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[ the superconductor is in its ground state, the second term gives Zero, and the
rocess contributes a current proportional to | [2 | T[> The physical

ignificance of the factor | [* is that it is the probability that the state k is not

secupied in the BCS function, and hence is able to receive an incoming electron.
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current proportional to | BT = [ | Ty [, since lu(—&)| = [u&) .
Making the reasonable assumption that the two matrix elements are nearly equal,
sincek and k' are both near the same point on the Fermi surface, the total current
from. these two channels is proportional to (| P+ o) Tis P = | Tl? and
the characteristic coherence factors of the superconducting wavefunction, iy an

vy, have dropped out. If we now generalize 1O finite temperatures, so that the

quasi-particle occupation numbers f, are nonzero, both terms of (2-75) contribute,

the first as (1 — fi), the second as f . Again, when the degenerate channels are
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2-8.1 The Semiconduactor Model

This disappearance of the coherence factors and v, makes it possible and
convenient to reexpress the computation of the tunneling current in what is often
called the “semiconductor model” In this method, the normal metal is repre-’
sented in the familiar elementary wayasa continuous distribution of independent-

particle energy states with density N(0), including energies below as well as above .
the Fermi level. The superconductor is represented by an ordinary semiconductor
with a density of independent-particle states obtained from Fig. 2-4 by adding its

reflection on the negative-energy side of the chemical potential, s0 that it will
reduce properly to the normal-metal density of states as A—0. At T = 0, all

states up to @ are filled; for T > 0, the occupation numbers are given by the Fermi
function. It is worth noting that fi now runs from O to 1, whereas in our previous
d only from O to 3 since Ex = 0. This

convention, fi Tange difference reflects the fact

that in the present model . measures 4 departure from the vacuum, whereas in the

previous © excitation representation” it measured a departure from the ground

stafe of the system.

I=A|TP Lle (E}N, (E + eV)[ f(E) — f(E ; eVYIdE  (2-76)

shall no i i '
12 w use this expression to treat a number of important cases

! A particular? icit gi i
y explicit discussion of th ibuti
o partionlees : e centnbutxons of the various ch: is gi
ke, o y:: :ézszﬁ, c111'47" (197.2)‘. Earlier treatments and reviews hav:?:::f l? gwi}n oy
o Fa;licov in’canj .I_.-;C. Phﬂhps,‘Phys. Rev. Letters 8, 316 (1962); D. Hg I‘;e:u {M'JH.
and L M. Fali Amster.d . Gorter (ed.), * Progress in Low Temperature P-hysice " v [g: o,
‘isupcmonduct}vny s m]a;n,c}i%d,'l 1WML MeMillan and J. M. Rowell, in R [,) lfa;k; I? g ;
, A . 1, chap. 11, Marcel Dekker, N . o -
wour ekker,
J. Tomasch, Phys. Rev. Letters 15, 672 (1965); 16, me(‘razg)rk’ e
> 10, -




46 INTRODUCTION TO SUPERCONDUCTIVITY ; . b By LHEURY &)

2.8.2 Normal-Normal Tunnei'ing

If both metals are normal, (2-76) becomes

«

Lp = A|TEN QN 0) [ [/(E) = J(E + eV)4E

! T odl,
= A| T|?N(0)N,(0)eV = G,, Vv (2-77) . v
so that the junction is “ohmic,” ie., it has a well-defined conductance Gy,
independent of V. Note that it is also independent of the temperature.
To help reduce any lingering confusion about the relation of this semicon-
ductor, or independent-particle, scheme to the elementary excitation scheme, let
0

us indicate how this simple case would have been treated in the other framework.
First, at T = 0, all f, = 0, and there are no excitations present, both metals being
in their Fermi sea ground states. Thus any tunneling process must involve crea-
ting two excitations, a hole in one metal and an electron in the other, the sum of
the two excitation energies being eV, as given by (2-72). The resulting current s

FIGURE 2-6

Characteristics of normal-superconductor tunpel junctions, (a) IV characteristic. (b)

Differential conductance. Solid curves refer to T = (; dashed cury to a fimte
T M Ives, fi
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exactly as found in (2-77). For T > 0, the current from this process is rednced b
the excitations already present, which block final states, but this effect is canceled:
by the extra current from the tunneling of the excitations, leading to

temperature-independent result.
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2.83 Normal-Superconductor Tunneling } dE (2-79)

A more interesting case arises if ome metal is superconducting. Then (2-_7
becomes
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In general, numerical means are required to evaluate this expression for the :.:_
density of states and thus to allow quantitative comparison with experime
although the qualitative behavior is easily sketched. As indicated in Fig. 2
T = 0 there is no tunneling current until e |V | = A, since the chemical-poter

b~ o)

difference must provide enough energy to create an excitation in the supercon
tor. The magnitude of the current is independent of the sign of V because hole G _ 2mA\Y2 .
electron excitations have equal energies. For T > 0, the energy of excitat | C N kT € (2-81)




