 with the position of the sec-
ond "threshoLd" seen in the experimental signals.
Besides the position of the threshold, the shape
of the curves, including the softer onset (larger
width) at high pressures, is consistent with the
data.

If we use Eq. (1) to estimate the number of ro-
tons necessary to cause the phonon mean free
path to drop below 1 mm at our observed second
threshold, using parameters given by Donnelly,
Donnelly, and Hills, "we obtain a roton density
of -5x10" cm ' at saturated vapor pressure,
while at 25 bars the number must be —10"per
cm' because of the lower value of p and the larger
value of c. This difference may seem unlikely at
first sight. However, if we calculate the equilib-
rium roton density assuming that the decay is
primarily due to the two processes shown in
Figs. 3(c) and 3(d), which are essentially the in-
verse of the process shown in Fig. 3(b), then it
becomes clear that a similar reduction is expect-
ed for the roton decay cross section as for the
phonon-roton scattering process. Thus the larger
equilibrium density at the higher pressure is
quite reasonable. The experimental data were
found to be a strong function of temperature (T)0.2 K) and injection density in qualitative accord
with phonon-roton scattering. Clearly for a quan-
titative identification, we would need to go beyond
the hydrodynamic result, Eq. (1), and also be-
yond its recent modification. " Finally, we would
like to mention that for roton momenta beyond p,
the group velocity approaches the sound velocity
and the scattering could be further enhanced if
the colliding excitations move in a parallel direc-
tion." We would like to emphasize, however,
that this would simply act to enhance the low-
pressure scattering cross section over and above
the dominant four-particle process considered
in this paper.

Finally, we would like to mention that the data
presented here were repeated with a granular Al
detector with a gap of 0.62 meV and we obtained
similar results. In addition, when the experi-
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FIG. 3. Hatio of phase space for phonon-roton scat-
tering for the actual (measured) dispersion curve to
that with linear dispersion as a function of phonon
energy. The arrows at 9 and 11.8 K.correspond to the
measured values of F,," at 25 bars and saturated va-
por pressure. Insets: {a) the measured He dispersion
curve; (b)-(d) various phonon-roton scattering pro-
cesses. See text.
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p and p, are the phonon and roton momenta, ~ the
phonon velocity, p and & the roton mass and gap,
respectively, and p the density of helium. " Equa-
tion (1), which shows that o p, for the four-parti-
cle process shown in Fig. 3(b) increases rapidly
(-P ) with the phonon momentum, is based on a
linear dispersion curve for the phonons. How-
ever, in 4He the phonon curve deviates markedly
from linear behavior abruptly [see Fig. 3(a)].
This results in a better "matching" of the energy
dispersion curves of the phonon and of the rotons
around &. The consequent opening up" of the
phase space for scattering subject to the energy-
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mental cell was filled with solid 'He, the signal
remained flat" through energies —E,". These re-
sults, combined with the observed pressure de-
pendence of E,", rule out interface and/or detec-
tor artifacts.

In summary, we have observed a new high-fre-
quency cutoff in phonon propagation in liquid He II
which lies beyond the low-frequency cutoff due to
anomalous dispersion. This cutoff depends strong-
ly on pressure and is believed to arise from pho-
non-roton scattering in agreement with the pres-
sure dependence of the dispersion curve. If so,
this technique is a sensitive measure of phonon-
roton scattering in the region of phonon momenta
0.4-0.8 A ' at different pressures, and indicates
many avenues for further research. On the ex-
perimental side, clearly more measurements as
a function of cell size, scattering angle, and in-
put power are called for. It would simultaneously
be of great interest to have precise inelastic neu-
tron scattering measurements of the phonon dis-
persion -curve as a function of pressure. Further
theoretical investigation of the four-particle scat-
tering process with large momenta of the phonon
involved (so that the matrix elements may have
to be determined from a microscopic Hamiltonian
rather than the hydrodynamic I andau-Khalatnikov
theory) is also indicated.
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