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ABSTRACT .. 

An imba1anceQin the quasiparticle populations of the 

k > kF and k< kF branches of a superconductor may be generated 

by the injection of a current through a tunnel barrier. This 

imbalance relaxes with a characteristic time L
Q

. The'steady 

state value of Q gives rise to a quasiparticle potential V 

that differs from the pair chemical potential; and which may 

be measured by a second tunnel junction. Tinkham's theory 

. of these effects is briefly reviewed. Detailed experimental 

results are presented for tin. Most of the data are for in-

jection voltages much greater than the energy gap 6(T). Close 

to the transition temperature T , Q relaxes by inelastic phonon­
c 
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scattering, and T~h = (1.0 ± 0.2) x 10-10fl(0)/fI(T) sec. This 

time is about one-half that estimated by Tinkham. At tempera-

tures somewhat below T , elastic scattering also contributes 
c 

to the Q relaxtion provided the superconducting energy gap 

is anisotropic. With a size effect limited mean free path 

of about 2800 A, we find T~l ~ 1.4 x 10-10 sec for TITc < 0.6, 

a value that is also in good agreement with Tinkham's theory. 

In a sample with a mean free path of 420 A, and a greatly 

reduced anisotropy, T~l was i~creased to about 10-9 sec. Data 

were also taken for injection voltages close to fI(T)/e. The 

degree of imbalance per unit injection current was greatly 

reduced, as predicted by the theory. Preliminary ·measure-

ments were made on lead. At 4.2K (TIT = 0.58), the 
c 

characteristic time was about 3 x 10-12 sec. The quasiparticle 

. potential apparently increased steadily as the temperature 

was lowered, probably indicating that the characteristic 

time also increased. This result is not well understood. 

However, it is possible that recombination processes playa 

role in the Q relaxation in lead. 
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1. INTRODUCTION 

There has recently been considerable interest in the relaxation 

processes that occur in non-equilibrium superconductors. In particular, 

1-7 1 8-12 there have been a number of experiments and theories ' concerned 

with effects that arise when the quasipartic1es are not in thermal 

equilibrium with the Cooper pairs. It is now clear that there are at 

least two quite distinct non-equilibrium regimes, and we shall begin by 

briefly reviewing the basic concepts involved in these two situations. 

When a superconductor is in thermal equilibrium, the chemical poten-

tia1 of a paired electron, ~ , is equal to the chemical potential of a 
p . 

quasiparticle, ~ 
qp The excitation spectrum of the quasipartic1es is 

13 2 2 1/2 . . , 
given by the BCS result Ek ,= (6 + Ek) ,where 6 1S the energy gap 

and Ek the one-electron energy, referred to the chemical potential. It· 

is convenient to divide the quasipartic1es into two branches, one for 

k > kF and one for k < kF" (~ is the Fermi wavevector): we shall label 

these branches k> and k< respectively. The reason for this division 

will emerge in due course. Within an accuracy of - 6/EF , the number of 

k> quasipartic1es per unit volume, n>, is equal to the number of k< 

particles per unit volume, n<. 

In the first non-equilibrium regime, one generates an excess of 

quasiparticles over the equilibrium population, but the two quasiparticle 

branches remain equally populated en> = n<). At the same time, the pair 

density is reduced. This situation can be induced, for example, by 

breaking pairs with either phonons or photons. Quasipartic1es are 

generated with equal populations above and below the Fermi surface, so 

that E£ imbalance of the quasiparticle branches is created. The quasi-

particles may be excited initially to energies ~ 6, especially if 
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optical photons are used. However, these quasiparticles rapidly decay 

into lower-lying energy states with phonon emission. Thequasiparticles 

then recombine into pairs, with a recombination time, lR. For Al and Sn 

at all temperatures, and for Pb when t = TITc ~ 0.4, lR is much longer 

than the time taken by the quasiparticles to cool down to the lattice 

temperature (see Section 2.3 and Fig. 12). Thus the quasiparticle 

population comes into thermal equilibrium with the lattice, but ££! with 

the pairs. Under these conditions, one may define a quasiparticle 

chemical potential ~ ,where·~ is greater than ~. The quasiparticle qp qp p 

population is described by a Fermi function with energies referred to 

11 
~ rather than ~. The recombination time is inversely proportional qp p 

to the number of quasiparticles, and for ~ ~ ~T (t ~ 0.9) is of the 

As the temperature is increased from 

t - 0.9, lR reaches a minimum value, and then increases again close to 

Tc. For Pb above t - 0.4, lR is shorter than the cooling time. The 

quasiparticles recombine as they cool down, and it is not appropriate 

to 4efine a quasiparticle chemical potential. 

When the quasiparticles cool and recombine, they emit phonons. 

Phonons with energy ;;;;. 2~ have a non-zero probability of pair breaking 

and thereby further increasing the quasiparticle population. For this 

reason the effective15 decay time, l:ff, of a non~equilibrium quasiparticle 

population (with n> = n<) may be very much greater than lR. 
eff 

lR has 

been measured in thin superconducting films in which an excess quasi-

. 16-19 20 particle popUlation is generated by tunnel injection, or by phonon 

6 or photon excitation. The steady state popUlation is measured by 
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means of a tunnel junction between the superconductor and a second 

superconducting film. The excess population increases the quasiparticle 

current flowing through this junction at voltages below the sum of the energy 

gaps of the two superconductors. It is often difficult to deduce an 

eff 
accurate value of TR from TR the enhancement depends critically 

upon the nature of the substrate and the coupling of the films to 

the substrate and the helium bath. Gray, Long, and Adkins
18 

found 

.. -8 1/2 
r (AI) = 2.8 x 10 sec K , in good agreement with the calculated value of 

R . 
21 . . . '20 eff 10 1/2 

Gray. Eisenmenger found r R (Sn) ~ 5 x 10- sec K,while Parker and 

6 22 eff -9 1/2 
Williams, and Parker estimated r R (Sn) ~ 2 x 10 sec K, and 

r:ff (Pb) ~ 2 x 10-l2 sec Kl/2. There appears to be no theoretical value for 

.. eff 
rR(Sn), while the measured value of r R (Pb) is about a factor of 7 

23 
greater than the theoretical estimate of Rothwarf and Cohen for rR(Pb). 

