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1. INTRODUCTION
When a disequilibrium is created between the electron-like and hole-
like excitations in a superconductor, a charge imbalance, Q*, is created.
Charge imbalance is of practical interest first, because it can be used
to explain a wide variety of nonequilibrium processes that occur in super-
conductors, and, second, because it provides a valuable tool for measuring
various electron-reiaxation rates, most notably the electron-phonon scatter-
ing rate. The importance of the disequilibrium of the electron- and hole-like
branches was first realized by.Pippard et al. (1971) in their explanation
of the excess resistance associated with the normal metal-superconductor
(NS) boundary. However, the first quantitative understanding of charge
imbalance was put forward by Tinkham and Clarke (1972) to explain the re-
sults of experiments in which electrons were injected via a tunnel junc-
tion into superconducting tin films (Clarke 1972). Among other results,
these authors showed that the charge imbalance relaxation rate, ral,
dué to inelastic scattering was of order TE1[A(T)/kBT] near Tc, where
151 is the electron-phonon scattering rate at Tc and at the Fermi energy.
The first detailed paper on the theory of charge imbalance was that
of Tinkham (1972): This article laid the groundwork for a great deal of
the subsequent theoretical development. The next major theoretical ar-- f~
ticle was that of Schmid and Schon (1975) who used a Green's function api
proach to distinguish two different nenequilibrium modes, a transverse
mode, in which the quasiparticle populatiocns on the two branches differ
(charge imbalance), and a longitudinal mode, in which the quasiparticle

population on the twc branches is equal but out of equilibrium, thereby

modifying the energy gap, A(T). Subsequently, Pethick and Smith (1979%a)
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introduced a two-fluid approach to relaxation and collective motion in
superconductors. This approach is conceptually simple, and produces the
same results aé the Schmid-Schdn theory in the limit A(T)/kBT << 1 in
which both theories are valid.

The purpose of the present chapter is to describe experiments in
which charge imbalance plays a central role in our understanding of the
physical mechanisms that are involved. It is, of course, necessary to
present a theoretical framewoik, which appears in Sec. 2; however, I have
given a minimum of theoretical discussion throughout the paper, but in-
stead have quoted results and listed appropriate references. Section 3
describes the early work on Sn from which it was possible to extract an
accurate value for tz'. Section 4 outlines work on Al in which both
elastic scattering in the presence of gap anisotropy and electron-elec-
tron scattering may also relax charge imbalance. Section 5 is concerned
with charge relaxation via elastic scattering in the presence of
magnetic impurities or of a supercurrent. This section goncludes the
discussion of charge imbalance that has been generated by tunnel injec-
tion. Section 6 deals with the resistance of the NS interface in terms

of charge imbalance, while Sec. 7 describes phase slip centers.
Section 8 is concerned with charge imbalance in the presence of a tem-
perature gradient in thfée different types of experiment: Thé voltage
induced across a NS interface, the spatially decaying charge imbalance
induced near the end of a superconducting film, and the charge imbalance
induced by a uniform supercurrent. Wﬁile all of the topics above are con-
cerned with steady state charge imbalance, it is 2130 possible to consider
dynamic effects, such as the response to an impulse or fluctuations.

Section 9 briefly describes such effects. Finally, Sec. 10 contains some



concluding remarks.
I should emphasize that this chapter is not an exhaustive account
of charge imbalance phenomena, nor is the list of references by
any means complete. However, I have attempted to list enough refer-
ences to enable interested readers to find their way into the literature.

Parts of this work have been published in an earlier review (Clarke 1981).



2. THEORY OF CHARGE IMBALANCE

In this section we outline the concepts of quasiparticle charge and
~charge imbalance, the generation and detection of charge imbalance by
tunneling, and the relaxation of charge imbalance via electron-phonon
scattering. The discussion follows the work of Tinkham and Clarke
(1972), Tinkham (1972), Waldram (1975), Pethick and Smith (1979a), and
Kadin et al. (1980).

2.1 Quasiparticle Charge and Charge Imbalance

We begin by considering the total electronic charge, Qtors in a su-
perconductor, the overall charge at frequencies far below the plasma fre-
quency being maintained at zero by the equal and opposite charge of the

ion cores. From the BCS theory (Bardeen ét al. 1957) we have

2 ,
Qg = EE [ude, + v2(1 - £ 0], (2.1)

where the sum is over k states above and below kg, and the factor Af 2
arises from the sum over spin. In Eq. (2.1), @ is the volume of the su-
perconductoer, and fk is the occupancy of the state k, which, in thermal
equilibrium, is the Fermi function. The u, and v, are the usual BCS fac-

tors given by

1 |
&= 30 *g/EY (2.2)
and

v2 - '%(1 - £./E.), (2.3)



where

Ex = —Zp " Ms (2.4)

is the kinetic energy of the electron of mass m in the state k referred

to the chemical potential of the superfluid, ug, and
B = (82 4 g2)172 (2.5)

is the quasiparticle excitation energy. The energy Ek is positive for
éll values of k, while Ek is positive for k > kg and negative for k < ka
The quantity vﬁ is the probability that the state k is occupied by a
Cooper‘pair, while uﬁ = 1 - vﬁ is the probability that the state k is

unoccupied by a Cooper pair.

We can regard Eq. (2.1) as the sum of a superfluid contribution

25 2
Qg =g L vg (2.6)
k
and a quasiparticle contribution
* 2 2
Q =3 E (ug - vﬁ)fk =37 E QL (2.7)

where we have set f-k = f. In Egq. (2.7) we have introduced the very

important concept of the effective quasiparticle charge

2 _ ,2
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*
and defined the charge imbalance per unit volume, Q , which is the cen-

tral subject of this chapter. We note thgt Qe+ + 1 for g >> 4 (k > Kg),
and q >~ 1 for g, << = A (k < kg). It is evident in Eq. (2.7) that if
fk(ak) is the Fermi function, which is even in Ek about Hgs the quasipar-
ticle charge, Q*, is zero since Qi is odd in Ek. Thus, the total elec-
tronic charge is (Z/Q)Zvﬁ at'all temperatures, as we expect.

We now turn to a non—-equilibrium situation in which fk is no longer
the Fermi function. In this case, Q* may be non-zero and pg shifted
from its equilibrium value, the Fermi energy, by an amount Sug. As we
shall see, Q* and éus are intimately related. As an example, suppose
that we add excitations to the k > kp quasiparticle branch in a particu-
lar region of the superconductor. Overall charge neﬁtrality will ensure
that pairs with an equivalent charge are removed from the region. Thus,
the chemical poténtial of the pairs must decrease by an amount Sug, as in-
dicated in Fig. 1(a). At the same time, the excitation spectrum shifts
because i{ts minimum still occurs at the pair chemical potential, as shown
in Fig. 1(b). The effective quasiparticle charge is still q = §/E,, but
€k 13 now referred to the shifted chemical potential, g = Sug. Thus, the
addition of a single electron-like excitation induces some quasiparticles.
near the bottom of the excitation spectrum to cross branches, producing:
a small increase in the charge of all the electron-like quasiparticles,
and a small decrease in the charge of all the hole-like quasiparticles.

The quantities Q* and Gus are related as follows. By charge neutrality

2

* 2
* QSIGHS‘O = Q E vleuS,Or

Q (2.9)

or



* =27 (v ). (2.10)
k

2 -2
k|aus=o' ks 40

Now the reducticon in the number of pairs represented by the right hand
side of Eq. (2.10) is just 2N(0)6us, where N(0) is the single-spin den-

sity of states per unit volume at the Fermi energy. Thus

-~

Q* = - 2N(0)éug. (2.11)

We see that Eq. (2.1) is really a self-consistent equation for ug: Given
any diétribution, fi., the constancy of Q¢ determines ug.

In the steady state with Q* continuously injected at a rate é;;'the
excess distribution relaxes at a rate tal«to produce a steady state

charge imbalance Q*. Thus
o = Q1/Q". (2.12)

The relaxation of Q* may ocecur through both inelastic and elastic pro-
cesses, as we discuss in Secs. (2.3) and (4). |
- 2.2 Tunneling Generation and Detection of Charge Imbalance

We follow closely the approach developed by Tinkham (1972) and Pethick
and Smith (1979a) to calculate the charge imbalance generated in a super-
conductor (S) by quasiparticle tunnel injection from a normal metal (N),
and the voltage induced by this charge imbalance across a second NIS tun-
nel junction at zero bias current.

When a NIS junction is biased at a voltage V, the rate at which qua-
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siparticles are injected into the state k of the superconductor is

e
9

2 2.0 2.0
|| (0) [uy "€ (B -eV) + v E (Bren) - £ ]

[
=

2T 2 o 0,
=5 [TIH O B [£7(E +ev) + £7(E -eD)] - £

+

1, [£7 (B -eV) - £7(E +eV) ]} . (2.13)

Her%} |T|2 is the square of the tunneling matrix element, assumed to be
indépendent of energy, and.#,(0) is the single-spin density of states in
the volume of the metal. The Fermi functions f°(Ek + eV) refer to the
normal metal, while f, is the actual distribution in the superconductor,
which is not, in general, the Fermi distribution.

We convert Eq. (2.13) into an expression for fhe rate of quasipar-
ticle charge injection by multiplying by q, and summing over k. Noting

that only even terms contribute, we find
* 2m 2 2 |
Q = i ITlor (@ L gy (2 EeeV) - P Ege]. (2.14)

We have neglected the small contribution of the even part of Qkf since
the voltages generated by the nonequilibrium distribution are very
small ccmpared with the injection voltage. It is convenient to write

Eq. (2.14) in the integral form:

. % /, 2 '»-2
- i o [ S - e
Sy [ -1 C
. ] 97HE) [£2(E-ev) - £°(SHev) IdE, (2.15)

e . JA
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where we have used d§ = (E/g)dE. In Eq. (2.15),.#(0) is the single-spin
density of states in the volume of the superconductor when it is in the
normal state, p(E) = E/(E® - a2y1/2 E/|g| = |q;1] (E > A) is the nor-
malized BCS density of states in the superconductor, and Gyy = une2|T|2
x M (0LM0O)/A is the conductance of the tunnel junction when the super-
conductor is in the normal state.

We can obtain an expression for the net current injected into a
superconductor from a normal metal from Eq. (2.13). Summing over k and
simplifying, we find

2Te

N P L0 z [£°(E,~eV) - £°(E, +eV) -2 ot

W (2.16)

where &f, = f, - f%. We note that the E, in f° are referred to the
modified chemical potential. [Pethick and Smith (1979a) denote this f©
by fo(l.e)’ where "l.e." means local equilibrium; our Gfk is precisely
the'same as their Gf&'e'.] For any injection voltage of practical inter-
est the last term in Eq. (2.16) is negligible, and we can write I in the

integral form:

1= e lrlfzt;(oW(O) g‘” [£°(E-eV) - £°(B+ev)]de
G

NN = o o
a — f E £ (E-eV) - £ v
e [ () (£ - £2(Eren) JaE. (2.17)

We will find it useful to obtain an expression for Eq. (2.17) in the
limit eV <K kgT in which we can expand the Fermi functions to give

fO(E + eV) = fO(E) + [3f°(E)/3E]eV. This approximation leads to
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I = Gy i’ 20 () (- BEEE)) VAE. (eV<<iyT) (2.18)

Hh

Since the conductance, GNS' is just I/V, we obtain the reduced tunneling

conductance for eV/kgT +~ 0, gyg(0) = Gyg(0)/Gyy:

' o)
8ys(0) = Y(T)= zf: o (E) (-?géﬁ))d}:, (2.19)

where Y(T) is the Yoshida function.

We are now in a position to calculate the voltage generated by the
steady state charge imbalance as measured by a second tunneling contact
to a normal metal. This voltage, Vg4, referred to the equilibrium
chemical potential of the superconductor far away from the injected
region is measured with zero current flowing through the detector
junction. Since Eq. (2.16) -is equally true for the injection and detec-
tion junctions, we can set I = 0, and use the low voltage expansion of
the Fermi functions to obtain
»

2Iq, £, Q

4 serr- aro(E)sae]  N(0)egys(0)

v

(2.20)

We have thus found a simple relation between Q" or, equivalently,

- 2N(0)Sug, and the voltage measured by the detector junction. If the
detector junction does not show the ideal BCS behavior, one should use
the measured normalized conductance in Eq. (2.20), rather than the BCS

value.

