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The theory of the lifetime of a quasi-particle at finite temperatures is developed by using a generalization
of the Green’s function formalism of Nambu. The explicit results for the lifetime, as a function of the excita-
tion energy and the temperature, are applied to the problem of electronic thermal conductivity when inter-
action with the phonons is the limiting mechanism for the heat flux. The lifetime appears in a general expres-
sion for the thermal conductivity which is derived from the corresponding Boltzmann equation by making
a relaxation-time approximation. The resulting curve for the ratio of the thermal conductivity in the super-
conducting state to that in the normal state versus the reduced temperature is found to decrease mono-
tonically and to have a slope of about 2 at the transition temperature.

I. INTRODUCTION

N a foregoing article* we determined the lifetime of a
quasi-particle in a superconductor at zero tempera-
ture by using the Green’s function formalism of Nambu.?
In the present work we extend this theory from zero to
finite temperatures. The generalization of Nambu’s
(2X2)-matrix propagator for a quasi-particle is ob-
tained by replacing the expectation value in the ground
state of the T product of the two-component electron-
hole operators by an average over the grand canonical
ensemble. According to the procedure developed by
Abrikosov, Gor’kov, and Dzyaloshinskii® this propa-
gator can be constructed by means of a diagrammatic
analysis from the propagators of the noninteracting
system in a way which is quite analogous to that used
for zero temperature. Thus, the generalized self-con-
sistency condition of Nambu is obtained, as for zero
temperature, by equating an Ansatz for the self-energy
part to the self-energy amplitude arising from the
lowest order diagram in the dressed particle and inter-
action picture. The imaginary part of the pole of the
particle propagator in its complex energy variable,
which yields the inverse lifetime, can be determined
with the help of this self-consistency condition.
However, the mathematical procedure has to be
modified since the previous integration in the self-
consistency condition over the energy variable of the
intermediate state is now replaced by a sum over dis-
crete imaginary values in the energy variable. The main
problem is to carry out this sum and then to continue
analytically the result for the sum, which is obtained as
a function of imaginary values in the energy variable,
from the imaginary to the real axis. The difference in the
procedure of the calculation is a consequence of the
boundary conditions which apply to the thermal Green’s
functions when they are considered for imaginary values
of their time variables. These boundary conditions
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follow directly from the cyclic invariance of the trace
appearing in the definition of the thermal Green’s
functions.

Since we have found that at zero temperature the
decay of a particle is caused overwhelmingly by its
interaction with single phonons, we shall consider here
only this contribution to the decay rate. One expects
intuitively that the decay rate consists of the sum of
transition probabilities for all the particle-phonon
processes allowed by energy and momentum conserva-
tion. At zero temperature there can only occur processes
where the particle is scattered with the emission of a
phonon. However, at finite temperatures processes where
the particle is scattered with the absorption of a phonon
and processes where the particle, together with a second
particle of opposite spin, is annihilated with the creation
of a phonon are also possible. One expects also that the
transition probability contains the coherence factor
which applies for the process in question, and that it is
multiplied by the appropriate Fermi and Planck factors
which take into account the occupation of states by
particles and phonons.

The explicit results for the decay rate of a quasi-
particle, obtained as a function of its excitation energy
and the temperature, will enable us to develop a refined
theory of the thermal conductivity when the interaction
with phonons is the limiting mechanism for the heat
flux. So far the corresponding experimental data have
not been well understood. Bardeen, Rickayzen, and the
author* treated this problem by considering the full
Boltzmann equation for the deviation in the distribution
function of quasi-particles from the equilibrium value.
From an approximate solution of this transport equa-
tion they obtained a negative value for the slope of the
ratio of the thermal conductivity in the superconducting
state, ks, to that in the normal state, x,, vs reduced
temperature, T/T., at the transition temperature T..
This result disagrees with measurements made on pure
tin® and mercury® which show a positive limiting slope
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of about unity and five, respectively. Kadanoff and
Martin’ treated the problem of thermal conductivity
anew by the method of thermal Green’s functions. Their
first basic assumption is that a replacement of the
transport cross section by the scattering cross section
does not lead to a significant error in the case of the
thermal conductivity. In this work we shall assume this
approximation to be valid, and we shall make the
corresponding simplification in the Boltzmann equation
of BRT. We shall see that this approximation leads to
exactly the same general expression for the thermal
conductivity as that obtained by KM. This expression
consists essentially of an integral over the excitation
energy of the particle where the integrand contains the
lifetime of the particle as a factor. In evaluating this
expression KM made two further approximations. They
neglected the dependence of the lifetime on the excita-
tion energy, and they assumed that the lifetimes of the
excitations in the superconducting and the normal state
are the same. Under these approximations the lifetimes,
which are unknown parameters in the work of KM,
drop out of the expression for the ratio x,/k., and the
temperature dependence of this ratio can easily be
calculated.