The non-equilibrium situation with n> = n< was studied in a rather 

different type of experiment by Testardi,2· who generated quasiparticles 

in thin superconducting films by means of a pulsed laser. He found 

that the films could be driven normal by a sufficiently powerful laser 

pulse, and showed that the effect was not merely due to lattice heating. 

11 Owen and Scalapino showed that the excess quasiparticle population 

generated by the photons reduced the energy gap at a given temperature, 

and that the transition temperature was therefore lowered. Parker and 

Williams6 were able to confirm the dependence of'6 on the excess quasi-

particle population by studying the I-V characteristic of an SIS tunnel 

junction irradiated ,~ith a laser (it was in this way that they estimated 

eff ' 
TR for Pb andSn). They were also able to deduce the dependence of 

~ on the excess number of quasiparticles, and found excellent agree­
qp 

ment with the theory of Owen and Scalapino. 
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It appears that the general concepts involved in this kind of 

pair-quasiparticle non-equilibrium are well understood, although only 

LR(Al) is known with any great precision. However, more accurate values 

, 22 
for Sn and Pb will probably be available in the near future. 

In the second non-equilibrium regime, an imbalance is generated in 

the k> and k< quasiparticle populations, illustrated in Fig. 1. We 

define the imbalance per unit volume as Q = n> - n<. This imbalance 

implies that a quasiparticle current is flowing. Q relaxes in a 

characteristic time L
Q

' the branch mixing time, through the scattering 
or creation 

of a quasiparticle from one branch to the other or through the annihilation / 

of two quasiparticles on the same branch. We shall see that for Sn, 

LQ is much smaller than LR• Thus if an excess of (say) k> quasi­

particles is suddenly created, Q will relax in a time LQ to ·a 

Q = 0 distribution in which there is still an excess number of 

quasiparticles (~ > qp 
eff 

a time LR It will 

~). This excess will subsequently decay in 
p 

also be seen that close to T , each quasiparticle 
c 

branch w:l1l come separately into internal thermal e'quilibrium 

before very much branch mixing can occur. In this situation, we can 

define chemical potentials for each branch, ~> and ~<' which will differ 

when Q *0. For Pb when t ~ 0.4, LR is comparable to or less than L
Q

• 

Recombination may then become the dominant Q relaxat~on processes. 

The fact that a non-zero Q implies the existence of a quasiparticle 

current in the superconductor was ~emonstrated by Pippard, Shepherd, and 

Tindall. 1 . They measured the resistances of superconductor-normal metal-

superconductor sandwiches and of superconducting cylinders in the 
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intermediate state. In both types of sample, they found the resistance 

was independent of temperature at low reduced temperatures, but increased 

substantially as the temperature was raised towards the transition 

temperature. This increase was ascribed .to an additional resistance 

in the superconductor near the interface; At low reduced temperatures, 

quasiparticles incident on the interface from the ndrmal side have energies 

. . 24 . 
much less than 1::., and are Andreev reflected. In this process, a 

quasiparticle above the Fermi surface is reflected as one below the 

Fermi surface, while a pair propagates into the superconductor. Thus 

the conversion from normal current to supercurrerit occurs at the NS 

. 25 
interface. At higher temperatures (k T> 1::.), a fraction of the quasi-

B -
particles propagate into the superconductor, and in the presence of a 

current, have a Q =1= 0 dist'ribution. This quasiparticle current decays 

I in the superconductor as Q decays, over a characteristic length 

AQ = TQvFin the clean limit or AQ = (9.vFtQ/3)l/2 in the dirty limit (9. is 

the mean free path in the supercortductor). The quasiparticle current 

in the superconductor dissipates power, and this dissipation is manifested 

as an interface resistance. As the temperature is raised, more quasi-

particles propagate into the superconductor and the boundary resistance 

increases. The quasiparticle current is maintained by an electric field 

which also decays exponentially from the interface into the superconductor 

with the characteristic length A
Q

• As we shall see later, this 

"quasiparticle potential" at ,any point is related to, but not directly 

proportional to Q. (Pippard et ~{.l-assu~ed that the potential was zero 

in the superconductor and discontinuous at the interface. It now seems 

clear that there is no discontinuity, and. that the potential decays 

smoothly into the superconductor.) 

4 
Subsequently, Clarke measured the quasiparticle potential directly. 

A current through an AI-AIOx-Sn tunnel junction biased at a voltage 
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~~Sn/e generated a branch imbalance in the superconducting Sn. The 

resulting ,quasiparticle potential was measured by a second tunnel 

junction (Sn-SnOx-Cu) grown on top of fhe Sn. the quasiparticle 

potential was measured between the Cu and a point on the Sn strip far 

(~ AQ) from the non-equilibrium region. A theory of the mechanisms 

involved was developed by Tinkham and Clarke,lO and in more detail by 

Tinkham. 12 The theory indicated that inelastic scattering led to 

branch mixit:lg .at all temperatures, and that a significant contribution 

from elastic scattering would occur at temperatures well below T if 
c 

the energy gap were anisotropic or spatially non-uniform. In the 

relatively dirty Sn films used in the experiment, the inelastic 

processes were dominant at all temperatures, and the preliminary 

value26 of Twas _ 3 x 10-10 ~(O)/~(T) sec. The theoretical value 
Q 

-10 . for TQ (due to phonon processes only) was - 2 x 10 ~(O)/~(T). 