To complete our description of tunneling generation and detection of
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charge imbalance we combine Egs. (2.12),.(2.15), (2.17), and (2.20) so
that we can deduce ral in terms of measureable or precisely calculable
quantities. To do this, it is convenient to introduce the parameter F*

that enables us to express Q? in terms of the injection current I;:

. é: IZ‘p-l(E)[fo(E—eVi) - £°(B+eV,) JdE
F =eQ==

(2.21)
I, o o
i IA p(E)[f (E—eVi) - f (E+eVi)]dE

We have used V; to denote the injection voltage. From Eqs. (2.12), (2.20)

and (2.21) we find

I Rl . (2.22)
2N(0)e298Ns(0)Vd -

The quantity F* is readily calculable, while the quantities, I;, Q, gNS(O);
and V4 are the quantities measured in the experiment.
In the limit of low injection voltages, eVi << kgT, the Fermi func-

tions in Eq. (2.21) may be expanded to yield

*

F* = Z(T)/Y(T), (eV; << kgT) ' (2.23)
where
1 Q
Z(T) 2 2 [y 0 () (- égégl) dE. (2.24)

However, this limit is not very useful for most practical experiments
with tunneling injection, whére the voltage is large com-

pared with both A(T)/e and kgT/e. In these limits, one obtains
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F* =1 - na/2|eV|. [evy >> kgT, eV; > A(T)] (2.25)

For a typical injection voltage, eVi/A = 30, we find F* = 0.95.

2.3 Charge Imbalance Relaxation via Electron-Pgonon Scattering

When an electron-like excitation (for example) is injected into a
superconductor, in general it not only creates a charge imbalance but
also increases the ermrergy of the quasiparticle distribution above the
equilibtium value. Thus, the processes that restore thermal equilibrium
involve both cooling and charge relaxation, but these are not necessarily
distinct processes. For example, if the quasiparticle is injected at any
energy well above both kgT and A(T), it may scatter with the emission of
a phonon to a lower energy on the same quasiparticle branch. In this
process, the quasiparticle has not onliy cooled, but also given up some
of its charge because q, has been reduced from its initial value near
unity to a lower value. This kind of inelastic process is governed by
the coherence factor (Tinkham 1975) .

t - A2
(wu' = w2« L (1 BB A2) (2.26)

A second means of phonon-mediated charge relaxation is by recombination,

a process that is governed by the coherence factor (Tinkham 1975)

2 - '
(vu' + uv')2 = -% <1 + A—E§T§§—> . (2.27)

In addition to inelastic processes, elastic scattering from non-mag-
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netic or magnetic impurities can also relax Q* provided the quasiparticle
changes branches. For the case of non-magnetic impurities in an isotro-
pic superconductor, this process is strictly forbidden by the coherence
factor in Eq. (2.26), as can be seen immediately by realizing that if E
and E' refer to different branches, u' = v and v' = u. On the other hand,
the coherence factor does not vanish for scattering from non-magnetic
impurities in the case of anisotropic superconductors, or from magnetic
impurities even in the isotropic case. We defer a discussion of elastic
processes until Secs. 4 and 5.

It is evident that the calculation of the charge imbalance rate is,
in general, a very complicated undertaking. In the limit A(T) <K KgT,
and in the absence of elastic processes, the situation simplifies, and

one finds (Tinkham 1972, Schmid and Schon 1975, Pethick and Smith 1979a)

(Frrqe)™! = (7a/8kgT)1g! [A(T) << kgTI. (2.28)

In Eq. (2.28), TE1 is the inelastic scattering rate at 'I‘c for a quasi-
particle at the Fermi energy; the rate actually increases with the energy
of the quasiparticle, but we shall neglect this dependence. For the more
general case when A(T) is not small, one must resort to numerical calcu-
tions. Chi and Clarke (1979, 1980) solved the Boltzmann equation on a com-
puter to find both the steady state quasiparticle distribution and the
charge imbalance relaxation rate for a wide range of temperature and
several values of the injection voltage. We briefly summarize the results
of these calculations.

The Boltzmann equation can be written in the form



16

fE = GE - Gins - Gel& . (2.29)

The first term GE is the rate of injection into Ek' while Ging and Gelg

are the inelastic and elastic rates at which quasiparticles-scatter out

of §,; for the moment we set Gerg = 0. In a steady state situation f‘g =

0. For tunneling from a normal metal into a superconductor the injection
rate is given by the first line of Eq. (2.13) with the terms labeled with

£ rather than k:

G, = [Gyy/an(0)e?alf % (1 + g/E)[£O(E - eV;) - £9(E)] - % (1 - £/E)

x [fO(E) - £O(E + eVy)]}. (2.30)

We have used the Fermi distribution for the distribution functions, there-
by assuming that departure from equilibrium is small. The inelastic scat-
tering rate is proportional to a2F(R), the average of the product of the
square of the matrix elements for the electron-phonon interaction and

the phonon density of states. We assume that F(Q) is quadratic in Q,

and can be written in the form F(KgT./%)(@/kgT,)2. With this assumption,
Ging can be written down using the Golden Rule (Kaplan et al. 1976,

Chang and Scalapino 1977, Chang 1979, CC):

2
27 a°F(k,T /h)
Gin' - r -——kB—C———Z f dg' X
& 2, (0) (kyT )© ==

cer 42 ,
[sg(l- "—.+——)(s+e'>3{[1+n°<s+s'>Jfo,_..-n°(E+s'>(1-fc)(1-fs.>}
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. ' 2
+g(1+ g%, -%5>(E-E ")°0(E-E") { [1+n° (E-E' BENCE -n°(s-E')fE,(1-§E)]}
(] Az
#1(1+% —E)(E-E )0 (E'-E) {n° (E'-E)E, (1-£ )~ [1+n° (E' -B) J£ (1= )}] (2.31)

In Eq. (2.31), Z4(0) is the electron-phonon renormalization factor, ty-
pically about 2 for most metals, © is the Heaviside function, which is zero
for negative arguments and unity for positive arguments, and n®(Q) is the
Bose-Einstein distribution function for the phonons.

In solving the Boltzmann equation, it is convenient to write f_ =

g

£o + Gfg, where fO is the Fermi function at energy (£2 + 42)'/2 and ¢ is
referred to the shifted chemical potential. We rewrite the equation in

terms of even and odd components of &f (Gfé + Gf_g)/z and (5f€ - 5f_€)/2,

£
make initial guesses for these components and iterate the Boltzmann
equation until the solution is Self-consistent. We calculate Q* from
2N(0)Iq.(8f. - 6f_.) and tgh from Q;/Q", using Eq. (2.15).

Figure 2 shows the computed value of [UkBTrE/nA(T)]tal vs. A(T)/kgT
for three injection voltages. At Tc, the computed value is precisely
unity, but as the temperature is lowered, the function first increases
and then decreases. At all temperatures below Tc» Tal increases with
injection voltage, reflecting the increase in the inelastic scattering
rate with increasing energy. Figure 3 shows the computed temperature
dependence of Tal down to 0.3 T, for two values of injection voltage.

The relaxation rate goes through a peak and then decreases steadily as

the temperature is lowered. It should be emphasized first, that the
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timé Ttz is itself strongly temperature dependent, and second, that in
real superconductors elastic scattering in the presence of gap aniso-
tropy is likely to increase the value of ral substantially at low tem-
beratures. Finally, we note that according to Eq. (2.22) the measured
voltage V4 is proportional to F*tQ*Ii. In Fig. 4 we plot both ral and
(F*TQ*)'1 vs. eV;/A(T). For eVj 2 6A(T), we observe that F*TQ* becomes
independent of Vi, and the V4 becomes linear in Ij.

This concludes our theoretical survey. We now move on to discuss

experimental results.
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3. EXPERIMENTS ON TIN

Historically, the first measurements of charge imbalance using tun-
neling injection were on Sn films, and it is conveninet to begin with a
discussion of these results because it is possible to obtain a tempera-
ture range in which the charge relaxation due to elastic scattering is
negligible compared with that due to inelastic scattering (Clarke 1972,
Clarke and Paterson 1974, Moody and Paterson 1979).

The configuration used in all tunneling injection experiments is
shown in Fig. 5. After oxidizing the Al base electrode (XX'), typi-
cally 150 nm thick, one deposits a Sn electrode (YY'), 200 to 400 nm
thick. An insulating layer of varnish or (in the later experiments) SiO
is used to mask off a window near the center of the injector junction.
The Sn film is oxidized slightly, and a diagonal strip (ZZ') of CuAl
(3wt.%A1) about 2 um thick is evaporated to form the detector junction.
To reduce the series resistance of the CuAl strip, it is covered with a
Pb film; the Cu film is made sufficiently thick and dirty to eliminate
Josephson tunneling between the Al and Pb films.

Typically, four samples were fabricated simultaneously on a single
substrate, and the detector junctions were connected in series. The
voltage across the junctions was measured with a null-balancing SQUID
voltmeter (see, for example, Clarke 1976) that ensured that the detector
voltage was measured at zero current. Each junction could be investi-
gated independently by applying a current to the appropriate injector
Junction. The samples and SQUID were immersed in liquid helium, and
carefully shielded against external magnetic field fluctuations. The

current-voltage characteristics of both the injector and detector junc-
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tions were determined: Typically, the injector junctions had a resistance
" of about 1 @ (Vi > 2a/e), while the detector junctions were about 107
Q. ‘The conductance of the detector junctions was often in excess of the
BCS prediction, but it was found that if one used the measured values of
gys(0) in Egs. (2.22), different samples produced values of ral in
good agreement with each other.

In Fig. 6 we have plotted gyg(0)QV4/I; = F*TQ*/ZN(O)eZ vs. T/T, for
three Sn samples of different thicknesses, and one sample in which the
Sn has been alloyed with 3wt.%In (Clarke and Paterson 1974). The mean
free path in the pure Sn samples was boundary limited, while that in the
alloy was estimated to be 42 nm. The fact that the data for the pure Sn
samples lie on a smooth curve demonstrates that F*TQ* scales with Q.
Near T,, V4/I;, which is proportional to F*tQ* increases rapidly with
increasing temperature. The solid line in Fig. 6 is a fit of the curve
8ns(0)QVa/I = 4.0 x 1074 kgTo/A(T) Q em3 to the data at high tempera-
tures. Using the value N(0) = 1.39 x 1022 ev~! cm~3 [computed from N(O) .
= 3Y/2v2k§, where Y i3 the coefficient of the electronic heat capacity
taken from Kittel (1976)] in Eq. (2.22) we find (F*rq,)"1 = 5.6 x 109
(87kgTo) s!. Equating this value with the prediction of Eq. (2.28), we
find 1z = 1.4 x 10710 s,

Below T/T, = 0.95, F*rqn is larger for the SnIn sample than for the
Sn samples. This difference arises from the contribution of elastic
charge relaxation in the clean samples, a topic that we consider in the

following section.
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4, EXPERIMENTS ON ALUMINUM

4.1 Charge Relaxation via Elastic Scattering from Non-Magnetic

Impurities

The coherence factor (uu' - vv')2 forbids charge relaxation via elas-
tic scattering when the energy gap is isotropic. However, in the presence
of gap anisotropy a quasiparticle may be scattered between two regions
of the Fermi surface at which the energy gap is different, so that the
coherence factor is no longer zero. This situation was first discussed
by Tinkham (1972), and subsequently by Chi and Clarke (1979) using a com-
puter solution of the Boltzmann equation. We briefly outline the latter
treatment.

The elastic scattering rate Gelg that appears in the Boltzmann equa-

tion [Eq. (2.29)] is given by

-1 '
T AAY ( Az)uz( A.z)vz]\
G ., =——(p (E)[ - = -1 -= 1 - 52— | [£.(1 - £,.,)
elg 2 A’ 2 2 2 g g'
E E E /A’A,
- £ (- N | (4.1)

Here, 1;1 is the eiastic scattering rate of an electron when the metal

is in the normal state, pA'(E) is the final density of states, one-half
times the first square bracket is the coherence factor, and the two terms
in the second square bracket are the occupation factors for elastic scat-
tering from § to £' and the reverse process, respectively. The symbol

< indicates an angular average over the gap-anisotropy distribution.

VN
To first order, we can replace pA.(E) with pK(E), where X is the average
energy gap. To average the coherence factor we express it in terms of the

mean square gap anisotropy <8%> = <(A -.Z)2>. Neglecting terms of order

<62>1/2/Z: one can write <(uu' - vv')2> = <62>/2(E2 -'ZZ) for E > X;
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for E < 4, one takes the value at E = A + <§2>1/2/2,

For clean superconductors the normalized mean square gap anisotropy
(Markowitz and Kadanoff 1963) <a2> = <§2>/A2 is constant, independent
of temperature. However, for dirty superconductors (Anderson 1959) <ad>
is reduced from its clean limit value <a2>o to a value given approxi-
mately by <ad> = <a2>o/[1 + (#/2178)%]. Combining these expressions,
we find

<a2>o

BE (s -
- g =€
1+ (W27,3)2 2(E2 - 32)3/2

G =- 1;1

N 251/2
elf ) (E > 8 + <52>1/4/2),

(4.2)

where we have set £' = - g; this is an excellent approximation for the
values of anisotropy encountered in real metals.

