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will, to a first approximation, result in a phase
change of 7 for the 4(C + N) amplitude. Thus for
large angles (small impact parameters) one will
observe strongly constructive interference, but
near 6., =75° (outside d,) completely destructive
interference will occur but it will not be a deep
minimum since the 4(C + N) amplitude is much
smaller than the 2(C +N) amplitude. Changing the
sign of B, (not yet observed experimentally)
should, to a first approximation, not alter the in-
terference structure since the L =2 amplitude,
being a two-step process, depends on §8,°. Calcu-
lations supporting these predictions are shown in
Fig. 1.

Finally, for B,=0 the interference is best de-
scribed as Coulomb-nuclear interference since
the L =4 amplitude is negligible. Here, since the
0*— 2" cross section is reduced because of de-
structive Coulomb-nuclear interference, it is ev-
ident that the 0"~ 2*~ 4" cross section will have a
similar behavior.

I am grateful to J. Raynal for furnishing his

code ECIS and to W, G. Love for discussions of
this problem.
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The temperature dependence of the NMR relaxation time introduced by Combescot and
Ebisawa, 7cg, is studied from the microscopic theory. It diverges like (1—T/Tc)"’/ 2
near T,, in agreement with Leggett and Takagi’s prediction. At low temperature, it
grows like 1/T* in the A phase (except at extremely low temperature where it grows

like 1/T% and like T~¥24/T in the B phase.

It is now fairly clear that the main contribution
to the NMR linewidths in superfluid *He is com-
ing from the finite rate of Combescot and Ebi-
sawa,! Tcg, at which the normal fluid is relaxing
toward the local equilibrium defined by the super-
fluid. A theory' based on this idea and using the
kinetic equation formalism has given results in
good agreement with experiment for the trans-
verse linewidth in the A phase. More recently,
Leggett and Takagi? have given a phenomenologi-
cal theory which agrees® with the results of Ref.
1, but has the advantage of suggesting that the
relaxation time 7 introduced in Ref. 1 should
diverge at T.,. Ambegaokar* has pointed out that
this divergence results from spin conservation
during collisions between (normal) quasiparticles.
In this note, Ref. 1 is supplemented by showing

that the behavior of 7oz near T, as well as its
low-temperature behavior can be obtained from
the microscopic theory by simple arguments.
Near T,, the result agrees with Leggett and Ta-
kagi’s prediction. At low temperature, I obtain
Tce ~1/T* in the A phase except at extremely low
temperature where we have Tcp ~1/7° and T
~T~12¢4/T in the B phase.

Let us consider the longitudinal NMR in the A
phase, for simplicity. To find T, we have to
solve the kinetic equation

— W, (& /E,) X =1(57;) (1)

where I(67,) is the collision term for Bogoliubov
quasiparticles®; X is the total effective field (ex-
ternal field plus molecular field plus Josephson
field), ¢,’ is the derivative of the Fermi distri-
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bution, and 87, is the departure of the quasipar-
ticle distribution from the local equilibrium cor-
responding to X (for the other notations, see Ref.
1). Once 67, is known from Eq. (1), the relaxa-
tion time Ty used in Ref. 1 is given by definition

by
&V _s &
D@z

For the sake of the avgument, let us assume
that 67, has the same dependence on £, as the
left-hand side of Eq. (1):

0T, = ' (§,/E,)C ®3)

where C is a constant independent of k. Actually,
this is only true at T, but taking the exact solu-
tion of Eq. (1) would modify the coefficient in

Tce (T), and not the temperature dependence near
T. and at low temperature. With this hypothesis,
Tce is proportional to C, that is to 1/I1(6%,), for
a fixed scattered quasiparticle.

Equation (3) corresponds to an equilibrium dis-
tribution except that there is a difference in
chemical potential between spin up and spin down.
At T, because of spin conservation during col-
lisions between normal quasiparticles, this dif-
ference in chemical potential cannot relax to its
equilibrium value. Therefore, I(67,) is zero and
Tce is infinite. Below T,, I(87,) describes the

X7 (N (= ¢ 5%, . @)

