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3,°1%: expli(@ +®)t]—exp[i(@-®)¢], which is not
equivalent to a time reversal since @ is large.
In the present experiments, the corresponding
correction term ITCDTR(Z) can be made as small
as desired by a well-defined procedure. In this
respect our experiments are closer to the inho-
mogeneous spin echo,! but succeed in reversing
the dynamics of a system of interacting particles.
Our experiments show that the concepts of
semiequilibrium and spin temperature in solids,
while clearly of great value, must not be em-
ployed indiscriminately. We are of course only
pointing out a special case of a general problem
concerning criteria for irreversibility in isolated
dynamical systems. We intend to discuss this
matter more fully elsewhere, as well as exten-
sions of the NMR experiment to repeated bursts
and the problem of line narrowing in solids.
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PHONON DISPERSION AND THE PROPAGATION OF SOUND
IN LIQUID HELIUM-4 BELOW 0.6°Kt
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Recent experiments on the attenuation and velocity of sound in liquid He! at low tem-
peratures are discussed in terms of the excitation model of liquid He'. By assuming
for the long-wavelength excitations the dispersion relation €(p) =cpl1~yp®—op* ++] with
v negative, we are able to reconcile previous disagreements between theory and exper-

iment.

In this Letter we make some general comments
on the attenuation and velocity of sound in liquid
helium-4 in the temperature range below 0.6°K
where the only thermal excitations of importance
are phonons. Despite considerable theoretical
effort, the attenuation and velocity in this tem-
perature range are not well understood. The the-
ories of Pethick and ter Haar,! Kwok, Martin,
and Miller,2 Khalatnikov,® and Disatnik* give for
the attenuation

_ 7 (w+1)? (RT)*
“30 pnd c8

a

x[ arctanwr=arctan(3yp?wr)], (1)

and for the change in velocity Ac,

T (u +1)2<Ze;1:>4 1+ (w7)? .
AC=%0 ph3 c ln1 +(3ypPwT)?’ 2)
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where « is the Griineisen constant (p/c)dc/dp, p
the density, # Boltzmann’s constant, ¢ the veloc-
ity of sound, w the frequency of the sound wave,
7 the thermal phonon lifetime, p=32T/c, and y
is defined by the energy-momentum relation for
low-momentum phonons,

€(p) =cp[l-yp*~0p*-- ]. 3)

In the derivation of Eqs. (1) and (2) it is assumed
that the yp? term dominates over the 6p* term for
most of the thermal phonons with which the sound
wave interacts. We note the following:

(a) The experimental attenuation®™7 is larger
than predicted by Eq. (1) when the known value of
u is used.® There is uncertainty regarding the
correct values of ¥ and 7. 7y has generally been
assumed to be positive and of the order of 10%



VOLUME 25, NUMBER 4

PHYSICAL REVIEW LETTERS

27 JuLy 1970

to 1037 cgs units. The attenuation is a maximum
when 7 is such that w7 > 1> 3yp%w7. When 7 sat-
isfies these conditions, it follows that

7 (u+1)® (RT)*

60 pnd c® )

Since all quantities in this expression are known,
this constitutes an upper bound on the theory.
However, this bound lies below the experimental-
ly determined attenuation for much of the fre-
quency-temperature range investigated by Abra-
ham et al.>*” and Waters, Watmough, and Wilks.®
The bound lies as much as a factor of 2 below
the experimental results at 12 MHz and 0.25°K,
and also at 36 MHz and 0.4°K.

(b) The data of Abraham et al.”®° indicate that
the velocity of sound decreases with increasing
frequency in the frequency range 12 to 84 MHz.
This is in disagreement with Eq. (2).

We propose here that the generally assumed
form of the energy-momentum relationship [i.e.,
Eq. (3) with y >0] is incorrect. A number of at-
tempts!® have been made to determine y from
neutron-scattering data. Recently, detailed mea-
surements!! at low p have given y = (0+ 2) X103
g72 cm ™2 sec?, and 6=(2.4+0.2)x10™ g~* cm ~*
sec®, Our suggestion is that y is negative and
within the range of values implied by the neutron
experiments.?