We can use Eq. (4.2) to interpret the results obtained for Sn and
Snln in Fig. 6. For the clean films we expect the mean free path, &, to be
typically 300 nm, while for the SnIn film it was estimated to be 42 nm.
Using vp = 0.65 x 105 ms™! [calculated from Vp = (nzkglezY)o/l (Pip-
pard 1965), where o is the conductivity, and ¢/% = 9.5 x 1010 =1 cp”?
(Chambers 1952)], we estimate t; to be 2.2 p3 and 15.5 ps for the clean
and Snln films, respectively. Thus, the factor 1l/t[1 + (K/2r1z52] is
about 0.85 for the Sn films and 0.19 for the Snln film. Now below about
0.8 T,, the total measured rate (including both elastic and inelastic
processes) 13 roughly two times higher in Sn than in Snln, leading us to
conclude that the elastic contribution is small for Snln, but comparable

with the inelastic rate in Sn. As we increase the temperature towards

Tar H/Zrlz'becomes large compared with unity, and Gelg scales roughly

as a%. Thus, in the limit T - To, the elastic contribution becomes ne-

gligible with the {nelastic process, and the data for the Sn and Snin
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samples become indistinguishable.

Chi and Clarke (1979) measured ral in Al films in which the mean
free path was reduced by evaporating them in an oxygen atmosphere. The
experimental configuration was similar to that shown in Fig. 5, except
that it was not necessary to deposit a Pb film over the Cu film. They
compared their results with computer solutions of the Boltzmann equation
in which Eq. (4.2) was included in the limit (K/ZZEI) >> 1 appropriate
to the experiments. Figure 7 shows (l“*1-Q*)"1 vs. A(T)/kBTc for five re-
presentative samples with parameters listed in Table I. The values Vg =
1.36 x 106 ms™1 [calculated from the free electron value divided by the
thermal effective electron mass (Kittel 1976)], pf = 9 x 1016 qm2
(Fickett 1971), and N(0) = 1.74 x 1028 ev™! mn™3 (Gschneider 1964) were
used. The solid lines are the best fit to the theory using r§1 and the
characteristic elastic charge relaxation rate ralel(o) = 214 (kgTo)%<a2> /
K2 as fitting parameters. For each sample, the value of t7' was ob-
tained from the data in the limit A(T)/kgT, ~ 0, while ralel(o) was
determined from the upward curvature required to fit the data at lower
temperatures. It should be realized that the actual gap anisotropy in
these films is very small. Thus, for the cleanest film listed in the
table, <a2> = 2 «x 104 <a2>o at 0.9 T,. The high sensitivity of ral
to very small gap anisotropies reflects the relatively slow inelastic
scattering réte in Al. For the cleanest films studied (not listed in
Table I) the average value of Tg was about 12 ns.

4,2 Inelastic Scattering in Aluminum

CC also extracted values of Tg from their data over a wide range of
mean free paths, ranging from about 400 nm to 1! nm. The transition tem-

peratures of these films increased from about 1.2K for the cleanest films
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to about 2.1K for the dirtiest film. They found that the apparent value
of tg decreased much more rapidly than T;3 (which would be expected from
an electron-phonon interaction), from about 12 ns for Tc = 1.2K to
about 1 ns for Tc = 2.1K. This rapid increase in the inelastic scattering
rate with T, remaineh a puzzle for several years, but recent work on the
enhancement of electron-electron scattering due to localization effects
provides a rather convinving explanation (Gordon et al. f983), Santhanam
and Prober 1983). We briefly describe this work.

The theory of Abrahams et al. (1981) predicts that for dirty (& < Wvg/
kgT) 2D (Hvpl/3kgT > a2) samples the electron-electron scattering rate
is given by

el

‘_1 ’
Toa = —kaT Ln(T,/T), (4.3)
ee omH2 B 1

where d is the film thickness, Wj is the resistance of a square film and T1
is roughly 102 K. Gordon et al. and Santhanam and Prober extracted
values of r;; from measurements of the magnetoconductance of dirty Al
films, and found good agreement with Eq. (4.3). Near Tc, Entin-Wohlman
and Orbach (1981) showed that the charge relaxation rate due to electron-

electron scattering is given by
» - -
(F¥tqu)ge = (va/bkgT)tan, (4.4)
S0 that one can immediately apply Eq. (4.3) to the inelastic scattering

rates measured near T, by CC. Setting T = 1K in the logarithmic term in

£q. (4.3) (and neglecting the temperature dependence of this term) we find



25 ‘
T;é = 1.5 x 108 &jﬁc sec-1- For the dirtiest samples studied by CC (Tc
= 2K, Rg = 62), one predicts T, = 0.5 ns from Eq. (4.3), a value within
a factor of 2 of the experimental results. Both Gordon et al. and Santha-
nam and Prober show that the CC data for dirty Al are quite well fitted
by Eq. (4.3).

For the cleanest samples studied by CC, the electron-electron scatter-
ing rate should be negligible compared with the electron—phonon'scattering
rate. The measured value of Tg, about 12 ns, is a factor of 3 or more be-
low the value of about 40 ns calculated by Kaplan et al. (1976) and Law-
rence and Meador (1978). The magnetoconductance data of Gordon et al.,
however, lead to 1 = 12 ns in the clean limit, a value that is very com-
patible with the CC value. This discrepancy between measured and theore-
tical values of Tg in Al thus appears to be well substantiated, and is
worthy of further study.

We note in passing that the values of <a2>o obtained by CC assume, of
course, that the inelastic scattering consists of electron-phonon processes
only. If, as now seems highly probable, electron-electron scattering was
significant or even dominant in the dirtier samples, since the distribution
in the presence of electron-electron scattering differs from that in the
presence 6f electron-phonon scattering, the values of <a2>o quoted for
these samples will be somewhat in error.

It is also possible to determine the inelastic and elastic scattering
rates as a function of energy by measuring the nonequilibrium distribution
injected via a tunnel junction by meansvof a second tunnel junction
(Kaplan et al. 1977, Chang 1977, Kirtley et al. 1978, Gray 1981). In mea-

surements on clean Al films, Gray found Tg = 12 ns, in excellent agreement
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with the CC result, while Kirtley et al. found Tg = 0.25 ns in Al films
with T, = 2.4K. More surprisingly, an analysis of both experiments pro-
duced an elastic scattering time that was essentially independent of the
quasiparticle energy. This result is clearly in disagreement with the
prediction of Eq. (4.2), and not understood in the present theoretical

framework.
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5. CHARGE RELAXATION IN THE PRESENCE OF MAGNETIC IMPURITIES OR A SUPER-

CURRENT

5.1 Elastic Scattering from Magnetic Impurities

The addition of magnetic impurities to a superconductor destroys the

degeneracy between time-reversed electron states through the exchange in-

teraction between the conduction electrons and the impurities, giving the

Cooper pairs a finite lifetime. The inverse of this lifetime, the pair
breaking rate, is the elastic spin-flip scattering rate for electrons in
the normal metal, r§1 (Abrikosov and Gor'kov 1960). The presence of
impurities can have a dramatic effect on the charge relaxation rate, as
was first pointed out by Schmid and Schon (SS, 1975) and later studied
by Pethick and Smith (1981a,b), Entin-Wohlman and Orbach (1979), and Lem-
berger and Clarke (LC, 198ta). This éffect occurs because the coherence
factor for elastic spin-flip scattering from one quasiparticle branch to

the other in an isotropic superconductor is not zero, but of the form
(uu' + vv')2 = 4udv2 = a2/E2, (5.1)

Since this factor approaches unity as E ~ A, we expect the spin-flip

scattering to have an appreciable effect on Tal when r§1,3 ré1.

SS found
N\ 1/2
21
* - E - -
(F TQ*) 1 = u—k;:%;‘—r—g-(] + ?) . (TQl << TE1) (5-2)

A factor (1 + KZP/AZTE)1/2 has been omitted in Eq. (5.2), where T =



28
(ZTE)‘1 + r§1, since it is very close to unity for all vaues of 1g, 1g,
and A used in the experiments to be described later.

LC included a term

142 E :
G 2 = (f ~-f ) (5.3)
sty  1g g2 || £ 3

in the Boltzmann equation to account for spin-flip scattering, and com-

puted solutions with Gelg = 0 (since this term is negligible compared
with Gsfe for concentrations of magnetic impurities of eiperimental in-
terest). Figure 8 shows (F*rQ*)", normalized to the SS factor (w/41g)
(1 + 215/15)1/2 vs. A/kgT, for several values of tg/tg. For values of
A/kB‘rc < 1, the computed values of (F*rQ*)°1 lie above the SS result,
and, furthermore, increase monotonically compared with the SS prediction
as Tg/tg increases.

Using a configuration similar to that in Fig. 5, LC measured ral
in Al films doped with Er. Figure 9 shows (I-""tQ,.)'1 vS. A/KgT, for 3
samples with the parameters listed in Table II; the values of N(0) and
piL were the same as those used by CC. It was assumed that tg - 12¢1.2/
Tc)3 ns; the estimated spin-flip time was taken from Craven et al. (1971),
rg‘ = 1.9 x 1013 Ngp s”1, where Ng. is the concentraticn of Er atoms.
The rate (F"TQ,.)"1 is linear 1n.A/kBTc for A/kgT, £ 0.8, which is con-
sistent with the SS result [Eq. (5.2)1 provided that one assumes that
this expression can be-extrapolated to much higher values of A/kBTc than
one can justify theoretically. The data in this range were used to cal-
culate the values of Tg(meas.) listed in Table II. The slope S of the

linear region for all the samples studied is plotted vs. the SS expression
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(n/81g)(1 + 2TE/TS)1/2 in Fig. 10. One sees that the data generally
fall on a straight line through the origin, indicating that Eq. (5.2)
predicts the data remarkably well for A/kB'rc £ 0.8.

Figure 9 also shows curves computed from the Boltzmann equation., It
is immediately apparent that the fit to the data is much worse than that
of the SS prediction. The discrepancy between the computed and experi-
mental curves is further emphasized in Fig. 11, where (SF*rQ*)°1 is plot-
ted vs. A/kgT, for one sample of each Er concentration. It is apparent
that the data, normalized in this way, lie on a universal curve, in com-
plete contrast to the computed curves shown in Fig. 8, in which the same
quantity increases markedly with Tg/tg at a given temperature.

More recently, Beyer Nielsen et al. (1982) have examined this prob-
lem using a quasiclassical Green's function approach, taking into account
the broadening of the statés due to the presence of the magnetic impuri-
ties. Their results lie very much closer to the solutions to the
Boltzmann equation obtained by Lemberger and Clarke than to the SS results.

This marked discrepancy between the data and the solutions to the ki-
netic equation is extremely puzzling. It cannot be explained by invoking
an additional charge relaxation mechanism in the experiments because the
experimental rate (F*rQ*)'1 lies substantially below, rather than above
the computed rate. One can rule out the possibility of impurity-impurity
interactions, and of Kondo anomalies. However, it is noteworthy that
the mean free path of most of the samples was sufficiently short that elec-
tron-electron scattering played at least some role in the charge relaxation.
Thus, it is just possible that the discrepancy arises from the different

quasiparticle distributions that occur in the presence of electron-phonon
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and electron-electron scattering. Since electron-electron scattering
doces not reduce the energy of the quasiparticles, there will be a smaller
quasiparticle population at low energies compared with that in the pre-
sence of an equal electron—-phonon scattering rate. As a result, the
charge relaxation rate due to magnetic impurity scattering will be re-
duced, since Gsf

g
sence of electron-electron scattering is expected to lower the overall

is proportional to A2/E2 (Eq. (5.3)]. Thus, -the pre-

charge relaxation rate compared with the value one would compute assuming
that the measured inelastic.relaxation rate was due solely to electron-
phonon processes. Obviously, only a solution of the Boltzmann equation
with the inclusion of an appropriate electron-electron relaxation term

(Entin-Wohlman and Orbach 1981) will resolve this issue.
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5.2 Elastic Scattering in the Presence of a Supercurrent

In the presence of a supercurrent, the quasiparticle energies are
raised by an amount Py * Vg, where p, is the momentum of a quasiparticle
in state k, and v4 is the superfluid velocity (Aronov 197“, Galperin et
al. 1974). Thus, quasiparticles at the Fermi energy wheée V5 and py are
in the same direction are raised by PgpVg, while those where vg and py
are in opposite directions are lowefed by PpvVg. This current-induced
anisotropy allows elastic scattering to relax charge imbalance in much
the same way as gap anisotropy. Maki 1969) has shown that an appropri-
ate electron relaxation rate for thin films [d << (250)1/2] in the dirty

limit (& << gg) is

v
P [Pc\2
%g-= - <i§> , (5.4)

where £, = Hvp/7A(0), and pg'is the momenﬁum of a Cooper pair. We can
use Eq. (5.4) in Eq. (5.2) or (5.3) to predict the charge relaxation
rate as a function of Pg. For the case of magnetic impurities LC
found that at a given temperature (F*rQ*)"1 was proportional to

(1 + 213/18)1/2, as predicted by SS. Thus, we can immediately write
down an expression for the detector voltage at a given temperature

and injection current in the presence of a supercurrent, Is:

V4(0) V4(0)

Vd(IS) = (5.5)

(1 + 2tg/eg)/2 (1 + 5513172

where from Eq. (5.4)
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bSS . 215/1515 = rEIVFp§/3KZI§. (5.6)
For uniform currents much less than the c¢ritical current we can use the

relations (Tinkham 1975) pg = 2mvg, Jjg = ngevg, ng = mc2/4we?A2 and, in

the dirty limit, A(0) = XL(O)(E°/2)1/2 to find

tevpe2 AR(0) AM(T/T
5SS ,<8ne>2 EVFEg AL(0) AT(T/Ty) 5.7

He2/ 32422 A4(0)

Here, w is the film width, Ap(0) is the London penetration depth, and
A(T/T,)/x(0) is a well-known function (Tinkham 1975).

