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We have made some additional calculations on the effects of paramagnetic impurities in superconductors,
using the Abrikosov-Gor’kov theory as our starting point and taking full advantage of the information con-
tained in the Green’s function of the system. The density of states in energy has been computed for different
values of the inverse collision time for exchange scattering I'. The (half) excitation energy gap Q¢ (as dis-
tinguished from the order parameter A) is defined to be the energy at which the density of states vanishes.
The temperature-dependent order parameter has been computed for different values of I', and from this, the
behavior of Q¢ (T) is determined. A comparison with tunneling experiments shows a disagreement of about
30%. The thermodynamic properties of the system follow from the density of states; the critical field and
the discontinuity in the specific heat at the critical temperature are calculated in considerable detail. Ex-
pressions for the penetration depth and complex conductivity are obtained, and numerical results are pre-
sented for the case 7'=0°. The real part of the conductivity at 7’=0° is shown to be zero for frequencies less
than 2 Q¢ and proportional to the square of the density of states for vanishingly small frequencies in the gap-

less region of impurity concentrations.

I. INTRODUCTION

IN an interesting article! Abrikosov and Gor’kov in-
vestigated the effects of paramagnetic impurities on
superconductors. They found first of all that the transi-
tion temperature decreases sharply with increasing im-
purity concentration and goes to zero at a critical con-
centration n.%. Furthermore, there exists a region of
concentrations where the gap in the excitation energy
spectrum is zero even though the substance is still a
superconductor in the sense of having pair correlations
and a nonzero transition temperature. This last result is
striking because the BCS theory? contains only the
single parameter A which is at the same time the energy
gap and a measure of the pair correlation. Measure-
ments of the energy gap and of the transition tempera-
ture T as a function of the concentration of paramag-
netic impurities? show that the gap decreases much more
rapidly than does the critical temperature, thereby
giving support to the results found by Abrikosov and
Gor’kov (AG).

In contrast to the case of nonmagnetic impurities,
paramagnetic impurities give rise to a real lifetime effect.
Because of the spin-exchange scattering, the lifetime of a
pair state is no longer infinite and this results in a rapid
decrease in the ordering and therefore in the transition
temperature. This can be understood when one realizes
that the impurity-spin—electron-spin interaction Hamil-
tonian is not invariant under a time-reversal transforma-
tion. (The ordinary impurity interaction is invariant
under time reversal and allows us to form pairs from
time-reversed states with an essentially infinite lifetime.)
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This fact was noted by de Gennes and Sarma‘ and
Phillips.? The energy gap Q¢ has a simple interpretation
in the light of the density of states in energy of the states
broadened by scattering, and it can be zero even though
there exists an ordered state whose free energy is less
than that of the normal state. In fact, if one defines a
temperature 7'/ for which the energy gap goes to zero,
it turns out to be always smaller than the true critical
temperature T so that for any value of the impurity
concentration, there is a range of temperatures near T
for which the energy gap is zero.

The problem of a superconductor containing para-
magnetic impurities is very similar to the problem of an
ordinary impure superconductor in the presence of an
external current or magnetic field.® Here the time-
reversal invariance is removed by the external disturb-
ance, and one again encounters a distinction between
the energy gap Q¢ and the ordering parameter A.

We have extended the calculations of AG making
fuller use of the Green’s-function formalism to derive
results that have more general validity than those of
AG, and to derive new results for the electromagnetic
properties. Section IT is devoted to a derivation of the
self-consistent equations for the self-energies in a way
that differs slightly from AG and stresses the role of the
time-reversal operation. In the next two sections we
rederive some of the previous results for the critical
temperature and order parameter and present the results
of our numerical calculation of the density of states and
order parameter together with a comparison with the
experimental data of Reif and Woolf. Section V is
devoted to the thermal properties, in particular, the
specific heat and critical field. In the last section we
evaluate the electromagnetic response—the presence of
the Meissner effect for all impurity concentrations less
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PROPERTIES OF SUPERCONDUCTING ALLOYS

than ». the penetration depth, and the frequency-
dependent conductivity. The great advantage of our
approach is the natural way in which the distinction
between the energy gap Q¢ and the order parameter A
arises when one emphasizes the effect of impurities on
the density of states.

II. SELF-ENERGIES

The paramagnetic impurities give rise to a perturbation
geime(r) =3 {vi.(r—Ry)+v(r—R;)S;08), (2.1)

where R; denotes the position of the impurity ¢ with the
free spin S;, and s is the electronic spin operator. The
positions of the impurities are presumed to be random
and the impurity spins are uncorrelated with each other.
The first term describes collisions which do not involve
the electron spin and would be the only perturbation
present if the impurities were not paramagnetic. The
second term describes the specific interaction between
the electron and impurity spins and permits a reversal
of the electron spin in a collision.

We use the Nambu’ notation in the mathematical
development, and in this notation, the impurities affect
both the diagonal [ M (k)] and the off-diagonal [M(k)]
self-energies as shown in Figs. 1(a) and 1(b). The order
parameter A is in essence an off-diagonal self-energy as
shown in Fig. 1(c). The intermediate propagators are
the complete ones: that is to say, they include both the
superconducting interaction V and the effects of im-
purities. It is essential that the three equations repre-
sented in Fig. 1 be solved as simultaneous equations, for
it is only in this way that self-consistency can be
achieved. We have been able to do this only in an
approximate way; the propagators we use involve a
(tensor) M averaged over the locations of the impurties
and averaged over the orientations of the impurity spins
S.. We therefore are using an averaged propagator, and
the principal limitation this imposes is that we can-
not, with such propagators, investigate the possible
fluctuations of the system. Within this limitation, we
make some other and, we think, relatively minor ap-
proximations. The functions »; and v, are taken to be
substantially Dirac é functions, which, in effect, means
we neglect the dependence of the self-energies due to
impurities on the propagation vectors. We also neglect
crossing diagrams as making only a small correction. As
a result of these simplifications, only collisions with the
same impurity matter since all others vanish in aver-
aging over the positions of the impurities. The two parts
of the perturbing potential do not mix, so that they can
be dealt with separately. This is advantageous because
it helps illuminate the role played by time-reversal
symmetry. We write the reciprocal of the tensor propa-
gator (we use units in which z=1)

G l=ers—wrog— M+ ATy
7Y. Nambu, Phys. Rev. 117, 648 (1960).

(2.2)
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F1e. 1. Diagrams for evaluating the self-energy. (a) Diagonal
part of the self-energy M¢i(k). (b) Off-diagonal part of the self-
energy Mi*(k). (c) V is the superconducting interaction. This
diagram defines the self-energy A. The double line with arrows in
the same direction represents the diagonal part of the propagator
G. The double line with arrows opposed is the off-diagonal part of
the propagator. The X's denote a (double) interaction with the
same impurity.

and
Mi=—(o—Mi)rok (A= Mi)r,  (23)

T1, T, and 73 are the usual Pauli matrices and 7, is the
unit matrix. The superscript ¢ denotes the contribution
made by the impurities.

We rewrite (2.2) as

G 1= ekrg—{—ZTl——&)‘ro, (2.4)

and Figs. 1(a) and 1(b) yield, as contributions from the
spin-independent part,

ak’
M(1)i=7’ti/ (2 )3‘1)1(](,1(,)ng(k,)’fg?)l(kl,k) (2.5)
=1i(Dy+ 1) (dro—Ary)/(@2—A2)12,  (2.6)
where
(T +To)=nirNo(| (k) [ 2). (2.7)

Here »' is the number density of impurities, Vo is the
density of states of one spin at the Fermi surface, and
the angular brackets denote an average over the solid
angle between k and k’, and both propagation vectors
lie substantially on the Fermi surface. In the contribu-
tion from the spin-dependent part the 7, component
contains the matrix element

(kIvgsi-s]k’>(k’|'vzsi-slk>,
whereas the 7, component contains the matrix element

<Tk l vgs,-- s Tk/>(k, I ‘Uzsi' S l k)