The experiment performed by Clarke was stimulated by a theory of 

Rieger, Scalapino, and Mercereau,9 who used time-dependent Ginzburg-
.... -~. 

Landau theory to discuss the second non-equilibrium regime. Their 

theory predicted qualitatively t4e observed effects, but being a 

phenomenological theory, could not account for the detailed microscopic 

processes. Thus their;work does not contain the ideas of branch 

imbalance or of ~> * ~<: however, their results have the same form as 

1 W 
the work of Pippard et al. and Tinkham and Clarke except in that they 

involve the Ginzburg-Landau time TGL rather than T
Q

, and the coherence 

length t;GL rather than AQ. A phenomenological theory by Putterman 

7 
and Ouboter also pOinted out that a divergence in the supercurrent 

(which must exist when a quasiparticle current is converted into a 

super current) implied dissipation in the superconductor. 
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This paper extends the earlier work of Clarke4 on the measurement 

of TQ in Sn, and also reports preliminary work on Pb. In Section 2 we 

summarize the salient points of the theorylO,l2 the distribution 

of the injected quasiparticles, the nature of the quasiparticle potential, 

and the cooling and branch mixing of the injected quasiparticles. 

Section 3 deals with the experimental configuration and measurements. 

In Sections 4 and 5, we present the experimental results and their 

interpretation for Pb and Sn. S·ecti 6 tid on con a ns a summary, an suggestions 

for further work .. 

2, THEORY 

A suitable configuration for the generation and detection of a 

quasiparticle branch imbalance Q is shown in Fig. 2. A current I flows 

through the NIS 
2 injection junction of area w , and creates a branch 

imbalance in the non-equilibrium volume n = w2
d of the superconductor 

S, where d is the film thickness. Provided that AQ ~ d, Q is spatially 

uniform across the film, and provided that w ~ AQ, the non-equilibrium 

volume is accurately given by n, with negligible edge corrections. A 

current of either polarity increases the number of quasiparticles in n, 

and thus decreases the number of pairs. This pair reduction has the 

effect of reducing kF' However, pairs flow into n from the remainder of the 

superconductor, and create a space charge so that the electrochemical 

potential of the pairs (which includes the electrostatic potential) 

is restored throughout S to its equilibrium value, ~. We refer all p 

voltages to ~p' At distances much greater than AQ from the non-equilibrium 
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region, all chemical potentials will have their equilibrium values: 

~p = ~qp = ~> = ~<. The quasiparticle potential V (Fig. 2) is measured 

by a normal probe Np coupled to n via a second tunnel junction. The 

quasiparticle potential V is then defined as the potential between N p 

and S with zero current flowing through N 
p 

The injection and detection 

1 ·· ·d 1· . d h ... ff 27 tunne Junct10ns aV01 comp 1cat10ns ue to t e prox1m1ty e ect, 

that is, a depression of 6 in S, and a tendency for the pairs to leak 

into the normal metals, thereby making n an imprecisely defined volume. 

The calculation of V may be conveniently divided into several parts, 

which we now briefly review. First, we consider the creation of the 

branch imbalance by the injection current, second the quasiparticle 

potential V detected by the normal probe junction for a given branch 

imbalance, and third the cooling of the injected quasiparticles and 

the relaxation of Q. The various calculations have been given by 

10 12 Tinkham and Clarke, and by Tinkham, and we shall merely summarize 

the results for comparison with experiment. 

2.1 Tunnel Injection 

28 
The quasiparticle population of n is increased for both electron 

injection into S and electron extraction from S. Figure 3(a) shows 

electron injection: the electron has a probability u
k

>2 of entering 

2 
thek> branch, and a probability ~< 

Th h f h h i 1 d fi i ·' 13 e co erence actors ave t e r usua 'e n t10n " . 

branch. 

If the 

bias voltage of the tunnel junction V .. is much larger than 6fe and 
1nJ 

kBTfe, the injected quasiparticles are distributed in energy from 6 to 

eVinj • However, for most of these quasiparticles, u
k

>2 ~ uk<2; thus 
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the majority of the quasiparticles are on the k>branch rather than the 

2 2 
k< branch. On the other hand, if eVinj - 6, ~> - ~< ' and the branches 

are more equally populated: the resulting Q is therefore small. Fig-. 

3(b) shows the situation for electron extraction, a process that again 

involves two channels. A pair above or below the Fermi surface (with 

. 22· 
relative probabilities v

k
> and v

k
< ) breaks up to form an excitation 

in S, and also to inject an electron into N. For V .. }> Me 
1nJ 

2 ') 
v

k
< ~.,. v

k
> <., and the k< branch is preferentially populated. 

The branch imbalance per unit volume, Q, is defined as 

Q (1) 

where N(O) is the density of states per spin in the superconductor at 

the Fermi surface,'ll.(E) = E/(E2 - 62)1/2 is the normalized BCS13 density 

of states, and f k> and f k< are the steady-state non-equilibrium popula-

tions of the k> andk< branches. We wish to calculate Q as a function 

of the tunnel injection current, I, the injection voltage, V .. , and . 1nJ 

the temperature T. 