Lemberger and Clarke (1981b) solved the Boltzmann equation in the
presence of a supercurrent by replacing 1/tg in Eq. (5.3) with Egq. (5.%4)
to obtain
Lvp (ps>2 A2 .
With this substitution, the results computed in Sec. 5.1 can be carried

over to the present case. Thus, for fixed temperature and injection

voltage,

V4(0)

V(I » , 5.9
a(Ig) 1. bn“mIg)‘/z (5.9)

where bAUB(T) i3 the numerical value produced by the computer. In
general, bAUB(T) will differ from bSS(T), as evident in Sec. 5.1, and we

can compare both values with the measured value, b@€33(T),.
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Lemberger and Clarke (1981b) performed experiments using the usual
geometry with a supercurrent introduced along the Al film in which the
charge imbalance is generated. To increase the uniformity of the cur-
rent distribution, a Nb groundplane was sputtered onto the substrate and
covered with an insulating layer before the sample was deposited. A re-
presentative plot of V4(Ig) vs. Ig is shown in Fig. 12. As predicted by
Eqs. (5.5) and (5.9), the value of ]Vd| decreased quadratically with in-
creasing |Ig| at low supercurrents, becoming linear in Ig at higher super-
currents. The slight asymmetry in the curves about Ig = 0 was due to
the non-negligible value of I;. After shifting the origin appropriately,
curves of the form (1 + bI§)1/2 were fitted; the quality of the fit is
excellent. Experimentally determined values of b are shown in Fig. 13
for two samples, together with the fitted curves bSS and bNUM, The tem-
perature dependence of bSS is in excellent agreement with the data,
while bNU® i3 in substantial disagreement. Furthermore, the ratio <bSS(T)/
bMeaS(T)> varies between 1/3 and 1/2, an agreement which, given the un-
certainties in the values of vp, g, AL(0), and tg, is considered quite
acceptable,

We therefore draw the same conclusions as for the case of magnetic
impurities: The Schmid-Schon theory fits the measured data very accur-
ately, even at values of A/KgT, much larger than one could reasonably
expect, while the computed solution to the Boltzmann equation does not
fit the data. However, it is again just possible that this discrepancy
could be resolved by the inclusion of electron-electron scattering in

the Boltzmann equation.
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6. RESISTANCE OF THE NORMAL METAL-SUPERCONDUCTOR INTERFACE

We now begin a discussion of a series of situations other than tun-
nel injection in which chargé imbalance plays a role. The first of
these concerns the electrical resistance of the normal metal-supercon-
ductor (NS) interface, a subject about which there exists a substantial
literature. The first important experimental work was that of Pippard
et al. (1971) who measured the electrical resistance of superconductor-
normal-metal-superconductor (SNS) sandwiches in which the normal metal
was too thick and/or too dirty to sustain a Josephson supercurrent.
They observed that, near the transition temperature of the superconduc-
tor, Tc, the resistance increased rapidly with increasing temperature.
Yu and Mercereau (1972) showed that the excess resistance was associated
with a potential that decayed exponentially into the superconductor.
Subsequently, Harding et al. (1974) studied the resistance of SNS sand-
wiches in which the mean free path of the superconductor was shortened
by alloying, and found an additional boundary resistance at low temperé-
tures as well as a greatly enhanced rise in resistance near Tc, More
recently, Hsiang and Clarke (1980) made measurements on a series of
samples in the clean limit, and used their results to obtain values of
Tz in Pb, Sn, and .In.

The theory of the NS interface resistance has been widely investi-
gated. The work of Rieger et al. (1971), who used a time-dependent
Ginzburg-Landau theory, contained some essentially correct ideas, but
did not produce the correct quasiparticle propagation length in the su-
perconductor. Pippard et al. (1971) and Harding et al. (1974) used a

Soltzmann equation approach that was later extended by Waldram (1975),
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and reviewed by Pippard (1981). The microscopic theory was developed by
Schmid and Schon (1975), and has been extended by Ovchinnikov (1977,
1978), Artemenko and co-workers (f977, 1978) and Krdhenbihl and Watts-
Tobin (1978, 1979). Hsiang and Clarke (1980) gave a simple description
valid in the limit A/kBT << 1 by adapting the tunnel injection theory that
accounted quantitatively for their experimental data, and that was veri-
fied by Pethick and Smith (1981a) using their two-fluid model. Most re-
cently, Blonder et al. (1982) have used the Bogoliubov equations to
treat the transmission and reflection of particles at the NS interface
that includes a barrier of arbitrary strength.

In the clean limit & >> g(T) the essential picture that emerges from
this work is as follows. When a charge imbalance is created in one

region of a superconductor, it relaxes over a length
Aqgr = (Avpre/3)172 = (Dt 172, (6.1)

where we assume % << Vvprtqs. Very close to T, almost all of the excita-
tions incident from N propagate into S, so that, in the presence of an
external current, a quasiparticle current flows in the superconductor.

In the usual situation where the transverse dimensions of the interface
are much larger than the London penetration depth, there is no net current
in the interior of the superconductor. The internal quasiparticle cur-
rent is cancelled by a pair current, with a corresponding flow of super-
current on the surface. The electric field is continuous at the inter-
face, and the electric field, the electric potential, Q*, and the quasi-

particle current all decay exponentially into S with a characteristic
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length Aqe (see Fig. 14). When the temperature is lowered somewhat, a
substantial fraction of quasiparticles have energies ¢ A,(T), and are
Andreéev (1964) reflected at or near the NS interface. In this process,
a ky (k¢) quasiparticle incident from N is scattered onto the k¢ (ky)
branch, and the current carried by these two excitations continues in
the superconductof as a supercurrent. Thus, there is no boundary resis-
tance associated with these quasiparticles, and there is a discontinuity
in the electric field at the interface (Fig; 14). The potential is con-
tinuous at the interface, but its spatial derivative is not. In the
presence of a current, the boundary scattering processes introduce dis-
equilibrium in the quasiparticle distributions within an inelastic scat-
tering length on either side of the interface.

As the temperature is lowered still further (4, >> kgT), essentially
all of the quasiparticles are Andreev reflected at the interface,
and there is no quasiparticle current in S. Correspondingly, the elec-
tric field and potential are zero in S (Fig. 14) and there is no boundary
resistance. (In fact, the Andréev scattering process occurs over a dis-
tance =~ £,, so that the discontinuities in the electric field and the
derivative of the potential extend over this region. Furthermore, there
will be a small boundary resistance of order £pg/A that is negligible in
most practical situations.)

We now outline the simple model of Hsiang and Clarke (HC) that is
valid in the limit A,(T)/kgT << 1. We assume that the transition tempera-
ture of the normal metal is much less than T, so that we can set A = 0
for x < 0 (Fig. 14). In the superconductor, 4 rises from its value at

the boundary, 4,(T), to its full value, 4,(T), over a distance of roughly
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the Ginzburg-Landau (1950) coherence length, £(T), that is always much less
than Aqx in the temperature range investigated experimentally. However,
we note that quasiparticles with energies greater than A_(T) may undergo
some charge relaxation in the region where A varies spatially. At least
in the limit A << kgT, this contribution to the overall relaxation rate
is likely to be small, and wé shall neglect it. We assume that the current
densities are sufficiently low that they do not perturb A. We further as-
sume that quasiparticles with energies greater than A_(T) are transmitted
into S with probability unity; éhis is the most serious approximation be-
cause some of the quasiparticles in this energy range will undergo Andréev
reflection. }Quasiparticles with energies < A_(T) are Andréev reflected
at a plane taken as x = 0 [since §(T) << Aqs]. Finally, we assume that the
quasiparticles are close to thermal eqiulibrium.even in the viecinity of the
interface; we emphasize that this is a reasonable approximation only for
A, << KgT.

The charge imbalance generated by the uniform injection of a current
I; into volume Q of a superconductor in the limit eV; << kgT is given
from Egs. (2.21) to (2.23) by

L 2(T) Iirg*v

Q* T0T) ea . (eVi << kgT) . (6.2)

In the case of the NS interface, I; is just the quasiparticle current in-
N

jected into S, and is related to the total current, I by

Y(T) = Ii/I' (6-3)
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Equation (6.3) follows from the realization that in a SIN tunnel junction
at low voltages a fraction [1 - Y(T)] of the current that flows at Tc
cannot flow at a temperature T < T, beéause there are no states available
in S at energies < A(T), whereas at the NS interface, in our approxima-
tion, this same fraction [1 - Y(T)] of the total cur;ent is transmitted
into S as a pair current. Combining Egs.. (6.1) to (6.3), and replacing
the exponentially decaying Q* with a value that is constant at the value
Q*(0) for x £ Aq# and O for x > Aqs, we find

Z(T)ITQ*

mq—*—' . (6.4)

Q*(0) =

The excess voltage, V,, at each interface of the SNS sandwich adds
to the voltage developed across the normal metal, and the total poten-
tial across the sandwich is measured with superconducting leads making
metallic contact with the superconducting films. This is in contrast to
the usuai tunneling measurement of Q’, where the potentiél is measured
by a tunneling contact to a normal metal. Thus, we 3set 8ys(0) = 1 in
Eq. (2.20), and combine the result with Eq. (6.4) to obtain the boundary

resistance

b1 =35 — - (&< kgl (6.5)

In Eq. (6.5) we have set Qe = 3A%,/2VF and used the free electron
model (Kittel 1976) to calculate pg = 3/2e2N(0)£vF. As T - T,, 2(T) =1,
and the boundary resistance is just the resistance of a length AQ* of

the superconductor in the normal state. As the temperature is lowered,
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Z(T) decreases, reflecting the fact that fewer quasiparticles are able
to propagate into the superconductor. At low temperatures (Clarke et
al. 1979) Z(T) = (kBT/A)1/2exp(- A/xgT), so that Ry, vanishes exponen-
tially as T - 0, as we expect. However, we repeat our warning that the
model is not expected to be quantitatively correct at intermediate tem-
peratures.

If one measures R, near T, one can deduce values of 1Qx. As was dis-
cussed in Secs. 2.3 and 4, in general, both inelastic and elastic scat-
tering contribute to Tal. We can make a crude estimate of the elastic
belaxation rate in the presence of gap anisotropy for the matérials used
in the experiments to be described by assuming E -~ kBTc in Eq. (4.2).
This leads us to‘the conclusion that electron-phonon scattering should
dominate at temperatures above 0.9 Tc, Since A/kgT = 1 at T/'rc = 0.9,
it appears that in the range of validity of Eq. (6.5), A/kgpT << 1, the
charge relaxation should be dominated by inelastic scattering, and we
.assume that 1o = UkgTtg/mA4(T).

HC measured the resistances of the SNS junctions listed in Table III.
The PbBi-CuAl samples were made by evaporating the materials onto glass
substrates; the CuAl was - 2 um thick, while the PbBi was ~ 20 um thick,
considerably greater than Aqgs over the experimental temperature range.
In the remaining samples, the superconductor (up to 80 um thick) was
evaporated onto the two sides of Ir foils about 70 um thick. The foils
were cleaned by sputter etching in argon, the argon‘was pumped out of
the system, and the superconducting material was evaporated onto each
side of the foil. Two or three samples were connected in series and

their resistances measured with a SQUID voltmeter. The variation of re-
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Sistance with temperature is shown in Fig. 15 for one representative
sample of each type. Near T,, the resistance rises rapidly with increas-
ing temperature, while at low temperatures the resistance is nearly in-
dependent of temperature. To within the experimental accuracy, the low
temperature resistance was equal to the estimated resistance of the nor-
mal metal.

To compage the data with Eq. (6.5), in Fig. 16 we plot the measured
resistance vs. Z(T)(kgT/4a)'/2. The solid lines are a least squares fit
to the data for T > 0.9 T, (0.96 T, for Sn). The fit is good == in
fact, for (a), (¢) and (d) it is surprising that such good agreemeht ex-
tends down to temperatures as low as 0.9 T, where A - kgT. The slope of
the lines in Fig. 16 is Q(QVFTE/3")1/293/A, and yields the average
values of Tg listed in Table III. The values of g calculated by Kaplan
et al. (1976) from alF are also listed for comparison. The agreement is
generally quite good. Using the fitted values of g, we have plotted
the resistance predicted by Eq. (6.5) in Fig. 15. Except for Sn, the

\
extrapolated low-temperature resistance is in good agreement with the
measured resistance, thus providing a good check on the consistency of
our results. Particularly in the cases of PbBi and In, the fit is re-
markably good even at intermediate temperatures, a result that is prob-
ably coincidental, particularly since the expression used for Tq# is quite
inappropriate in this range. However, it may be that the increase in
the elastic charge relaxation rate as the temperature is lowered tends
Lo compensate for the decrease in the inelastic rate, thus keeping TQ#
roughly constant at temperatures below about 0.9 T,.

