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The local temperature oscillations that occur in both first and second sound require a corresponding vari-
ation in the local superfluid density, which takes place by order-parameter relaxation. Therefore, the corre-
sponding contribution to the damping rate of both first and second sound is proportional to the order-
parameter relaxation time. But in second sound, part of the required variation in superfluid density is pro-
duced instantaneously by convection, thereby greatly reducing the relaxational damping of second sound.
The full unmodified effect of order-parameter relaxation only sets in asymptotically very close to the A

point.

It has been emphasized! that there are (at least) the fol-
lowing four sources of damping of second sound near the A
point of superfluid “He: (1) entropy diffusion, (2)
transverse order-parameter relaxation, (3) longitudinal
order-parameter relaxation, and (4) normal fluid second
viscosity. The last effect has recently been discussed in de-
tail.Z The purpose of this Rapid Communication is to
present a simple and compelling treatment of the third ef-
fect. We feel that this is especially desirable at the present
time because of (a) the recent precise measurements of the
damping of second sound?® and (b) the fact that the so-called
renormalization-group calculation? omits® this contribution
to the damping.

Our approach, which we have previously only sketched,®’
is basically that of Pitaevskii® and Khalatnikov,® which we;
however, cast into somewhat different form. To set the
stage it is necessary to review briefly the standard thermo-
dynamic theory of the second-sound velocity u by introduc-
ing the mass fractions X =pg/p and Y =p,/p for the super-
fluid and normal fluid, respectively. Because of the obvious
identity X +Y =1, only one of these variables is free.
There is some conceptional advantage in working with Y
and its time derivative, 3Y/d¢ =Y. In general, a fluid of lo-
cal density p and local hydrodynamic velocity V' satisfies the
conservation law dp/dt= —divpV. For small velocities this
can be written to first order as

dop . _v.v. )
ot
In other words, the fractional rate of increase of the density
is equal to the convergence of the velocity. For the two-
fluid situation it follows that the fractional rate of change of
the normal-superfluid ratio is equal to the convergence of
the counterflow velocity, i.e.,

(YY) __.(v,-7) , _ @
ot
which can be written as
Yconv=XYV'(Vs—Vn) s l (3)

where the subscript signifies the convective change in Y. Be-
cause the entropy resides in the normal fluid and is carried

3

along with it, the entropy per “He atom, s, varies in propor-
tion to the normal fraction according to §/s = Yconv/ Y, or

§=sXV-(V,—7,) . ()]

Our quick review of the second-sound velocity is complet-
ed by recalling that the equation of motion for the counter-
flow is

m(\'v,—o—,,)=-s-yvr , )
which, substituted into Eq. (4), gives
2
s=Psgrp | 6)
mpp

If the frequency w is sufficiently small a variation &8s pro-
duces the thermodynamic variation

T
=— 7
8To CP 8s , ( )

where Cp is the constant-pressure specific heat per atom.
Substitution of Eq. (7) into Eq. (6) yields the wave equation

S=u*Vis , ®)
with the normal second-sound velocity formula

Ts’p
u2 =2 . (9)
mCpp,

Clearly Eq. (9) has to be modified for w=0 because it is
known from the theory!® of first sound damping that the
thermodynamic specific heat Cp has to be replaced by
Cp(w), with a definite frequency dependence, as confirmed
by the agreement of this theory with experiment.!! At low
frequencies, w << 7!, where  is the mean relaxation time
for the superfluid order parameter, the hysteretic lagging
response of the order parameter is the dominant frequency-
dependent contribution to C,(w). This can be decomposed
as

Cp(w)=Cp,y+——g:—’———?='Cp_A+inC, (10)
1l—ior

=Cpa(l + int’) ,
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where the renormalized mean time is

Cs
S = an
T CP,AT
and
Ci=Cpa—Cpry 12)

is the contribution of the order parameter to Cpa= Cp, the
o =0 thermodynamic specific heat. A is the difference in
chemical potential between the superfluid and normal fluid
and vanishes in the o — 0 limit. By neglecting the weaker
frequency dependence coming from the fluctuations, we can
identify Cpy as essentially the w — o high-frequency limit
of the specific heat, for clamped order parameter.

It .would be natural to treat second sound analogously to
first sound and, wherever Cp appears in the velocity formu-
la, to substitute in its place the frequency-dependent gen-
eralization Cp(w) from Eq. (10). Equation (9) would then
yield

W (w=0)=(1—iwr)u*(e=0) . 13)

The small imaginary part of the complex second-sound
velocity would then correspond to a frequency breadth of
»?7'/2 and to a contribution to the damping coefficient of

ADj gvmp — 27" 14)

This, in fact, is the formula advanced by Khalatnikov® as a
result of an approximation that is asymptotically valid in the
immediate neighborhood of the A\ point. Equation (14) is,
however, not valid in the temperature range in which the
experimental measurements have been carried out.’> As we
now demonstrate, Eq. (14) undergoes a substantial reduc-
tion by a factor f2, where f'is a kind of ‘‘coupling constant”’
that is introduced below.