The steady state value of Q is just Qinj LQ where Qinj is the rate 
12 . 

at which Q is created by the injection current. Tinkham has shown that 

in the limit V'~ V. .. (typically, V - nV whereas V. . - mY) ~Qi j is given by 
1~ 1~ J n 

f
oo 

[feE - eV .. ) - feE + eV .. )] dE, 
6 1nJ 1nJ 

(2) 

where GNN is the tunneling conductance with the superconductor in the 

normal state, and f is the Fermi function. 

injection current 

Q. .Q differs from the 
1nJ 
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G co 

.!. = NN2· J 'n.(E)ff(E - eV. j) - feE + eV . .)] dE, 
e e ~ 1n 1nJ 

only by a factor of~(E). The value of Q .. for a given injection 
1nJ . 

current depends upon Vi ., through the energy dependences of the 
nJ 

uk and v
k

• Following Tinkham,12 we introduce the parameter 

(3) 

F(V
i 

.,T) = neQ . . /1 which characterizes the degree of imbalance of 
nJ 1nJ 

the injected population: 

F 
J.:'n(E) {f(E - eV. j) - feE + eV .. )] dE 

u 1n 1nJ 

<1. (4) 

F has been calculated numerically and is plotted vs eVi ./~ for 
nJ 

several 

values of ~/kBT in Fig. 4(a). Fig. 4(b) shows F vs eV. . I ~(O) 
1nJ 

for the 

corresponding values of the reduced temperature t. For eV .. ~ ~ 
1nJ 

virtually all of the quasiparticles are created on one branch (the 

k> branch for electron injection or the k< branch for electron extraction) 

and F ~ 1. For eV .. < ~ there are two regimes, k_T ~ ~ and'kBT ~~. 1nJ -13 

For kBT ~ ~ most of the electrons enter the superconductor at energies 

high relative to ~, and F remains close to unity. For kBT ~ ~ the elec-

22' 
trons are injected into states near ~ where uk> ~ ~< ' and F goes to 

zero. The quantity F has the limiting forms (given by Tinkham12) 

2f(~) I~s (eV .. 
1nJ ~ ~T, all T) (Sa) 

1 (T ~ T all V. .) (Sb) 

~)1/2 
c' 1nJ 

F = 

~v .. -1nJ (T 0, all Vi') (Sc) eVinj + nJ 

1 (eV .. 
1nJ 

~ ~, all T) , (Sd) 
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where gNS = GNS/GNN is the normalized conductance of an ideal NIS 

-
tunnel junction in the appropriate limit (~S has been tabulated by 

Bermon29 ). 

Finally, the steady state value of Q as a function of I and F is 

given by 

Q = F(V .. ,T)IT
Q

/0.e. 
In] . 

(6) 

4 In the limit eV .. ~ 6 in which the experiments of Clarke were performed, 
In] 

F ~ I for all temperatures, and a good approximation to Eq. (6) is 

(eV .. ~> 6). 
In] 

(7) 

We next calculate the dependence of the quasiparticle potential V 

upon the steady state value of Q. 

2.2 Detection of Quasiparticle Imbalance 

Consider the configuration of Fig. 2 with the leads marked V shorted 

together. Thus the normal probe is clamped at ~p (we assume the probe 

resistance to be negligible compared with the probe junction resistance.) 

In the presence of a quasiparticle imbalance in 0., the current that 

flows through the probe junction can be shown to be10 ,12 

where 

I (V 
p 

* 00 . 

Q = 2N(O) J Uk> - fk<)dE , 
6 

* GNNQ 

2N(O)e' 

* 

(8) 

(9) 

and GNN now refers to the probe junction. The quantity Q differs from 
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Q [Eq. (1)] only by the absence of the normalized superconducting density 

of states 1\. (E) • 

We now insert a voltage source between the leads marked V in Fig. 2. 

The quasiparticle potential V is defined as the external voltage 

v (~T/e) required to reduce Ip(V = 0) to zero: 

* V = - Ip (V=O) /GNS = Q /2N(0) e~S (0) , (10) 

where ~S(O) = GNS/GNN is the normalized' conductance of the probe junc­

tion in the limit V ~ o. 

* Eq. (10) relates V to Q , whereas Eq. (6) is an expression for 

* Q rather than Q. We can combine these two equations to obtain 

* 
V FQ 

Q 
(11) 

In principle, if we measure V as a function of I, we can derive a value 

for TQ. The factor F ~ 1 represents the degree of branch imbalance of 

the injected quasiparticles, and can be calculated from the known values 

* of Vi . and T. The factor Q /Q reflects the fact that the probe junc-
nJ , 

* tion measures Q rather than Q. At temperatures much below T ,'it is 
c 

* difficult to make very accura,te estimates of Q /Q, but,' as we shall see 
,~ 

*' in the next section, near Tc' Q /Q ~ 1. Thus the best estimates of TQ 

* are obtained near T , where Q /Q ~ 1, and for eVe . ~ 6, when F ~ 1. 
'c 1nj 

In these limits Eq. (11) reduces to 
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v = (T ~ T , eV. . ~ M . 
c J.n] 

(12) 

It should be emphasize~ that the quasipar~icle potential is 

measured with zero current flowing through the probe junction. This 

zero-cu~rent measurement is quite different from the determination of 

TR mentioned in Section 1, in which the detection junction is current 

biased at a voltage many orders· of magnitude greater than the quasi-

particle potential. 

In the following section, we discuss the parameters which determine 

2.3 Cooling of Injected Quasiparticles and Relaxation of Q 

The quasiparticles generated in the superconductor by tunnel injec-

tion are in general at high energies relative to both 6 and kBT. Conse­

quently, they begin to cool very rapidly towards the sample temperature 

by phonon emission. The details of this non-equilibrium process are 

12 ' 
complicated, but Tinkham has performed a model calculation to obtain 

an estimate of the cooling time. He characterizes the quasiparticle 

* population by a mean energy kBT, and finds a cooling law in which 

T* a: (time)-1/3. If the sample temperature is much less than T , the 
c 

time for the injected quasiparticles to cool down to T is given by . c 

(T ~ T ), 
c 

(13) 

where Te is the electron scattering time due to phonon processes at 

the Debye temperature 8. For T ~ T , t(T ) will be somewhat longer. 
c c 

Thus t(T ) gives a rough estimate of the time 
c 
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taken for the quasiparticles to come into thermal equilibrium with the 

lattice. This estimate is probably accurate to within a factor of 2. 