As pointed out in the description of the tunneling model, the effect
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of Andreéev reflection on the quasiparticle distribution is neglected.
The detailed theory of Waldram (1975) takes into account the nonequili-
brium quasiparticle distribution, but the fact that one would have to
use several parameters to fit the experimental data makes a meaningful
test of the theory somewhat difficult. More recently, Blonder et al.
(1982) have developed a theory in which they interpose a tunneling
barrier of arbitrary strength between the normal metal and the super-
conductor, and calculate the probabilities of reflection and trans-
mission as a function of this strength. They have used this model to
- account for the current-voltage characteristics of Cu-Nb point contacts
that could be varied from tunneling to metallic contacts (Blonder
and Tinkham 1983) and for the subharmonic gap structure observed in
various types of weak links (Klapwijk et al. 1982, Octavio et al.
1983). The model is strictly applicable only to the case of a hole with
a radius much less thaq £ in an insulating screen between two metals,
so that the resistance is due to the constriction impeding the
ballistic propagation of electrons. This leads to the assumption that
the incoming electrons from the S side are described by a Fermi function,
fO(E), while those coming in from the N side are described by fO(E - eV).
Within this approximation, Blonder et al. compute the Andréev reflection
of quasiparticles at the interface for varying strengths of the tunneling
barrier. For the cése of a clean metallic contact, their result agrees
with Eq. (6.5) at T, but has a somewhat different temperature dependence
at lower temperatures, the exact form depending on the degree of
disorder at the interface and the ratio of the Fermi velocities in the

two metals. However, this picture of a small-area constriction impeding
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the ballistic propagation of electrons, while highly appropriate for
point contacts or microbridges, is unlikely to be an appropriate des-
cription of the large area SNS sandwiches studied here.

To conclude this section on the NS interface, we note briefly that
Hsiang (1980) studied the effect of a magnetic field applied parallel to
the plane of SNS sandwiches in which the superconductor was Pb0.98510,02,
and the normal metal was Cd. The PbBi films ére bulk, type-IIl supercon-
ductors in which the spin relaxation rate is given by (Maki 1969, de Gennes

1966, Tinkham 1975)

LvpeH

T 3 (6.6)

Hsiang measured the bouﬁdary resistance as a function of applied magnetic
field and temperature, and extracted values of Tal‘(T,H). Using Eq.
(6.6) in Eq. (5.2) he was able to estimate r;1 as a function of H. Al-
though there was a good deal of spread in the results, he was able to
establish reasonable agieement between the measured value of r§1 and

the value predicted by Eq. (6.6).
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7. éHASE SLIP CENTERS

A subject of major importance that has received widespread attention
is the phase-slip center (PSC) in one-dimensional superconducting fila-
ments or films. Reviews of this subject have been written by Tinkham (1979)
and Skocpol (1981). Webb and Warburton (1968) first reported the appear-
ance of discrete voltage steps in the current-voltage characteristics of
Sn whiskers very close to Té. Similar effects were observed by Meyer
and van Minnigerode (1972) and Meyer (1973). However, the first under-
standing of the origin of the effect was put forward in the classic
paper by Skocpol, Beasley and Tinkham (SBT) (1974), and we will begin
with a brief outline of this work.

Figure 17 shows a typical I-V characteristic obtained by SBT for the
whole length of a Sn strip, 140 um long; 4 ym wide, and 0.1 um thick,
shown inset. As the current is increased from zero, there is an initial
zero voltage region foliowed by a series of voltage steps to resistive
regions, the dynamic resistance of which increase by approximately equal
increments. As the current is reduced, there is a corresponding series
of voltage steps tq lower voltages, but with considerable hysteresis.
The SBT explanation of these phenomena is as follows (see Fig. 18).

As the current, I, is increased eventually'it exceeds the critical
current, Ic, at the weakest point in the microbridge. The order parame-
ter in this region collapses to zero and the current is forced to flow
as a normal current, thereby allowing the superfluid to build up again
and to resume carrying the current. This cycle repeats at a frequency
2eV/h, where V is the average voltage across the region. Each time the

order parameter falls to zero, the phase difference between the two ends
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of the bridge slips by 2w: Hence the name "phase-slip center." The width
of the region over which the superfluid oscillates is roughly 2g(T). Now
since the superfluid current oscillates between zero and its critical
value, on the average approximately one-half of the current in this
region flows as a supercurrent, and the other half as a normal current,
Since the temperature is very close to Tc, virtually all of the normal
current will propagate into the superconducting regions on either side
of the phase-slip region, where it will be converted into a supercurrent
over a characteristic length Ad*. The time average of the pair electro-
chemical potential, E;, is constant on éither side of the phase-slip re-
gion, with a difference eV between the two sides. The time averaged
quasiparticle potential,'qu, changes smoothly with distance as indicated
in Fig. 18. Thus, the voltage across the PSC (at distances large compared

with Aqs) is given by
Vo= 2(I - 8I,)pghqe/A, (7.1)

where 8 = 1/2, and we have used Eq. (6.5) with Z(T) = 1. The dynamic

resistance {is

3V/3L = 2pgAqu/A. (7.2)

This picture explains the essential features of Fig. 17. Each step
in voltage corresponds to the creation of a PSC, each of which contri-
butes 2pjins/A to the dynamic resistance. SBT were able to set outer

limits on the location of each PSC by measuring the voltages across dif-
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ferent probes on their bridge (inset, Fig. 17). In the example shown in
Fig. 17, they found that the first four steps were produced by one PSC
forming successively in each of the regions II,VI, IV and III, while the
fifth step was produced by a second PSC appearing in region IV. However,
one very puzzling feature was the fact that the measured characteristic
length for the charge imbalance relaxation was essentially independent
of temperature, with a magnitgde of approximately (lvFTE/3)1/2. This
fact prevented the SBT explanation from being a completely satisfying pic-
ture of the PSC. However, Dolan and Jackel (1977) resolved this diffi-
culty in an elegant experiment in which they prepared a microbridge with
a series of superconducting voltage leads along one side of the bridge
and a series of normal voltage leads along the other. The probes-weré
typically 2 um apart, and formed tunnel junctions with the microbridgé.
In this way, they were able to measure the average superfluid and normal

potentials, Vg = uj/e and Vy /e across a PSC, the position of which

~ Ygp
was defined by a small notch in the microbridge. Figure 19 shows their
measured values of Vg and Vy. As expected, Vg chanées abruptly, since £(T)
is less than the probe spacing, while VN changes over a much greater length.
Values of Tq* deduced from the spatial variation of Vy showed the predicted
(Tg - T)~V/% temperature dependence, and produced the value ral = 6.3 x

109 (A/kBTc)s-1, in excellent agreement with the results ovalarke and
Paterson (1974) discussed in Sec. 3. Since this work on PSC was performed
at T > 0.98 To, inelastic scattering should completely dominate the

charge relaxation.

It was subsequently shown (Kadin et al. 1978) that heating effects

can modify the I-V characteristics so as to mask the temperature dependence
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of Aq%. Very near To, the step becomes rounded, and, as the current is
increased, the step due to the entrance of the next PSC may appear before
the asymptotic value of the dynamic resistance is reached. Further below
Tc, local heating distorts the I-V characteristic by adding curvature
and creating hysteresis. Kadin et al. were able to show that when heat-
ing effects were taken into account, the temperature dependence of AQ*
was as expected. Very recently, Stuivinga et al. (1983b) have presented
a detailed model of heating effects in PSCs.

Kadin et al. (1978) also studied the effect of a magnetic field, H, ap-

plied parallel to the plane of tin PSCs, and found that the inferred
value of Tq# was reduced by the field. The magnetic field dependence of

Tal was consistent with the prediction of Schmid and Schén [Eq. (5.2)],
with (Maki 1969, de Gennes 1966, Tinkham 1975)

- 4(0,0)H2
Tg' = --E;-- . (7.3)
HHS(0)

Here, A(0,0) is the energy gap at zero temperature in zero magnetic field,
and H,(0) is the parallel critical field at zero temperature. This work
was the first experimental demonstration of the essential correctness of
the SS theory of charge imbalance relaxation in a magnetic field.

More recently, Aponte and finkham (1983) made careful measuremehts
on Sn microbridges with a series of probes, and found values of Aqe with
the expected temperature dependence. Their plot of AQ* vs. 1 - T/T, is
reproduced in Fig. 20, and we see that the best fit to the slope is - 0.28.
However, given the size of the error bars, thié slope is not significantly

different from - 1/4. From the measured values of AQ* they deduce tqx =
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(1.0 £ 0.2) = 10719 4(0)/a(T) sec. [1g} = (5.7  1.1) x 109 A(T)/KgT,
s , in excellent agreement with the results of Clarke and Paterson (1974)
5nd Dolan and Jackel (1977).]

Klapwijk and Mooij (1976) studied PSCs in Al films, and also found
that the ch;bacteristic length obtained from I-V characteristics was in-
dependent of temberature. However, very recently Stuivinga et al.

(1981, 1983a) measured the charge relaxation length directly using a

series of probes, and found that AQ* scaled rather accurately as (1 -
T/Tc)'1/u. The deduced a value for 1z of 4 ns (using pf = 4 x 10716 Qm?) .
This value is about a factor of 3 smaller than that obtained by Chi and
Clarke (Sec. 4). Stuivinga et al. point out that the low value of tp
rules out the possibility that elastic scattering in the presence of the
supercurrent could have enhanced tal significantly, as they had sug-

gested earlier (Stuivinga et al. 1982). Furthermore, their films were
clean enough (the maximum value of R was about 0.4RQ) that electron-elec-
tron.collisions should not have contributied in a major way to the measured
inelastic relaxation rate. Thus, the very low measured value of tEvremains
a puzile, although, as we shall sée in Sec. 8.2, other measurements of AQ*
in Al produtce comparable values.

Very little experimental work has been carried out on the region of
ﬁhe core, for the obvious reason that its dimensions are so small.
However, Skocpol and Jackel (1981) were able to make probes sufficiently
small to measure the variation of A across a PSC in Sn and found that A
was greatly suppressed in the core, as one would expect.

The interaction between neighboring PSCs or, in general, any type of

weak link, is a complicated subject. Lindelof and Bindslev Hansen
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(1981) have given an extensive review. The effect of one PSC on the
critical current of another arises from a spatially decaying charge im-
balance. Such effects were first observed by Jillie et al. (1977), but
the only quantitative results appear to be those of Aponte and Tinkham
(1983), whose work we now briefly describe. Two neighboring PSCs were
fabricated on the same strip of Sn, each PSC being nucleated at a nar-
rowed portion of the strip so that its position was accurately known.
The I-V characteristics of the PSC between probes C and L (inset, Fig.
21) were measured as a function of the current flowing through the PSC
between probes L and D. For values of I(LD) less than the critical cur-
rent of the PSC in segment LD, there is no effect on the PSC in segment
CL. For larger values of I(LD), there is a change in the apparent cri-
tical current of CL, which i3 i{ncreased (decreased) when the applied currents
in the two segments are flowing in the same (opposite) direction. However,
the magnitude of the change in I, (CL) is not the same for the two direc-
tions of current in LD: Tbe decrease when the currents are opposed is
larger than the increase when the currents are in the same direction.
This asymmetry reflects the two contributions to the interact{oni A
heating term, which depresses Ic(CL) irrespective of the direétion of
I(LD), and a term due to the diffusion of a quasiparticle current from
the source PSC to the detector PSC. The diffusive quasiparticle current
produced by LD will be in the samé direction as the applied current
I(LD), so that in the regions outside the probes L and D, there will be
an exponentially decaying supercurrent in the opposite direction to
I(LD) that cancels the quasiparticle current at each point. When the ap-

plied currents are in the same direction, the supercurrent induced in the
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detector CL by the»source LD will be in the opposite direction to I(CL),
thus reducing the supercurrent that flows (below the critical current of
CL) and enhancing the critical current. On the other hand, when the ap-
plied currents are opposed, the critical current of CL will be depressed.
By decomposing the change in IC(CL) into symmetric and antisymmetric com-
ponents, Aponte and Tinkham were able to separate out the heating and
quasiparticle contributions. The normal current in the center (x = 0)
of the PSC, IN(0) = I - BI,, was obtained by dividing Eq. (7.1) by Eq.
(7.2); 8 was found to be 0.6. The quasiparticle current in a uniform
strip would be Iy(0)exp(- x/XQ*); however, it was necessary to correct
for the diffusion of the quasiparticles into tbe probes. With this cor-
rection, the value of Mqs yielded tqe = (1.2 z 0.4) «x 10710 A(O)/A(T)ws,
in excellent agreement with the value obtained from the direct measurement
of XQ* described earlier. Given the fact that the heating effects were
also in accord with é simple model, this picture of the effect of one
PSC on the c¢critical current of another appears to describe the experimen-
tal facts very well.