=— <k I 229;+8 I k’)(k/ l 7)2S~;' S [ k) y
that is to say, there is a sign reversal in the 7; component
as compared to the 7o component. The average over the

orientations of the impurity spin gives rise to the factor
1S(S+1). We let

F(T1—To)=n'rNo(|va(k k') [*)15(S+1),

2.7
then
7

(&)z_ 52)1/2

= (I‘ﬂ:}TU— PzZTl) . (28)
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The diagram of Fig. 1(c) yields for the order parameter
at 7'=0°: .
NV wp’ A
A=—— Re———dw, (2.9)
2 oD’ (&,2_ A2)1/2
where we have introduced a cutoff at wp’ for the super-
conducting interaction. To make a connection with the
BCS theory when the impurity interaction is turned off,
wp’= (wp?+A?)1/2, where wp is the BCS cutoff. In our
weak-coupling approximation, this will have a negligible
effect on the solution of the integral equation for A.
However, it is important in the calculation of the free-
energy difference, which is proportional to A2
The three equations contained in (2.8) and (2.9) are
to be solved simultaneously, or, (2.9) is to be solved with

d=wt+il— (2.10)
(5)2_52)1/2
and N
A
A= A+iTy (2.11)
(wg__Zz)l/z

These equations can be simplified by introducing

u=a/A (2.12)
and I'=T;—T so that
uA=w+1iI’ (2.13)
(u2—1)172
and
NGV e’ 1
AO,T)=—— / do Re—————  (2.14)
2 —wD’ (%2'— 1)1/2

where Re means real part. In connection with (2.12) and
(2.13) we take the positive square root for & — 448
and w — — o —1§, where § is a small positive number.
Before leaving this section we state the results for non-
zero temperature. The usual factor of tanhiBw occurs
in (2.14) so that it reads

wD’ 1
A(T,T)=NoV / do Re
0 (u2_ 1)1/2

tanhiBw, (2.15)
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where 8= (xT)~! and, in Eq. (2.13), A occurring there
is A(T,T).
III. CRITICAL TEMPERATURE

The critical temperature T, is the solution of (2.15)
in the limit A(7,T') — 0 or A — w-34T. This is

wD
1=N,V / dw Re tanhiB.
0

w—+1T

@D W
=NOV/ dw
0 w?+ T

This reduces to the usual expression in the absence of
the spin-dependent scattering when I'— 0. That is, in
the presence of the paramagnetic impurities, the highly
singular factor w=! in the equation for the critical tem-
perature is replaced by the broadened function
o/ (w?4T2)—indicating a true lifetime effect. For finite
T, 8. must be larger than it is when I'=0. The presence
of the impurities lowers the critical temperature. More-
over there is a critical concentration for which the
critical temperature 7', vanishes. One recalls that

(3.1)

tanh3B.w.

1/NoV=1InQwp/AF(0)), (3.2)

where AP(0) is the gap at 7= 0° for the pure material.
Consequently, at the critical value of T, Tq,

1 2wp wp? wp
=1 ln(l—l——) ~In—.

——=In
NV  AP(0) I Ter

Therefore,

2Te=AP(0). (3.3)
For values of I'<T, one can express T, in terms of ¥
functions ¢(x)= (d/dx) InT'(x):

In(Te?/T ) =¥ (G+p)—¥(3)

with p=T/2nkT.. This is shown in Fig. 2 in the curve
labeled T'./T.F and, as shown there, this quantity
vanishes when I'/AP(0)=0.50. The order parameter
A(T=0,T)=A(0,T') may be calculated from (2.14) by
using the contour shown in Fig. 3. One readily estab-
lishes that the contribution to the integral from the arc
is purely imaginary so that we need integrate only along
the imaginary axis. The result is, in agreement with that
stated by Abrikosov and Gor’kov,!

(3.4)

A(0,T) o T
AP©O)  4A(OD)
A(0,T)

1
- T P2 1)1/27 b _(T2__1)1/2
lnAP(O) In[ T+ (T2—1) ]+2F(F 1) (3.5)

for T<A(O,),

—3T arctan(T2—1)-1/2 for T'>A(0,T),
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and T'=T/A(0,T"). The behavior of A(0,I')/AP(0) as a
function of I'/AP(0) is shown in Fig. 2. One sees the
very important result: the order parameter A(0,I')
vanishes at the critical concentration. Before consider-
ing the temperature-dependent function A(7,TI), it is
useful to introduce the density of states, which we do
in the next section.

IV. DENSITY OF STATES

It is customary to work with the density of states in
k space, but here it is much more convenient to consider
the density of states in w space. The reason is this:
because of collision broadening, the energy of a given
momentum state is spread throughout a region in %
space whose width in % is I';/2r. On the other hand, the
energy w is conserved in each collision so that there is
no broadening. We therefore evaluate the density of
states NV(w) as

RS . 41
(“’)*57/.‘»6 TImgke)].  (4.1)

Here N, is the density of states at the Fermi surface and
the factor of } is inserted to define the density of states
for a single spin. The path of integration can be de-
formed so that one encircles the positive real axis in a
negative sense. One finds

N(w)=NyRe———. 4.2)
(u2_ 1)1/2
In the limit as I' — 0 this reduces to
o]
NP(w)=Ne——— for |w|>A
(02— A2)172
=0 otherwise, (4.3)

which is the same as that described by the BCS theory.
This is the result whatever the size of T';. We find,
accordingly, that nonparamagnetic impurities do not
affect the parameter A, the critical temperature, or the
density of states. The very small change in critical tem-
perature observed in the nonparamagnetic case is at-
tributable to a smearing out of anisotropic interaction.
The equations (4.2) and (2.13) must be solved simul-
taneously to determine N(w). This, it should be
remarked, depends on temperature by way of the

F16. 3. Contour of integration for
determining the order parameter
A(O,T).
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Fi16. 4. The density of states in energy plotted as a function of
the reduced energy for several values of the reduced inverse
collision time T'/A. A(T) is to be understood as A(T,I).

parameter A. The solution is a numerical one and is
achieved by setting
u=coshz= cosh(x+1y), (4.4)
where x and y are real. This substitution yields the
cubic equation
sin®2y+ (@*+I'*—1) sin2y—2aT=0 (4.5)
for y, where @ and T' are the corresponding quantities
measured in units of A(T,T). The quantity x is deter-
mined by
coshx cos2y=a cosy— I siny (4.6)
and
N(w)= N, sinh2x(cosh2x— cos2y)~. 4.7
The results of these numerical computations are shown
in Fig. 4 where N(w)/N, is plotted against w/A(T,T).
The asymptotic curve is N(w)/No=1, achieved when
w/A(T,T') — «; the dotted curve is that given by the
BCS theory and corresponds to I'=0. The curves for
I'£0 start from zero at a value w<A and, for small T,
rise steeply to a maximum and then approach the BCS
curve. The value of the energy Qg at which the curve
rises from a zero value is the half-energy gap, the
minimum energy for excitations. As the concentration
of the paramagnetic impurities increases, Q¢ decreases
and so does the size of the maximum. Q¢ is zero when
T'/A=1 and this value of T is another critical T', T,
The curves drawn by Phillips® are a remarkably good
estimate of those shown here. One essential point re-
vealed in these curves is that a distinction must be made
between the gap Q¢ and the order parameter A(T,T).
The relation between these quantities can be obtained
as follows: For a fixed value of I'/A<1, Eq. (2.13) has
real solutions for » which are less than unity for w/A
sufficiently small. In this range of w, the density of
states is zero, as can be seen from Eq. (4.2). The density
of states departs from zero at the value of w(Qg) at which
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Fi6. 5. The order parameter plotted as a function of temperature
for several values of the inverse collision time. The superscript P
refers to the value when I'=0. The dashed curve is a boundary
curve separating the gapless region from the region with a gap.

u first becomes complex. Rewriting Eq. (2.13) as

u

-,
(1—u2)12

wW=1Uu

one sees that the maximum value of the right-hand side
occurs at #e=(1—T?/3)1/2 and that this point yields
the gap

QG(T,P)=A(T,r)[1—(A(;P))2/3]3/2. (4.8)

The ratio Q¢/AP is plotted in Fig. 2 at zero temperature
as a function of T'/AP(0). There is another critical con-
centration or another critical value of T', Ty, the one
for which Qg(T'./)=0. This is

To'=A(0,T"), (4.9)
or

To'=e¢™1AP(0)=¢"/2T'x=0.91T,,. (4.10)
At any temperature there is a region of concentration
(or a region of T') in which the material is superconduct-
ing but the excitation energy gap is zero.

A numerical evaluation of A(7,T") for various values
of T' yielded the results shown in Fig. 5. The dotted
curve in this figure is a boundary curve; the intersection
with a full curve, for a particular value of T, gives the
temperature at which the energy gap vanishes for that
value of T, so that in the interval from this temperature
to the corresponding critical temperature, the energy
gap remains zero in magnitude.

In determining the curves of Fig. 5, explicit use was
made of the BCS relation between critical temperature
and order parameter at zero temperature for the pure
material. That is, AP(0)/kT" X was taken to be 1.76. One
can see from the curves of Fig. 5 that the critical tem-
perature changes faster with impurity concentration
than the order parameter at zero temperature. Thus, the
ratio A(0,I")/«T . is no longer a constant, but depends
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on the impurity concentration. The value of this ratio,
normalized to its value in the pure material, is plotted
in Fig. 6. The limiting value of A(0)/xT, when I'=T,,
is V2. Therefore, it is incorrect to assume the constancy
of this ratio in any theory to explain the effects of para-
magnetic impurities.?