12 This cooling time is comparable in magnitude with the phonon scattering 

time for an electron at the Fermi surface when the sample is in thermal 

It would therefore seem that t(T ) 
c 

provides a reasonable estimate of the quasiparticle cooling time to a mean 

energy k_T for all lattice temperatures up to T , regardless of how high . -~ c c 

-14 the injection energy is. For Sn(Le = 2 x 10 sec, e = 200K, Tc = 3.8K for 

a thin film), t(Tc) ~ 5.5 x 10-10 sec. For Pb (La = 3 x 10-14 sec, e = 105K, 

-11 T = 7.2K), t(T ) ~ 1.8 x 10 sec. 
c c 

Having given some estimate for the time required for the quasi-

particles to cool down, we now consider the mechanisms involved in 

10 12 the relaxation of the branch imbalance.' In general, this relaxation 

can occur through both inelastic (phonon) and elastic scattering, and 

we shall discuss first the inelastic case. Q can relax by the scattering 

of an excitation from one branch to the other, a process governed by 

a coherence factor (uu' - vv,)2, or by the annihilation or creation of a 

.pair of excitations on the ~ branch, the coherence factor being 

(vu'+uv,)2. Each of these processes changes Q by 2. A consideration of 

the coherence factors reveals that significant Q relaxation occurs only 

when either the initial or final energy lies between ~ and - 2~. Near T , 
c 

when ~ < kBT, only a fraction - ~/kBT < I of the quasiparticles lies in this 
.... 

range, and we therefore might expect LQ to be proportional to l/~. We shall 

see that sufficiently close to Tc' LQ is long compared with t(Tc)' so that 

each quasiparticle branch comes separately into thermal equilibrium before 
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significant Q relaxation occurs. In that case, the population of each 

branch may be described by a Fermi function fk referred to a chemical 

potential ~> or ~<' For each branch, the perturbation of the population 

from the equilibrium population i,s Ofk = +- (dfk/dEk)O~' where o~ is the 

displacement of the chemical potential from ~. If we insert the 
p 

expressions 'for Ofk> - Ofk< ='fk> -fk~ in Eqs. (9) and (10), we find 

V = (ll> -~<) f(6) / e~S (0). 'Further, for the same limit in which the 

Chemical potentials can be defined, the same substitutions in Eqs. (1) 

* ,and (9) yield Q /Q 2f(6)/~S(0) ~ 1." Therefore near Tc we find 

(T - T ). 
c 

(14) 

Thus V = 0 if ~> = ~<, even if both chemical potentials differ from 

~. This result emphasizes that it is essential to have a branch im­
p 

'balance to obtain a non-zero quasiparticle potential. 

Tinkham12 has estimated the contribution of inelastic scattering 

to TQ near Tc by including both branch crossing and the annihilation 

and 'creation of pairs of quasiparticles, and finds 

T ph, 
Q ' (T _ T ). 

c 
(15) 

This es~imate is expe~ted to be accurate to within a factor of 2. 

3 -10 For Sh and Pb, the values of 0.068 Te(e/T
c

) are about 2 x 10 sec 

-12 and 6 x 10 sec respectively. 

At temperatures well below T , Q ,and T*relax at similar rates c 

(I.e. T
Q
' < t(T », and the assumption that the branches reach separate 

- c 
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internal equilibrium before Q relaxes is no longer valid. Tinkham has 

also considered this case, and finds an expression for T~h identical 

in forin to Eq. (15), but with a prefactor of 0.044 rather than 0.·068. 

The accuracy of the theory in ,this region is thought to be much lower. 

We consider next Q relaxation by elastic scattering. These processes 

2 
are governed by the coherence factor (uu'-vv') • We notice first that 

2 for an isotropic, spatially uniform superconductor, (uu'-vv') is zero 

for k and k' on different branches, since E = E' and ~ = ~'. However, 

for an anisotropic superconductor, the coherence factor is non-zero, 

since E = E', but ~ * ~', and elastic scattering induces branch mixing. 

The detailed behavior of these processes is again complicated, and has 

been discussed by Phillips.30 Tinkham12 estimates the branch mixing time 

due to elastic scattering to be 

[1 + (16) 

where Tl is the elastic scattering time, and (a
2 ~ is the mean square 

anisotropy3l in~. The factor [1 + (h/2Tl6)2] estimates the reduction 

in the anisotropy due to Anderson
32 

averaging. 
12 

In Tinkham's paper, 

this factor appeared squared, but the linear term seems to be more 

31 
consistent with the calculation of Markowitz and Kadanoff, and is 

also in tolerable agreement with the experimental results of Claiborne 

and Einspruch33 for Sn. For -the present purpose, we feel that 

2 2 2 (a ) = (a )0/[1 + ( h/2Tl~) ] is probably an adequate representation 

2 
of the dependence of (a ) on temperature and mean free path. Notice that 

* near T , T 
c 

-4 is never less than T , and TQ is proportional to ~ . . c 

phonon processes will therefore dominate in this temperature range. 

At low te~peratures, whether or not the anisotropic scattering 

The 
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contributes significantly to the overall branch relaxation depends on 

the dirtiness of the superconductor. 