The interactipn of two PSCs when both are at non-zero voltage is more
complicated. Under appropriate conditions, the voltages and hence the
frequencies of two nearby PSCs can become locked together (Palmer and
Mercereau 1977, Jillie et al. 1977, 1980, Lindelof and Bindslev Hanéen
1977, 1981). It appears most likely that the interaction arises from
charge imbalance waves, a subject that we will discuss briefly in Sec. 9.

In concluding this section, we remark that it is rather satisfying
that the simple model for the PSC proposed by SBT.gives such é good ac-

count of most of the experimental observations. One needs only to con-
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sider the time—-averaged electrochemical potentials, without delving into
the details of the time dependent processes, to explain all the observed

phenomena with the exception of the vg%tage locking effect.
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8. CHARGE IMBALANCE INDUCED BY A TEMPERATURE GRADIENT

Although the usual thermoelectric effects observed in normal metals,
namely the Seebeck and Peltier effects and the Thompson heat, vanish in
superconductors, there are observable effects due to temperature gradients
in superconductors. Schon (1981a) and Van Harlingen (1982) have recently
reviewed the various effects that can occur. In this section, we des-
cribe three experiments in which a temperature gradient induces a charge
imbalance.

8.1 Thermoelectric Generation of Charge Imbalance at a NS Interface

Artemenko and Volkov (1976) were the first to point out that charge
imbalance could be induced by a temperature gradient across an NS inter-
face. The quasiparticle current in a superconductor, JN: contains a
contribution (o/e)(eE - Vug,), were o is the electrical conductivity of
the quasiparticles, E is the electric field, and ug, is the quasiparticle
chemical potential (which depends only on the number of electrons and
the temperature). Now since the pairs in a superconductor do not accel-
erate in the steady state, we have eE - Vus = 0, so that the transport

equation can be written in the form
In = (0/7e)V(ug = ug) + Lp(- V1)
= [0/2N(0)e?1(- WQ*) + Lp(- VI), (8.1)
where Lr(T) is the thermoelectric coefficient, and we have made use of

Eq. (2.11). 1In the relaxation time approximation, the steady-state

charge imbalance is determined from the Boltzmann equation (Pethick and
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Smith 1979):

dQ*
at

==V -y - Qg = 0. (8.2)

We now consider the one dimensional case of a NS interface, where
the normal metal occupies the region x < 0 and the superconductor occu-

pies the region x > 0, in the presence of a temperature gradient dT/dx.

In addition to the constraint jg(x) + jy(x) = 0 that holds throughout the

superconductor, the requirement that each current be continuous across
the boundary x = 0 imposes the conditicn jg(0) = jN(0) = 0. As a re-

sult, Vv . Jy # O near the interface, and there will be a corresponding
charge imbalance. Combining Eqs. (8.1) and (8.2), in one dimension we

find

IN = A3xd2iy/dx? = Lp(- dT/dx) (8.3)

#*
Q" - 28#d%Q"/ax? = tgalpa?T/ax2. (8.4)

For the case 4°T/dx2 = 0 and subject to the constraint jy(0) = 0, we can

solve Egs. (8.3) and (8.4) to find
Q*(x) = 2N(0)e?)quS(dT/dx) exp(~ x/Ags) (8.5)

and
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JN(x) = Lyp(- dT/dx)[1 - exp(- x/Aqx) 1, (8.6)

where S = Ly/o¢ i3 the thermopower in the superconducting state. Figure
22 sketches jy, Jg and'Q* vs. x. From Eq. (8.5), we see that the volt-
age at the NS interface due to charge imbalance is Q*(O)/ZN(O)eZ =
AqxSdT/dx. |

These effects may be investigated experimentally by measuring the
potential difference across a SNS' sandwich in the presence of a heat
current (we assume that the normal layer is thick enough to exclude
Josephson tunneling). The excess voltages due to the charge imbalance
at the NS interface are - AquSP/Ac and = AqxS P/Ac', where P = Ac(- dT/
dx) = Ax'(- dT/dx)' is the heat current, x and K' are the thermal con-
ductivities of S and S', and A is the cross sectional.area. Thus, the
total voltage drop across a SNS' sandwich is

dySy  AnxS  AnxS.
NN * *
v-—( N . )p, (8.7)

AKN Ax AK'

where the first term is just the contribution of the normal layer of thick-
ness dy and thermal conductivity KN -

Van Harlingen (1981) measured these effects in Pb-Cu-PbBi and In-Al-Sn
sandwiches. The sample was mounted in a vacuum can and the voltage gen-
erated across the two superconductors (at regions far from the interfaces)
in the presence of a known heat current was measured with a null-balancing
SQUID voltmeter. Figure 23(a) shows V/P vs. T for a Pb-Cu-PbBi sample.

Near the transition temperature, Tc' of the Pb there is a divergence in
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V/P that arises from the rapid increase in AQ* in Pb: AQ*(T) = AQ*(O)(1 -
g)=1/4, The transition temperature of the PbBi was considerably higher
than that of the Pb, so that the voltage produced by the charge imbalance
in the PbBi varied relatively slowly with temperature below 7.2K. The
dip in Fig. 23(a) is characteristic of the thermopower of Cu, and arises
from the Kondo effect in the presence of magnetic impurities. The solid
line is a fit to the data well below T,, extrapolated to T,. The differ-
ence between this line and the data near T¢ represents the voltage, Vg,
. due to the charge imbalance in the Pb, and is plotted vs. (1 - t)~1/%4 ip
Fig. 23(b). We see that near T, Vg/P is proportional to (1 - t)”1/%, as
expected. Van Harlingen estimated S from the slope of this line, - AQ*(O)S/
Ak, using a value for x obtained from the measured electrical conductivity
and the Wiedemann~Franz law, and the value AQ*(O) = 2.7 um obtained from
the measured electrical resistance of the SNS' junction. His value of S
= - 7.8 x 1077 vk~ near T, compares with the value of - 2.2 x 1077 vk~!
obtained by Christian et al. (1958) on Pb in the normal state. Given
the strong dependence ofTS on the impurity content of the material, this
discrepancy is by no means unreasonable; unfortunately, it was not possible
to measure S independently in the material used in the experiment.

Van Hablingen found comparable results on In-Al-Sn sandwiches near
the In transition temperature. Subsequently, Battersby and Waldram
(1983) studied similar effects in Pb-Cu-Pb and Pb-Cu-PbBi sandwiches,
and obtained excellent agreement between the value of the thermopower in

Pb and that measured directly on a bulk sample prepared in a similar

way .
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8.2 Spatial Dependence of Charge Imbalance Induced by a Temperature
Gradient near a Superconducting Boundary

Mamin et al. (1983, 1984) performed experiments designed to measure
the spatial decay of the charge imbalance [Eq. (8.5)] near the end of an
Al film in the presence of a tempefature gradient. Their sample configur-
ation is shown in Fig. 24. The Al film, deposited on a glass substrate,
was 500 um wide and typically 300 nm thick. A series of probes was fa-
bricated on top of the Al film with a photolithographic lift-off proce-
dure. Each probe consisted of 800 nm of Cu (3wt%Al) followed by about 5
nm of Fe and 200 nm of Pb (5wt%In). The Fe layer prevented Josephson
tunneling between the Al and the PbIn. Near the end of the Al film, the
probes were 2 um wide with a 6 um separation between centers. The volt-
age developed across each junction was measured with a null-balancing SQUID
voltmeter relative to a wide pfobe far from the end of the film; the volt-
meter was connected to each probe in turn by means of a mechanical super-
conducting switch operated from outside the cryostat. The normal state
thermopower was measured in another part of the Al film, again by means
of the SQUID voltmeter. The substrate was mounted in a vacuum can, and
a heater and thermometers were attached to allow a known temperature
gradient to be established.

The value of Aq#(T) was determined by injecting current through one
probe and measuring the voltage at nearby probes. In all cases, the ob-
served vonltage was accurately exponential over as much as five decades:

A representative example is shown in Fig. 25. The measured value of
Aq#(T) is plotted vs. (1 - T/T,) in Fig. 26: The slope is - 0.22 % 0.03.

The value of TQ* = 2N(O)ezxa*/o estimated from the measured values of
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Aq# and o and with N(0) = 1.74 x 1028 oy~1 g1 (Gschneidner 1964) yields
Tg = 1.6 + 0.2 ns, assuming that only electron-phonon scattering contri-
butes to the charge relaxation near'Tc as is implied by the fact that

AQ* = (1 - T/Tc)°1/u. Two other samples yielded tg = 2.7 £ 0.5 ns and
2.3 £ 0.4 ns. The average value of tg, about 2 ns, is about a factor of
6 smaller than that obtaingd by CC (Sec. 4). All three samples were
sufficiently clean that charge relaxation due to electron-electron scatter-
ing should have been quite negligible. To éliminate the possibil-

ity that the Al filmé in the decay measurements differed in scme way
from those used in the CC experiments, Mamin et al. fabricated two
samples in which the Al was deposited simultaneously, one in the config-
uration of Fig. 24 and one in the configuration of Fig. 5. The ihferred
values of tg were about 2 and 11 ns, respectively, in agreement with pre-
vious results. We note that the Qalue of tg obtained from the decay
measurements i{s only about a factor of two smaller th;n that obtained by
Stuivinga et al. (1981, 1983) from measurements on phase-slip centers in
Al (Sec. 7). At the time of writing, there is no explanation for the
discrepancy in the values of Tg observed in the tunnel injection and spa-
tial decay measurements. However, we emphasize that this discrepancy
concerning 1z does not enter into the discussion of thermoelectric ef-
fects, for which only the measured value of AQ*(T) is required.

We now turn to a discussion of the charge imbalance generated by a
temperature gradient. Figure 27 shows V(x) vs. distance for a sample at
four different temperatures. In contrast to the behavior observed for
the current injection experiments, the data show significant downward
cﬁrvature near the end of the Al film. A straight-line fit to the data
points farthest from the end of the Al film yields a decay length of 24

+ 4 um that is independent of temperature, and always longer than the
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temperature-dependent length measured in the current injection case.
Thus, one concludes that the charge imbalance decay length measured in
the thermcelectric experiment is not equal to AQ*, presumably because
the}température gradient is non-uniform over a region near the end of
the Al film where the heat flow enters the film from the substrate. In
a quasi-one-dimensional model, it is easy to show that the gradient is

given by

dT _ dT

™ dx|°[1 - exp(~ x/Aq)1, (8.8

where dT/dx|° is the gradient far from the end of the film and A¢ =

(Sd/YK)1/2. Here, g and d are the thermal conductivity and thickness of
the Al film, and yx 1s the Kapitza resistance of a unit area between the
film and substrate. If we assume d = 300 nm, g = 6 wm™! K'1, and Yx = 5
x 103 wm™2 k™' at T, (Kaplan 1979), we find Ap = 20 um. When Eq. (8.8)

is inserted in Egs. (8.3) and (8.4), one finds

A2

* - . -
V) = (aque ™ - e ) Ly (8.9)
A - M

Figure 27 shows the fit of the data to Eq. (8.9) using values of
AQ*(T) from the current injection experiments, and regarding S and Ap as'
adjustable parameters. The fits are generélly satisfactory. The in-
ferred value of S near Tc was (- 2.7 £ 0.6) x 10'8 VK", compafed with a
value measured in the normal state of (- 1.05 £ 0.06) x 1078 vk, Two

other samples yielded values of (- 1.4 £ 0.3) x 1078 vk~ and (- 1.0 %

0.3) = 1078 yk~! compared with normal state values of (- 0.94 + 0.06) x
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1078 vk~ and (= 1.12 £ 0.06) x 1078 vk, respectively. Overall, the
experiments provide a strong experimental verification of the theory of
thermoelectric effects in superconductors, aﬂd, in particular,
demonstrate that there is no discontinuity in the value of Ly at T,.
8.3 Supercurrent-Induced Charge Imbalance in the Presence of a
Temperature Gradient

A quite different kind of effect due to a temperature gradient was
first pointed out by Pethick and Smith (1979b) who predicted that a
charge imbalance proportional to I ¢ VT should exist in the presence of
a supercurrent I. Clarke et al. (1979a) observed this effect in Sn
films, and established that the measured voltage was proportional to I
« V', as predicted, but was two to three orders of magnitude smaller than
the predicted value. This discrepancy arose because the theory assumed
that the elastic scattering rate was negligiple compared with the
inelastic rate, whereas the reverse was true in the experiment. Three
further theories then appeared (Schmid and Schén 1979, Clarke and Tink-
ham 1980, and Beyer Nielsen et al. 1980) in attempts to account quanti-
tatively for the temperature dependence and magnitude of the data. More
recently, Heidel and Garland (1981) observed similar effects in Al
films, while Fjordbdge et al..(1981) have given a more detailed account
of their work on Sn.

The experimental configuration used by Fjordbdge et al. is shown in
Fig. 28. The Sn (or Sn + 3wt.%In) film was typically 300 nm thick and
0.1 mm wide in the narrow region. After the Sn was oxidized, three Cu
(+3%A1) disks -~ 1 um thick were deposited, followed by three Pb strips.