However, from our results for zero temperature it
seems likely that the lifetimes do strongly depend on the
excitation energy, and further, that the occurrence of
the gap and the coherence factors does markedly alter
the lifetime of a quasi-particle in comparison to that of
a normal state excitation. Therefore, it seems desirable
to calculate explicitly the lifetimes in both states and,
if necessary, to modify Kadanoff and Martin’s calcula-
tion of the temperature dependence of «,/k, by inserting
these quantities into the expressions for «, and k.

II. GENERAL THEORY OF LIFETIMES AT
FINITE TEMPERATURES

The generalization of Nambu’s one-particle matrix
Green’s function from zero to finite temperatures is
obtained by replacing the ground-state expectation

Cii(p,e)de=ef? Y e—ﬂK,.(

with the restriction
e<(Km—K,) <etde.

Following the procedure introduced by Abrikosov et
al.,? and presented in a convenient form by Schultz,? we
define still another one-particle matrix Green’s function
by

gii(p,7)=—Tref O~ OT Y :(p, ¥ (,0)), (2.7)

7L. P. Kadanoff and P. Martin, Phys. Rev. 124, 670 (1961),
hereafter referred to as KM.

8T. D. Schultz, Quantum Field Theory and the Many-Body
Problem (Space Technology Laboratories, Inc., Los Angeles,
1960).
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value of the T product by an average over the grand
canonical ensemble, i.e.,

Gij(pt)=—i Tref ST W (p)¥ 1 (p,0)).  (2.1)

The operator K is equal to H—uN, where H is the
Hamiltonian of the system, N is the electron-number
operator, and u is the chemical potential. The quantity
exp(—pQ), with 8= (ksT)~", is the grand partition sum.
If we measure the one-particle energies from the energy
u, then the old Hamiltonian H is replaced by the new
one K=H—uN, and the Heisenberg operators ¥ and ¢f
develop in time according to

Y (p,t)=eEY(p)e~ K, etc., (2.2)
where
Cp
¢<p>=( '), PO)= Cortales).  (23)
ac_pt

The ¢,, and ¢,," are annihilation and creation operators
for electrons with momentum p and spin compo-
nent o along the axis of quantization. The operator
a=C 2 ¢ptc—ps subtracts two electrons from the system
without changing its total momentum and spin.”

The analytic properties of the thermal Green’s func-
tion G;;(p,t) can be derived from a spectral representa-
tion. Denoting by |#) the eigenstates of the operator K
and by K, the eigenvalues, we obtain

-}-o0
G,~,~(p,t)=—i/ de e~ 5(pye), for >0,

—o0

o0
———i/ deeietr,/ (pe), for (<0, (2.4)

-0

where the two spectral weight functions for >0 and
£<0 are connected through the relationship

g-ij’ (p,e}= eh—ﬁei‘ij(pye)- (25)

If terms of order 1/N are neglected, the matrix {;(p,e),
for instance, is given by

(”1 Cpt lm><mla'T6—pl |”>>, 2.6)
[(m|atc_ps|m)|?
where
Y(p,m)=eXY(p)e X7, etc. (2.8)

Now the 7" product is understood to order the operators
according to the relative sizes of the 7’s. One can show
that the new Green’s function satisfies the following
boundary conditions

gii(p77)= —‘gii(p: T—'B) (29)
Thus, g.; is periodic with period 28. If we expand
g:5(p,7) in a Fourier series,

~+w
g =B L e gy(pilly),  (2.10)
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we must require that
(2.11)
The expansion coefficients in Eq. (2.10) are given by

1E,=1(2n+1)78~", n integer.

+8

dr exp(iE.7)g(p,7). (2.12)

1
gii(PAE,) =~ /
! 2

—B

If we make a spectral representation of g;;(p,7) in terms
of eigenstates |#) of X and calculate the Fourier trans-
form according to Eq. (2.12), we obtain with the help of
the Eqs. (2.11) and (2.5)

e Cii(pye) (146779
de———r

e iE,—¢

8ii(piEn) = ;o (213)

where the matrix {,;(p,e) is given by Eq. (2.6). The
function g,;(p,2), defined by the integral representation
in Eq. (2.13) and ¢E, set equal to z, is analytic in the
upper and lower half of the complex z plane and has a
branch cut running along the real axis. g(p,2) goes over
into its complex conjugate value if z crosses the branch
cut. The spectral weight function, ¢;;(p,e), can be ob-
tained by taking the imaginary part of g,;(p; e+in),
where 7 is a positive infinitesimal :