Before proceeding further, it is of some interest to
look at the integral equation for A(Z,I") for nonzero but
small temperatures to see how the solution changes
qualitatively as one passes from the region with gap to
the gapless region. If in Eq. (2.15) one uses tanhifw
=1—2(¢f*+1)"1, the term involving unity can be
evaluated in the same way as was done in obtaining
Eq. (3.5). The remainder is

wp’
—2NV / dw Re(ui—1)=12(efo+ 1)1, (4.11)
0

For I'/A(T,T') <1, u is real and less than unity up to
Q¢ so that the lower limit becomes Q¢. For sufficiently
low temperatures, we can replace the temperature-
dependent factor in (4.11) by e #». Because of the
rapidly decreasing exponential factor, a good approxi-
mation is obtained by using the value of Re(u2—1)1/2
in the neighborhood of Q¢. A straightforward but in-
volved expansion of Egs. (4.5) and (4.6) gives

R 2)1/29(;1/6/ Q )1/2
»(u2_1)1/2~(§ 23 wTRe

(4.12)
Substitution in Eq. (4.11) and use of Eq. (3.5) gives
finally

A(0)—A(T)

QGI/G / T
1——
I‘2/3ﬁ3/2\ 4 A(0)

— (2n/3)1 )— P (4.13)

For T/A(T,T)>1, Q¢=0, the lower limit on the
integral is 0 and Re(#2—1)~1/2 now rises linearly with w
and is in fact (w/T)[(T/A)2—1]7V/2. Again relying on
the rapid drop in the remainder of the integrand to cut
out the large w contribution to the integral (4.11), we

3.0 T T —T T
A /N10)
251 KT/ KT
F16. 6. Deviation from
20 - the law of corresponding
states for a supercon-
ductor containing para-
L5 7 magnetic impurities.
1.0 1 L
0o | 4 5

T3

T/K(0)

8 See, for example, H. Suhl and B. T. Matthias, Phys. Rev. 114,
977 (1959).
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F16. 7. Critical temperature and half-energy gap at 7/7,=0.25
as a function of I'/AF(0). The open circles and triangles are the
experimental points for the critical temperature and half-energy
gap respectively as measured by Reif and Woolf. The dashed
curve is their linear extrapolation of the low-impurity-concentra-
tion points. The triangle at I'/AP(0)=0.3 is roughly the concen-
tration at which no gap is observed.

get using Eq. (3.5)

w2 (kT2

(«T)
A —A(T)=— "0 ‘02_ 1/27—1
(0)—A(T) p O)EP(P )12

( D2 Ty -
X[l————_————— arctan(Ty?—
2T 2

1)—1/2]-1, (4.14)

for T/A(T,T)>1 with Ty=T/A(0).

We see that near the absolute zero of temperature, the
deviation from A(0) is exponential in temperature but
becomes quadratic in the gapless region. Note that
(4.13) does not go over smoothly into (4.14) since as
Q¢ — 0 for some values of 7', Q¢ is no longer large and
therefore the Fermi function cannot be replaced by the
exponential. Furthermore the expansion (4.12) is not
valid for very small T' and one cannot recover the pure-
material value from (4.13).

An expression for A(7,I') near the transition tem-
perature for arbitrary value of I' can also be obtained
by an expansion of Eq. (2.15) in powers of A. However,
it is easier to obtain an expression for A directly by
minimizing the free energy; we shall return to this point
later.

Comparison with Experiment

To date, the most definitive experiment to test the
theory has been the tunneling measurements of Reif and
Woolf.? A comparison with their results can be made
using Eq. (4.8) for the excitation energy gap, obtaining
A(T,T) from Eq. (2.15) and using the observed de-
pression of the critical temperature to evaluate I
For any given sample, the initial slope of the critical
temperature curve determines I'/AP(0). For this value
of T/A?(0), and for the desired temperature (7/T.F
~0.25 for their experiment), A(7,T") is determined from
the solution of the integral equation and substituted in
Eq. (4.8) to obtain the energy gap. The result is shown
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in Fig. 7 as the curve labeled Q¢/AP(0) along with the
curve of T'./T.P. The experimental points for the transi-
tion temperature are shown by open circles and the
points for the gap by triangles. A linear extrapolation
of the low-impurity-concentration points is shown as the
dotted line. The lowest point at T'/AP(0) ~0.3 is roughly
the concentration at which no gap is measured. One sees
that the quantitative agreement, although not good, is
probably all that can be expected. Clearly it would be
very desirable to do tunneling on a normal-supercon-
ductor junction, preferably at a low temperature to
reduce temperature broadening effects, so that a direct
comparison can be made with the density of states
given by Eq. (4.2).

Recall that the pure material was assumed to be an
ideal BCS superconductor, that is, AP(0)/kT.P=1.76.
This value is not observed in the thin films used in the
tunneling experiments, but is about 1.90, a difference
of about 87%,. If the measured value of this ratio is
introduced into the theory, the curves for 7. and A(T,T")
are depressed and bring the theory into somewhat better
agreement with the experiment.

V. THERMAL PROPERTIES

In this section we derive expressions for the specific
heat and critical field of an alloy containing paramag-
netic impurities. These can easily be obtained from the
free energy. One method of obtaining the free energy is
to use the well-known relation involving an integral over
the coupling constant for the superconducting inter-
action. This is, however, difficult to perform at arbitrary
temperatures and impurity concentrations. Instead, we
will derive an expression for the expectation value of the
total energy using the previously derived Green’s func-
tion. Then, using the fact that the essential effect of the
impurities is to alter the density of states, we get an
expression for the entropy and thus the free energy.

In an approximation of a delta-function interaction
with a strength V, the superconducting interaction
energy is just —A2?/V. We derive in Appendix A the
following expression for the total energy Eg in the
superconducting state:

AZ 0 wp’ dw
Eg——= 4]\70/ de[/ —w f(w) ImGy1(k,w)
14 o 2

Q¢
“p’ dw
+/ ;—w(l—f(w)) Imdn(k ~w) (51)

where Gii(k,w)=(&+¢)(e2+A2—&?)~! is the (1,1) com-
ponent of the tensor Green’s function and we have
introduced the cutoff wp’=(wp?+A2)/2 to make the
connection with the BCS theory in the absence of any
impurities. Substituting in this expression for G *and
carrying out the integration over ¢, dropping terms odd
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n ¢, we obtain

A2 wp’ Wi
Eg——= —2No/ dow Im—————  tanhifw
14 26 (Az__[o2)1/2

’

wp
=—2N, / do Re

o W tanhiBw
1/2
[97¢ u"—

’

@p
=— / dwN(w)2w tanhiBw. (5.2)
0

The density of states enters in a natural way, but be-
cause the energy w contains not only the kinetic energy
contribution but also the effects of the interaction, there
is an additional term A2?/V. The impurity effects come
in only through the altered density of states N(w) and
the self-energy A. The normal-state energy is obtained
by setting A=0 in (5.2). Since the integration over w in
the normal state extends only up to wp rather than wp’,
we add and subtract

’

“p
N, / dw2w tanh}Bw== NA?,

“p

and obtain for the total energy difference between the
superconducting and normal states

wp’

N(w)
Es—Eyx=—N, / dw(—————l)
0 No
A2

X 2w tanh%Bw+;~—NoA2 . (53)

It is absolutely necessary for the upper limit to be wp’
rather than wp if we are to count correctly all terms of
order A? which are important in the free-energy
difference.
The entropy is

S= — 2 Zk{nk lnnk—l—(l ——nk) ln(l-—nk)} B (54)
where « is Boltzmann’s constant, 7y is the Fermi func-
tion, and the factor of 2 is for spins. Converting to an

integral over ¢ and then to an integral over w using
Nodex= N (w)dw, we obtain

’

Ssg= 4/(/ dwN(w)I:ln(l—l—e_B“’)~|-
0

e J (5.5)
efot-1

where we have used the evenness of the integrand to
write it as an integral over positive energies only. Thus,
the only difference from the case of no impurities is in
the density of states. After subtracting off the normal-
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state value, the free energy difference AF=AE—TAS is

@p’ N(w)
I",s“FN:—[V()/ dw( '"1)
0 NO

A2

X 2w tanh3Bw-+ ; — NoA?