In a given experiment, one of the three Sn-SnOx-Cu tunnel junctions was
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used to measure the quasiparticle potential relative to the pair poten-
tial with a SQUID voltmeter. The substrate was mounted in a vacuum can,
with a heater at each end, and thermometers were aﬁtached to the reverse
side. 1In Figs. 29 and 30 we plot measured values of V vs. I for five
values of VT and V vs. VT for 10 values of I for a representative sample.
The voltage is clearly proportional to I . VI. Figure 31 shows Vgns(0)/
IVT vs. t for the same sample: To within the experimental resolution,
all 8 samples showed the same behavior. In Fig. 32, we plot VgNs(0)T/IVT
vs. (1 - t) for the same Sample; ﬁhe divergence at temperatures above
about 0.8 T, is close to (1 - t)”'. It was found that the magnitude of
the quantity Vgyg(0)T(1 -~ t)A/IVT, where A is the cross-sectional area
of the films, was very nearly the same for relatively clean Sn films, in
which the mean free path was limited by boundary scattering, as for Snln
films in which the mean free path was limited by4boundary scattering to
about 60 nm.

Figure 33 indicates the physical origin of the effect. 1In Fig.
33(a) there is a thermal gradient, but no applied supercurrent. Quasi-
particles moving from the left are at an effective temperature T - &T,
while those moving from the right are at T + 8T, where T is the local
temperature. Thus, there is an imbalance in the populations of the k >
kg and k < kp branches on the righthand side of the Fermi surface, but
an equal and opposite imbalance on the lefthand side: As a result, Q* =
0. If we now impose a superfluid velocity vg [Fig. 33(b)] the excita-
tion energies are raised and lowered on opposite sides of the Fermi sur-
face by an amount p, - vg [see Sec. 5.2]. The induced asymmetry ensures

that the population imbalances on opposite sides of the Fermi surface no
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longer cancel, and the resulting charge imbalance is the origin of the
observed voltage. We now briefly review the theoretical situation.
The result of Schmid and Schdn (1979) can be written in the form

Pr vg « VT

vV - 4
: GGQNS(O) T

kgT(1 = Z)ch?(a/2kgT)

1n(8atg/A).  (8.10)

Here, pp is the Fermi momentum, and Z is given by Eq. (2.24). Clarke

and Tinkham (1980) used a simple kinetic approach to obtain

Prf vg o VT
V = —
begyg(0) T

4 : (8.11)
kgT(1 = Z)ch?(A/2kgT)

Equation (8.10) exceeds Eq. (8.11) by a factor of n(84tg/H), which
varies relatively slowly with temperature over the experimental range
studied, with an average value of about 6. Apart from this factor, the
Schmid-Schdn and Clarke-Tinkham approaches yield the same result. One
can convert vy into a current density by writing Vg = jg/nge = uojsAZ(T)e/

m, and using the result XZ(T) = xg(o)(1 + Eg/W)(1 - t:“)'1 (Tinkham 1975)

to find
ModgeAf(0) (1 + £4/2)
vg = . (8.12)
m(1 - ¢4
Near T,, 1 = Z =~ma/ukgT, ch®(A/2kgT) = 1, and 1 - t% ~U(1 - t), so that

the temperature dependence of the voltage at fixed current is dominated
by the temperature dependence of vg, (1 - )", in good agreement with

the experimental results. The curves calculated for the two theories
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with vp = 6.5 x 102 ms”!, AL(0) = 5 x 1078 m, and Eg = 2.3 x 107 m are
plotted in Fig. 32. The curves were fitted at T/’I‘c = 0.99 by multiplying
Eq. (8.11) by 2.4, and Eq. (8.10) by 0.4, A detailed critique of these
two theories can be found in the paper by Pethick and Smith (1981b).
Beyer Nielson et al. (1980) and, subsequently, Pethick and Smith
(1981a,b) have solved the Boltzmann equation in the clean limit for the case

1

where rg - 0 and for an isotropic energy gap to obtain

V =

Prl v, * VT [1.934/7kgT
F s [ BT | 8/15 ] (8.13)

egys(0) T chZ(A/ZkBT) exp(A/kgT) + 1

Equation (8.13) is also plotted in Fig. 32, and evidently has a different
temperature dependence than the experimental data. In Eq. (8.13), the |
first term in square brackets dominates the second for T/T, £ 0.998,
that 1is, throughout the experimentally realizable range. The first terh
arises from quasiparticles in the energy range A - PpVvg toO A+ PFVg in
which the available phase space for charge relaxation via elastic scat-
tering is reduced. This effect is particularly pronounced for quasipar-
ticles with energies near A - PpVg- As a result, the charge imbalance
in this "pocket"'takes a relatively long time to relax compared with
that at energies above A + PFVg» which is accounted for by the second
term in square brackets in Eq. (8.13). However, it appears that, in
practice, the energy levels in the pocket are sufficiently smeared out
that the calculated enhancement of the relaxation time is not very sig-
nificant. There are at least three mechanisms by which this smearing
may occur: Inelastic scattering, gap anisotropy, and impurity scattering
(Schon 1981a, 1981b, Beyer Nielsen et al. 1982). When the contribution

of the pocket is eliminated, the second term in square brackets
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becomes dominant but, unfortunately, is valid only very close to Tc,
Beyer Nielsen et al.(1982) have used a Green's function approach to cal-
culate the voltage in the dirty limit in the presence of electron-pnonon‘
scattering, and find

2pps  vg - VT F(A/KgT)
R T ) R Tex

(8.14)

where A is the electron-phonon interaction parameter, and F is a speci-
fied dimensionleés function. Near T,, Eq. (8.14) agrees with the Schmid-
Schoén result, Eq. (8.10). Figure 34 shows Eq. (8.1“) plotted versus T/T,
together with the data obtained by Fjordbdge et al. for their dirtiest
sample. The theoretical curve has been fitted at one temperature by
scaling with a factor of 0.43. Given that effects of anisotropy are not
included in the theory, the fit is satisfactory.

As noted earlier, Heidel and Garland (1981) measured similar éffects
in Al. The spread in their values of VgysT/I » VT from sample to sample
was an order of magnitude, substantially greater than for the work on Sn.
This variation perhaps reflects variations in the homogeneity of the Al
films. The temperature dependence of the data fitted the SS and CT
theories [Eqs. (8.10) and (8.11)], but not the prediction of Eq. (8.13),
which, of course, is valid only in the clean limit, while the samples
were definitely in the dirty limit. Heidel and Garland also examined
two samples with 520 and 1660 ppm Er, respectively, and found no signi-
ficant difference in the magnitude of the effect compared with the
samples with no magnetic impurities. This result is consistent with the

idea (Clarke and Tinkham 1980) that the charge imbalance generation is a
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volume process in which the generation and relaxation processes cannot
be independently varied. Thus, the value of Q* is imposed by the tem-
perature gradient, the magnitude depending only on the transport mean‘
free path which limits the distance over which the gradient is effective
in producing a nonequilibrium population. Thus, times such as tp-and
Tq# play very little role in determining the magnitude of Q*. This
situation is in complete contrast to the other charge imbalance experi-
ments described eaflier, such as tunnel injection, the NS interface,
phase slip centers or generation by a temperature gradient in the ab-
* gence of an applied supercurrent, where the generation occurs at a well-
defined spatial homogeneity, and the generation and relaxation of Q¥ are
quite distinect processes. Thus, as we have seen in Sec. 5.1, the effec£
of a small amount of Er in Al dramatically lowers Q* in tunnel injection

experiments.
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9. DYNAMICAL CHARGE IMBALANCE

All of the experiments, and the associated theories, described above
are concerned with a steady state situation, in which the charge imbal-
ance is maintained at a constant value by a suitable generation process.
However, it is appropriate to remark briefly on dynamical charge imbal-
ance effects where, for example, one considers the time decay of a pulse
of charge imbalance. Under such circumstances, Kadin et al. (1980) show
that the appropriate decay rate is tg!, rather than Tal' The physical
reason for the difference is as follows. In a steady state measurement,
the charge imbalance relaxes by means of changes in the distribution func-

tion alone, the charge, q,, associated with a given k-value remaining

fixed. This leads to the well-established result rQl = (nA/ukBT)1§1.
On the other hand, when a pulse of charge imbalance decays with time,
in addition to the relaxation of the distribution there is an accompany-
ing change in qy as the nonequilibrium value of ug decays towards its’
equilibrium value. Kadin et al. show that in the limit A(T)/kgT << 1,
this addititional process modifies the charge imbalance relaxation rate
to ',

Kadin et al. show that, in general, Q* should obey a charge imbalance

relaxation equation

» pL ) e »

Drqe72Q" = o7 + (1 + tp)Q" + Q7 (9.1
where t, = T1(n/ng) is the response time of the supercurrent to a change
in the total current (n and ng are the densities of electrons and super-
fluid electrecns in the normal and superconducting states). In the low

frequency limit, £q. (9.1) immediately yields the static decay length
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(qu*)1/2 (Eq. (6.1)]. However, in general, Eq. (9.1) describes damped,

dispersive charge imbalance waves with the dispersion relation
- 22%2 = (1 + fetg) (1 + dutg), (9.2)

where A is a characteristic length, for waves of the form expli(wt - k
e r)].

One might expect charge imbalance waves to be generated by PSCs, so
that the Josephson oscillations of two neighboring PSCs could be locked
together by this mechanism, resulting in voltage locking. As mentioned
in See. 7, such effects have been observed, and although the evidence is
perhaps not overwhelming, it seems very plausible that charge imbalancé
waves are responsible for this interaction.

The concept of dynamical charge imbalance also occurs in a quite
different situation, namely charge imbalance fluctuations (Lemberger 1981).
Whenever a charge imbalance is generated, there is an associated electrical‘
resistance: It is, of course, this resistance that is measured directly
in the measurements on the NS interface descfibed in Sec. 6. Lemberger‘
(1981) has pointed out that in thermal equilibrium there must be fluctu-
ations in Q* related to this resistance via Nyquist's theorem (Nyquist
1928). We briefly describe this analysis.

Lemberger calculates the mean square fluctuation <(6us)2> in the
limit A(T)/kgT << 1, neglecting gradients in dug. Thus, the result can
be applied only to situations in which dug is spatially uniform, for ex-
ample, charge imbalance injected into a superconducting film of thickness

<< Aq# via a tunnel barrier of area >> A%*. By combining the theory of
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charge imbalance with equilibrium thermodynamics, he obtains the result

that in thermal equilibrium (no applied current)
<(8ug)2> = 2(kgT)2/7N(0)RA(T) [A(T) << kgTl. (9.3)

For tunneling injection into a superconductor, the resistance'RQ* =
Vg/I; in the limit A(T)/kgT << 1 is easily obtained from Eq. (2.22) with

F* = 1, gNs(0) = 1 and tqe = 4kgTrg/mA(T):
Rqe = UkgTtg/27N(0)e?A(T). (9.4)

This resistance is in series with the tunneling resistance of the barrier.
It was observed by Clarke and Paterson (1974) and Lemberger and Clarke
(1981) as a dip in the conductance of the detector junctions near Tc,
and measﬁred in detail by Lemberger (1981).

To apply the Nyquist result, one assumes that the RC time constant
of the injection junction is much less than Tg, that the resistance of

the injection junction is large compared with Rq,, and that t, is small

Q

compared with tz. Under these conditions, the Nyquist theorem yields

<(8ug/e)2> = BkgTRq«B, (9.5)

where B is the bandwidth for the fluctuations. Substituting Egqs. (9.3)
and (9.4) in Eq. (9.5), one finds B = 1/4tg. Thus, the relaxation time
for charge imbalance fluctuations, as for other dynamical charge imbal-

ance relaxation processes, is tg.
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Apart from the voltage locking of neighboring PSCs, there appears to
be no experimental work on dynamical charge imbalance processes. This

is obviously an area in which more research is needed.
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10. CONCLUDING SUMMARY

In this chapter, I have reviewed the essential ideas of charge imbal-
ance in superconductors, and discussed the various physical situations in
which charge imbalance plays a role. We first considered the situation
in which charge imbalance is injected via a tunnel junction at a rate é;
= F*Ii/eﬂ and then relaxes in one or more of several possible ways to
produce a steady state voltage V = Q*/ZN(O)egNS(O) that is measured by a

tunneling contact to a normal metal. Such measurements yield the charge

imbalance relaxation rate, Tal. In the absence of gap anisotropy or
magnetic scattering and in the limit A(T)/kBT - 0, the charge relaxation
is due solely to electron-phonon processes and occurs at a rate (1“*1@)‘1
= (nA(T)/HkBT)rE1 (neglecting electron-electron scattering for the mo-
ment) .