7
Cii(p,©)=—(1+e P
27
X[Zij(p; etin)—gi*(p; et+in)].

A simple physical interpretation of the propagator
G,i(p,t) is possible only if all four components of the
spectral weight function {,; are strongly peaked around
the same excitation energy, say e=I,,, with the same
half-width, T',. We shall assume in the following that
this peak is due to a simple pole of Z.;(p,z) at
z= (E,p,—1il'p), with real residue 4,; Note that this
pole belongs to the analytic continuation of Z,;(p,2)
from the upper right into the lower right plane. If one
inserts g;;=A;/[e— (Erp—il',)] into Eq. (2.14), one
obtains from Eq. (2.4) in the case >0 the following ex-
pression for G;;(p,?):

Gij(pt) = —id [ 1+exp(—=BE.,) ™
Xexp[ — (iE,»+T'p)t]
o 2T, exp[ — (2n+1)7B871]
Y 0 B[ EryHi QA Da AT )

(2.14)

(2.15)

One recognizes that the second term on the right-hand
side of Eq. (2.15) can be neglected in comparison to the
first term if the conditions I' )<<E,, and I',8 = are
fulfilled. From the definition of G;;(p,f) and from the
time dependence of the first term in Eq. (2.15), we see
then that 2I', has to be identified with the inverse decay
time of a quasi-particle (p,?). An analogous considera-
tion for the case ¢ <0 reveals that the imaginary part of

the pole of the analytic continuation of g(p,z) from the
lower left into the upper left z plane determines the
inverse decay time of a quasi-particle (—p, {).

The rules for obtaining g(p,iE.) by a diagrammatic
analysis are completely analogous to those valid for the
zero temperature case if the appropriate modifications
are made. In the dressed particle and interaction picture
these prescriptions turn out to be the following:

(1) Each directed particle line carries a matrix factor
—g(p,iE,). This complete propagator can be obtained
from the proper irreducible self-energy part, > (p,iE.,),
and the propagator for the noninteracting system,
20(p,2E,), by means of Dyson’s equation:

g(PiE) =g (piEA)—2_(piEA) T (2.16)

20(p,iE,) s easily calculated from Egs. (2.7) and (2.12)
and found to be

1B+ eps
GE.)—e;?

The quantity e, denotes the one-electron energy meas-
ured from u. 7; are the usual Pauli spin matrices.?

(2) Each phonon plus Coulomb interaction line carries
a factor —d(q,iv,). This complete interaction propa-
gator is determined by

? I/Zw 1 2
d(q,ivn)=( . )
Kq(ivn)

x| (e

go(p,iE,)= (2.17)

(2.18)

wp T Vq

| +—=
K o(iv,) K o(iva)
Here wp denotes the ion-plasma frequency, K ,(iv,) is
the analog to the dielectric constant, and v,=4we?/¢® is
the Fourier transform of the Coulomb potential. From
the boundary conditions valid for the boson propagators
one finds that iv, can take on only the values

ivn=12nmB7), n integer. (2.19)
(3) Each vertex carries the matrix factor
70 (p—p'F Q) (En— EnFr1), (2.20)

where the first delta stands for the delta function and
the second one for the Kronecker symbol.

(4) One has to integrate over all internal three-
momenta and to sum over all internal energy values.

Using these rules we obtain the following analog to
the Nambu self-consistency condition for the self-energy
part of a quasi-particle:

. d3q +o0 .
Z (p;'LE n) = _/ 1 Z 738 (P“q, ZEm)
2r)? m=

Xrid(q, iE.—iE,). (2.21)

? The notation is:

0 1 (0 i {1 0
Tl=10,72—_i0,73—0_1.
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Nambu’s Ansatz for the self-energy part generalizes now
to

S (pAER)=1Ent,(1ER)+ X, (GE ) T3+ ,(1E )11, (2.22)

Inserting Egs. (2.17) and (2.22) into Eq. (2.16) one
obtains
. 325 (2) e (2)rat ¢, (2)
g(p,iEn)= ,
A Zy(R) P—[Ep() ] lizip,

E,(2)={[&p(2) P+ [¢,(z) I},
()=, X,(2), Z,(8)=1—£,(2).