1(6%,) ~ [ d&; sing, d6, do, 5(k;) 6(E,) F(£;, 6;, 9),

where G(Ei) represents the momentum-conserv-
ing & function and O(E;) the energy-conserving
one; 0; and ¢; are the angular variables corre-
sponding to the unit vector ;. F(&;, 6;, ¢;) con-
tains the scattering amplitude, the coherence
factors, and the Fermi distributions. We con-
sider first the A phase and take the z axis along
the gap anisotropy axis. At low temperature, we
will have all the §; small and the gap will be pro-
portional to 8. From this, it follows that by tak-
ing x; =B&; and «; =B0; as new variables, we get
rid of the temperature dependence in the Fermi
distributions without introducing it in the coher-
ence factors, so that F(x;/B, @;/B, ¢;) is temper-
ature independent. In this way, the temperature
dependence of I(57,) comes simply from Eq. (4):
d&;~T, sinb;d6; ~T?, 8(E;)~1/T; and because of
the momentum conservmg 6 function, we have
only to integrate on k and kz, for example.
Therefore, we obtain T ~1/T° in the A phase
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collisions between Bogoliubov quasiparticles,
whose spin is not conserved during collisions.®
Since, at T., Bogoliubov quasiparticles are going
into normal quasiparticles, I(67,) is small just
below T,. The scattering amplitude for Bogoliu-
bov quasiparticles is obtained from the scattering
amplitude for normal quasiparticles by express-
ing normal quasiparticle operators in terms of
Bogoliubov quasiparticle operators. This brings
in coherence factors. Just below T, the more
important corrective terms coming from these
coherence factors are of order |A;|2/E?, where
i=1,2,3 ({=1 corresponds to the scattering quasi-
particle and ¢=2, 3 to the final states). After in-
tegration of the collision term on &;, the resul-
tant correction on I(6%,) is of order A~(1 =T/
T,)*? which makes 7¢z ~(1 =T /T,;)"V? near T,.
This agrees’ with taking the relaxation time in-
troduced by Leggett and Takagi, 7iy, to be a non-
zero constant at T,.2 This result was rather like-
ly since the corrections to the relaxation times
for viscosity and thermal conductivity are known®
to be of order (1 =T /T.)'?2 near T,. The same
result holds naturally for the B phase.

At low temperature, we can obtain the behavior
of Tcg by a scaling argument The COIIISlOIl inte-
gral is an integral over kl, kz, and k3 with two
functions ensuring momentum and energy conser-
vation in the collision. Changing the variables,
we obtain

(4)

at low temperature. However, this result holds
only at extremely low temperature.® To see this,
we have to consider explicitly the momentum-
conserving 6 function. The conservation of the z
component of the momentum gives 6(k; cosé;)
~ 5(£i/EF + Giz). Since E; ~T, and 9,‘ ~T/Tc, the
term £;/E; dominates at very low temperature
where T/T,<T,/T . This gives the 1/T° law.
But in the range T,/Ty <T /T, <1, the term 6,2
dominates so that d(k; cos6;)~1/T2 and not 1/T,
which gives Tcg ~1/T%. Physically one can say
that the relaxation time goes from 1/72 in the
normal state to 1/7* in the A phase because in k
space one can find the scattering quasiparticle El
only in a small region around the nodes of the
gap, whose volume is of order T, whereas in
the normal state, one can find it in a shell of
thickness T around the Fermi surface.

In the B phase, there is no restriction on the
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angular variables. At low temperature, we have
essentially £ <A which makes BE =~ pA +B£%/2A
so that £ scales like TY2. From Eq. (4) we ob-
tain a factor (T'/2)3/T =T'2, but we must take
into account that we have only a probability
exp[—A/T] of finding a scattering quasiparticle.
Finally, we obtain Tcz ~T~'2¢2/7. This behavior
actually agrees with the low-temperature behav-
ior of the relaxation time® for viscosity and ther-
mal conductivity. This is not surprising since
this behavior could be deduced from the same
scaling arguments. In the same way, we expect
the viscosity and thermal-conductivity relaxation
times to behave like 1/T* in the A phase. (Nat-
urally, to obtain the viscosity, for example, one
has to take into account other factors than the re-
laxation time, but their temperature dependence
can be easily deduced from a relaxation-time ap-
proximation.'?)

Finally, it is remarked that when the gap is
completely established, say T /T.~0.7-0.8, the
spin-conserving character of the normal quasi-
particle collisions is no longer felt so that in
this range T should be of order of a typical re-
laxation time at T,.

I am very grateful to V. Ambegaokar, T. Ho,
A. J. Leggett, M. Levy, H. Smith, and C. J. Pet-

hick for numerous discussions on this problem.
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also derived this result together with the exact coef-
ficient by solving the kinetic equation (1).

8Note that, although T is diverging, wyTcp <1 when
T goes to T, since the longitudinal frequency w, goes
to zero like (1-7/T_ )2, For the transverse line-
width, one could have situations where the hydrodynam-
ic condition wTcp < 1 is no longer satisfied. But this
would require such high magnetic fields and tempera-
ture so near T, that the linewidth would be very small
anyway and any effect would be difficult to observe.
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We show that near the transition temperature T o the relaxation time introduced in Leg-
gett and Takagi’s phenomenological theory of spin relaxation in superfluid *He is equal to
the relaxation time of a normal-state quasiparticle at the Fermi energy at T, and is in-
dependent of the superfluid state. Combescot and Ebisawa’s relaxation time is found to
diverge as (T, —T)"¥2 These results are obtained by deriving and solving exactly the
Boltzmann equation for quasiparticles in the superfluid.

The authors of two recent Letters'? in which
spin relaxation in superfluid Fermi liquids is
treated phenomenologically arrive at different

conclusions about NMR linewidths close to the
transition temperature T,. The differing results
reflect differences in the assumptions made about
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