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We investigate electron-impurity scattering in a number of unconventional superconducting
states with a low impurity concentration, making no assumption about the phase shift in the normal
state. The scattering amplitude in the superconducting states is found not to exhibit particle-hole
symmetry, and not to be invariant under time reversal. As a consequence, we find that there can be
large thermoelectric effects, and that some tensor components of transport coefficients that vanish
in the normal state can be finite in the superconducting state. Detailed calculations of the quasipar-
ticle relaxation time, thermoelectric coefficients, viscosities and thermal conductivity are performed
for the axial and polar p-wave states and an axial d-wave state.

I. INTRODUCTION

Transport properties in heavy-fermion superconduc-
tors have attracted much attention since measurements of
them can possibly shed light on the nature of the super-
conducting state and scattering mechanisms. At low
temperatures, the transport coefficients of these com-
pounds do not drop exponentially as functions of temper-
ature as predicted by the BCS theory of superconductivi-
ty, but rather are more like power laws.! ™% In UPt,, the
normal-state transport properties are those expected for
electron quasiparticles scattering from impurities, while
in other heavy-electron compounds it appears that both
electron-impurity and electron-electron scattering are im-
portant. In this paper we shall confine our attention to
the case of electron-impurity scattering alone.

Coffey, Rice, and Ueda,” and Pethick and Pines'°
showed that if electron-impurity scattering is treated in
the Born approximation, the quasiparticle relaxation time
at low temperatures in superconducting states with nodes
of the gap on the Fermi surface varies as an inverse
power of the temperature 7. This behavior of the relaxa-
tion time was shown to give rise to transport coefficients
that are in qualitative disagreement with experiment.*~’
Pethick and Pines then went on to show that the temper-
ature dependence of the transport coefficients could be
understood qualitatively if the electron-impurity scatter-
ing in the normal state were close to resonant, corre-
sponding to a phase shift 8 ~m /2, and therefore could
not be treated in the Born approximation. Subsequently
a number of authors'! ~!° have performed calculations of
transport properties of anisotropic superconductors as-
suming the electron-impurity scattering to be close to res-
onant. The calculations of Ref. 15 are based on the
quasiparticle Boltzmann equation, while the others use
the Green’s-function formalism and allow for the effects
of pair breaking. Comparison of the two sets of calcula-
tions shows that the effects of pair breaking are expected
to be minor for experimentally realistic values of the
quasiparticle mean free path, except at the very lowest
temperatures.
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In this paper we extend the calculations of Ref. 15 to
phase shifts other than small ones and 7 /2. The motiva-
tion for this is twofold. First, Ott et al.'® measured the
specific heat of UBe,;; for temperatures between 65 and
180 mK. Following the work of Hirschfeld er al.'! on
the effects of pair breaking on the specific heat, they
could fit their experimental data using a phase shift
8, =0.97/2, hence giving experimental evidence for the
importance of phase shifts different from /2. Second,
qualitatively new phenomena arise® when the phase shift
is neither small nor 7/2. Monien et al.!” pointed out in
connection with calculations of the ultrasonic attenuation
that the quasiparticle-like and quasihole-like excitations
of the same energy have different relaxation times. In
Refs. 18 and 19 it was shown that the particle-hole asym-
metry could lead to a thermoelectric coefficient in aniso-
tropic superconductors orders of magnitude larger than
in ordinary BCS superconductors. In addition it was
demonstrated that angular asymmetries of the scattering
cross section can occur if the gap has a nontrivial phase
variation over the Fermi surface, and that, as a conse-
quence, some components of the transport coefficient ten-
sor can be finite in the superconducting state even though
they vanish in the normal state. A brief report of some of
our results has been given previously.?”’ We begin by cal-
culating, in Sec. II, the relaxation time and exhibit explic-
itly its behavior for quasiparticle-like and quasihole-like
excitations. In Sec. III we calculate the thermal conduc-
tivity and the thermoelectric coefficient, and in Sec. IV
we calculate the viscosity, which is related to the ul-
trasonic attenuation coefficient in the hydrodynamic re-
gime. In Sec. V we compare our results with the avail-
able experimental data.

II. RELAXATION TIME

In this section we calculate the relaxation time for
quasiparticle-like and quasihole-like excitations due to
elastic scattering by nonmagnetic impurities, allowing the
normal-state scattering phase shift 8, to be arbitrary. In
equilibrium, the quasiparticle energy spectrum is given by
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E,,=(&+A,A1)12, 8

where §,=vp(p —pp) is the energy of a quasiparticle in
the normal state relative to its value at the Fermi momen-
tum py (if terms of higher order in p —p; are neglected),
and Kp is the gap matrix, which is a 2 X2 matrix in spin
space. vy is the Fermi velocity, which we shall assume to
be isotropic. In this paper we shall restrict ourselves to
superconducting states for which Ep is unitary, and
therefore the energy spectrum E, is independent of the
spin. At impurity concentrations n; so low that broaden-
ing of quasiparticle states is negligible, the relaxation rate
for a quasiparticle of momentum p and spin o is given by

1 2
— =T, 3 (130 po IP(Epy —Epor) . 2)
Tpo # o
Here t;,‘,r’pa is the amplitude for scattering by a single

impurity of a quasiparticle from a state with momentum
p and spin o to a state with momentum p’ and spin o',
which was found in Ref. 15 to be

=yt t

—up,(t“) u +up:(t12)p,pvp

s
Iop P'P*P

+U;'(121 )p'pup+vz;'(t22)plpvp N (3)

where the spin indices have been suppressed for brevity.
The quantities #;; (i,j =1,2) are the components of the
T matrix in particle-hole space, and (up,U‘T_p ), and
(u;r,, —v_,) are the eigenvectors of the single-particle
propagator.?!

We consider the three superconducting states studied
in Ref. 15, namely the polar and axial p-wave states with
triplet pairing, and the axial d-wave singlet pairing state
which is consistent with hexagonal and cubic symmetries.
In the case of triplet states the gap matrix is given by

A, =io,o-AB), @

where, for p-wave states

A(P)=A(p)d, (5)
with A(P) given for the polar state by

A(P)=A(T)cosb , (6)
and for the axial state by

AP)=A(T)i+ij)Pp=A(T)e"sind , @)

where i, j, and k are unit vectors in the 1, 2, and 3 direc-
tions in momentum space, and d is a fixed unit vector in
spin space satisfying the unitary condition d Xd*=0. In
the case of the d-wave state we have?’

A,=io,AB), (8)
where
A(P)=2A(T)e'*sin6 cosO . (9)

In Egs. (6), (7), and (9), A(T) is the maximum value of the
energy gap on the Fermi surface, and 6 and ¢ give the
directions of p in polar coordinates.

As explained in detail in Refs. 10 and 15, the T matrix
for scattering of a quasiparticle against a single impurity
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for the superconducting states considered here is given by
T =kym[1+i7N(0)kyg (E)T3]7 1, (10)

where 7; (i =1,2,3) are Pauli matrices in particle-hole
space, N (0)=m*py/(2*#>) is the density of quasiparti-
cle states at the Fermi surface for a single spin, and
ky=—tandy/mN (0). In these calculations we assume
that the scattering in the normal state occurs only in the
s-wave channel. The function g(E) is

: dﬂm E0 E
(E)y=L1 [—2 dé,————— , (11)
g 7Tf 41 f—Eo ngz—Ef,

where E is an energy cutoff which satisfies the condition
A <<E, << Epf, where E, is the Fermi energy.
The components #;; are then given by

1=t =0, (12)
ind
fu=" 77'N1(0) cos8N—sig(1;Z')sin6N ’ 13
and
1 sind y

2= 7N (0) cosby +ig(E)sindy 14

In this paper we are not interested in spin-dependent
properties, and therefore for calculating transport prop-
erties it is enough to know the squared scattering ampli-
tude summed over final spin states and averaged over ini-
tial spin states. This may be obtained from Eq. (3) and is
given by

5,12 =1L tr[ 2, |*u ;r,'up,u;up-l—Itzzlzv;,vp,vz:vp

' +2Re(t“t§‘2vp,u;r,,upv;)] ) (15)
where tr refers to the trace in spin space and Re(f)
stands for real part of f. Using the usual definitions of u,,
and v, and introducing the quantities

21112+ 125,17
2|ty :
13 [Pl
p=—t P (17)
2|yl
and
tt5
o =tu 222 , (18)
2ty
where
sind
Nl =—————, 19
low N (0) (19
the squared scattering amplitude can be written as
§ g ! gp gp'
|25, 2= a[1+—~——p P l+p | 224+
PP EpEp, Ep E,
AAL 1] lenl?
PP N
20
+Re CtrEpEp, 5 (20
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When expressed in terms of the phase shift and the func-
tion g, the quantities a, b, and ¢ take the forms

_cos?8y+g(x)]*sin%8y

, (21)
[cos?8y +g%(x)sin?8 |2

Im[g(x)] cosdy sind
bh=—2 [28 ]2 N' u N2 i (22)
|cos®8y +g2%(x) sin?8 |

and

¢ =—1{cos®8y—|g(x)|?sin’d y

—2i Re[g(x)]sindy cosdy} !, (23)
where x =E /A and Im(f) stands for the imaginary part
of f.