We have seen that, in general, the energy E,, and the
half-width T',, for a quasi-particle (p,?) are given by the
real and imaginary parts, respectively, of the pole of
the analytic continuation of g(p,z) from the upper
into the lower right plane. From the particular expres-
sion for the particle propagator given by Eq. (2.23), we
obtain in this way the following approximate expressions
for E,pand T',:

(2.23)

with
(2.24)

Ery=Re[E(2)/Zp(®) Jeciyprin (2.25)
~ ép ~
py=—Z,"Im zsp(2)+E‘Xp(Z)
¢p
+_”¢,,(z)} (2.26)
Ep z2=Erptin

The quantity 7 is a positive infinitesimal. The functions
£,(2), X,(2), and $,(3) are the analytic continuations
of the corresponding quantities given originally for the
argument z=:E,. The other quantities appearing in
Egs. (2.25) and (2.26) are defined by

&p= et ReXy(E,ptin), ¢,=Red, (L, +in),
EP= (ép2+¢:02)1/27 Zp= 1'—Re§p(Erp+7:7]).

It should be remarked that a consideration of the z
dependence of E,(z) /Z () would yield a correction
factor on the right-hand side of Eq. (2.26). (This factor
has been denoted by 4,7 in reference 1.) Since we do
not evaluate this term explicitly, we neglect it here and
in the sequel in order to simplify the notation.

The quantities £,(iE,), X,(iE.), and ¢,(iE,) are
obtainable from the self-consistency condition in Eq.
(2.21). Comparing coefficients of the matrices 1, 73, and
71 in Eq. (2.21), one deduces three coupled integral
equations for these quantities. From these integral
equations and from Eq. (2.26), we derive the following
expression for the half-width T'j,:

d? Vg 12
r,= f g I e (B ytin).
(2'”)3 Zp

(2.27)

(2.28)

Here we have denoted by &(z) the analytic continuation

z-plane
F16. 1. Integration contours G iE€n
C1, Cs, and C3 and branch cuts I 3
and II in the complex 3 plane. g I/
The contours encircle the
poles zm=i2m+1)rBt (m Ce
all integers) of the function \3l -0
[1+exp(—Bz)]1 (1 li'./
2T
C

of the function ¢(i£,) which is determined by the sum

cGE) =B S HGEWLGE—iEn). (2.29)

M==—00

The functions H(z) and L(z) are defined by

Ep3Z p o(3)FEpep_q(2)—dppp—q(2)
E{[Zp—o(2) P—[Ep—,q ()1}

and
2

Kq(z):| +wp1"3[Kq(z):|—~1_ (2.31)

Wp

L<z>=[1<q(z)]—2[z2—

III. PARTICLE DAMPING DUE TO PHONON
EMISSION AND ABSORPTION

In this section we will evaluate the damping of a
particle caused by the interaction with phonons. This
contribution to the damping, denoted by I',*», can be
obtained from the general expression which has been
derived in the last section and is given by the Egs.
(2.28), (2.29), (2.30), and (2.31). Since we do not con-
sider here the damping due to Coulomb interaction, we
neglect the second term on the right-hand side of the
Eq. (2.31) for L(z).

First we carry out the summation over all integers m
in the expression for ¢(4E,) in Eq. (2.29). This is done
by considering the expression H (z)L(iE,—3) as a func-
tion of the complex variable z, multiplying it by the
function [1+4exp(—pB2)]?, and integrating the re-
sulting product along appropriate contours which en-
close the poles z,=iE,=i(2m-+1)m3' of the latter
function. These contours are then deformed in such a
way that the integrals can be evaluated. In order to
choose the right contours, we have to consider the
analytic properties of the function H(2)L(GE,—z).
From the spectral representation of the particle propa-
gator we know that g(p,2), and accordingly H(z), has a
branch cut, I, running along the real axis of the z plane
and is analytic in the upper and lower half plane. One
can derive the spectral representation for the phonon
propagator in a way quite analogous to the procedure
used in the case of the particle propagator, and one sees
from this that d(g,z) also has a branch cut running
along the real axis and is otherwise analytic. Therefore,
the function L(iE,—2) must possess a branch cut, II,
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running along the axis Im(z)=1E,. According to these
general analytic properties we choose three different
contours, Cy, Cy, and C3, where Cy encircles the poles of
the function [14exp(—@82)]* which lie below I, C.
encircles the poles which lie between I and II, and C;
encloses the poles lying above the branch cut II. The
contours Cy, Cs, and C; and the branch cuts I and II
are shown in Fig. 1. From the above consideration
c(iE,) is equal to

o(it)= rir $+4 +9, )

H(z)LGE,—2)
X———————da.