417\]0 wp' N(w)
= LG
B Jo Ny

X [ln(l—l—e"ﬁ“’)-i—

g } . (5.6)

efe+1

Note that in our approximation, the normal state is not
affected by impurities. The critical field for a bulk speci-
men of unit volume is then given by the usual formula

HZ?/8r=Fy—Fg, (5.7)
and the specific-heat difference by
Cs—Cn=T(3/0T)(Ss—Sn). (5.8)

The expression for the free energy cannot be simplified
any further and one must work out the integral numeri-
cally. We have not done this although it would not be
difficult to do using the previous results of the calcula-
tion of N(w) and A. Instead, we have concentrated on
the limiting cases of 7" near absolute zero and T near
the critical temperature for arbitrary values of the
impurity concentration (or equivalently T).

Low Temperatures

We can evaluate the free energy at 7=0° by the same
device employed in calculating A(0,I'). In using the
contour in Fig. 3, the integral over the arc does not con-
tribute and the integral over the imaginary axis can be
converted to an integral over the variable i using
(2.13). Then

Fs(0)—Fy(0)
=—3NoA20,")[1—LxT+212]  for
=—1N,A%(0,I){1— T arcsin(T")~!

+ D= (D) )31~ (1 Ty
for T>1, (5.9)

where I'=T/A(0,T'). For T>0, the free-energy differ-
ence is

4 wp' N(w)
F,s""FN=D0(T,I‘)———1V0/ dw( ——1)
B Jo No

XIn(1+4eB), (5.10)

where Do(7,T") is just the right-hand side of Eq. (5.9)
but with A(0,T') replaced by A(7,T"). In the gap region,
270, we can replace the logarithm above by the
exponential itself and therefore this correction term will

r<1




PROPERTIES OF SUPERCONDUCTING ALLOYS

be exponential in 7. Furthermore, using (4.13), Do(7,T")
will be just Do(0,T") plus a term that is also exponential
in 7. Therefore the leading term in the correction for
finite temperature will come from the change in the
normal-state free energy with temperature. On the other
hand, in the gapless region, the contribution from the
integral and from Dy(7,I") will be of order T2 just as is
the contribution from Fy(T). In fact, to a fairly good
approximation, we can replace the factor N(w)/N, in
the integral above by its value at w=0, namely,
(I2—A?2)172/T and get

[Fs(T)—Fy(T)]—[F5(0)—Fx(0)]=Do(T,T)

—Do(0,1)+[(I*—A%)2/T—1]Fn(T). (5.11)

In either case the critical field for small temperatures
will be of the form

HXT,T)=HZ0,N)[1-a(T)T/AO,I))4], (5.12)

where the function a(I") can be deduced from (5.11),
(5.10), (5.9), and (3.5). We shall not go into this any
further but go on to consider the specific heat at low
temperatures.

It is most convenient to obtain the specific heat from
the entropy (5.5). First, consider the region where the
gap is not zero. In this case N(w) is zero up to Q¢ and
therefore if T' is not too large, Bw will always be large and

In(14¢#)4-Buw/(efo4-1) = e F(14-Bw) .

Furthermore, because of the rapidly decreasing ex-
ponential factor, we can replace N(w) by its value in the
vicinity of Q¢. Again using (4.5) and (4.6) it is possible
to show that

(0—Q¢)'2

N(w)~No(2)—— A3,

Q Gl/ 6P2/ 3

Therefore,

So=4kNo(2)12A1/3(Qg1/6T2/3)—1
X/ dw(w_QG)llz(l-I-ﬁw)e—ﬂw
Qa
=4kNo(3)1/2A13(Qg1/5T2/3) 1 ~F0

X/ do'o'12(14Bw’+4Q26)e 5",
0

where because of the rapid convergence we have replaced
the upper limit by infinity. Keeping only the leading

’

1
FS—FN= A2’;_NO_NO/

0

— AN, / dw[w tanh3Bw—+— In(14-¢—8«) © } Re(
0 8 efo+-1

wp 2
dwliw tanh3Bw+— In(14¢#«)
8
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term in T we obtain

A1/39G11/6 B

= VN
Cs=(81/3)%N, - (KT)]'/Z.

(5.13)

The gap in the excitation spectrum shows up as an ex-
ponentially varying specific heat in the superconducting
state, as one would expect. Again note that this expres-
sion does not go over into the pure material value be-
cause of the inapplicability of the expansion of N(w) for
very small T'.

In the gapless region, I'>A(7,T'), the density of
states is finite at w=0 and is in fact given by

N(w)=No(T?— A2)12/T .

Since the remainder of the integrand contributes
principally for small values of w, a good approximation
consists of retaining only the constant term in the
density of states evaluated at 7=0° and extending the
upper limit to . The net result is to change the entropy
and therefore the specific heat in the normal state by a
constant factor:

Cs=[(T?—A%12/TICy.

Therefore, in the gapless region, the specific heat de-
pends linearly on the temperature as in the normal state
but with an altered density of states. These results for
the specific heat at low temperatures were obtained
previously in AG.

(5.14)

Temperatures Near T,

We have already shown that the order parameter A
goes smoothly to zero at the critical temperature for all
values of the impurity concentration. Therefore we can
use the theory of second-order phase transitions to
expand the free energy in a power series in A around the
critical point. To do this we expand the integrand in
(5.6) in powers of A up to order A% It is easily shown
that odd powers do not contribute.

N(w) %
- 1 = Rb
No (u2—1)172
1 A? 3 At At
=Re—-{ } i
2 {(w+1T)2. 4 (wtiT)4 (w4T)5

where we have used the fact that as A goes to zero, uA
goes to (w+4I'). Thus the free-energy difference near
the critical point is

1
Jri
o1l (wtiD)?
301 i
- ) (5.15)
4 (0FiD)*  (w4T)®
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Again, the upper limit in the last term has been replaced by infinity because of the rapid convergence of the
ntegrand. Doing an integration by parts on the first term above gives as the coefficient of A?:

1 wp’
_— No/ dOJ
v 0 w12

w
tanhfw.

Note that this vanishes at the critical temperature as would be expected. The remaining integral can be evaluated
in terms of the generalized Riemann zeta functions. Thus (5.15) becomes

’

1 “p
Fs—FN=A2<———N0/ dw
V 0

=A%y (T,T)+Atas(T,T),

w?+T

© Nos B\?
tanh%ﬁco)-I-A“——(-—) [6(3, 34N =M (4 340
2 4 \27

(5.16)

where {(s,2)=2_n—0®(n+2)~%, and A=T8/(2r). This expression is valid for all values of T for a suitable tempera-
ture interval near the critical temperature for which A is small. It reduces to the BCS expression for I'=0.,
The order parameter is now obtained by minimizing (5.16) with respect to A. Thus

AE(T,P) =‘_%Ea1(T’I‘)/a2(T:F)]'
Substituting in (5.16) for a;(7,I'), we see that the free-energy difference is proportional to A¢, and therefore to

(T.—T)

Expanding a;(7,I") to second order in the small quantity (7,— T, and evaluating as(7',T') at T, we obtain

2(1_T/Tc){1“‘)\c§'(23 %+)\c)+%(1_

AYT,T)=

. (517

(B/2m)°[$(3, 3HN) =Nk (45 3420 ]

where \;=\(T=T,).
In the extreme gapless region, A\>>1, we recover the
AG result, since

a(T,T") — — No22r2(T2— T2)/1212,
as(T,T) — No/24T2,

and therefore
Fs—Fy=—N,A%/24T?
and
AT,T)=27%2(T2—T7?).

One should be extremely careful in using these last
expressions since they are valid over only a very limited
range of values of T'. In fact, X, is still almost unity for
T'/AP(0)=0.49, i.e., within 29, of the critical value of
0.5. Contributions from higher orders in (\.)~! would
not be negligible.

O T T T 77T

AC(Te)
ACH(TH

Fic. 8. The disconti-
nuity in the specific heat at
the critical temperature.
Note that the horizontal
scale is chosen so that the
impurity concentration in-
creases towards the right.
The superscript P refers
to the value when I'=0.