The squared scattering amplitude, Eq. (20), is then
given for triplet states by

Its | +_§P§_P'. +5b _é’_+_§_‘i
ELE, E, Ep,
AA% || ty)?
p Zp N
—_— 24
+2Re CEPEp, ) (24)
and for singlet states by
|t;'pI2= +____§P§P' +b _§L+&'_
E E, E, E,
A_AY [tn|?
p=p N
25
+2Re CEPEP' > (25)

The scattering amplitudes (24) and (25) do not have a
definite symmetry under the operation § — — §p, and
consequently particle-hole symmetry is v101ated and the
scattering amplitudes for quasiparticle-like excitations
(p >pp) and quasihole-like excitations (p <py) of the
same energy are different. The second terms on the
right-hand sides of Eqgs. (24) and (25), which are responsi-
ble for the asymmetry about the Fermi surface, vanish for
phase shifts 8§, << /2, in which case t;;, = —t,,, and for
8y =m/2, since then t,;, =t,,: in both cases b =0. The
physical reason for the asymmetry is that the amplitude
t11(E) for a positive energy is the amplitude for scattering
a normal-state quasiparticle of energy E, while ¢,,(E) is
the amplitude for scattering a quasiparticle of energy
—E, that is a quasihole. These amplitudes are generally
different because the basic interaction between a quasi-
particle and an impurity is the opposite of that for a
quasihole and an impurity. Only to lowest order in tan8
and for resonant scattering (|8y|—m/2) are |¢,,(E)| and
|t,,(E)| equal. For other values of the phase shift a virtu-
al bound state tends to form in the quasiparticle channel
for positive energy if tand, >0 and in the quasihole chan-
nel for negative energy if tand, <0.

From Eq. (11), the expression for the function g(E / A
is given for the axial p-wave state by

%ln iii —-i—721x, for |x| <1,
gx)= 4 (26)
g—ln %?i- , for |x|>1,
for the polar state by
L 2\122
T x| —ix In Rl Sl , for |x| <1,
2 b
g(x)= 27)
x arcsin |— |, for |x|>1,

and for the d-wave state by

IXI U”l f#z

—p +x2/4)‘/2 ’

_ X M2 d,u
glx)= _'?fu, = u“~x2/4)‘/2’ for [x[<1, (28)
Ixl
fo i +x2/4)1/2’ for |x|>1.
In Eq. (28)
1
le“/-i‘[l"(l_xz)l/z]‘/z ; (29)
and
=1 —2y1/27172
m=s 1+ (1=x)1 )2 (30)

For E >A, we have for all superconducting states,
Im[g (E /A)]=0, and consequently |t,,|=t,,| and b =0.
Therefore, the asymmetry in the scattering amplitudes
exists only for intermediate states for which E <A, and
vanishes for states with E > A. The asymmetries vanish
also for E—0. Thus, for anisotropic superconductors
having nodes in the energy gap on the Fermi surface, the
transport properties at 7'~ T, /2, which are dominated
by quasiparticles having energies comparable to the max-
imum of the energy gap, should be strongly affected by
this asymmetry. Also we expect physical processes in
which asymmetry about the Fermi surface plays an essen-
tial role, such as the thermoelectric effect, to be greatly
enhanced. The study of such an effect is deferred to Sec.
III.

Another interesting feature of the scattering ampli-
tudes (24) and (25) is the structure of the terms
Re[cA, A"‘/(EPEp )] and Re[cA AL /( EyE,)]. Intro-
ducmg ¢ =c, t+ic,, the last two terms can be wrltten re-
spectively, as

A,A

E,Ey

*l
P

Re |c =c; Re "
E E, EE,

A A% A A%
p Zp ]——czlm[ P

(3D

and
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R ALY R A A% l . ALAY quasihole-like excitations. Therefore, the gelaxation rates

e|c =c; Re —cyIm for excitations with positive and negative £ are different.
EpEp’ ELE, ) ELEy ;

(32)
The second terms on the right-hand sides of Egs. (31) and

(32) exist only for phase shifts §, different from zero and
/2, since for 8 << /2 and for 8,y = /2 the quantity c,
Eq. (23), is real and ¢, =0. They also exist only for super-
conducting states with an energy gap having a phase vari-
ation on the Fermi surface. Therefore, this term is
nonzero for the axial p-wave and d-wave states, while it is
zero for the polar state. For both axial p-wave and d-
wave states, this term is proportional to sin(¢—¢’), and
consequently (31) and (32) do not have a definite parity
under the operation ¢ —¢'— —(¢dp—¢’), and the scatter-
ing amplitudes to two final quasiparticle states with mo-
menta symmetric with respect to the plane formed by the
incoming quasiparticle momentum and the energy-gap
symmetry axis will be different. This absence of
reflection symmetry will lead to new thermal-
conductivity, thermoelectric, and viscosity coefficients.
A study of such effects will be presented in Secs. IIT and
IV.

In terms of It;'p |2, the relaxation rate is given by

1
_—:7 zzltpp 28E E ). (33)

Tp

Using Eq. (24) or (25), we obtain the following expression
for the relaxation rate for all superconducting states:

£p
+p2E
@b

p

N,(E,) , (34)

1
Lo
Tp

where N(E)=13,8(E —E;) is the density of single-
excitation states in the superconductor on a particular
branch (particle-like or hole-like) and of a particular spin.
In obtaining this equation we used the fact that on carry-
ing out the sum, the contribution from the term
Epbp/( o) appearing in the scattering amplitudes (24)
and (25) vamshes for all superconductmg states, while the
term coming from Re[cA-Af/(E E )] in (24) vanishes
because of the odd parity of Ap, and the one coming from
Re[cA,Ap/(ELE)] in (25) vanishes when carrying out

the integration over ¢, since Ap(¢+m)=—A,(H).
Defining the average ( - - - ) by
()= za(E —Ey) -, (35)

2N (O
the relaxation rate is then given by
Sp

b E

p

(1), (36)

where 7 is the relaxation time in the normal state, which
is given by

=="pn,N(0)|tyl*. (37)

In Eq. (36), £, is given by +(E;—
quasiparticle-like excitations and by — E 2

A, 12172 for
IAI )12 for

Particle-hole symmetry, usually taken for granted, is
violated. The asymmetric term b§,/E, disappears for
very small phase shifts and for a phase shift 5y =7/2,
since then b =0. It vanishes also for states with energy
greater than the maximum of the energy gap and plays an
important role only for intermediate quasiparticle states
with energies less than the maximum of the energy gap.
For the scattering amplitude to violate particle-hole
symmetry, the superconductor must have both real and
imaginary parts of the density of states nonzero at the
same energy. The effect can therefore not occur in a BCS
superconductor with an isotropic gap in the absence of
depairing processes, since the real part of the density of
states vanishes for energies less than A, while the imagi-
nary part of the density of states vanishes for energies
greater than A. Particle-hole asymmetry can, however,
occur if the superconductor is anisotropic, or if pair-
breaking mechanisms exist. Consequences of these effects
for BCS superconductors will be considered elsewhere.
The relaxation time obtained from Eq. (36) is given by

_, D |5
Tp TN(1> a E, , (38)
where the quantity D is defined by
1
D=——-—, 39
2 —b22 (39)
and
(Ez—\A '2)1/2
g (40)
E,

For ehergies greater than the maximum of the energy gap

we have b =0 and D reduces to D =1/a>. Consequently
the relaxation time takes the form
1 1
Tp:'rN———-<l>; , (41)
where in this case a is given by
a =(cos?8y+{1)?sin%8y) !, 42)
so that the relaxation time, Eq. (41), becomes
2
cos“d
To=Ty <1>N +{(1)sin®8y | . (43)

For phase shifts 8,y << /2 or 85 = /2, both expressions
(38) and (43) reduce to the results found in Ref. 15. The
average over the Fermi surface of the relaxation time
given by Eq. (38) is

1
Ry

(a{Dv)+b{(Dv?)), (44)
for quasihole-like excitations, and

o= (a{Dv)—b{(Dv?)), (45)

1
N1

for quasiparticle-like excitations. The angular integrals
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(1), (Dv), and {Dv %) are listed in the Appendix for the
three superconducting states considered.

In Fig. 1, we have plotted the relaxation times 7, /7y as
functions of E /A for phase shifts x7 /2 where x =0, 0.2,
0.5, 0.8, and 1.0, for the axial and polar p-wave states,
and for the d-wave state. Note that by 6y=0
we mean the limit 6y, —0. For energies so small that
|g(E/A)| <<|tandy|, in the case of the axial p-wave

40 - T

(a)

i i

Axial (ABM) State

35 K
3.0 H
25

2.0

rs/rN

4.0
(b)

Polar State

35

e ———

3.0

o
N

2.5

R

T /TN

h——

1.5 2.0

4.0

(c)
d-Wave State
3.5

-rS/ i

~— T

e

10 15 2.0
E/n

FIG. 1. Plots of the relaxation times for quasiparticle-like
and quasihole-like excitations for phase shifts 8y =xm /2, where
x =0, 0.2, 0.5, 0.8, and 1.0: (a) in the axial p-wave state, (b) in
the polar p-wave state, and (c) in the d-wave state.

state, we have for both quasiparticles and quasiholes for a
phase shift different from 7 /2

TS A |Pcos®ycot?dy | 1+S(8y)
™ |E Sy T |1=SGy |’
where
cot2sy |
T

In the case of the polar state, we have

s 2 Al 1
7y ~oosByleotdyl |\ o\ T

and for the d-wave state we have

T od Ao
- cos?8 y |cotd | E | IIn(2A/E)|

For energies close to the energy-gap maximum we have
in the case of the axial p-wave state for both quasiparti-
cles and quasiholes

T

< _In

N

sin’8 .