3.1
R 3.1)
These three closed contours can be deformed in such
a way that Cy runs just below I, Cq runs just above I and
just below IT, and Cj; runs just above II. The contribu-
tions from those parts of the contours which lie at
infinity vanish. If we use the fact that the function H
has a discontinuity equal to 27 ImH on I, and that the
function L(:E,—z) has a discontinuity equal to

2: ImL(iE,—z) on II, we obtain from Eq. (3.1)
L(:E,—x) ImH (x-+15)

+w0
c(iE,)=n"1 / dx
— [1+exp(—px)]
Feo H(GE,—x) ImL(x+15)
- / i

“[1-Fexp(8x) exp(—iBE]

The quantity 6 is a positive infinitesimal. The func-
tion H(z) is given by Eq. (2.30), and L(z) is given
by the first term of Eq. (2.31). We can assume,
in a first-order approximation, that the quantities
—Im[E,—(x)/Z p—(x) J=a(x) and —Im[w,’/K,(x)]
=p(x) occuring in the denominators of the functions H
and L are infinitesimals. From the general results for
the analytic properties of H(z) and L(z), one sees that
the signs of a(x) and B(x) must be identical to that of x.
With the help of the delta functions arising from the
terms ImH (x) and ImL (x), the integrations in Eq. (3.2)
can be carried out. We also consider that the term
exp(—iE,B) in the denominator of the second integrand
is equal to —1, since 7E, takes on the discrete values
given by Eq. (2.11). Then we find approximately from
Eq. (3.2)

(3.2)

(B w(E,) LEE.,—En) w(—E,) LGEE,+E.)
o(tLliy)=— }
2Er1 [1+CXP(—BE71)] 2E7~1 [1+6Xp (,BETI):]
HGE,—9) HGE,49)

(3.3)

20| K, (@) [1—exp(80)] 20| K (@) |*[1—exp(—p2)]

Here the zeros of the functions {#FRe[ Ep,(x)/Z,-o(x) ]} are denoted by x= £ E.1===E,,_.,, and the zeros of the
functions {*F[wp1(ReK 4(x))2/| K ,(x)| ]} are denoted by x==4Q=4Q,. In deriving Eq. (3.3), we have used the

abbreviation w(z) defined by
w(z)={F—[En(2)/Z:(z) [} H (2).

If we continue analytically the function o in the z plane from z=1{FE, to z= (E.,~+1in), and if we take thereafter the
imaginary part of o, we obtain once more delta functions from the terms L and H in Eq. (3.3). The result turns out
to be

w (Erl)

s et )= T D+exp(_53,1)][6(ETP—E“—9)—a(E,,,-—EﬂJra)]
N w(—En) [8(ErptEn+9)—8(Erpt+En—9)]
[1+exp(BEn)]
w(Erp—Q)

F———[8(Erp—Q+En)—§(E;,—Q—En
El—eXP(ﬂﬂ)][ ( .

w(E,p+Q)
" [1—exp(—62)]

[6(Erp+Q—E,;)—0 (E”,—}—Q—i—E,l)]] . (34

The expression in Eq. (3.4) can be simplified by rewriting it in terms of Fermi functions f,= f(8E.p)
=[14-exp(BE.,) ]! and Planck functions NV ,= N (82,)=[exp(8Q,)— 1] and by adding together the terms which
belong to the same delta function. Introduction of the result into the Eq. (2.28) yields the following expression for
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the inverse decay time of a particle:

d’q TV Wp1?

oPPh=(1— )t —
. ( f) /(2"")321321:—:19«1[1{;1(94)!2 2

{ 1(1+ ép5p~q—¢p¢p—q)
EyFy

X[(1+Nq) (1—fp—q)6(Erp—q+9q—Erp)‘['Nq(l_fp—q)a(Erp~q“—Qq_Erp)]

1
+(1-

The physical meaning of the three different terms in the
integrand of Eq. (3.5) becomes obvious if one examines
the arguments of the delta functions, the statistical
factors, and the coherence factors. The first and second
terms correspond to particle scattering from the state p
into the state p—q with the emission of a phonon q or,
absorption of a phonon —gq, respectively. The third
term corresponds to the destruction of a pair of particles
in states (p,}) and — (p—q), } with the simultaneous
creation of a phonon q.