Under appropriate conditions, elaétic scattering also relaxes charge
imbalance. In the presence of non-zero gap anisotropy the coherence
factor (uu' - vv')2 for branch crossing is no longer zero, and elastic
scattering produces charge relaxation at a rate that scales approximately
as 4%(T) near T,. This effect has been observed in both Sn and Al. The
mean free path in the Al films was reduced by oxygen doping, a process

that also enhanced T in some cases substantially. The films with sig-

or
nificantly enhanced transition temperatures exhibited much faster inelas-
tic relaxation rates than could be explained in terms of electron-phonon
scattering; recent work has explained these rates rather satisfactorily

in terms of electron-electron scattering. The presence of magnetic impur-

{ties can greatly enhance ral because the coherence factor for branch

crossing {(uu'+ vv')z, approaches unity at low energies. Experimental data
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obtained on Al doped with Er is in excellent agreement with the Schmid-
Schén prediction (F*TBl) = [wA(T)/UkBTcrE](1 + 215/15)1/2 over a
wide range of values of tg/tg for A/kgT, ¢ 0.8. Charge relaxation can
also be induced by a supercurrent: The current induces an
asymmetry across the Fermi surface that allows branch relaxation
via elastic scattering. Thevresults from experiments on dirty Al are
again in excellent agreement with the Scﬁmid-Scth result. However, com-
puter solutions of the Boltzmann equation in the last two cases produced
results that were strikingly different from the experimental data. It
now seems probable that electron-electron scattering was non-negligible
in all of these samples, and it is possible that the inclusion of this
process ;n the Boltzmann equation would remove the discrepancy.

The next three sections were concerned with various experiments in
which charge imbalance plays a central role. The resistance of the NS
interface near ’1‘c can be explained in terms of charge imbalance injected
into the superconductor where it decays with a characteristic length AQ*.
A simple modification of the tunneling theory for the injection of Q*
yields a result that is in excellent agreement with experiments on Pb,
Sn, and In, and that produces very reasonable values of Tg. The voltage
steps and dynamic reéistance of the I-V characteristics of microstrips
containing phase slip centers is nicely explained in terms of the charge
imbalance injected from the normal core of each PSC into the neighboring
superconducting regions. The interaction of nearby PSCs at zero voltage
can also be explained in terms of this static model, but the frequency
locking that occurs at non-zero voltages probably involves an interaction

via charge imbalance waves.
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Three experiments were described in which a temperature gradient was
involved. The first involved the measurement of the charge imbalance in-
duced in a superconductor near a normal contact in the presence of a tem-
perature gradient across the NS interface. The second was concerned with
measurements of the spatial decay of the charge imbalance near the end of
an Al film along which a temperature gradient was maintained. Both of
these experiments involve the thermopower S of the superconductor. In
each case, the agreement of theory and experiment was very satisfactory,
and the measured values of S were in reasonable accord with measured
normal state values. The third experiment involved the charge imbalance
generated by a temperature gradient in the presence of an applied super-
current. The agreement between the results and theoretical predigtions
is now in a very satisfactory state.

The last section briefly described dynamical charge imbalance effects,
in particular charge imbalance waves and charge imbalance fluctuations.
This is an area where there seems to be considerable scope for further
experimental work.

Values of the electron-phonon scattering rate, ré’, have been ex-
tracted from experiments on tunnel injection, the NS interface and PSCs,.
in which cne measures the steady state value of Q* induced by a known
Ainjeqtion rate into a known volume, and also from measurements of AQ*,
in which one measures the spatial decay of Q* along a superconducting
strip. The values of Tg obtained for each of the metals Pb, Sn, and In
are generally consistent and in good agreement with predictions based on
azF, with an overall spread of perhaps a factor of two in each case. On

the other hand, the values of Te obtained for relatively clean Al films
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are very puzzling. Measurements from tunneling injection and detection
yield about 12 ns, a value that is in good agreement with values obtained
from magnetoconductance data. This value is 3 or 4 times lower than the
predicted value. Furthermore, estimates of tp obtained from Aq* measured
near PSCs or near a tunnel injection junction yield values of 1 of 4 and
2 ns, respectively. Although it is now clear than electron-electron scat-
tering can play an important or even dominant role in relatively dirty Al,
it is most improbable that it plays a significant role in clean films.
Thus, at present, there seems to be no explanation of these very large
discrepancies in the values of 1g.

It is noteworthy that Al was the material used in the measurements
of Tal in the presence of magnetic impurities or of a supercurrent,
which are in disagreement with the predictions of the Boltzmann egquation.
In this case it is possible, but by no means certain, that electron-electron
scattering may explain the discrepancy. Thus, although Al has been a widely
used material in experiments on charge imbalance, it is. clearly a "bad
actor", at least partly.because the electron-phonon scattering rate is
so slow that other charge relaxation mechanisms are of much greater
relative importance than they are in Pb, Sn, and In. Obviously, much re-
mains to be done to resolve these issues.

DeSpite the problems associated with Al, however, experiments on charge
imbalance are generally in remarkably good agreement with theoretical pre-
dictions, illustrating in a rather striking way some of the fundamental
subtleties of superconductivity, such as quasiparticle charge, coherence

factors, and a variety of pair breaking mechanisms.
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Table I. Measured and Calculated Quantities for Five Al Samples

Sample Tc (X) 2 (nm) g (ns) r&iel(O)rE ( az) o
8 1.267 78 13 0.62 0.022
11 1.306 23 8 0.093 ©0.017
12 1.411 12.5 5.8 0.062 0.025
13 1.573 6.0 1.5 0.031 0.076
15 2.113 1.0 1.0 a a

a. the upward curvature was too small to enable an estimate of

TQke1(0) to be made.
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Measured and Calculated Parameters for AlEr Films

Table II.
Sample Er conc Tc L T Ts(est.) Tg (meas.)
(ppm) (x) (nm) (ns) (ps) (ps)
1 21 1.338 38 8.6 2500 1100
6 81 1.350 32 8.3 650 860
7 ' 220 1.410 22 7.4 240 210




81

Table III. Properties of SNS Junctions. The Measured Values of TE are

Averaged over 2 or 3 Samples of Each Type.

Superconductor/ Type Measured Tt Calculated®t
normal metal . -10 E -10 E
(10 ~s) (10 s)
Pbg.99B%9. 01" film 0.25 0.23(Pb)
Cu5.97410.03
Sn-Ir foil 2.6 2.7
: SnO.QQInO.OI-Ir foil l.l» 2.7(Sn)

In-Ir . foil 1.1 1.0

a. Kaplan et al. (1976)
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FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

rig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

The effect on (a) condensaﬁe density, and (b) the quasiparticle
excitation spectrum when electron-like excitations are added to
the superconductor. The solid and dashed lines represent equi-
librium and displacement from equilibrium, respectively.
(ukBTTE/ﬂA)Tal vs. A(T)/kgT and T/T,: Ccmputed valueé for

eVy = 0.01 a(T) (-0-), 10 A(T) (-0-), and 10kgT, (-4-) (Chi and

"Clarke 1980).

Computed values of (u/v)ral vs. A(T)/kBT and T/T, for eV;

= 0.01 A(T) (-0-), and 10 A(T) (-0=) (Chi and Clarke 1980).
[ukBTrg/wA(T)]ral and [RkBTtE/nA(T)](F*rQ*f1 vs. eV;/A(T)

for T = 0.9 T, (Chi and Clarke 1980).

Configuration of tunneling experiment to generate and detect
charge imbalance in a Sn film. A SQUID voltmeter is used to
measure the voltage betﬁeen the Sn and Cu films generated by the

current passed between the Al and Sn films (Clarke 1972).

8ys(0)AQVy/Iy vs. T/T, for pure Sn and SnIn. The solid line is a
fit of kgT,/A(T) to the data for Snln for T/T, 2 0.7 (Clarke and
Paterson 1974).

Measured values of (F*rQ*)'1 vs. A/kBTc for 5 samples listed in
Table I (sample numbers shown in parenthesis). The solid lines
are a best fit to the solution of the Boltzmann equation (Chi
and Clarke 1979).

(F¥tqe)”" normalized to (w/8tg)(1 + 21g/tg)'’/2 vs. a/kgT,. The
curves approach the origin with unity slope. The dashed line

is an extrapolation of the SS theory to low temperatures. The



Fig. 9.

Fig. 10.

Fig. 11.

Fig. 12.

Fig. 13.

Fig. 14,
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inset shows the region dear the origin (Lemberger and Clarke
1980a).
Experimental values of (F*rQ*)'1 vS. A/KgT, for samples with
Er concentrations of 21 (#1), 81 (#6), and 220 (#7) at.ppm, with
straight lines drawn through the data b& eye. The other curves,
which represent computer solutions to the Boltzmann equation,
have the same slope as the data in the 1limit A/kBTc > 0 (Lem-
berger and Clarke 1980a).
S (slope of (F*rQ*)'1 vS. A/kgT, for small A/kgT,) vs. (m/ltg)
(1 + 215/13)1/2 for all samples. The solid line through the
origin has unity slope (Lemberger and Clarke 1980a).
(SF*TQ*)-1 vS. A/kgT, for one representative sample of each
impurity concentration (Lemberger and Clarke 1980a).
Typical experimental plot of V4 vs. Ig for fixed Ij. The points
are a fit to a function of the form V4(Ig) = V4(0)/(1 + bI§)1/2.
with b as the fitting parameter (Clarke and Lemberger 1980b).
Data points are measured values of b, solid and dashed lineé are
fits of bSS and bAUM to the data. The values of T, %, and tg
are 1.370 K, 25 nm and 5.3 ns for sample 1 and 1.514 K, 11 nm,
and 2.7 ns for sample 2. The average values of bSS/pl€as gyer
the temperature range studied are 0.36 and 0.51 for samples 1
and 2; the value A;(0) = 160 nm (Meservey and Schwartz 1969)
was used (Lemberger and Clarke 1980b).
Variation of energy gap, 4, electric field, E, electric poten-
tial, V, normal current, jy, and supercurrent, jg, across an NS

interface for kgT/a + 0, kgT -~ A, and A/kgT + 0. The gap is
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

15.

17.
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taken to be zero in N, and the normal state properties are as-
sumed to be the same in the two metals (Hsiang and Clarke 1980).
Circles are measured total resistance vs. T/T, for SNS junctions
listed in Table III. The solid lines above 0.9 T, [0.96 T, in
(b)] are the fit to Eq. (6.5), while the dashed lines show the
extrapolation of the theory to lower temperatures (Hsiang and
Clarke 1980).
Total measured resistance vs. Z(T)(kgT/8)!/2 for the samples
shown in Fig. 15. The solid lines are a least-squares fit to
the data for T > 0.9 T, [0.96 T, for (b)] (Hsiang and Clarke
1980).
I vs. V for the whole length of the Sn bridge 140 um long, 4 um
wide, and 0.1 um thick shown inset (Skocpol et al. 1974).
Schematic representation of phase-slip center.
Spatial variation of Vg and Vy across a PSC in a SN microbridge
at the position marked with an arrow (Dolan and Jackel 1977).
Temperature dependence of the quasiparticle diffusion length
in Sn PSC. The best fit (solid line) for n = 0.28 is compared
to the expected (1 - T/Tc)‘1/“ divergence (dashed line) (Aponte
and Tinkham 1983).
I-V characteristics of segment CL taken for different fixed
values of the current through the segment LD. Plus and minus
3igns correspond to the cases when the currents in the two seg-
ments flow in the same or opposite directions, respectively

(Aponte and Tinkham 1983).
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Fig. 22. (a) Normal current (Jjy) and supercurrent (Jg), and (b) Q* vs.
distance x near the end of a superconductor in the presence of
a temperature gradient dT/dx (Mamin et al. 1984).

Fig. 23. (a) Plot of the measured thermoelectric voltage per unit power
V/P vs. T for a Pb-Cu-PbBi sample. The solid curve is charac-
teristic of the normal thermopower of Cu. (b) Fit of the charge
imbalance contribution V /P to the temperature dependence Ag#,
(1 -~ t)~1/% (van Harlingen 1981).

Fig. 24. Sample configuration for measurement of Q* induced by tempera-
ture gradient. Note different length scales (Mamin et al. 1984).

Fig. 25. Measured Aq# from current injection: Voltage, V, normalized to
injected current, I, for a séries of probes (Mamin et al. 1984).

Fig. 26. Temperature dependence of AQ* from current injection: AQ* vs,

(1 - T/T,) (Mamin et al. 1984).

Fig. 27. V(x) vs. x for thermopower measurements at 4 different tempera-
tures. Solid lines are fits to Eq. (8.9) (Mamin et al. 1984).

Fig. 28. Sample configuration for I . VT experiment (Fjordbdge et al.
1981).

Fig. 29. V vs. I for 5 values of VT (Fjordbédge et al. 1981).

Fig. 30. V vs. VT for 10 values of I. At each value of VT, the voltage
is defined to be zero at I = 0 (Fjordbdge et al. 1981).

Fig. 31. Vgyg(0)/IVT vs. reduced temperature, t (Fjordbdge et al. 1981).

Fig. 32. Vgyg(0)/IVT vs. (1 - t). The three theoretical formulas have
been fitted to the experimental data by scaling them appropri-

ately (Fjordbdge et al. 1981).



Fig. 33.

Fig. 34.
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Schematic representation of quasiparticle excitations in

presence of (a) temperature gradient and (b) temperature gra-
dient and applied supercurrent.

Comparison of theory of Beyer Nielsen et al. (1982) with data
from dirty tin sample of Fjordbdge et al. (1981) (Beyer Nielsen

et al. 1982).
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