The error in simply substituting Cp(w) in place of Cp in
Eq. (9) lies in the fact that Cp(w) describes the oscillatory
response of the superfluid in the absence of any convective
““bunching’ produced by the counterflow.  In this case ther-
mal equilibrium requires

Yo=

ﬂ] i (1%
9s Jpa

with the entire change in Y, supplied by supernormal con-
version by the relaxation process. In the case of second
sound, however, convection, according to Eqgs. (3) and (4),
already supplies the change

Vigpo=-L5 . (16)
S

Thus, the net amount of supernormal relaxation that is re-
quired corresponds to the difference

YO"Yconv=[l"' YCO"V]Y fYO ’ (17)
0
reduced by the factor
Y| 9s
=1-2]8s 18
4 s [aY]P,A a8

For w=0 the equilibration is not complete, resulting in the
small out-of-equilibrium values A,8Y;=8Y—8Y, and
8T;=8T —8Ty. The relaxation of 8Y toward its instantane-

RICHARD A. FERRELL AND JAYANTA K. BHATTACHARJEE 31

ous equilibrium value 87, is governed by the rate equation

3Y=—9"(8Y—8Yy) +8Yeony , 19
where
’” CP A §
=—=b (20)
Y Crr Y
Substitution of Eq. (17) puts Eq. (19) into the form
-%+w"an=—46n=musn. Q1)

For o/y"”=w7"" << 1 the time derivative on the left-hand
side of Eq. (21) can be dropped, giving

Y =iwt"f5Y, 22)

[ ] 8= iwr /{ ] [ﬂ] 5 . (23)
Ps psl 95 Jpa

A thermodynamic identity then yields

' A=—im"/{ﬂ] os . 24
0s Jpy

The small supernormal chemical potential difference ex-
pressed by Eq. (24) corresponds to the first- order tempera-
ture deviation

o= l ]Ps“""j{ ]p,[as

This can be simplified by the substltutnon of the thermo-
dynamic identity

an

(25)

PY

T TC,
(26)
[ ]Ps[ ]PY Crr CPA CpyCpa
to yield
3T = —iwt" f—— G Tés =—jwr' 8T, , 1))
Cpy Cpa

by virtue of Egs. (20), (12), and (7). Equation (27) would
signify that the effective frequency-dependent specific heat
that regulates the second-sound oscillations is proportional
to 1 —iwt’f, which, according to Eq. (13), would add one
factor of f to the right-hand side of Eq. (14). But this is
not the whole story. Because of the imbalance in the chem-
ical potential the equation of motion acquires the additional
force, —gradA, so that Eq. (5) becomes

m(¥, —v)——VT VA= —v

vlsr-La)

[ ] ]8 T 1] . (28)
Ps
But by means of the Maxwell relation

], -[31...

we see that the quantity in square brackets in Eq. (28) is
nothing other than the ‘‘coupling constant’’ defined in Eq.

=3 +l1
YVFR
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(18). Thus, the effective hysteretic temperature deviation
from 87T, is not 87 but £8T,. It follows by substitution of
Eq. (27) that the correct effective frequency-dependent
specific heat, for the second-sound dynamics, is not given
by Eq. (10), but rather (for o’ <<1) by"

Ci(w)=(1+inr’ ) Cp . 30)

Therefore, the frequency-dependent factor in Eq. (13)
should be 1 —iw7’f?, so that the final version of Eq. (14),
valid also in the nonasymptotic region, is

ADy=u*'f? . 3D

Although f?2—1 asymptotically as ¢ — 0, the approach is
very slow. Even at t =105, the closest approach that is ex-
perimentally feasible,> f2==0.7, representing a 30% reduc-
tion of AD, below its asymptotic expression in Eq. (14).
The reduction increases to approximately 50% at ¢=10"*
and tends toward 100% further below the A point, as 9Y/ds
tends toward Y/s, and as illustrated in Fig. 2 of Ref. 6.

This work has been supported by the U. S. National Sci-
ence Foundation under Grants No. DMR 7901172 and No.
8205356.

IR. A. Ferrell and J. K. Bhattacharjee, Phys. Rev. Lett. 52, 314
(1984). ,

2R. A. Ferrell and J. K. Bhattacharjee, Phys. Rev. Lett. 51, 487
(1983). )

3R. Mehrotra and G. Ahlers, Phys. Rev. Lett. 51, 2116 (1983).

4V. Dohm and R. Folk, Phys. Rev. Lett. 46, 349 (1981).

5V. Dohm and R. Folk, Z. Phys. B 45, 129 (1981).

6R. A. Ferrell and J. K. Bhattacharjee, Phys. Rev. B 24, 5071
(1981).

7R. A. Ferrell and J. K. Bhattacharjee, Proceedings of the 17th Inter-
national Conference on Low Temperature Physics, edited by V. Ec-
kern, A. Schmid, W. Weber, and H. Wuehl (North-Holland, Am-
sterdam, 1984), p. 979.

8L. P. Pitaevskii, Zh. Eksp. Teor. Fiz. 35, 408 (1958) [Sov. Phys.
JETP 8, 282 (1959)].

91. M. Khalatnikov, Zh. Eksp. Teor. Fiz. 57, 489 (1969) [Sov. Phys.
JETP 30, 268 (1970)].

10R, A. Ferrell and J. K. Bhattacharjee, Phys. Rev. Lett. 44, 403
(1980); Phys. Rev. B 23, 2434 (1981).

1K, Tozaki and A. Ikushima, J. Low Temp. Phys. 32, 379 (1978);
D. B. Roe, H. Meyer, and A. Ikushima, ibid. 32, 67 (1978);
B. Lambert, P. Legros, and D. Salin, J. Phys. (Paris) Lett. 41,
L507 (1980); R. D. Williams and 1. Rudnick, Phys. Rev. Lett. 25,
276 (1970); F. Vidal, J. A. Tarvin, and T. J. Greytak, Phys. Rev.
B 25, 7040 (1982).