4
|E —Al

For the polar state we have

>

m? .
cos®dy + TsszN
and for the d-wave state we have

s
— ~In
TN

TE—%A-‘ sin26N .

A general feature of the relaxation times is that for
0<8y <m/2 and E <A the relaxation time for quasiholes
is always greater than the one for quasiparticles. Results
for negative phase shifts are obtained by interchanging
quasiparticles and quasiholes in the results for positive
phase shifts.

III. THERMAL CONDUCTION
AND THERMOELECTRICITY

A. Thermal conduction

In this section we calculate the thermal conductivity
for anisotropic superconductors using the Boltzmann
equation approach in the hydrodynamic limit as
developed in Refs. 24 and 15. As pointed out there, such
an approach is valid provided frequencies are small com-
pared with the gap frequency, length scales are large
compared with the temperature-dependent coherence
length, and the width, due to pair breaking processes, of
the quasiparticle states is small compared with both the
quasiparticle energies of interest and A(T).

We start from the linearized Boltzmann equation

ang ]=
OE,

on,
at

vr
~Epvy g

coll
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where v, is the quasiparticle velocity given by

v ‘—gpv’ﬁ
= P >
P Ep

vg is the Fermi velocity, and ng is the equilibrium quasi-
particle distribution function evaluated with the local
equilibrium values of the energy, chemical potential, and
temperature. The collision integral [the right-hand side

of Eq. (46)] is given by

O [t PS(E, —E ;) )
=—= £ - .
9 feon n 2 o
47)
Here E, is the quasiparticle energy including possible

nonequilibrium contributions to it. In this calculation we
are neglecting the counterflow contribution to the
thermal conductivity, since the ratio of the conductivity
due to counterflow to that due to normal fluid flow?’ is of
the order of AT /E2. We linearize the quasiparticle dis-
tribution function n, about the local equilibrium distri-
bution function by writing
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where @, reflects the deviation from the local equilibrium
Fermi-Dirac distribution function, n3=n%E,). The col-

lision integral then takes the form

on
P TENE
n 5, ?’8(E,—E )
9 oo 2
an? e

X oE,, (@,—D,) . (49)

Inserting this expression for the collision operator into
the Boltzmann equation (46) leads to the equation

vT
—EPVP'T:-‘—(D +“‘n, 2 |t

Tp

|28E —E, )P,
(50)

Since we have linearized the transport equation, we may
replace the quasiparticle energies in Eq. (50) by their glo-
bal equilibrium values (1). Using the expressions given by
Egs. (24) and (25) for the scattering amplitude |¢3,, |?, and

n.o=no+4_—FP ang q) (48) Eq. (36) for the relaxation time, we obtain for the p-wave
PP QOE, states the equation
J
g 21 |IN!2 §p§p’ gp gp’
(1){a+b—p O, — =71y > |a |1+ | +b |
E, LA L) o E E, E, E,
e vT
P —
+Re |2¢ E E, 8(Ep—Ep/)<I)pr—erEpvp-T , (51)
and for the d-wave state
g 21 |tN| gpgp gp gp'
(1) |a +b22 |, — =n; TNZ +b |2+ 22
E, P EE, E, E,
A A% vT
p=p _
+Re |2¢ £, S(Ep_Ep’)(Dp’—TNEpr'T' (52)

The driving term in the two previous equations has odd parity, and since the collision integral preserves parity, ®

P

will have odd parity. Consequently Egs. (51) and (52) reduce, respectively, to

§ 2 ltwl? AL
(1) b= & —=Tn, v 3 2Re |22
o | P A 2 < E,E,
and
£ vT
(1) b | Ry =BV = (54)
P

where we have used the fact that the d-wave state has
even parity. One notes that the second term on the left-
hand side of Eq. (53), which corresponds to the vertex
corrections of the microscopic calculations, does not van-
ish here for the p-wave states as opposed to the cases of
phase shifts 8y <<7/2 and 8y =m/2 treated in Ref. 15,

8(E,—E,)®,

VT

':TNEpr T , (53)

for which it does vanish. This is due to the fact that, be-
cause of the particle-hole asymmetry for general phase
shifts, D, is not an odd function of §P. For the d-wave
state the vertex corrections vanish for any value of the
phase shift. The solution of Eq. (54) for the d-wave state
is then given simply by

ep e
EP

v NT . (55)

q)p = TNEpD p T

Since the collision integral conserves energy we may add
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. to this solution of the transport equation an arbitrary
function of the energy. Such a function will not affect the
heat current, so we shall not mention it further. Using
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Multiplying this equation by A(p)/E

p? taking the aver-
age, using the relation

a2
the definition (35) of the average, we can rewrite Eq. (53) <D |A;2)| >= (D)Y—(Dv?), (58)
as P
£ A_-A¥% , ‘and solving the resulting equation for ( ®A(P)/E, ) gives
(1)®_—2D |a —b=E <Re o S <D,>
P E, E,E, P
e o7 <¢ A(p) )
P E
—TNE D |a— 'E; Vp'—T‘— . (56) p
where the prime on { )’ indicates that the sum is over p’. ( Doy, A_(f’l>
For the polar state, this equation reduces to E, v T
£ T e (DY (Do) T
A A ’ i 1 .
(1)®,—2Dc, |a —b=2- f-\—(ﬂ< AR <pp.> :
E, | E, E, (59)
=1yE,D |a —b gf; p-zft . (57 so that the function @, for the polar state is given by
]
<Di)’ 2, Ap) )' A(p)
¢=2¢u—EP—D a—b2® | |22 5 b Ly | E, Vil (60)
P& INTE (1) E, ||"E, "(1)—2ac,{DY—(Dv?)) | T
The quantities u;, i =1, 2, or 3, are the direction cosines of p. For the axial p-wave state we have
AP)=A(T)u, +ip,) , (61)
and Eq. (56) takes the form
13 &, V.T
(1)<I>p—2D a— ip ] sllep,— czuy)(qu>+(cz,ux+c1yy)(¢uy)] > TnE vpD |a — —E—p— "E—p_é"_ .
i P P
(62)

Multiplying this equation by u,, or by u,, and taking the average, we obtain the followmg paxr of equations for the two

unknowns, (®u, ) and (CD/.Ly ):

v.T
[{1)—ac,({D)—(Dv2)) K dp, ) —ac,({D)—{Dv ) {Pu,)=— 3 7yE,vpb{(Dv *u;p, )T , (63)
and
v, T
ac,({D)—{(Dv ) Du, ) +[{1)—ac,({D)—(Dv2)) {Pp, )=— ETNEPDFb(DD'Z;L,-;Ly>T . (64)
In obtaining Egs. (63) and (64) we used the relations
(Dpyp, ) =0, (65)
and
(Dp2)=(Du2)=HDWi+ul)) . (66)
The solution of Egs. (63) and (64) are then given simply by
2 = 2 2 viT
(@u,)=—3 7yEugbL [{1){Dv’u;pu, ) —a({D)—(Dv?))( Dy ;L,-(CI[,Lx—czlu,y»]—T- , (67)

and
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v.T

(p,)=— 3 7yEupbL [{1){Dvu;u,) —a({D)—{Dv?*)){Dv *u(c\pu, +cyu, ))]—T , (68)
where the quantity L is given by

L7'=[{(1)—ac,({D)—{Dv2))P+a2}((D)—(Dv?))>. (69)
Therefore the solution of Eq. (62) takes the form

D 3 3 A2 LT
(I)p:ZTNvFEpm a— Ei E%u,»-—2bL—E7(02B?+y,-) - (70)
i P

where

Bi={)[{Dv up, Y, — DV *p;p, Y, ] (71)
and

yi=ler(1) —ale(D) = (Do *NI[( DO i, e + (DO i, Dty ] - 72

Here one notes that the quantities 87 and y] are, respectively, antisymmetric and symmetric with respect to the ex-
change of the indices x and y. As will be shown below, this affects the symmetry properties of the thermal conductivity
and thermoelectric coefficient tensors. The deviation 8n,, from local equilibrium of the quasiparticle distribution func-
tion is then given for the axial p-wave state by

D ang §p §p Az VIT
= —p22 |22, —2pL = It Sy | —— , 73
8np ;TNUFEp <1> 8Ep a Ep Ep M LEg(CZB? 7/:) T (73)
for the polar state by
1| dng & || & A? (Dvpp, ) v.T
on, = TNUpE — Dla—b—||=p,—2bc,—p,— , (74)
P 2 NETR (1) | 9E, E, | |E, ‘Ef,” (1)=2ac,(D)—(Dv?)) | T
and for the d-wave state by
1 ang & | & VT
= - —b— | —u,— 75
dn, ;TNUFEP 5 oE, D |a E, |E, B (75)

A common feature of all these results is that 6n, has odd parity but does not have a definite symmetry under the opera-
tion §,— — &, for all superconducting states considered. The heat current is given by

Jp= 3 Ep(vy)dn,=—K;V;T , (76)
Y

where K; is the thermal-conductivity tensor. All superconducting states considered have uniaxial symmetry, so we cal-
culate the thermal conductivity for heat conduction along the axis of symmetry and perpendicular to it. For very small
phase shifts 8y <<7/2 and for 8y =m/2, K;; was found to be diagonal in Ref. 15 for this particular choice of geometry.
Because of the reflection asymmetry previously mentioned in Sec. II, we expect some of the off-diagonal elements of K i
in the plane perpendicular to the symmetry axis of the energy gap to be nonvanishing for either the axial p-wave state or
the d-wave state. From Eq. (76) we see that only the odd part of dn,, under the operation §p— —§&, contributes to the
heat current. Using Eqs. (73), (74), and (75) the thermal-conductivity tensor is found to be

2 0
= VF 2|_9np | Dy? 2y A2
Kij_TN?EEP - 3, ) ap;p;+2b L—E-E/.Li(czﬁj—l-'y;) , (77)
for the axial p-wave state, and
2 0 2
v§ ony | py? A2 pop; (DD 2, )
K,=ry— S E|——% ap;u;+2b%,— . . (78)
= ZEe | TR Ty |k "E2 (1) —2ac,({D)— (D ?))

for the polar p-wave state. For the d-wave state we obtain

2 . 0

Vi on, | pp?