If we keep only the (7'.—7) term, the critical field
as obtained from (5.16) is

Hp2 T\2
=N0(1——)
8r T,

X El*')‘ci‘(zj %’l")\c}]z
(Be/2m)2[6 (3, 34N =Mk (4, 3400

We shall be interested only in the linear term in the
specific heat near the critical temperature, and therefore
we need retain only the term in A? in the entropy (5.5),
evaluating the coefficient at 7'=1T", (the upper limit can
be set equal to infinity with negligible error):

(5.18)

AN,
Ss—Sy= / dw[ln(l—{—e‘ﬁc"’)
ﬁc 0
Bew 'J 1
} Re
oot 1] (whil)?
= — AN yB(1— Nt (2, 1400) . (5.19)
1—\£(2, 2400 2
Cs—Cn=12yT L @ i+2)] (5.20)

(63, 3A0) = (4, 300

where y=2Nr2%2 The jump in the specific heat at the
critical temperature is given by the right-hand side of
(5.20) evaluated at 7. This jump, normalized to its
value in the pure material, is plotted in Fig. 8 as a func-
tion of the reduced critical temperature.
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The specific heat has been measured in the La-Gd
system®1° and indeed shows a well-defined jump at the
critical temperature that decreases as the concentration
of Gd is increased. Unfortunately the interpretation of
these measurements is clouded by the possible presence
of both phases of La, and the theory may be in very good
or rather poor agreement with experiment depending on
the interpretation.

VI. ELECTROMAGNETIC PROPERTIES

A basic property of a superconductor is its ability to
exclude a static magnetic field from its interior—the
Meissner effect. We shall show that superconductors
containing paramagnetic impurities display this property
for all concentrations up to the critical value %, where
the order parameter A goes to zero. The penetration
depth increases with increasing impurity concentration,
rising very sharply in the gapless region. We also calcu-
late the complex conductivity as a function of frequency,
displaying explicitly the gap 2Q¢ in the excitation spec-
trum. We expect that most samples of these alloys will
have short mean free paths so that we can assume an
essentially local relation between field and current, and
therefore have neglected the dependence of the response
function on the wave number q. Our results will in
general be in the form of integrals that must be done
numerically; however, for 7=0° we do the calculation
in detail or give numerical results.

The response to a weak transverse field is most con-
veniently described in terms of the wave-number and
frequency-dependent kernel K(q,qo):

7(a,90) =K (q,90)A(q,90)
A(Q;QO) q= 0 ’

K(q,90) =K 5(q,q0) — Ne*/mc.

For the existence of a Meissner effect it is sufficient to
show that

6.1)
where

and

ling K »(q,0)<Ne*/mc.
q—)

We consider the function K,(q,Q,) with Q,=2rn/—i8
and #=0, 41, ... The analytic continuation of
K(q,,), which is defined for isolated points along the
imaginary frequency axis, to real frequencies will be
just the temperature-dependent function K,(q,g0). In
general, K is determined by a two-particle Green’s
function. We shall work only in the Hartree-Fock ap-
proximation where the two-particle Green’s function is
a product of single-particle Green’s functions:

e? 1
Ky(q,Q:)=t— 3 —
m?c kx —if3
qu Tr(g(k+4q, K, 2,)5(k'—q, k, 2,—Q5) )av
X(k-a)(k'-a), (6.2)

?D. K. Finnemore, D. L. Johnson, J. L. Ostenson, F. H.
Spedding, and B. J. Beauduy, Bull. Am. Phys. Soc. 9, 267 (1964).
1 P. K. Finnemore (private communication).
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where z,= (2v+1)7r/—iB, v=0, 1, £2, ---, and 4 is
a unit vector in the direction of A. The average of the
product of G’s is over the impurity distributions. The
average of the product is not equal to the product of the
averages; the difference can be expressed in terms of the
vertex corrections. It is well known that in the case of
nonmagnetic impurities, the major effect of the vertex
corrections is to replace the inverse collision time I'; by
the correct transport value I's*" which is defined in terms
of the average of the scattering potential weighted by a
factor (1—cosa), where o is the angle between k and k'.
Although we have not worked out these vertex correc-
tions in the general case, we show in Appendix B for
K(0,0) at T=0° that this is also the case for magnetic
impurities to a very good approximation. Therefore, we
will not make a distinction, in what follows, between the
averaged product and the product of the averages, and
will consider T's to be an experimentally determined
parameter. Alternatively, we can assume that only s
wave scattering from the impurities is important.
With this point of view

1
—i8
X2 Tr[g(k,s,)G(k—q, 25— Q) ](k-4)?,

762
Kp(q:Qn) = zk
mc

(6.3)

where the Green’s functions here contain the impurities,
since they are determined from the set of self-consistent
equations of Sec. II. Putting q=0 in (6.3), carrying out
the angular integration, and replacing the k integration
by an integration over e, we obtain

2 0
K,(0,2,)=1—
2mc J

1

de—

—iB
X2 Tr[G(k,z)G(k, 2—2.)]1, (6:4)
where NV is the number density of electrons. We must be
careful in what follows to do the summation over » (or
integration over w after we convert the sum to a contour
integral), before the integration over e, since only then
will the contributions far from the Fermi surface be

negligible and allow us to replace & in the integral
by kp.1t

Zero Temperature

At T=0°, the summation over » goes into an integra-
tion over w over a contour that follows the real w axis
below for w<0 and above for w>0. The continuation
of K,(0,2,) to real frequencies ¢, is accomplished by
just putting Q,= ¢o. Substituting in (6.4) for G, the trace

1 See, for example, A. A. Abrikosov, L. P. Gor'kov, and I. E
Dzyaloshinski, Methods of Quantum Field Theory in Statistical
Physics (Prentice-Hall, Inc., Englewood Cliffs, New Jersey, 1963).
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brings in a factor of 2 and we get

o000 / / &&_+ e+ AA_
b _z_—-
P oo (er K@) (er R 2—a2)

=1———- de/ [
e Jo2nletRe—g2
R oo_+AA_+&_—
r(ez_’_[&z_a,z)(ez_i_z_z_&,_z)

| ©9)

U

G_=w—qt+il'———,
(v_2— A2)172

3 A (6.6)
R =A4iTy———
(v_2— A%)1/2

1= (@_/A)A=u_A.

Now it is the first term in (6.5) that gives rise to a formal
divergence and must be done in the proper order: w first,
then e. The second term is well behaved and we can
interchange the order of integration.

Consider the first term above. If we do a formal
integration by parts on w, the integrated term behaves
like &' and contributes nothing. The integral is,
therefore,

1,/ de/
o ¢ 2w 62+A2—w2

9
_z/ / —-(Ag—uﬂ)
¢ 2m (4 A2—@?)? dw

Now this integral goes as ¢4 for large ¢ and thus we
can interchange the order of the w and e integrations
to get

dww——(AZ—wz)— —
27r dw 2 (A2—@2)3/2

1 0 1
=——/dww—~——
2 ¢ Ow (A2—502)1/2

7 d w 7 1
=————/dw— — } /dw — .
2Je ow(Be—a¥)2 2)o (Rr—g)li

Next, distort the contour so that it surrounds the posi-
tive real axis since there are no singularities in the lower
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half-plane. The first term is
i d w
- / dw— PN
2)o 0w (Be—a)12
7 w w
e [l
2 w>® (AQ_&,2)1/2 above (AZ—&)Z)UZ bolow
7 )
N~
2 w->0 (.1)2___A2)1/2+1:I‘2 above

el
(WZ_A2)1/2+'£P2 below ’

and the square root goes into its complex conjugate as
we cross the real axis, and has the limiting value w-4-4T
above for large w. Therefore, this term just gives unity.
And

7 1
/ / 1+—/dw—~——.
o Je2r et R—a 2J)¢ (R2—a?)1re

The term unity just combines with the left-hand side
to give the total K(0,q) and thus

Ne? 1
A R

2mc
+ de &o_+AA_+o_2—A_2 ]

/_w 7 (e A2—a?)(e2+A 2~ 2)

1 Ne? 1

2 mec Je w(vﬁ——A2)1/2+(v_2—A2)”2+2iI‘2

2v_+ A2
i ] o
(7}2—A2)1/2(7)_2'—A2)1/2

after carrying out the integration and expressing the
result in a concise form using (6.6).

We now have our result in a form with which we can
calculate the penetration depth and absorption.

Meissner Effect and Penetration Depth

We need to evaluate K(0,0). Setting ¢o=0 in (6.7)
we get

Ne? A? 1 1
K0,0)=— — [ de
mec 2 Jo (02— A2)V24iTp 02— A2
Ne? A2 pi= 1 1
= | de . (6.8)
me 2 )i,  (vP—ARV244Ty 02— A2

where the contour has been deformed to run along the
imaginary axis. Making the substitution w— 4y and



PROPERTIES OF SUPERCONDUCTING ALLOYS

2— 4z in (6.8) and (6.6), Eq. (6.8) can be written as

Ne? i 1 1
K(0,0)= ———A? f dy .
me Jo = (x24A2)V24-T, 52 A2

Using (6.6) to convert the integral over y to one over x,
dy=da[1—TA2/(x2+4A2)3/7],

and being careful to notice that the lower limit x, when
y=0 depends on the relative size of I'and A and is in fact

r<A
I>A,

%o=0 for
xo=(T2—A2)12  for

as can be easily established using (6.6), we finally obtain

Ne2 0 1
K(0,0)= ——A? / d
me 0 (x2+A2)((x2+A2)1/2+ 112)

X[l—(—ﬂ—_{%;} . (6.9)

In Appendix B we derive the result including vertex
corrections which is just the above but with the factor

[+ a0+ A2+ T T
replaced by
[(x2+A2)((x2—I-A2) 1/2+ Pztr)-l- I“Az:l_l .