From Eq. (16), ·we see that L~l has a minimum with respect to L1 

when L1 = h/2!:i. This condition can be rewritten as R, = 1T~(T)/2, where 

t = L
1

v
F 

is the mean free path for elastic scattering, and ~(T) = hvF/rr!:i. 

The minimum value is 

* * 
el 

LQ (min) = 
kBT ~T 

(-!:i-)' (1+ -!:i-). (17) 

e1 
i .. For R, < 1T~(T) /2, LQ increases as R,decreases: the anisotropy decreases 

-faster thah the scattering rate (ex: R,~1) increases. For R, > 1T~(T)/2, 
el . . 

LQ increases as R, increases: the scattering rate increases more 

rapidly than the aniso·tropy increases. 

* The biggest uncertainty in Eqs. (16) and (17) is the value of T • 

* We shall make an experimental estimate of T . in Section 4. 

Another possible contribution to elastic branch mixing arises from 

the spatial inhomogeneity of !:i close to the ·surfaces of the films. 34 

We have not estimated the branch mixing rate for this mechanism. 

Experimentally, it may be difficult to distinguish between these 

processes 'and the anisotropic processes .• 
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3. EXPERIMENTAL METHODS 

3~ 1 Sample Preparation f()r Sn· Samples 

The experimental realization of the configuration of Fig. 2 is 

shown in Fig. 5. Four such samples of a given thickness of Sn were 

prepared simultaneously on a glass microscope slide. The Al-AlO -Sn x 

tunnel junctions were made by first evaporating a 3 mmwide Al strip 

xx', 1200 A to 2000 A thick, onto the substrate and immediately exposing 

the film to a one atmosphere mixture of air and nitrogen for a few 

minutes.. The chamber was then evacuated and a 3 mm wide cross strip 

. of Sn YY 'of the required thickness deposited. For sample 19 the elec-

tronic mean free path in the Sn was reduced.by the addition of 3 wt% of 
was 

In: the film/produced by flash evaporation of small pellets of the 

alloy. At this point, the samples were removed from the evaporator and 

the junction resistances measured. Resistances of approximately 0.5 n 

were most desirable. These resistances increased to 1 to 2 n in the 

four hours or so required to complete the samples and cool them to 

liquid nitrogen temperatures. 

For all but one of the sets of samples the Sn was exposed to air 

for 20 to 150 minutes to produce a thin oxide barrier. The slide was 

returned to the evaporator and two 500 A thick layers of SiO were used 

to mask off all but an area of 9.4 x 10~3 cm2 in the center of the tunnel 

junction. A strip of CuAl approximately 2 ~m thick was then deposited 

diagonally so as to make contact with the Sn oxide through the window 

in the SiD. The CuAl served as the normal probe. The resistance of 

this strip, typically In, would have severely impaired the voltage 

resolution. For this reason, a Pb strip ZZ' was evaporated over the 



-21- LBL-2289 

-7 CuAl to reduce the lead resistance of the probe to _ 5 x 10 Q, the 

resistance of the 211m thick layer in the window area. The completed 

normal probe thus consisted of a superconductor-insulator-normal metal-

superconductor junction. The Al.(3 wt%) was added to the Cu to reduce 

the electron mean free path to ~ 100 A. This in turn reduced the pair 

decay depth in the CuAl and precluded pair current flow ,through, the 

junction. 

The set of samples 11 ,was made without exposing the Sn strip to air. 

·After completion of the tunnel junctions, the SiO and the CuAl were 

deposited. For these samples; the·CuAlwas therefore in good electrical 

Contact with the Sn. 

The .thickness of each film was monitored during evaporation by a 

quartz cyrstal microbalance. After completion of the low temperature 

measurements, the thickness of the Sn strips was remeasured with a Varian 

A-scope interferometer. The quoted thicknesses of Sn have· an accuracy 

of ± 100 it. 

3.2 Sample Preparation for Pb Samples. 

We also made two sets of samples (12,16) in which the superconductor 

was Pb. The preparations followed the same procedure as that for the Sn 

samples •. However, the resistance of the Al-Alox-Pb junctions was found 

to decrease with time at roqm temperature. For this reason, the desired 

initial resistance of the junctions was - 2 Q. 

3.3 Electrical Measurements 

The Sn (or Pb)...,oxi.de-CuAl-Pb junctions of the four samples on 

each slide were connected in series with a known resistance (Rstd) and a 

superconducting galvanometer. The galvanometer consisted of a superconducting 
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coil inserted into a Develco SQUID (Fig. 5). The output from the SQUID 

was detected, amplified, and fed back as a current IF into the standard 

resistance. The closed-loop SQUID voltmeter circuit has been discussed 

35 36 in detail by Giffard ~ al.' and by Clarke. Any voltage appearing 

between the normal probe and the superconductor was thus measured with 

zero current flowing in the circuit, the voltage being equal to IFR
std

• 

Two standard resistances were used. The first consisted of a I cm length 

of copper wire to which superconducting leads had been attached; its 

resistance was 0.160 ~n. The second consisted of a I cm square of 

manganin 0.025 cm thick,35 part of each face being coated with solder; its 

resistance was 2.54 ~n. The entire low temperature circuit was immersed 

in liquid helium. 

The circuit was carefully shielded to minimize the effects of 

changing external fields, and of vibrations in static fields. The 

earth's field was reduced to a few tens of mG by means of two concentric 

mu-metal shields surrounding the cryostat. The remnant flux was then 

sabilized bya superconducting lead can surrounding the low temperature 

circuit. The effective coupling area of the circuit was minimized by 

taping it (including the glass slide) toa sheet of lead, thus reducing 

spurious signals due to vibration of the loop in the ambient magnetic 

field, and due to external fields coupled into the loop. 