= E2|——2 [ 22 s .

K=y T pz,g P 3E, ) apu; (79)

On carrying out the angular integrations, we see that all off-diagonal components of the thermal-conductivity tensor K ;



39 TRANSPORT PROPERTIES OF ANISOTROPIC. .. 8967

vanish for the polar and d-wave states, but for the axial p-wave state the component K,, and K, (=—K_,) do not van-
ish. This means that a temperature gradient in the plane perpendicular to the symmetry axis of the energy gap in the
superconducting state will generate a heat current which has a component in the plane but perpendicular to the temper-
ature gradient. This is a new effect which can exist only for a superconducting state with an odd-parity energy gap hav-
ing a structure similar to that of the axial p-wave state considered here, that is an energy gap with a phase varying on
the Fermi surface, and when the normal state scattering phase shift is neither equal to 7 /2 nor very smalli.

The thermal-conductivity tensor can be written for the polar state as

E" an® | (Dv’u}) A, AP | an® | b (Dv 22 )?
K K (T)—— dE —== |la—F—+1+28, | dE— |—
o f dE (1) fo T? (1) (1)—2ac,({D)—(Dv?))
(80)
for the axial state as
an® | (Dv’u})
K;= KN( ) 5,,[ dET2 ‘— 35 1D
—2f" dEA | =202 2r e (DD g, Y (D, ) — (DB g, ) DB 0, )
0 T2 3E C2 I‘Lil'l‘y v :uj.u“x U iy v I‘l‘j“y
A, A? an b?
+2f0dEF (I)L[c,<1) alcl*((D)—(Dv?))]
X[ DD 2, YDV 2, )+ D0 2, Y (DB 2, ) ] (81)
and for the d-wave state as
= _ 18 an® | (Dv’u})
K;=8;K;=— Ky(T)7 a,jf deE 77 l_FE Ty (82)

where K y(T,)=272N (0)7yv3T. /9 is the normal state thermal conductivity evaluated at the transition temperature 7.
The nonvanishing components of the thermal-conductivity tensor are given for the polar state by

2 o | (Dv%u?) o |b% (Dt 2u?)?
Kzz__ 18 f dEE __On [ +2fAdEA2— __On 1 Uz
T2 oE (1) o T (1) (1)—2ac,({D)—(Dv?))
(83)
18 T (e, E2| 9n° | (Dv%ul)
K, =K, =— T,)=— —
xx »w 77,2K1V( ”)Tc dET2 oE (1) ’ o
for the axial state by
2 (Dv %u2)
Kzz:——%KN(T f dEE a” aT’;, (85)
18 T w  E2 an® | (Dv3l)
K=K, =—K = = |-
xx yy 77_2 N(TC)TC fO dETZ[ oE (1)
A, A?
+2f0 dE- 5 | = a” <1>[c1<1)—a|c12(<D>—<Dzyz>)]<1)z72p§>2 , (86)
_ 36 A, A an°
Ky ==K ="3Ky(T. fo 77 | ag [PLea(Dr)?, (87)
and for the d-wave state by
18 T o, E an® | (Dv’ui)
K,,=—Kpn(T,)— dE— |—
2z ) N( C)Tc T2 aE] (1) » (88)
18 T o, E*| an®| (Do)
K, . =K, =—K - e
xx w2 N(TC)TC dETz BE ] (1) (89)
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In the case of the p-wave states it is the “in scattering”
terms in the Boltzmann equation, corresponding to ver-
tex corrections in the Green’s-function calculations,
which give rise to the second and third terms on the
right-hand side of Eq. (81), and the second term on the
right-hand side of Eq. (80). At low temperatures they
give substantial contributions to the diagonal elements of
the thermal-conductivity tensor, but near the transition
temperature T, they become very small. The off-diagonal
elements K, , = — K, in the case of the axial p-wave state,
Eq. (87), are completely due to the vertex corrections at
any temperature. The angular averages are given by

%(Gﬁﬁt?), for E <A,

(Dv2pi)=1 (90)
—;(i)’zp?), for E > A,
a
where
_ 1
G—Tz—? , 91)

and r=a/b. The averages (Gv2u?) and (v %u?) are

given in the Appendix as functions of the variable E /A.
In order to calculate the temperature dependence of the
transport coefficients we need an expression for the mag-
nitude of the gap as a function of temperature. We em-
ploy the form used in Ref. 15, which was based on an ex-

pression used by Wolfle and Koch:2°
T, AC 12 ]
(92)

A(0)

2
3f

T,—T
T

c

A(T)=A(O)tanh<

This tends to A(0) for T—0, and its behavior close to T,
is such that the specific-heat jump at T, calculated from
it is equal to AC /C. Here
1 9% 2

=— [ ——|A,]", 93

r==g "1 (93)

is the mean-square gap compared with its maximum
value, AC/C is the specific-heat jump at T,, and A(0O) is
the zero-temperature gap. f is equal to 2 for the axial

state, 1 for the polar state, and 785- for the d-wave state.

For A(0) we adopted the weak-coupling values
A(0)=2.02T, (axial), A(0)=2.45T, (polar), and
A(0)=2.10T, (d-wave). We adopted the value

AC/C =0.86, the “idealized” value extracted by Sulpice
et al.* from their measurements for UPt;. The thermal-
conductivity tensor is diagonal in the cases of the polar
and d-wave states, but has off-diagonal elements K, and
K, in the case of the axial p-wave state. For these off-
diagonal elements of the thermal-conductivity tensor to
exist, three conditions must be fulfilled: (i) The normal-
state scattering phase shift has to be different from 7 /2
and not very small; (ii) the energy gap must have a phase
variation on the Fermi surface; and (iii) the supercon-
ducting state must have odd parity. The order of magni-
tude of the ratio of the off-diagonal elements to the diago-

B. ARFI, H. BAHLOULI, AND C. J. PETHICK 39

nal ones is a few percent. In Fig. 2, we show
K,T./KyT, K, T,/KyT, and K,,/K,,, for the axial
state for phase shifts 6, =x/2 for x =0.1, 0.3, 0.5, 0.7,
0.8, 0.9, and 1.0, where 2 is the direction of the symmetry
axis of the energy gap. In Fig. 3, we show K,, T, /KyT
and K, T, /KT, for the polar state, for the same phase
shifts as above, while in Fig. 4 we show those correspond-
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FIG. 2. Thermal conductivity divided by the temperature as
a function of temperature for the axial p-wave state, and for
8y=xm/2, where x =0.1, 0.3, 0.5, 0.7, 0.8, 0.9, and 1.0: (a) the
component along the symmetry axis and (b) the diagonal com-
ponent in the plane perpendicular to the symmetry axis. (c)
Off-diagonal component of the thermal-conductivity tensor di-
vided by the diagonal component of the thermal conductivity in
the plane perpendicular to the symmetry axis.
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FIG. 3. Thermal conductivity divided by the temperature as
a function of temperature for the polar p-wave state, and for
8y =xm/2, where x =0.1, 0.3, 0.5, 0.7, 0.8, 0.9, and 1.0: (a) the
component along the symmetry axis and (b) the component in
the plane perpendicular to the symmetry axis.

ing to the d-wave state.

For all superconducting states, and for all phase shifts
the thermal-conductivity tensor shows a strong anisotro-
py as a function of temperature, since its components
corresponding to a heat flow along the direction of nodes
(axial state) or in the plane of nodes (polar and d-wave
states) is enhanced compared to the ones corresponding
to the orthogonal direction. A common feature of the di-
agonal components of the thermal-conductivity tensor
for all superconducting states is that the results for a
phase shift 8, =0.97/2 or greater are almost indistin-
guishable from those obtained in the unitarity limit ex-
cept at low temperatures. At low temperatures, for all
superconducting states, the diagonal components of the
thermal-conductivity tensor (relative to the normal-state
conductivity at T ) increase as the phase shift decreases,
reaching eventually the Born-approximation result for
very small phase shifts, whereas at intermediate tempera-
tures, they decrease with decreasing phase shift. In the
case of the axial state, the off-diagonal components K,,
and K,, go to zero when T—0 or T—T,, reaching a
maximum in between. This maximum increases up to a
certain value with decreasing phase shift, then decreases
with phase shift, in accordance with the fact that the

(b)

T/Te

FIG. 4. Thermal conductivity divided by the temperature as
a function of temperature for the d-wave state, and for
8y =xm/2, where x =0.1, 0.3, 0.5, 0.7, 0.8, 0.9, and 1.0: (a) the
component along the symmetry axis and (b) the component in
the plane perpendicular to the symmetry axis.

thermal-conductivity tensor is diagonal in the unitarity
limit or for very small phase shifts (see Ref. 15). For
T —0 the results for all states and all components tend to
cos?8,y times the corresponding result for small phase
shifts.