The physical meaning of the statistical factor

of» & 1 '
() [ ool
9t /eon (2m)? 2

EE’

"‘6()2

’
€ —'602

1
(1
2 EFE’

1
+—<1—
2

It has been assumed that one can neglect the departure
from the equilibrium distribution N=N ,=N_, of the
phonons. The matrix element for a process involving a
phonon with momentum ==q is denoted by V,; the
unprimed and primed quantities f, ¢, and E designate
arguments p and p—gq, respectively; the abbreviation
S’ stands for f_, .. If one sets f= fo+Af, where fois the
equilibrium distribution and Af is a small deviation
from equilibrium, and if one neglects higher than first
order terms in Af, one obtains two different contribu-
tions to (8f,/0t)econ from the right-hand side of Eq.
(3.6). One verifies easily that the first contribution is
equal to —2T,PPAf,, where 2I',P! is identical to the
expression which has been obtained here from first
principles and is presented in Eq. (3.5). The second
contribution is given by an integral over d’q containing
the deviation Af,_, as a factor in the integrand. If
initially Af, is different from zero only around a point
p in momentum space, then the second contribution will
always be negligible, and one is left with the differential
equation

(8f 5/ 38)con=—2T ,PPAS . 3.7

Hence, according to this consideration, one must iden-

pép—q_’d’p(ﬁp-—q)

’
€€’ — €p?

EE

(1+Nq)fp—q5(Erp—q‘*'Erp‘"ﬂq) . (3-5)

~p=p—q

(1—f,)! in front of the whole expression in Eq. (3.5)
is not so obvious. A simple explanation for the origin of
this statistical factor can be obtained, as has been
pointed out by Kadanoff,' by considering the Boltzmann
equation which governs the decay of a deviation from
the equilibrium distribution. This Boltzmann equation
has been set up by BRT* in order to develop the theory
of the electronic thermal conductivity, when the heat
current is limited solely by phonon scattering. The rate
of change of the nonequilibrium distribution f, for the
particles due to collisions with phonons is found to be

)[f'(i—f) (V) f(L— )N (E — E—2)

)[f’(l—f)N—f(l—f’) (14 V) (B — E+9)

)[(1—1”)(1~f)N~f’f(1+N)]6(E’+E~9) . (36)

tify the quantity 2I',*® as the inverse decay time for a
quasi-particle. We can now see the origin of the sta-
tistical factor (1—f,)~'. Consider, for instance, the
contributions to (3f,/d%)eu coming from the terms
with delta functions §(E’—E-+Q) in the integrand of
Eq. (3.6). First we have the ordinary term, proportional
to —Af,(1—fp—o)(14+N,), which corresponds to the
scattering from the state p into the state p—q with the
emission of a phonon q. But there is also a second term,
proportional to —Af,f,— .V ¢ which corresponds to the
scattering from the state p—q into the state p with the
absorption of a phonon q. The reason for the negative
sign of this second contribution is that for a positive Af,
the number of empty states around p and accordingly
the backscattering is reduced in comparison to the
equilibrium value. By making use of the delta function
which multiplies both contributions one can transform
the sum according to

’_Afp[(l—fp—q)(1+Nq)+fp-qu]
=—Afp,(1=fp0) A+N)(A—f)1. (3.8)
w1, P. Kadanoff (private communication). See also L. P.

Kadanoff and G. Baym, Quantum Statistical Mechanics (W. A.
Benjamin, Inc., New York, 1962).
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We now see that the enhancement of the decay due to
the reduced backscattering is included in the factor
(1—f,)* which is greater than one. It is interesting to
note that this result has been obtained quite auto-
matically by employing thermal Green’s functions.

The expression for 2I',Ph, presented in Eq. (3.5), is
evaluated by approximating the energy gap parameter
¢, by the constant BCS value!! ¢ valid for the given
temperature, and further, by setting &,=e,, E,,=E,,
and Z,=1 in a lowest order approximation. The inte-
grations over the wave number |q| and the polar angle
9= (p,q) are transformed into integrations over
dQ=dQ, and dE'=dE,_,, respectively.

Let us consider separately the three contributions
which arise from the three delta functions in the
integrand of Eq. (3.5):

(1) One can show from the argument of the first delta
function, §(E,_ ,+Q,—E,), that Q,<(E,—e) is a
necessary and Q,>2(c/vr) (E ,— €) is a sufficient condi-
tion for the integral over E’ to be different from zero.
Here we have denoted by ¢ the velocity of sound, and by
vr the velocity of electrons at the Fermi surface. We
shall neglect the second condition since ¢/vr is much
smaller than one. Accordingly the limits of the dQ
integration, which remains after the dE’ integration has
been carried out with the help of the delta function, are
set equal to 0 and (E,— «).

Ep—eo

AQQAE,~Q) ¢

TEWORDT

(2) A rough estimate of the limits of the arguments of
the second delta function, §(E,—,—Q,—E,), reveals
that for all 2, which meet the condition Q,>4(c/vr)E,
the dE’ integral will be different from zero. Neglecting
also this restriction put on 2, we integrate over 2 from 0
toQ, where Q. denotes the maximum phonon frequency.