Above the A-point, the noise in the circuit was considerably above 

Johnson noise. We attribute the excess noise to thermoelectric voltages 

. 35 
generated in the standard resistor. The noise in the band from 

o to 1 Hi at'2.5K was typically 2 x 10-13V for the copper standard, and 

-12 10 V for the manganin standard. This excess noise vanished abruptly 
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as the temperature of the helium bath was lowered through the A-point. 

At temperatures below the A-point, the limiting noise was the Johnson 
, 

noise generated in the probe junctions and the standard resisto<r~ 

Each specimen on the slide was examined independently by applying 

a current to the appropriate terminals. The following three parameters 

were measured. First, the current-voltage characteristic of the injection 

junction was plotted on an X~y recorder by applying a current to X 'y' 

and measuring the voltage across XY. Second, the probe resistance was 

determined by applying a current to Y' Z, and measuring the voltage 

which appeared across YZ by means of the SqUiD circuit. Third, the 

non-equilibrium voltage V appearing across YZ was measured with the 

SQUID circuit as a function of the injection current I. This I-V 

characteristic was also plotted on the X-Y recorder. 

4. EXPERIMENTAL RESULTS: Sn 

This section deals with the injection and probe junctions, the 

determination of L
Q

, and the voltage and. temperature dependences of F. 

In Table I we list vario~s electronic parameters for Sn and Pb used 

in the calculations. 

4.1 The Injection Junction 

The injection junctions were high quality Al-AlOx-Sn tunnel junctions. 

The resistance of the Al strip was - 0.1 n per square at 4.2K. We 

could therefore use junctions with resistances as low as 1 n and still have 

the injection current density uniform to - 10%. These low resistance 

junctions permitted us to use high injection currents and so obtain 

correspondingly high non-equilibrium voltages in the region of special 
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interest, 0 < eV .. <~. The I-V characteristic for each sample was 
lnJ 

plotted at each temperature; the low voltage portion was expanded and 

the slope dI/dV measured in the limit eVi . + O. The normalized 
nJ 

conductance gNS(O) was determined, and compared with the theoretical 

d · i 29 pre lct on. The agreement was generally excellent. Data were rejected 

from samples in which the injection junctions had excess currents. 

4.2 Probe Junction 

The normal probe consisted of a Sn-SnOx-CuAl junction in series with 

the "lead" resistance of the CuA!. The resistance of the CuAl 

(- 5 x 10-7 Q) was about 5% of the junction resistance at T (Sn), typically 
c 

10-5 Q. From the variation of the probe resistance with temperature, 

we computed values for ~S(O), which were subsequently used in deriving 

a value for lQ. 

-9 Since the voltage across the probe junctions was typically 10 V 

or less, the measured normalized conductance could be compared with 

29 that for an ideal NIS junction in the low voltage limit eV ~~. This 

comparison is made in Fig. 6: each set of points represents an average 

over all the acceptable samples for a given thickness of Sn. In general, 

there was a large spread in the conductance and poor agreement with 

theory. However, it was found that values of VQ~S(O)/I computed 

separately for each sample were in good agreement for given values of 

T and Vinj . It therefore appears that the quality of the probe junction 

is not a vital factor in the determination'of the quasiparticle potential. 

Also included in Fig. 6 is the average conductance of samples 11 

for which the Sn was not oxidized: the probe consisted of a Sn-CuAI-Pb (SNS) 

37 junction. The conductance was independent of .. temperature except 
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near T , where it decreased. This decrease in conductance was due to 
c 

the excess boundary resistance at the Sn-CuAl interface discovered by 

Pippard et a1. 1 Since the measurements of 'the quasiparticle pdtential 

V are null measurements (I = 0), the normalized conductance used in 
, p 

'Eq. (11) should not include this conductance dip. The probe junctions 

on the oxidized Sn samples exhibited a similar but much smaller conduc-

tance dip for the same reason. Thus the conductances for these junctions 

were normalized to the maximum observed conductance (at a temperature 

somewhat below T ). 
c 

4.3 Determination of TQ 

At high injection voltages F approaches unity and Eq. (11) becomes 

Y..~ 
I 

(eV .. }> ~(T». 
~nJ 

(18) 

In thi~ section, we discuss measurements of VII for which eVinj > 10 ~(T) 

implying that F > 0.9 (see Fig. 4a). 

At each temperature V was plotted,continuously vs I for both electron 

injection and electron extraction. From the X-y recorder traces the 

values of VII for eVi . ~ 10 ~(T) were determined. For electron injection 
nJ ," , 

into the superconductor th~ CuAl probe was negative relative to ~ ; for 
, p 

electron extraction it was positive. For all samples the values of VII 

for injection and extraction were nearly equal near T but showed a 
c 

gradually increasing asymmetry as the temperature was lowered. In 

one sample, this asymmetry was as much as 50% at the lowest temperature. 

Since th~ excitation spectrum is very nearly 

E ~ EF , this, result, which was also observed 

symmetric about 

4 by Clarke, was 

~ for 

not expected. 
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The probe and injection junctions had quite symmetric current~voltage 

characteristics, and we believe they were not responsible for the 

. observed asymmetry. The average value V II will be used in the data 

analysis. At low temperatures ViI was independent of V .. for values 
~nJ 

of eVi . greater than lOt. (T) and less than 30 to 40 MT) (the highes t values 
nJ 

studied) • Near T (t > 0.98), ViI increased steadily with increasing 
c 

injection current I even for eV .. > 10 t.(T). This behavior was probably 
~nJ 

due to a depression in t. arising from heating in the injection junction. 