B. Thermoelectric effect

The existence of thermoelectric effects in superconduc-
tors was first predicted by Ginzburg as long ago as in
1944, but it is only within the past 15 years or so that
techniques have been developed that have made it possi-
ble to measure the thermoelectric coefficient experimen-
tally. The basic effect is a flow of normal current J” in
response to an applied temperature gradient, which is ex-
pressed phenomenologically by the equation

J'=—L;V;T, (94)
where L;; is the thermoelectric coefficient tensor. The
thermoelectric coefficient in a superconductor cannot be
measured in the same way as in normal metals because
any thermoelectric potential differences developed in the
superconductor are shorted out by motion of the
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superfluid component. Nevertheless, the effect is predict-
ed to give rise to changes in the magnetic flux in a ring
made up of two superconductors when a temperature
difference is applied between the two junctions,® 3! and
to charge imbalance voltages in the vicinity of the bound-
ary of a superconductor when a temperature gradient ex-
ists perpendicular to the surface of the superconductor.3?
Other possible manifestations of the thermoelectric
coefficient have been proposed,’ but experiments have
been performed mainly using these two methods. It is
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where e is the electronic charge and m * is the quasiparti-
cle effective mass. The thermoelectric current is a conse-
quence of asymmetries about the Fermi surface. Usually
in both normal and superconducting metals these occur
on energy scales comparable to the Fermi energy, and the
thermoelectric coefficient is of order (oy/elT/Tg)
where oy =2¢?N (0)vZ7y /3 is the electrical conductivity
in the normal state and T the Fermi temperature. We
have seen in Sec. II that in anisotropic superconductors
the asymmetries of the relaxation time occur on energy

difficult to interpret results of the first class of experiment
because the measured flux changes have neither the tem-
perature dependence nor the magnitude predicted
theoretically, while the second class of experiment gives
results for Al which are in accord with theoretical expec-
tations.

Microscopically the normal current is given by

scales of order the gap energy rather than the Fermi ener-
gy, and therefore in calculating the leading terms in
T./Tr one may neglect the asymmetries of p and m*
about the Fermi surface. The response of the quasiparti-
cle distribution to a temperature gradient is given by Egs.
(73)—~(75), and therefore from Egs. (94) and (95) we find
for the axial p-wave state

J,=e3 L-tn,, (95)
po M
J
3oy E, ang D A2
= —L£ |- ——b|—v%u.u.—2aL—u; a4+ y8) |, 96
L’J eN (0) p,za T aEp <1> v Hith a Elz’,u‘,(czﬁj 7/]) (96)
for the polar p-wave state
3oy E oan’ | p A2 (Dv *u,u;)
L.= A p -~ b _a-2 . —2ac,=—u. J , 97)
iT N 2T | 9E, | (1) Habt e g il Oy Zae, (DY — (DoY)
and for the d-wave state
3oy E and | p
L,=— 2|2 b 2 98)
YT TN & T | eE, (1) Hil (

Throughout this paper we use units in which Boltzmann’s constant is unity. Since the quantity b, which is a function of
energy only, vanishes for energies greater than the maximum of the energy gap, only intermediate states with energies
less than the maximum of the energy gap contribute to the coefficients L;;. Consequently for all superconducting states
considered we have L;;(T,)=0. This is not in contradiction with the well-known fact that thermoelectric effects exist in
the normal state, but instead shows that to the zeroth order in T /T, to which we are working, the value of the normal
state thermoelectric coefficient at 7 =T, is negligible. In usual superconductors, the thermoelectric coefficient is equal
to the normal state one at the transition temperature, and is of the order of T /T. Therefore, there is an enhancement
of the thermoelectric coefficient as calculated here compared to the one for conventional BCS superconductors by a fac-
tor ~Tr/T,.
The expressions for the thermoelectric coefficient tensor can be rewritten as

60y ra. _E an® | b _ A? 2 =2
ij: 5 fo dE"Yj —-B'E m *(DU zl.ti,LLj>+2aL?C2<1>(<Dv ,u,-,uy><D/.tj,ux)—<Dv ,u,“ll«x><D,UJNy>)
A2
~2aL?[cl<1>—a|cl2(<D)—(Di)'2))]
X ({Dv *p;p, Y Dpjp, ) +{Dv *p;p, )(D,uj,uy))] (axial state) , (99)
6oy ra, E[ an°| b A2 ADpp, DV ’uu,)
= dE= | ——= |7~ | —{Dv*upu;) —2ac,— (polar state) , (100)
s=— L BT |~ 5E 1oy | Py VB (1) —2ac,(D)—(Du?y) | PO TEe
_ 60N A E ano b ~2
L;= o 9ET 3E | D (Dv%u;u;) (d-wave state) . (101)

The nonvanishing components are explicitly given for the axial state by
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6oy o, E an 0
- o (102)
Lo=——J 4B oy <or),
6 0
Lo=Ly=——2 [fapZ | -8 |3 (Dy2ul) (1+aL [c, (1) ~alel((D) —(DT*)I(D) =(D¥?))} , (103
o e Yo T 1y 1 )
60
L,=—L,=——2[*4rL — 9 \abLe Dy 32)((D) — (DB ), (104)
for the polar state by
__box fA E|_ an° (Dv *u}) (105)
zz e -0 T (1)—2ac,({D)—(Dv?)) ’
60y o, E an
Lo=L,=——" [ dEZ |- (” ——(Dv2), (106)
[
and for the d-wave state by vanish to zeroth order in T /Ty for phase shifts
6 Sy <<w/2and 8y =m/2.
L =— oN fA E E|_ an 2 (Dr?), (107) The striking feature of the predictions of thermoelec-
= e Yo T <1) tric coefficients are that they are typically T /T, times
6 o larger than usual estimates. This result is a consequence
L. =L =— IN f s E | _ai_ ——— (Do) . of the quasiparticle relaxation time being energy-
i » e 0 T <1) dependent on an energy scale of order A. We remark in
(108) passing that Kon®? has earlier predicted an enhancement

One remarks that L;; is diagonal in the cases of polar
and d-wave states, but has off-diagonal elements ny and
L,, in the case of the axial p-wave state. The off-diagonal
elements of L;;, Eq. (104), are completely due to the ver-
tex correction contributions. As in the case of the
thermal-conductivity tensor K;;, the tensor L,J has off-
diagonal elements only when the phase shift is neither
very small nor equal to 7/2, the energy gap has a phase
variation on the Fermi surface, and the superconducting
state has an odd parity.

It is quite remarkable that the off-diagonal term L,,
for the axial p-wave state is of the same order of magni-
tude as L,,. This is a consequence of the fact that all
contributions to the components of the thermoelectric
coefficient tensor come from quasiparticles with energy
less than A, while in the case of thermal conductivity, the
off-diagonal components again come from quasiparticles
with energy less than A, while the diagonal components
have contributions from quasiparticles of all energies.

In Fig. 5, we show the coefficients L, /(o y/e),
L,,/(oy/e), and L,,/(oy/e) as functions of T /T, for
phase shifts SN—xfr/2 where x =0.1, 0.3, 0.5, 0.7, 0.8,
and 0.9, for the axial p-wave state. In Fig. 6, we show
L, /(ogy/e), and L, /(o /e) for the polar state for the
same phase shifts as above, and in Fig. 7, we show
L, /(oy/e), and L,, /(oy/e) for the d-wave state. A
common feature of all results is that L; goes to zero
when T—0, and T—T,, reaching a maximum in be-
tween. This maximum increases up to a certain value as
the phase shift decreases from 7 /2, and then decreases
with further decrease in the phase shift, for all com-
ponents and all superconducting states. This is in accor-
dance with the fact that the thermoelectric coefficients

of the thermoelectric coefficient in an isotropic BCS su-
perconductor with resonant scatterers. However, in the
case he considered the energy scale was set by the reso-
nant scattering in the normal state, whereas in the prob-
lem we consider the energy scale is set by the energy scale
for the virtual bound state in the anisotropic supercon-
ductor.