One can assume that the exchange scattering is much
weaker than the direct scattering, making I'KT'. The
term in I'* above will therefore contribute negligibly to
the integral and so can be dropped. The only other effect
of the vertex corrections is to redefine T';. This is the
principal justification for the remarks made earlier in
which we agreed to interpret T's as an experimentally
determined parameter.

The integral in Eq. (6.9) can now be done, and the
result depends on both T' and T's. Since I'< Ty, we need
to consider three cases: (I) T, To<A; (I) T'<A, Ty> A,
and (IIT) T, T'2> A. The results for K(0,0)/(Ne?/mc) are:

Case I:
i~ arccosyT’
RaatRC (S

TGO BTl 1 .

1 T T T T T T T T

([0} o

N L/T
< 1|10
F1G. 9. The penetration M. - 2| 50
depth at 7=0° in units L
of the London penetration
depth, plotted as a func- B
tion of T/AP(0). The S

sharp rise occurs at about
the value 0.45 where the
energy gap vanishes. o

2 3
/K0
Case II:

~ GO+ TG

arccoshyT :I
2 ((qD)2—1)172

+f‘(ﬂf‘)‘3[§n2f‘2—gnf‘+1]. (6.10)

B o T 2(F—1) _
~OO LT GD) — T—t

X (arccoshnf‘— 2 arctanh[g-;—_gz_;;%]m) }

D4 APTaOE (1))

*%n(l—‘z—1)1’2(%71—1)—771_‘26*(—15%)] ,

where we have used the notation y=T,/T and T'=T/A.
Note that here A=A(0,I").

First of all we see that even in the gapless region,
K20, and in fact it becomes zero only when I'=T;
there is a Meissner effect for all values of I'<T,. Also
we recover the nonmagnetic-impurity result of Abrikosov
and Gor’kov!? in the limit I'=0.

In our approximation, the penetration depth is
given by

A=[—(4r/c)K(0,0) ]2, (6.11)
This quantity is plotted in Fig. 9 as a function of the
parameter I'/AP(0) for two different values of the
parameter I's/T which one might encounter in an actual
sample of such alloys. Note that the curves are not
extended to very small impurity concentrations since
we would not expect (6.11) to be valid here; in this
region it is necessary to calculate the q dependence of
K(q,0) explicitly.

12 A. A. Abrikosov and L. P. Gor’kov, Zh. Eksperim. i Teor. Fiz.
%5, 51%%8 (1958) [English transl.: Soviet Phys.—JETP 8, 1090
1959)1.
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S %0/2 o
\
| =
.Q.G+q0/2
(a)
26-9,/2
G,_o_/ _____ G
\
—_
Qg+9,/2

(b)

F16. 10. Contours used in evaluating the integral in Eq. (6.12):
(2) ¢0<2Qq, (b) go>2Qg, where Qg is the 1mpur1ty-concentratxon-
dependent function Q¢(0,T).

Absorption

We now calculate the frequency dependence of the
kernel K. The real part of the complex conductivity, and
therefore the absorption, is related to the imaginary part
of K. Rewritten in a more symmetrical form that will
facilitate further work, Eq. (6.7) becomes

1 Ne? 1
K(Ogo)=—7— A2 (y_2—

dw
2me o (vii—
Az)l/z:" (6.12)

(v4v_+A?)
X[l——

(42— AD)2(p_2—
where wy=w=qo/2, etc. Now v has a cut along the
real w axis from — o to —Qg and from Qg to «. Now
v— w+il' as w—0+145(6>0), and ?2— w—il' as
w—>0 —i8, so that v goes into its complex conjugate as
the cut is crossed. Using (6.6) for the case ¢o=0 it is

A)12442T,
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a,./2A

F16. 11. The real part of the conductivity for q=
plotted as a function of frequency for several values of the im-
purity concentration. A is to be understood as A(0,T).

0, at T=00

then possible to show that as the cut is crossed,

72— ¥,
(172—A2)1/2 — _[(vz_A2)1/2:|*,
(=) — —[(*—A)712T*, (6.13)
2 9 *
(v2— A2)1/2 - l:(.v2_A2)1/2:| ’
Let us write Ay =v,/(v.2— A2 By =A/(v,2— A2

Ci= (v 2—A?)12, Then (6.12) becomes
1 Ne? 1—A4,4_—BB_
KOg) === — | dom—t " 12
2mecte C_+Cy+i42T

It is convenient to give g, a small imaginary part so as
to separate the cuts for vy and v_.

For the case go<2Q¢, the contour is shown in Fig.
10(a). Over the interval Qg—qo/2 to SZG—I-qo/ 2, we have
A_— (1/1)A_, B_—(1/9)B_, C_— zC_, where for
example, C_= (A?—v_2)!/2, and because v_ is real in this
interval, the quantities fT_, B_,and C_are all real. Then

Ne 1—A,A_—B,B_
K(0,g0)= —— dw Re{——}
me J Qe+g9/2 C_+C++12F2
Ne [oetar2 1—(1/4)A_A4—(1/i)B_B,
- dw Re{ - } . (6.14)
me J Qg—qo/2 1C_+C+12T,

We immediately have that ImK(0,go) and therefore Rea(0,qo) is zero for go<2Q¢. 2Q¢ again plays the role of a
gap in the excitation spectrum—there is no absorption of electromagnetic radiation until enough energy is supplied

to cause a transition into states above the gap.

When go>2Qg¢, the contour is that shown in Fig. 10(b). Incidentally, this is also the case to consider in the

gapless region of impurity concentrations. Then

Ne?
K(0,g0)=——
MC J Qg+aqo/2

Ne?

dw Re{—

Qa+4qy/2

1—A+A_—B+B_}
C_+C,+i2ly

MC J —Q@+a9/2

1—(1/9)A_4—(1/i)B_B,
dw Re{ — }
iC_+C 42T

1'_'A+*A_*'—

mc 2 J ag—qor2

Ne? 1 /-—Slg+qo/2 { 1+A+A__*+B+B_*
dw
—C_*4-C 42T,

B+*B"*} (6.15)

—C_*—Cy %4421,
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The last term is complex so that there is a contribution to ImK(0,qo) for ¢o>2Q¢. We shall be interested only in
the real part of the complex conductivity

Reo(0,90)+7 Ima(0,q0) = (¢/ig0) K (0,q0) -

Furthermore, for values of g, that are not too large [qo7<<1, where 7 is essentially (2I'z)~! with the reservation

noted previously concerning vertex corrections ], we can neglect all terms in the denominator of the third term
above compared to I's. Then

1 Ne? —Qa+aqy/2
ImK (0,q0) =~ / do Re{A A_*+A*A_*+ B, B_*+B,*B_*}
4 mGPz Qg—ag/2
oON —QG+qo/2 Uy U_ A A
= dw[ Re Re I-Re Re } ,
¢ Jog—qy (02— A2 (y_2—A2)1/2 (12— A2 (y_2—A2)12

where we have used I'y=(27)"! and oy~ Ne?r/m. Finally,

Reor(O,qo) 1 —QG+qy/2 .
_—— do{n(w+qo/2)n(w— qo/2)+m(w+qo/2)m(w—qo/2)} , (6.16)

oN qo J 2g—qo/2

for go>2Q¢ and zero otherwise, and 7(w)=Rey/(v2—A2)!/2 and m(w)=ReA/(v2—A2)1/2, These functions are just
the density-of-states function and the kernel of the integral equation for A, respectively. Notice that #(w) is an
even function and m(w) an odd function of w, and therefore the two terms above come in with opposite signs since
the range of integration is over negative arguments. However, n(w)>m(w) so that the result is positive. For the
case of nonmagnetic impurities, I'=0, and (6.16) reduces to the result of Abrikosov and Gor’kov'? and Mattis
and Bardeen.!® Note that the ratio Res,/ox has the same form in both the dirty limit £<¢ of Abrikosov and
Gor’kov and the extreme anomalous limit of Mattis and Bardeen. This comes about because in both cases we can
approximate the kernel I(w,R,T) of Mattis and Bardeen by I(w,0,7).