(3) In the case of the delta function §(E,—+E,—Q4)
one finds that Q,> (E,+e€) is a necessary and Q,
>2(c/vr) (E,— €0) is a sufficient condition for the inte-
gral over E’ to be different from zero. Thus, we have to
integrate over Q from (E ,+€) to Q.

All the terms with e, 4 in the coherence factors drop
out in the result for the E’ integration because both
signs of e,_, are encountered. The absolute square of the
dielectric constant in the integrand of Eq. (3.5) can be
approximated by the square of the Fermi-Thomas value,
[14 (wp1/24)* P, and this expression can be approxi-
mated further by (w,1/2,)*if the conditions E <&, and
kT, are fulfilled. The first condition results from
the fact that the dQ integral (1) has an upper limit
(E,— o), and the second condition arises from the fact
that the integrands of the dQ integrals (2) and (3) con-
tain the statistical factors N (82) and f[B(Q—E,)], re-
spectively. Also, we can replace the upper limits Q,, of
the dQ integrals (2) and (3) by o if these conditions are
fulfilled. Then the final expression for 2I',P* turns out
to be

2

€0

)[f( 81T

2
2r,,ph=< en
peopr? o [(E,—9r—e?]\

= AQR(E,+Q) ¢

- )f[—B(Ep—Sl)]E1+N(ﬁSZ)]
Ep (Ep_ﬂ)

€

y [(E,AQ—af ]2\ E,(E,+9)

aQ Q-

)f[~6(Ep+9>]N(69)

+/ «
e [@—Ep)— e ]2\ E,(Q—E,)

E) ¢
14 )f[ﬁ(ﬂ ENTI+NED]. (3.9)

It is convenient to consider I',P? as a function of the parameters # and y defined by

v=Ep/e, y=eif3, (3.10)
and to set
e*m
T,yrh= ( >603Ps (x,9). (3.11)
2pwp®
From Egs. (3.9) and (3.11) one obtains, after some transformations have been carried out,
( ) z—1 dl tQ(x—t— —){(1 p )) L ( 1) 1}
I (x, Fevlem )14 (evi—1)—
YTl Ty
“ dt 2 (x+1—x)
e {(1—ev) = (1euet o)
[okor—17s |
o dtt2(t—x+x—1){(1+ (g ri— 1)), (3.12)
_— ev(t=) "1 (gut—1)1}, .
sa [(—ap—10

1t 7. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev. 108, 1175 (1957), referred to as BCS.



QUASI-PARTICLE

The normal state values for the damping, denoted by
T, PP, are obtained from the expression in Eq. (3.9) if
€0 is set equal to zero and E, is replaced by e,. The result
can be written in the form

e*m
T, .Ph= ( >5~31* (), (3.13)
2pw,,12
where the function I'»(2) is given by
Ta(z)=(8/3)F2(0)+Fa(5)+Fa(—2), (3.14)
with
2= e, (3.15)
and
F2(TI)=/ dt 2(14et—n)L, (3.16)
0

The function Fy(—n) has been tabulated by Rhodes.™

We have evaluated T';(x,y), as a function of x,
numerically for a number of different parameter values
y. We compare the decay rate of a quasi-particle, 2I" ,P",
with that of a normal-state excitation, 2I', ,”, by
plotting the ratio of these quantities vs 2= ¢,8. From the
Egs. (3.11), (3.13), and (3.10) we obtain for this ratio
the expression

LpP/T =3I (y (F 45915 9)/Ta(2).  (3.17)

In Fig. 2 the results are shown for some parameter
values of y. The corresponding reduced temperatures,
T/T,, are obtained by writing y=_[€,(0)/ksT | eo(T)/
€(0)](T./T) and by using the results of the BCS theory
for the ratio €(7)/e(0) and the BCS relation 2¢(0)
=3.52k5T..

IV. ELECTRONIC THERMAL CONDUCTIVITY OF
A PURE SUPERCONDUCTOR

In this section we will use the results which have been
obtained for the lifetime of a quasi-particle at finite
temperatures in order to determine the thermal elec-
tronic conductivity in the case where the interaction
with the phonons dominates over that with the im-
purities. In the earlier theory presented by Bardeen,
Rickayzen, and Tewordt? this problem has been attacked
by setting up the corresponding Boltzmann equation.
The resulting integral equation which determines the
deviation Af, from the equilibrium distribution f,
= f(BE,) of the quasi-particles in the presence of a
temperature gradient has been written as

(?z €p )Ep df, dT

— — —=AX,,.