IV. ULTRASONIC ATTENUATION

In this section we calculate the attenuation of ul-
trasound in anisotropic superconductors. All experi-
ments on ultrasonic attenuation in heavy fermion super-
conductors that have been performed to date appear to
have been done in the hydrodynamic regime, since the ul-
trasonic attenuation shows an w? dependence,””’ where
o is the sound frequency. Following Ref. 15, we study
the response of the metal to a homogeneous strain using
the Boltzmann equation approach, which is valid under
the conditions stated in Sec. III of this paper. The
Boltzmann equation for this situation is

dn'e anp

p:
ot

3 , (109)

coll

where n' is the local equilibrium distribution function of
the quasiparticles. Equation (109) can be rewritten as

0
on, | OE, iy = an, ’ (110)
OE, | duy ot |eon

where u;; =du; /0x; is the strain tensor, u being the dis-

placement vector and # its time derivative. Neglecting
the modulation of the gap by the strain,'®> Eq. (110) takes
the form
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0.005 x =0.1, 0.3, 0.5, 0.7, 0.8, and 0.9: (a) the coefficient for a tem-
' perature gradient along the symmetry axis and (b) the diagonal
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FIG. 5. Thermoelectric coefficient as a function of tempera-
ture for the axial p-wave state, and for &y=xw/2, where
x =0.1, 0.3, 0.5, 0.7, 0.8, and 0.9: (a) the coefficient for a tem-
perature gradient along the symmetry axis, (b) the diagonal
component for a temperature gradient perpendicular to the
symmetry axis, and (c) the off-diagonal component for a temper-
ature gradient along the x axis.

tial D;; to have the same angular dependence as for a nor-
mal Fermi liquid and write D;;=d;;A;;, where d;; is a

quantity that is independent of dlrectlon on the Fermi
surface, and
Ajy=pip; =58 - (114)

Using Egs. (24), (25), and (36), we can rewrite Eq. (113)
for the axial and polar p-wave states as
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g 1 g g ! §p gp’

(1) |la +b22 |® — > 14+ —2P20 |4 p | 20 4 2F
E, | P 2N(0) . E E, E, E,
+2Re |22 B8 | 5B, B, )0, = —ry 2P d, 0 (115)
¢1E E, p~ Ep /P T TN E,"V iitij s

and for the d-wave state as

§ 1 Epby & , bp

(1) la+b=22 |, — > 142050 |4 5 5P
E, | P 2N(0) > EE, p Ep
AA%
+2Re |c=2=F | |8(E,—Ey)®,= ~7Nid,.jx,.ja,.j . (116)
PP E,
[
The driving term in the two previous equations has even &p £
parity, and since the collision operator preserves parity, E. b2—a?) <<I> E>
@, must have even parity. Consequently the term con- ®,=Q(E)— P ( a
taining Re(cA,-Ap)/(ELE,,) in Eq. (115) vanishes, since a +b_§_p a (D
A, has odd parity. Equation (115) can then be rearranged E,
in the following form:
™~ .

where the quantity Q (E), which depends only on energy,
is defined by

A
_<@) (b M
Q(E)= (1) +[a 1y (118)

Since we are considering elastic scattering only, the ener-
gy of a quasiparticle is conserved in a collision. This is
reflected by the presence of the Dirac § function in the
collision operator. Consequently Q(E) is an eigenfunc-
tion of the collision operator with a zero eigenvalue.
Since it is independent of the sign of £ it will not contrib-
ute to the stress tensor and -we may neglect it. The
relevant contribution to @, thus takes the form

£ | ()
__ P (b*—a*) E N .
@, +b §p 2 ) -+ <1>d,»ju,j7»ij
a _‘—‘Ep

(119)

Multiplying this equation by £,/E ,, taking the average,
and solving the resulting equation for ( ®&/E ) gives

(Dv 2\ )
q>-§>=- d: 1 Y .
( E TNy (a2 —b2)( Dy %)

Inserting this expression for { ®£/E ) into Eq. (119) gives
the deviation function for the polar and axial p-wave
states:

(120)

_pie

E,

o, = ”TNdijaiij: a
(a®*—b2){ DV 27L,-j>
(1) —(a*—b*){Dv ?)

Equation (116) for the d-wave state can be rewritten as

Dgp[

X |Ay+

] . (121)
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Sp 5>
E, (b2—a?) <®E

_ _ N .
®,=0(E) E, » ) + <1>d,~ju,-j}»,-j
a+b——
E,
Ap Ap
c Ep A;‘ ! c* Ep Ap’ 4
5 ; <<1>p,E’>+<l> : <q>p.E'> . (122)
P P p p
a+b— b——
E, E,

The quantity Q (E) can again be dropped from this equation for the same reason as in the p-wave state case. Multiply-
ing Eq. (122) by Aj /E,, taking the average, and solving the resulting equation for (CDA; /E, ), we obtain

A%
~2°p
<Dv E, A,-j>

A*
(D_L>=_T d,lfl,b . (123)
< E, NIEIT (1Y —ac ({D Y — (D 2))
Since P is real it follows that
A A*
<q>~—"—>= <q> ”) (124)
E, E,

The quantity { ®£/E ) is again given by Eq. (120). Using these results with Eq. (122), the deviation function for the d-
wave state takes the form

A%\
P
<Dﬁ ’ Ey b )

(1)—ac({D)Y—{Dv?))

_pte

E,

Ep

2

(a?—b2)(Dv?A;;)
Y (1) ~(a?—b2)(Dv?)

Ap

E,

D= —7yd;ly; <‘?—> +b Re |c

P a

(125)

The stress produced by a superconducting quasiparticle is minus the derivative of the quasiparticle energy with
respect to the corresponding strain, and it is therefore equal to the negative of the deformation potential in the super-
conductor, Eq. (112). The nonequilibrium contribution to the stress is then given by

b =— S 2 " |g (126)
i oy Ep iy aEp P

The viscosity tensor 7;; ;; for an anisotropic superconductor is defined by
Sﬁij: —n,j,kll'lkl . (127)

Using Egs. (121), (125), (126), and (127), and noting that only the part of ®, odd in £, contributes to the sum in Eq.
(126), we obtain the viscosity tensor

anl | p (@a?—b2){(Dv %Ay
M =27nd;d — 2 |7 5av ? |Ayhy Ay ; (128)
D T KPR R R ey mr Ty
for the p-wave states, and
0 2 2 o 2
1 (@a?—b2){(Dv Ay
i =27nd;d ——L aDv 2| A Ay + Ay
Moyt =2y 2 [ 3E, | (1) ey (@ =" Do)

*

A A ’
<D‘52E"! 7~k/>
P . (129)
(1)—ac({D)—{Dv?))

A,

E,

+A;b%Re |c

for the d-wave state. ' v
The viscous contribution to the attenuation of a sound wave with wave vector q and polarization € is given by
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—q;'nij,klé\iajé\kal , (130)

alq, €)=

where c; is the sound velocity of the mode and p is the mass density. In writing Eq. (130), we have neglected the effects
of gap relaxation on the attenuation of longitudinal sound, as well as the thermal expansion contribution. 3 The former
has been considered by a number of authors,*® 3 and the latter is usually small in superconductors.

As an application of the above results, we consider the heavy fermion compound UPt;. We shall assume that the
symmetry axis of the superconducting state is parallel to the hexagonal axis of the crystal, an assumption consistent
with the measured anisotropies in the attenuation of transverse sound’ and of H .40 If we assume that the anisotropy

axis is along the c axis of the crystal, we find five independent components of the viscosity tensor, which may be taken
t0 BE M2, 225 Mxx,xx> Mxzxz> Mxp,xy> a0d My, 5, All other components of the viscosity tensor can be determined from these
by symmetry. These coefficients determine the attenuation of longitudinal and transverse sound waves propagatlng
along the symmetry axis of the crystal or in the basal plane. The component 7, ,, is nonzero only if the phase shift is
neither very small nor equal to 7/2, the superconducting state has even parity, and the energy gap has a nontrivial
phase variation on the Fermi surface.

Since the deformation potential coefficients d;; are not known, we can only calculate the viscosity coefficients relative
to normal-state values. These are

Mijkl _ T
—~ =Hyu |7 | (131)
"h;,kl . ¢
where
nf}l,kl ZTNN(O)d dkl}\’ )\’kl N
and the function H is given for the polar and axial states by
T 2 © an <Dﬁ42)\.u><Dﬁ z)bkl )
Hywu = (DT 2A;;Ap ) +(a®—b?) (132)
ik T oAy A 9E 1) . (1)—(a?=b2{Dv?)
and, for the d-wave state, by
T (DT 27, X DD 2y
Hyu|l= (DDA Ay ) +(a®—b?) 2
i\ ) K (1) —(a2—b2){Dv ?)
2
+4b2L %] Re{c{Dv XA, +ik, Ay ) (DU XA, —ik, A, )
X[{1)—ac*({D)—{Dv?)1} (133)
-
where L is given by Eq. (69) and than the energy gap and for phase shifts neither very
dQ small nor equal to /2. It comes exclusively from the in
Aiihg M = f 7» MK (134)  scattering term in the collision integral of the Boltzmann

equation.

In the expressions (132), (133), and (135), for the func-
tion H and 7,, ,,, the integrals over the energy variable
can only be done numerically. In the Appendix, we give
the expressions for the various integrals needed in the nu-
merical calculations. To predict the temperature depen-
dence of the viscosity we use the same expression for the

Since 7xz,yz =0 in the normal state—a result of the
fact that A, A, =0—the function H,, ,, is ill defined.
Therefore we calculate the ratio 7,, ,, /7, ,, using the
fact that, because of the hexagonal symmetry, we have

d,,=d,,. Hence, we can write

n an® gap as a function of the temperature as in the case of the
Yz f dE—— Y thermal conductivity.
Mxz,xz H In Figs. 8, 9, and 10, we show the four viscosity

Xz,xz T

A coefficients relative to their normal state values H

2z,22°
Hyy sxs Hyp xzs ny,xy, and the ratio Nxz,yz / Mxz,xz @8 func-
tions of T/T,, for the same superconducting states and

the same phase shifts we considered in the calculation of

Xab2Le,{ DU A2, ). (135)

The third term in the expression in curly brackets on the

right-hand side of Eq. (133) is different from zero only for
H,,,, and 7,,,,, and for all components related to these
by symmetry. This term is finite only for energies smaller

the thermal conductivity. The dependence of various
viscosity coefficients H;; ;; (i =x, y, or z), and H, ,,
the phase shift is very similar to the dependence of the d1—
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FIG. 8. Components of the ultrasonic attenuation relative to its normal state value at T, for the axial p-wave state, and for
8y=xm/2, where x =0.1,0.3,0.5,0.7,0.8, 0.9, and 1.0: (a) H,, ., (b) H,, ,,, (c) H,, ,,, and (d) H, ,,.

agonal components of the thermal-conductivity tensor.
For the component H,, ,, the situation is different, since
it decreases slowly with decreasing phase shift.