Equation (6.16) is plotted in Fig. 11 for different impurity concentrations. In the gapless region, the conductivity
is proportional to the square of the density of states as go— 0.

Nonzero Temperature

For temperatures greater than zero it is convenient to write Eq. (6.4) in terms of an integral over v following a
contour that encircles the imaginary axis in the positive sense. Then Eq. (6.4) becomes, after substitution for G,

Ne? = dw 1 o+ AR _+a 2—A2
K,(0,2,)=—1i— / de/ —f(w) { — } = - } s 6.17)
me J_, ' 2 e+A2—3? (&4 A2—a?) (A 2—a 2)

where &_ and A_ are defined as in (6.6) but with @, replacing ¢y and, f(w) is the Fermi function. We must handle
the formally divergent first term above by first doing an integration by parts over w. Proceeding in the same
way as in the 7=0° case, the first term becomes

Ne* (1 a wf(w) 7 fw)
mc (2 r Ow (Az_a,'z)l/:z 2o (A2_~2)1/2
On distorting the contour in the first term so as to surround the real v axis from Q¢ to « and from —Q¢ to — o,

and using the properties of (v2— A?)!/2 as one crosses the cut and f(—w)=1— f(w), the terms containing the Fermi

function give zero and the remainder is just Ne?/mc. Again, this combines with K, on the left-hand side to give
K, and the result is

Ne? dw
K0Q)=—i— [ —

mc J o 2w

(){ A ao_+AA +a 2—A2 }
flw (R2—g2)1/2 r'/_w t(€2+52_5)2)(62+2§_2_50_2)

1 Ne? 1 |’ 29_ A?
(02— A2)1/2(y_2— A2)1/2

(6.18)
2 mc Jor (v2—A%)1/2 4 (v_Z_AZ)l/Z_{_iZI‘J_

13 D, C. Mattis and J. Bardeen, Phys. Rev. 111, 412 (1958).
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Before going on to calculate the frequency- and temperature-dependent conductivity, we derive an expression
for the temperature-dependent penetration depth. Putting 2,=0 in (6.18) and deforming the contour to encircle
the real axis from Q¢ to © and from —Qg to — «©, we obtain

1 Ne? 1 [‘ 22
K(O,O)=5———/dwf(w) 1— ]

(22— AR)2iTsL . p2— A2

mc
S o) ——1— 7] (6.19)
=—— w f(w — . .19
2 mc C+1Ty

Using the properties of v and (v2— A2)1/2 as the cut is crossed, this can be written as

1—42 1—(A*)2]

1Ne =
K(0,0)=—— f dw<1—2f<w>)[ N
2 mec Jag C+il'y —C*+iTy

Nex = —A?
=— dw tanhiBw Re{ } . (6.20)
me J g (v2— A2)((v2— A2)1/24-4T)

We can evaluate this integral in the limit of temperatures close to the transition temperature as was done earlier
with the free energy. That is, we retain only the leading term in A2. Since K is already proportional to A?, the
remainder of the integral can be evaluated at A=0, T'=T,.

Ne? ® 1
K(0,0)=—-aA2 / dw tanh}Bew Rel:——————:l )
me  Jo (w+2T)2(w41Ty)
with I';=T'+4T%. The result is
Ne? B2A? o I8, TB\2T!
£O)=——— % [ (wtpr—=(mti+—) | -

mc 4mw? n=0 2 2T

In the limit of large I'; (short mean free path), we can neglect #+% compared to T'j3,/2r in the denominator

and then
Ne? A28,

rs.
r(z, 1+ )
mc 27Ty 2

K(0,0)=——

U'NBc

m™Cc

rs
A?{(z, %+——> : 6:21)

2w
with 2Ty=(7)~! and B, and A are the values in the presence of the magnetic impurities. The penetration depth

follows from Eq. (6.11). It reduces to the usual result for I'=0. In the extreme gapless limit, I',>3>1, (6.21) reduces to

K(0,0)=—(4r%/cT)onk*(T 2—T%)

c ToN T2\ T-1/2
A= l:——(l—— ):I , (6.22)
4T L T T2

the result obtained previously in AG. Note that this relation is true for all temperatures provided I'8.>>1 because
then T, itself is small. Unfortunately, as remarked earlier, the condition I'8.>>1 is not satisfied except over an ex-
tremely limited range of impurity concentrations close to the critical value.

To conclude this section, we simply state the results for the temperature-dependent kernel K(0,¢o); the conduc-
tivity follows from (0,q0) = (¢/%g0)K(0,90). The details of the calculation are given in Appendix C. For positive

and the penetration depth is
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go, in our usual notation,

1Net (® 1+AA*+BB.*
K©0,q)=-— [ do————
2 me Jog —C*¥+CH142T,

1 Ne? @ 1"AA+—BB+ 1-AA+—BB+ *
—_——— dw«{ ['—————‘—] tanh%ﬁ(w—l—qo)-l—[-——-——————] tanh%ﬁw}

{tanh3B(w+go) — tanhjfw}

2 mc Qq C+C++$2P2 C+C++12P2
1 Net 2 1—(1/9)4A4,.—(1/)BB

= f de2 Re{ " +} tanh28(w+go)
2 mc QG—q0,—02@ 1C+C++12P2

1 Ne2 —ﬂod [1+A*A+—I-B*B+ 1—A*A,*— B*B.*

- tanh3B(w+qo) , - (6.23)
— C*4-Cyi2T, —C*—C+*+1'2Fz} S

2 mc Jog—qq

where the lower limit on the third term is Q¢—go for ¢o<2Q¢, and —Qg for go>2Q¢, and the fourth term appears
only for go>2Q¢. Note that in contrast to the case at 7=0°, the first two terms have an imaginary part even for
§0<2Q¢. Therefore there will be absorption even in the gap when 7>0° This is just the contribution from the
thermal excitations across the gap which are not present at 7=0°. The integrals themselves must be done numeri-
cally. We remark that Q¢ is the impurity-concentration and temperature-dependent function Q¢(7,T).

VII. CONCLUSIONS

These detailed calculations show clearly that the essential feature of superconductivity is the correlation of the
electrons rather than the existence of a gap in the exciation energy spectrum. For even in the absence of a gap, so
long as correlations persist there is an ordered state below a certain critical temperature which displays the usual
properties of a superconductor. We have not discussed persistent currents, although this can be done without diffi-
culty with the use of the sum rule for the conductivity. This shows that such currents are possible in spite of the
absence of a gap, but we leave this for a later report.

APPENDIX A

In this appendix we derive Eq. (5.1) for the total energy. The Hamiltonian is
1
e=——3., / B V() —3V T, / B @Y W)+ 0 T / dror(r—RWe! (x)ol()
m

+22 _/ Bros(r—R){S st () (2) St (@) () +S Wt (@) (2) — P T (s (1))}

=3Cg+IHy+3IC:1+3Ce, (A1)

where x=(r,t), Si*=.5%R;)£4S¥(R;) are the impurity spins and we have assumed a local superconducting inter-
action of strength (— V). The equation of motion for the operators ¢¥1(x) and y17(x) are

0 V2 )
(i—+—— V1<r))w(x>=[¢,<x>,scvj+z,-vz(r—R,-><Si—w;(x>+s.-apt<x>>, (a2)
o 2m
) d V2
(<t V) P )= A1) 305 T Bl R ST ) = S (), (43)

with a corresponding pair of equations for ¥+(x) and ¥t'(x), and where Vy(r)=2;v:(r—R;). Now multiplying
through (A2) on the left by ¢1f(x’) and (A3) on the right by y¥1(x), integrating over r or r’ and similarly for the
spin-down equations, and adding all four equations together setting x=x" at the end, we get

f dar{(i:—l—iait,)@f(x')w(x))+(i%—%)w(x'm(x»} — 250+ 200+ 20047y

z=z'
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Carrying out the average over the impurity distributions, and the ensemble average, this becomes

o[ (131'[(15—1'§>811<(x—x/)} —2050)-+2(er),

T=z’

where G <(x—x") = —i{Y1T (2" )¥1(x)), and (3C)= Es is the total energy. Furthermore, (3C)y is —A2/V, so that

A? a 9
Eg——zi/d:‘r{<i———i——>9n<(x—x’)) . (A4)
14 at ot P

Introducing the Fourier transform

Gu(e—a') =2k

3, Gui(k,z,)e e (=t rkik- (=) |

—iB
we get A2 9 o
Es*‘;= "‘; 2ok 20 %Gu(k,z,)e =0

where z,= (2v+1)r/—18, v=0, £1, ---. Converting the sum over » to an integral over a contour enclosing the

imaginary w axis in the positive sense we have

A? dw
Bs=—=—2i 5. / = G (kw) flw)ee”,
c

™

and f(w)=(ef*+1)~1. Using the fact that G is analytic except for a cut along the real axis from — % to —Q¢ and
from Q¢ to =, and the fact that ImG changes sign as we cross the cut, the contour can be converted to one sur-
rounding the real axis to get

™

AQ 0 ~—00 dw
Bs—y=tau U + }“‘” TmGua(ko) f(6)ess". (43)
V Q@ —Q@
Putting w — —w in the second integral and dropping the ¢#°" (which merely assured convergence) we get Eq. (5.1).