4.1)
T dE, dz (

m E,

The z axis is taken along the direction V7. The quantity
X, is connected with Af, through the relation

Afp= - (dfp/dEp)X:o- (4-2)
12 P. Rhodes, Proc. Roy. Soc. (London) A204, 396 (1950).
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F16. 2. The ratio of the inverse lifetime of a quasi-particle,
2T',Ph, to that of a normal-state excitation, 2T',, »P", vs e,/kT for
different reduced temperatures ¢=7T/T,. The quantity e, is the
energy of the normal-state excitation, measured from the Fermi
energy.

The integral operator A is defined by the identity

AXp= / W(p,p') (Xp—Xp)dp'. *3)

From the definition of the Kernel W (p,p’) in BRT one
finds that the integral over d*p’ of this quantity is con-
nected with the decay rate 2I',** [Eq. (3.5)] by the
relation

N £ :
W (p,p')d*p' = ———2T" o1, (4.4)
dE,

Kadanoff and Martin” have argued that there is little
point for our crude model of a superconductor to con-
sider that instead of the scattering cross section the
transport cross section enters the conductivity theory.
The difference between these two cross sections is
represented by the term x , in the integrand of Eq. (4.3),
and one sees that this term gives rise to a reduction of
the forward scattering. We follow here the simplifying
assumption made by KM and accordingly neglect the
term with X, in Eq. (4.3). Then the integral operator
is replaced simply by a factor, and we can write with the
help of Egs. (4.4) and (4.2)

AX,=2T ;A S, (4.5)

Using the formula v=V,E, of BRT for the group
velocity of quasi-particles one finds that the thermal
conductivity, «,, is determined by the expression

dT\! pz €p
we=(2) 2B (ZNarap G0
dz m E,

If one determines Af, from Egs. (4.1) and (4.5) and
inserts the result into Eq. (4.6), one obtains

n ° €2 sech?(38E,)
KST=—§-B~—/ dey——,
m Jo ZPPPh

where # is the density and . the mass of the electrons.
This is exactly the expression which has been derived

“.7)
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by KM by using thermal Green’s functions. The normal
state value of the thermal conductivity, k, is obtained
from the right-hand side of Eq. (4.7) by letting € go to
zero.

While KM have neglected the dependence of the
decay rates 2I',*» and 2I',, ,P* on the excitation ener-
gies, and have even set these two quantities equal to
each other, we insert the actual values for the decay
rates which have been determined in the last section,
and we evaluate the resulting integrals numerically. In
order to bring these integrals into a convenient form we
transform in Eq. (4.7) to the integration variable
x=E,/¢ and in the corresponding expression for «,7" to
the integration variable z=¢,3, and we introduce the
functions I's(»,y) and I',(z) which are related to I' "
and I', . via Egs. (3.11) and (3.13), respectively.
Then we obtain for the ratio of the thermal conduc-
tivities, k;/kn, the final expression

/ i dx x(x2—1)Y2 sech?(3ay) [T (x,y) T
o2t . (4.8)

- / i dz 32 sech?(32)[Tr(2) T

This expression depends on the temperature only
through the parameter y=e€i(7)/krT. Therefore, the
plot of the ratio x,/k, vs the reduced temperature de-
pends on € (7T)/e(0) as a function of the reduced tem-
perature and on the value of the ratio €(0)/ksT.. If we
use the results of the BCS theory then we obtain the

plot shown in Fig. 3. This curve has a positive limiting
slope at T/T.=1 and decreases monotonically with de-
creasing T'/T.. For comparison we have included in this
figure measurements of «,/k, obtained for pure tin,5
mercury,® and lead.

V. CONCLUDING REMARKS

Our calculation of the lifetime of a quasi-particle in a
superconductor at finite temperatures provides one
more example of the power of the thermodynamic
Green’s functions in describing the properties of many-
particle systems. In this specific example it is especially
satisfactory, in that this method leads quite auto-
matically to a certain statistical correction factor to the
expression for the inverse lifetime which is anticipated
from a more naive calculation. This correction factor,
(1— f»)™Y has been verified later with the help of the
Boltzmann equation. The explicit calculations show
that the lifetimes of a quasi-particle and a normal-state
excitation depend strongly on the excitation energy, and
that the ratio of these quantities differs markedly from
one, for most excitation energies and for temperatures
not to close to the transition temperature (see Fig. 2).

The application of the results for the lifetimes to the
problem of electronic thermal conductivity, as limited
by lattice scattering, leads to a fair agreement with the
experimental data obtained for the “weak” supercon-
ductor tin (see Fig. 3). In future work we intend (a) to
solve the Boltzmann integral equation numerically in
order to make certain that the relaxation-time treat-
ment of this equation is justified, and (b) to take into
account the dependence of the energy gap parameter on
the excitation energy in the case of the “strong”
superconductors mercury and lead.
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