One remarks here that the ratio 7, ,, /7, ,, is as large
as 10% at low temperatures for phase shifts ~0.87/2,
but negligible for temperatures close to the superconduct-
ing transition temperature T,. This is a consequence of
the fact that 7,,,, is exclusively due to contributions
from energies E <A, while such energies dominate the
contributions to 7,, ,, only at low temperatures. At tem-
peratures much less than A, 7,, . /7,, ,, is again small,
because the particle-hole asymmetry is of order £/A.

Calculations of the attenuation of longitudinal ul-
trasound for the axial and polar p-wave states have also
been carried out by Monien et al.,'7 who used field-
theoretic methods and allowed for pair breaking. Our re-
sults agree well with theirs for the case of small pair
breaking.

V. DISCUSSION

In this paper we have considered the effect of arbitrary
normal-state scattering phase shifts on the transport
properties of anisotropic superconductors with either odd
or even parity and having nodes in the energy gap on the
Fermi surface. We have explicitly calculated the relaxa-

tion time, the thermal conductivity, the thermoelectric
coefficients, and the viscosity coefficients.

We have shown that particle-hole symmetry, which is
frequently taken for granted, is violated on energy scales
of order the gap energy, for phase shifts which are nei-
ther small nor equal to 7/2, and we have shown explicit-
ly that relaxation times for quasiparticles above and
below the Fermi surface are different. This particle-hole
asymmetry leads to an enhancement of the thermoelec-
tric coefficient by a few orders of magnitude compared
with that for isotropic superconductors. For ordinary su-
perconductors T, /T is of order 1074, and therefore one
expects the thermoelectric coefficient to be of order
10 %0y /e, while our calculations show that for aniso-
tropic superconductors it could be as large as 0.1cy /e.
We remark that even without the particle-hole asym-
metry in the scattering process we have considered, one
would expect thermoelectric effects in heavy fermion su-
perconductors and high T, materials to be larger in units
of oxn/e than in ordinary superconductors because
T, /Ty for these materials is higher, typically by a factor
10%, than in ordinary superconductors. However, in
these cases the thermoelectric coefficient in the supercon-
ducting state would be comparable to its normal-state
value at T,.

For superconducting states having an energy gap with
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a phase variation over the Fermi surface, such as the axi-
al p-wave state and the d-wave state consistent with the
hexagonal and cubic crystal symmetries, a reflection
asymmetry in the quasiparticle-impurity scattering am-
plitude exists in the plane orthogonal to the energy-gap
symmetry axis. In the case of the odd-parity axial state,
this absence of reflection symmetry leads to new com-
ponents of the thermal-conductivity and thermoelectric
coefficient tensors which vanish in the normal state. In
the case of the even-parity d-wave state, it leads to new
components of the viscosity tensor, which are zero in the
normal state.

The basic origin of this reflection asymmetry is the
breaking of time-reversal invariance due to the existence
of a condensate of pairs with finite angular momentum.
Because the gap matrix is not invariant under time rever-
sal, the Onsager relations must be written in a form
which allows for this. If we neglect the effects of external
magnetic fields and bulk rotation of the superconductor,
the Onsager relations for a transport coefficient ¥ have
the form

Yij(A)=7ji(7-A) >

where T is the time-reversal operator, and A is the gap
matrix. This is a natural generalization of the results
given by Landau and Lifshitz.*! We note that in the case
of the viscosity, the indices i and j refer to pairs of Carte-

sian indices. If one uses for TA the results given, for ex-
ample, by Ueda and Rice,” one finds the results
K, (A)=—K, (A), L, (A)=—L,(A), and 7,,,,(A)
= —1,,,x,(A), which are satisfied explicitly by our expres-
sions.

New components of transport coefficients occur only if
the parity of the gap is the same as that of the relevant
current entering the transport coefficient. The heat
current and the electrical current have odd parity, and
therefore the thermal conductivity and thermoelectric
coefficient can have additional components for certain p-
wave states but not for d-wave ones. The conclusion for
the viscosity is the opposite of this, since the momentum
flux has even parity. Experimental observation of new
components of transport coefficients would provide con-
clusive evidence for states with nontrivial phase varia-
tions over the Fermi surface, and would also determine
the parity of the gap.

To facilitate comparison with experiment it is help-
ful to give the results of our calculations in the
low-temperature limit. For the polar and d-wave
states one finds for the thermal conductivity
K, /T~3cos’®yKy(T,)/T,, and for the axial state
K, /T ~cos®dyKy(T.)/T,. The results for the viscosity
in the polar and d-wave states are 7,, ,, ~3cos®dynY ..,
Mx, xx =088y, o, and My, xy =~ 1o cos?d Nnﬁ,,xy, while
for the axial state the results are nzz’zzz%coszaN'qZ,zz,
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M, xx =5 €08*8ynY, ... All other components of the
thermal-conductivity and viscosity tensors are smaller
than these by a factor at least of order (T /T, )*. The fact
that the results for the polar p-wave and d-wave states
behave essentially identically in the low-temperature limit
is a consequence of the fact that the properties of both
states are dominated by the nodal line at the equator of
the Fermi surface. In fact at all temperatures the thermal
conductivity and viscosity of the two states are qualita-
tively similar, since they have common values in both the
limits T— T, and T —0.

Let us now turn to the experimental data. Sulpice

et al.* have measured the thermal conductivity of a UPt,
polycrystal at temperatures above about 30 mK (approxi-
mately 0.067,), but unfortunately no data is available on
single crystals as far as we are aware. If we assume that
the quantity measured in the experiments is just an aver-
age thermal conductivity K =1 3, K;;, the theoretical re-
sults for all superconducting states considered in this pa-
per resemble the experimental ones for phase shifts
greater than about 0.77 /2. For smaller values of the
phase shift, the theoretical values of the low-temperature
thermal conductivity exceed the measured one. The lack
of data on single crystals makes it difficult to discriminate
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among the various possible states.

The ultrasonic attenuation of UPt; single crystals has
been measured by several groups.’”’ Since the attenua-
tion of longitudinal waves may have contributions from
physical processes not considered here, such as gap relax-
ation®®37 and order-parameter collective modes,*®3° we
will not attempt to make a careful comparison of our re-
sults with measurements of the attenuation of longitudi-
nal waves, but instead will focus on the attenuation of
transverse sound, which was measured by Shivaram
et al.” for temperatures between 35 mK and T,. For
sound propagating in the basal plane along the b axis,
they found the attenuation to be proportional to T for
waves polarized along the a axis but to vary roughly as a
power law of the temperature, with an exponent between
2 and 3, for waves polarized along the ¢ axis. Qualitative-
ly the measured attenuation resembles most closely the
theoretical calculations for the polar and d-wave states,
with the nodal line lying in the plane perpendicular to the
¢ axis, and for phase shifts close to 7/2. This fact was
first pointed out by Schmitt-Rink et al.!3

There are, however, a number of points that must be
borne in mind in making the comparison with experi-
ment. The first is that experimentally the attenuation is
determined only up to a temperature-dependent additive
constant, since the importance of end losses and similar
effects is not known quantitatively. The plots of the ex-

perimental data given in Ref. 7 have been drawn so that -

the attenuation tends to zero at T =0, but the data do
not rule out the possibility that the intrinsic attenuation
is nonzero at T =0. A second experimental remark is
that the width of the superconducting transition is ~ 50
mK or T, /10, which makes difficult the deduction from
experiment of what the initial drop in the attenuation just
below T, would be in a material with a sharp transition.
There are also uncertainties on the theoretical side.
The first of these is that our basic model, with a spherical
Fermi surface and s-wave scattering, is an
oversimplification of the real band structure and scatter-
ing processes in UPt;. However, allowing for band-
structure effects and for higher partial waves, is not
difficult, in principle, and can be done straightforwardly
at the expense of more algebra and numerical work. A
second simplification is that we have neglected the effects
of pair breaking. These are important whenever charac-
teristic excitation energies of importance become small
compared with #/7, where 7 is the excitation lifetime.
We may estimate 7 at T, by using the measurements of
Shivaram et al.” to deduce a shear viscosity. If we as-
sume that the deformation potential is comparable to the
value for a Fermi liquid, of order ppvp, take the Fermi
velocity to be ~6X 10° cm/s, which is closer to the value
found for all pieces of the Fermi surface in the de
Haas-van Alphen experiments of Taillefer et al.,** and
take for y, the coefficient of the term in the specific heat
linear in T, the value 420 mJ/K?mol,* we find for the
sample of Shivaram et al. 7y ~3.3X107 ! s, which cor-
responds to a mean free path of approximately 2000 A.
This value is similar to the values deduced by the authors
of Ref. 41 for their sample. From our estimate of the col-
lision time above we find the characteristic scattering rate
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at T,, I(T,)=#/27y is 110 mK. This estimate of the
scattering rate is uncertain because of our assumption
that the deformation potential is equal to its value for a
Fermi liquid, which may not be the case for heavy-
fermion materials where band-structure effects can be im-
portant. We may obtain an independent estimate by not-
ing that the transition temperature T, of the sample used
in the experiments of Ref. 7 is certainly less than 50 mK
below the value found in the purest samples. According
to the calculations of Walker** and of Hirschfeld, Wolfle,

and Einzel® the depression of the transition temperature
is given by
8T,
. ~— 2L for L <0.1.
T.(I'=0) 7T (T) 7T (T)

Thus a depression of T, by 10% would correspond to
I'~7T,.(I')/20~70 mK, which is certainly an overesti-
mate of I" for the sample. Given the uncertainties in the
two methods of determining I', this value is in good
agreement with the one obtained from the ultrasonic at-
tenuation.