APPENDIX B

We derive an expression for K(0,0) including vertex corrections at 7'=0°. The major contribution will come from
the ladder diagrams and we consider only these. In this approximation, the equation for the vertex part is

Ap(kyw) = 7ok, 2w (W(k—K)G(K @) A, (K w0) Gk w) W(k'— k) Jav (B1)

where p=x, v, 2, and the average is over the impurity distributions. The interaction matrix U(k—k’) will have
the following form

Wk—k)=>"; [vl(k—k’)rgfl-vg(k——k’)si-SToje—““"k'>'Rf. . (B2)

Now it is not at all obvious that the exchange interaction term will just be proportional to 7. In general it will
not be. However, for the particular case we are considering (¢=0, ¢o=0), a more detailed calculation (which is
faciliated by using the Eliashberg!* four-component spinor notation) shows that the spin-dependent effects can
be represented in the above form.

Now the vector A, must be directed along k; therefore, on introducing the function

ko (w) =2 W(k—K)G(K )8, (K 1) (K ,w) UW(k'—K)),y ,
the equation satisfied by ¢(w) is
ko (@) =2 Wk—K)GK )k, (70+ ¢ () G 1) WK — k) Jov - (B3)

Using the assumption that U(k—k’) is essentially independent of the magnitudes of k and k’, and carrying out the
average over impurities we get
(5+1)

dlw)=nt Y 1 |01()|? cosarsG (K w)(Tot¢(w))G (kK w) Ta—l—n" .

14 G. M. Eliashberg, Zh. Eksperim. i Teor. Fiz. 38, 966 (1960) [English transl.: Soviet Phys'.—v]ETP 11, 696 (1960)].

2k v2(e) |2 cosaG (k' ,w)(rot¢(w))G(K ) , (B4)
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where kp? cosa=k-k’. Making the ansatz ¢(w)="(w)7o+0(w)7s+u(w)71 and doing the integration over e, it is
easy to show that 6(w)=0 and we get coupled equations for v(w) and u(w) whose solutions are

I‘ll —T 2‘%

14y(w)=14= y mw)=
A(l_u2)3/2+ I‘ztu2_1"lt

- Z(l—u2)3/2—l—I‘2‘u2— Tyt ’ (BS)

where T'y, and T'y! are defined exactly as I'; and T'; were except that the angular average is weighted by a factor
cos a. Now
ie? dw
K00 =T [ TG00 o o) ) k-0
m2c ¢2r
Substituting for ¢(w) and G and carrying out first a partial integration over » and then the integration over e
just as in the body of the text, we get an expression for K(0,0):

Ne? A? : 1
K(0,0)=— — [ do ,
me 2 Je  (v2—AY)[(v2— AD)V2iTy 44T A2

(B6)

where T'5* is defined in terms of the angular average weighted by the factor (1—cose). We see comparing Eq. (6.8),
that the effect of the ladder diagrams is to change I's to I's* and to add the factor {T*A? in the denominator.

APPENDIX C

The contour in Eq. (6.18) can be deformed to that shown in Fig. 12, where the cuts for v and »_ are displaced by
the purely imaginary “frequency” Q.. The function K(0,q,), extended to all values of the complex frequency g,
will have singularities, since the contours Cz and C4 can pass through the points w=(2n-41)r/—i8 where the
function f(w) becomes infinite. Therefore, to continue the function K(0,2.) analytically, we must avoid these
singularities. This is accomplished by noting that f(w)= f(w2nr/(—8)), so that by using the transformation
w—Q, — —o’, the integral over C; combines with the integral over Cy, and similarly for the contours C3 and Cy,
For example,

Co=

1 Ne2 p~ota {1—AA._—BB_ 1+AA_*+BB_*
dw

2 me C+C 42l  C—C_*+i2l } f)

2 mc J_gg+an
1 Ne2 [—2+on
=—-— dwf(w){h(A,A_,B,B_,C,C_)'—I’L(A, —4.* B, —B_* C7 C—-*)}

2 mc J_ag+on
1 Ne2 @

=-— [ do'(0— fl&'D{—h(—A_, =4, B_, B,C_, O)+h(—A_, A* B_, —B*,C_, —C*)}, (C1)

2 mc Jag

where we have used the fact thatv — —v_and o — —vasw—Q,— —o’,and f(—w'+Q.)= f(—o')=1— f('). But

1 Ne* ®
Cr=-— [ do/(h(A,A_,B,B_,C,C_)~h(~ A%, A_, —B*, B, —C*, C_)} f(e!). (C2)
2 mc Jag
-9 Q
_____ >___._\G I l-E———}_.____.
_____ - ———— l ———— e ————
9% a3,
cs -0, I ¢, (a)
_____ > —— =~ S —————
- J— e —— -9 Q
- - | V< _____ >0 P S ———
cz C‘ _____ - ——— ~——— e € ———
._..__.—>-—-——\, (’-——-—>-——-——' -.QGHJO QG"‘qo
P —— ———— e e e e e e
-0g+Qp | 8+0n (b)

) . F16.13. Contours used in evaluating the temperature-dependent
F1G. 12. The contour used in evaluating the integral function K(0,g0): (@) g0<2Q¢, (b) go>2Q¢, where Q¢ means
in Eq. (6.18). Q¢ means Q¢(7,T). Qe(T,I).
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Therefore, Eqs. (C1) and (C2) can be combined to give a single integral over the contour C;. In exactly the same
way, the integral over C4 combines with the integral over C; to give a single integral over the contour C;. After
substituting back for 4, B, C in terms of v, etc., the result for the function K(0,go) analytically continued for all g, is

Ne? 1 r vo_+A?
K(0,q0)=—-— dw tanhifw 1— ] . (€3)
2 me Jowres (22— A?)1/24 ('u_"—AZ)”?—I-iZI‘gI_ (22— A2)1/2(p_2— A2)1/2

Consider go real and positive. As at T=0°, two cases arise, go<2Q¢ and, o> 2Q¢, because in following the contour,
different values for the phase of v and (v2—A?)'/2 will come in for the two possibilities. (See Fig. 13.)
For ¢o<2Qg,

1 Ne* > 1-4AA_—BB_ 1+A4*A_+B*B_
K(0,g0)=——— dw’ tanh}fw’ { }
me J Qg+aq C+C_+’L'2F2 —C*+C_+’i2P2

1Ne? 1+4A_*+BB_* 1—A*A_*—B*B_*

—_ do'’ tanh%Bw'{ }
2 me J_gq C—C_*+442T, —C*—C_*4142T',
1 Ne? [%ta 1—(1/4)AA_—(1/3)BB_ 1+(1/5)A*A_+(1/3)B*B_

—_ dw’ tanh3fBw’ { — — l . ()
2 mec Jag 1C_+C+i2T, 1C_—C*442T,

If in the first and third integrals one makes the transformation o’ — w=¢o, (v— 24, v_ — v), and in the second
integral the transformation ' — —w, (v— —9, »_— —1,), and then combines terms, (C4) becomes

1 Ne . 1+ A4, *+ BB, *

K(0,q0)=~— w
Y 2 me Jag  —CiFHCi2D,

1 Ne? ° 1‘—AA+—BB+ 1—AA+—BB+ *
—— | de {[———-—] tanh%ﬂ(w—!—qo)-i—[————:l tanh%ﬂw}

{tanh38(w-+¢s) — tanhjfuw}

2 mc Jag C+Cy+12T, C+Ci+1i21,
1 Net o 1—(1/i)A4,—(1/3)BB,

—_ dw2 Re { — ' tanh}B(w+qo). (Cs)
2 mc J og—qq 1C+C4+12T,

For ¢o> 2Q¢, in exactly the same way, we get (C5) again except the lower limit on the third term is — Q¢ instead
of Q¢—qo, and there is an additional term

1Ne % dw{1+A*A++B*B+ 1-A*4,*—B*B,*
—C*+C++12F2 —-C*—C+*+172Pz

} tanhd8(w-go).

2 me Jeg—q