The assumption of a negative y is not contra-
dicted by any direct experimental evidence and
does not appear to violate any fundamental theo-
retical concepts. On the contrary, the available
evidence, if anything, tends to support this hy-
pothesis. In addition to the neutron-scattering
data, this hypothesis is consistent with the re-
cent x-ray-scattering measurements of the sta-
tic liquid structure function,® which is directly
related to the long-wavelength excitations in li-
quid He*.!* As we show in this Letter, it offers
a possible explanation of the velocity of sound
and attenuation measurements in liquid He?,

If y is negative and the 6p* term in Eq. (3) is
ignored, the difficulty referred to above regard-
ing the attenuation is removed because from Eq.
(1) the upper bound of the attenuation is increased
by a factor of 2. One can understand the experi-
mental attenuation falling below the bound for
certain ranges of frequencies and temperatures
because (1) there will be some phonons for which
the 6p* term dominates over the yp? term. For
these, the extra factor of 2 will not occur.

(2) Even if the 6p* term is ignored, there will be
come phonons for which 3y|p2wr is not >1. If

3ly|p%wr <1 the factor of 2 is absent.

One, therefore, expects that if y is negative,
the attenuation will lie between that predicted by
Eq. (4) and twice this value. This is in agree-
ment with the results of Abraham et al.®>*” and
Waters, Watmough, and Wilks.®

It is not obvious how the assumption of nega-
tive y will affect the temperature and frequency
dependence of the velocity of sound. Here we
wish to mention only some of the effects that
must be taken into account in attempting such a
calculation. The assumption that y is negative
changes generally accepted'® ideas about phonon-
phonon interactions in helium because momen-
tum- and energy-conserving collisions between
thermal phonons may now occur in first order in
the cubic anharmonicity. Previously the domi-
nant processes were assumed to be four-phonon
transitions arising in second order in perturba-
tion theory.'®'!® Since the yp? term is assumed
to be much less than 1, the new allowed process-
es are very small-angle collisions, and the wide-
angle scattering time 7 will still be governed by
the second-order processes previously consid-
ered. Consequently, the small-angle time 7
will be much less than 7,. One therefore ex-
pects that three different sound velocities will oc-
cur corresponding to the conditions w7, >1, wr,
K1<¥wr,;, wr; <1, The first of these corre-
sponds to true collisionless or zero sound, and
in this case, we may express the velocity correc-
tion in the form

2 2 4
acy=- 252l (ﬂ> nl37

30 p* \ ¢
2 2 ¢
D Y nlemv /2, ()

where v,=28€/8p is the phonon group velocity and
the angular brackets denote an average over the
phonons with which the sound wave interacts.

The second expression is more general in that
the dominant phonon approximation has not been
used, and the assumption that the yp® term domi-
nates over the 5p* term is not necessary. At low-
er frequencies where wr, <1 but wr,;>1, ther-
mal phonons with parallel momenta will be cou-
pled together by small-angle scattering. In the
case where this coupling is assumed strong, a
reasonable modification of Eq. (5) is'”

AC"=—;’-O%3%)—2'<%"'>4 h'll(C-(Z)p»/ZCI.

We refer to this as “parallel sound.” At even
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lower frequencies when wr;<<1, sound travels
at the adiabatic velocity corrected by the coupling
to second sound.'® In the frequency and tempera-
ture range investigated by Abraham et al.,”® w7,
>>1. A possible interpretation of these velocity
measurements is that the decrease in velocity
observed as the frequency increases arises from
a transition from parallel sound to zero sound.
This would require Acy >Ac,. This is possible
because Acy may be large and positive if y and &
are such that the average group velocity (v,) of
the thermal phonons is nearly equal to the veloc-
ity c of the sound wave.

A more detailed discussion of these points
must await measurements of the helium disper-
sion curve to lower momenta and more exact
solutions of the transport equations., We note
that even the recent measurements of Woods and
Cowley still do not reach that part of the spec-
trum that is thermally excited in the tempera-
ture range discussed in this paper.
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This result can be obtained by considering the ex-
treme case when the thermal phonons attain local
equilibrium along a line in K space (zero-angle scat-
tering). The solution of the Boltzmann equation for
the more complicated problem of small (but nonzero)
angle scattering is being pursued but has not yet been
attained. For a discussion of the relevant transport
equations involved in the calculation, see Ref. 3.
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We present a calculation of the dielectric correlation function in glasses showing how
the assumption of short correlation length for normal modes breaks the momentum se-
lection rules and leads to expressions for the first-order Raman-scattering intensity in
terms of the density-of-states functions and known frequency-dependent amplitudes.

Because of the current interest in Raman scat-
tering and the properties of amorphous solids,
we have been attempting to understand the shapes
of the bands observed in Raman scattering of
glasses. In the most frequently studied sub-
stance, vitreous silica, good data are available
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at room temperature’ and low temperatures®?

but an adequate interpretation of the scattering
in glasses giving the observed bands has been
lacking.

In this Letter we present the outline of a calcu-
lation leading to an equation for the spectral