Pair breaking is important in two temperature
ranges—close to 7., where the gap can be less than or of
the order of the pair-breaking rate, and at low tempera-
tures, where the energy of thermal excitations becomes
comparable to I'. A crude estimate for the polar state in
the unitarity limit shows that pair-breaking effects play
an important role only for temperatures such that
T/T.=1/10 and 1—T/T,=<1/100. This estimate
agrees very well with what is found in detailed calcula-
tions of Walker,** who studied the ultrasonic attenuation
in p-wave superconducting states including explicitly the
effects of pair breaking. We therefore conclude that the
neglect of pair breaking is a very good first approxima-
tion for the conditions under which detailed experiments
have been performed on UPt,.

Another effect we have neglected is inelastic scattering
processes. Their importance is clearly indicated by the
temperature dependence of the attenuation in the normal
state. Fits by Hess*® to the experimental data of
Shivaram et al.” on the attenuation of transverse sound
in UPt; using a Fermi liquid picture in which both
electron-electron and electron-impurity scattering pro-
cesses contribute to the normal-state attenuation reveals
that, for the sample used in Ref. 7, the contribution due
to inelastic processes is 40% of the total attenuation at
the transition temperature. Below the transition temper-
ature the rate of inelastic processes will be reduced for
two reasons: First, without pairing correlations, the in-
elastic scattering rate would be reduced as a consequence
of the smaller number of thermal excitations to scatter
from and the reduced phase space, and second, the super-
conducting correlations reduce even further the density
of states. For a superconducting state with a nodal line,
we expect the scattering rate to decrease roughly as
(T/T,)* compared to its value at T,, making the dropoff
of the attenuation below T, less rapid than it would be in
the absence of inelastic processes. Another assumption
we have made is that all impurities have the same phase
shift. With a distribution of phase shifts one would ex-
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pect features in the temperature dependence of the trans-
port coefficients to be smoothed out.

In predicting the temperature dependence of the vari-
ous transport coefficients the temperature dependence of
the gap is an important ingredient. For this we used an
expression introduced by Wélfle and Koch?® in the con-
text of superfluid *He. Some strong-coupling corrections
to the energy gap were allowed for by using in this ex-
pression the experimental value of the specific-heat jump
AC /C at the transition temperature. For the value of the
energy gap at 7' =0, A(0), we adopted the weak-coupling
value specific to each superconducting state. The value
adopted for AC/C has most effect on the behavior of
transport coefficients for T close to T, while the value of
A(0) affects low-temperature properties. However, we
note that any components of K /T and 7 that are finite at
T =0 are unaffected by the value of A(0). For the
specific heat jump we used the idealized value given by
Sulpice et al.* AC/C ~0.86. It is difficult to determine
AC/C experimentally, and the authors of Ref. 4 give 3
values, 0.5, 0.66, and 0.86. The uncertainty in the value
of AC/C makes difficult the comparison of our results
with experiment since the shapes of the curves of the
transport coefficients as functions of temperature depend
on the value of AC/C. To illustrate this effect we show
in Fig. 11 calculations of the coefficients 7,, ,, and 7, ,,
in the case of the polar state for the two extreme values of
AC/C.
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APPENDIX

Here we give results for the angular integrals required
in the calculation of the transport coefficients. These are
(1), g(E), (D), (Dv), (Dv?), (Dv %), (DV?A;),
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and (Dv 2}, ). The integrals involving u? and A;; may be
expressed in terms of the basic integrals
I,,={Dv*%u*) (n=0, 1, or 2), (A1)

where p is a shorthand notation for y,.
The integrals needed in the thermal-conductivity and
thermoelectric coefficients calculations are.

(Do) =(Dv*ul)=1I,—1,), (A2)

and
(Do %u?)=1, . (A3)

For the components of the viscosity that we evaluate, we
need the integrals (Do ’A;;) and {Dv ?A% ), which may
be expressed as

(Dv2A; ) =bI,+bP'I, , (A4)
and

(Do 22 =c[ Ty +cP1,+cP1, , (AS)

where the coefficients b;; and c;; are shown in Table I.
The integrals involving the D function may be written as

1(G--->,

'1—)7 Ix] <1, (A6)
(p--y=1{"
'a‘2‘<"'), [x]>1, (A7)
where
G:——z—l—i)j , (A8)
r2—

and r =a/b. The quantities needed have the following
forms.

Axial state

For |x| <1

gP= | Tx 2+ Zin ifi , (A9)
(D=2 |21, (A10)
<G>=2(1_’_‘x2)r2%1 1z, (A11)
(Gv =2’izzl Zz (A12)

TABLE I. Coefficients b;; and c;;.

ij b»© p@ c® c@ c@®
—1 1 2
zz 3 1] 5 5 1
—1 —1 11 -3 3
xx 6 2 72 12 8
1 1
Xz 0 0 0 3 1
1 —1 1
Xy 0 0 g 1 B
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2 Polar state
(Go2y=—Xpp |[LFX |y X1 Z2H1 (A13)
2 1— 2Z Z—1 FOI‘IXI<1
2 2 2 iz |12
522y =X X |20 X7 14 tltx i | 1+(1—x?)
(Gv2u?) > "5 | 5 +2 ]1 T—x lg (x)] 5% + |xIn — || (A22)
L o207, |21 (1)="x| (A23)
— Al4 x|
+ 2x r<Z1l 71|’ ( ) 2
1
2 (G>:1[§l_______ , (A24)
(Grouty=—2- |rix2= a2t 2 2r (-1
_ 1
(Gp)= d tan™! , (A25)
x| 1.0 an a0l x* 1 (r2—1)172 x(r?—1)172
+2 8(1 Xy —rZ\rx ) >
(Gr)=T|x| | —L—r—11, (A26)
I+x |, 1 24,3, |Z+1 ) (r2—1)\/2
X1 —x +2erln Z 1"
- T 1
15 (Grp?y=—-Ix* r2—5-r<r2—1)”2] , (A27)
where and
172
z=|L+1-L |52 (A16) T 303,
- r? r2 * <Gi)'2,u.4>=7|x|5 ——8-+5r2——r4+r(r2—1)3/2 .
For |x|>1 (A28)
2
2o | X [x+1 Al7 For |x|>1
lg(x)I*= | In x—lH , (A17) o
lg (x)|*= xsin_l—] , (A29)
<l>=%ln iti , (A18) x
) (1)=x sin'% , (A30)
(py=Lt4LlxmD AxFl Y (A19) A
24 * =L+ |1-L | +Zga1L (A31)
U —2 2 251n P
2_ 12
<52u2)——11’:+%(x2—1)—T16—(x D1 xii], o R LCI .
* * (Uz.uz):E ‘—T'f'- 1———2 +?Sin_l;‘ s
(A20) x
(A32)
and P
an
1 1 5
ey L1 2 V13 2 172
(D=t 16> 1)[3 x (puty=L|-xt_ =2 111
2 8 12 3 X
1 (x2—1), | x+1 x> . 1
— 1 : A21 X n L
+32 p n x—ll ( ) +16sm > (A33)
d-wave state
For |x] <1
2 u d " d 2
2 | X 1 1] u + 2 12 , (A34)
lg (x)] 2 { [fo +fu2 (H4—H2+x2/4)l/2] [f,t‘ (#2_#4_)‘2/4)1/2] ]
<1)=£‘i[f"’+f‘ du : (A35)
2 0 w ) (pt—pP+x2/4)12
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d 1
(6y=LE M g Z
8 (=@ +x2/4)'72 | @2 —pt+x%r2—1)/4 (436
d
(GU>'—‘L :U‘ ,
4 f o wr—ut+x%r—1)/4 (A37)
{
and and n =0,1,2.
For |x|>1
G 2 2n :.(_.x.l_[ ”1_*_. 1]
(Gv ) 5 fo fl‘z , ) X
X 1 1%
(u*—p2+x2/4)172 lglP=|=| | [ ,  (A39)
xd >, A38 2 0 (ut—p’+x2/4)172
'uyz X2 =1 /4" (A38) o Wimptxt/4)
1 d‘u
h 1)=—"
where 1 (1) > fo (2 x2/a) (A40)
1—(1—x2)12172
Hy= ‘/2[ X ] and
sz‘ﬁ[l"‘(l_xz)]/z]]/z, (v 2u®) f dpup*(u*—u?+x2/4)12 (A41)
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