PHYSICAL REVIEW B

VOLUME

1, NUMBER 5 1 MARCH 1970

Electronic Properties of the Superconductor in the Transition Region*

S. MARCELJA
Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627
(Received 3 November 1969)

The calculations of Abrahams, Redi, and Woo which give the electronic properties above the super-
conducting transition have been extended into the “critical region” of the transition.

N a recent work, Abrahams, Redi, and Woo! have
calculated the correction to the single-electron
Green’s function due to the interaction with (fluctua-
tion) Cooper pairs in the “classical region” of the super-
conductor above the transition point. Using this result,
they have proceeded to the calculation of the electronic
density of states and the thermal conductivity. How-
ever, the results are not valid close to the critical point,
because the linearized, “classical” form of the Cooper-
pair propagator was used.

Recently, we have proposed a method? which takes
into account the interaction between the fluctuations
in the first order of perturbation theory. Using this
method we have been able to extend the theory from
the classical region to describe a number of properties
at the superconducting transition. The recent measure-
ments of the resistive transition on thin films? and
whiskers® are in good agreement with the theoretical
predictions. The microscopic form of this model has
been presented by Schmid.*

As the transition temperature is approached, the
interaction between the (fluctuation) Cooper pairs can
no longer be neglected. This interaction is represented
in Fig. 1(a). The bare vertex part of the interaction of
two fluctuations has essentially a constant value®

To=5£(3)/ (rTe)* No. €Y

To first order, the self-energy contribution in the
fluctuation propagator is represented in Fig. 1(b). The
largest contribution comes from the w=0 term in the
sum
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Do(q,w,) =N¢ {74 (w/8Tc)w,+£2(0)g? ] is the propa-
gator of the fluctuation field, 7= (T'—7T,)/T. and £(0) is
the Ginzburg-Landau coherence length at 7'=0. Follow-
ing Schmid,* we introduce the quantity # defined by

. &g 2(0) 2 -1
T—T+POT/ (27r)”[T+£ )T, @)

and the resulting expression for the fluctuation propa-
gator becomes

D(qw,) =Ny '[74(r/8T )+ £0) T (4)

The correction to D has been evaluated self-consist-
ently, i.e., the wavy line in Fig. 1(a) represents D and
not Do. The procedure of Schmid is different in the
sense that the correction to D is calculated from the
corrections to the electron propagator, and not from the
direct interaction between the fluctuations. The only
difference in the result, however, is an extra factor of
2 in Eq. (2). We believe that our procedure is correct
since, as it will be shown, it reduces to the BCS results
for lower temperatures.?

The first-order correction to the single-electron
Green’s function is easily found to be

asq
2 (p:wl’) =-T Z

> (ZW)SD(q,wn)So(q—p, wn—w,). (5)

For lower temperatures the previous equation can be
written®

z(pywl') = _A290(—'p; _wv) ) (6)
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Fi1c. 1. (a) Interaction of fluctuation Cooper pairs; (b) first-order
diagram for the self-energy of a Cooper pair.
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F16. 2. Density of states for the
film with ROg=100 @/ and T,
=2°K. (a) r=0.01; (b) +=0.0.
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where

T asq

2= ——

NoJ (2m)*
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and A, is BCS value for the energy gap. The electron
Green’s function reduces to the Gor’kov form:

Gl=Gy1—Z=— (W +E+A?)/(iwt+E). (8)

The calculation of the electron Green’s function and
the density of states proceeds exactly as in Ref. 1,
with the only change that = is replaced by 7, given.in
Eq. (3). The interesting results are those for thin
films, where experiments are most easily performed.®
With the notation 7,=27%7/(x2NdDA?), the relation
between 7 and 7 is (in the dirty limit)

T=7T—1T, ll’l((’?'l_]-)/i)' (9)

The Abrahams, Redi, and Woo expression for the
density of states is still given by

N () =N Re[14S (iwn — 04i0) T2, (10)
where S (w) is now
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and I';= (8T/m)#. The resulting density of states has
the form of Abrahams, Redi, and Woo in the classical
region above T.; as the temperature is lowered it
approaches gradually to the BCS form. As an illustra-
tion of this behavior, the plot of Eq. (10) for the
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Fic. 3. Density of states below Two: (a) 7= —0.005; (b) =
=—0.01; (c) 7=—0.02; (d) r=—0.03. The film parameters are
same as in Fig. 2.
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different values of temperature is presented in Figs. 2
and 3. The sharpening of the gap edge as the tempera-
ture is lowered has been observed by Cohen? ef al. and
is in qualitative agreement with the present result.

In conclusion, we have extended the calculations of
Ref. 1 into the transition region. The present model

7R. W. Cohen (private communication through A. Schmid).
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reduces to the Gor’kov form of the BCS model as the
temperature is gradually lowered. However, as dis-
cussed in Ref. 2, it is not expected to be valid in detail
for high Cooper-pair densities.

We are very grateful to Professor A. Schmid for
helpful correspondence and reports of his work prior to
publication.