The measured value of ViI increased rapidly with decreasing temperature 

at low temperatures as a result of the temperature dependence of ~S(O). 
_._----

This dependence has been removed in Fig. 7 where ~S(O)V/I is plotted 

versus temperature. The quantity ~S(O)V/I was computed separately 

for each sample, and the values then averaged over all acceptable 

samples of the same thickness. This procedure was also followed for 

the data plotted on Figs. 8 through 11. We see that ~S(O)V/I is 

inversely proportional to the thickness of the Sn (and heRce to the 

volume Q) for samples 6, 8, and 15. The measured transition temperature 

for samples 6 and 8 was 3.8lK, and that for sample 15 was 3.86K. 

The results for samples 11, for which the Sn was not oxidized, are 

also shown in Fig. 7. The proximity effect27 of the euAl on the Sn 

modifies the behavior considerably. "First, the transition temperature 

of the sandwich was depressed to 3.43K. Second, ~S(O)V/I (which is 

proportional to lQ) is roughly 20 times higher than the value for 

sample 15, which has a comparable thickness of Sn. It was also observed 

that the injection junction characteristic showed no observable energy 

gap down to the transition temperature of the Al at 1.8K. Since lQ 

increases for decreasing t. for-both the inelastic and elastic contributions 
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[Eqs. (15) and (16)], this dramatic increase in TQ is reasonable • 

. However, we can draw no quantitative conclusions. The injection volume Q 

is no longer well defined, as pairs penetrate into the CuAl. In addition, 

the theory assumed tunneling detection, and it is not clear to what 

extent the results are correct, for a metallic probe withgNS(O) set 

equal to unity over the entire temperature range. F.inally, we have no 

proper measure of the degree of gaplessness in.the Sn. Nevertheless, 

the qualitiative result is interesting; and consistent with.our theoreti-

cal picture of the processes involved. 

IIi order to determine TQ it is convenient to consider the quantity 

derived from Eq. (11) in the limit eV : }>,!::, (F ~ 1): inj 

* T 
r; = Vf!-. (O)Q/I = .Q..... Q • 

~NS Q 2e2N(O) 
(eV. .}>!::,). 

1nJ 
(19) 

The relaxation processes for the inelastic and elastic contrib~tions to 

-1 __ (TQPh)-l. + (TQel)-l. TQ are independent, so that TQ The quantity r; 

is plotted vs reduced temperature in Fig. 8 for samples'6, 8, and 15 

(clean Sn), and samples 19 (Sn -+ 3 wt% In). The data for the clean 

samples have been averaged together. Very close to T , all data lie 
c 

on the same curve: 'this result implies that the phonon-mediated 

processes dominate in this temperature region, irrespective of the mean 

. free path of 'the Sn. At lower temperatures,the data for sample 19 

lie above those for the clean. samples, implying that TQ is longer in 

, the dirty sample: the anisotropy in this sample has been greatly 

reduced, and the contribution of the elastic scattering to T
Q
' has been 

partly or entirely removed~ 
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We assume for the moment that only the phonon processes contribute 

to TQ for samples 19. The solid line in Fig. 8 represents a fit of 

(; = 2.3 x 10-14 6.(O)/6.(T) to these data, 6.(O)/6.(T) -being the predicted 

dependence of T~h near Tc. The fit is excellent above t = 0.7, but at 

lower temperatures the data lie above the curve. If the theory were 

still strictly valid at lower temperatures, the data should lie below 

the theoretical curve. Tinkham's estimate OfTPh at low temperatures 
Q 

is roughly 2/3 of the extrapolation of the high temperature value. In 

* addition, Q /Q is expected to be less than unity in this temperature 

range. Our experimental result suggests that the theory is probably 

rather inaccurate at lower temperatures, as expected. One consequence 

* is that we can deduce nothing experimentally about the value of Q /Q. 

Using the data for both clean and dirty samples near T , the value 
c 

of N(O) from Table I, and 

T~h = 4.40 x 103(; = 1.0 x 

* setting Q /Q = 1, we find· from Eq. (19) 

10-10 6.(O)/6.(T) sec (T - T). This value is 
c 

4 a factor of three smaller than the corrected preliminary value of Clarke, 

and one half of the theoretical estimate. We consider this good agree-

ment between theory and experiment, in view of the various approximations 

made in the theory. 

We can now estimate the contribution of elastic scattering processes 

to Q-relaxation for the clean samples, and compare the value of T~l with 

Eq. (16). Sufficiently close to T , the ,cooling time t(T ) is shorter c ' c 
ph 

than TQ ~ TQ ' and the quasiparticles come into separate thermal 

equilibrium on each branch before branch mixing. The range of temperature 

over which t(Tc) < T~h depends critically on the value of t(Tc): if we 

take the estimate of Eq. (13), the range is t = T/T > 0.95 (see Fig. 12). 
c 
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* * In this limit, we would expect T (kB T is the mean energy of the 

'quasiparticles) to be close to T, • The mean free' path of the 
c 

clean samples was strongly size effect limited,42 and we assume that the 
is 

appropriate elastic scattering time/Ll = vF/d. The average Sn film 

thickness dwas' 2800' A. Taking the value of vi from Table I and setting3l 

el LQ from Eq. (16). We have then estimated 

L~h = 1.0 x 10-10 6.(O)/6.(T). The result 

is shown as a dashed line in Fig. 8. The agreement with the data is 

* remarkably good for t > 0.8. It appears that T = T, is an excellent 
'c 

approximation, and that Eq. (16) is a good estimate of T~lover this 

temperature range. 

el * At lower temperatures the estimate of LQ using T = Tc is too low. 

This result is expected, since the quasiparticles, are certainly branch 

mixing significantly before they reach equilibrium on each branch. The 

mean energy at which they mix is therefore higher than ~ T c. For 

. ph el 
t 5 0.6, the data indicate that both LQ and LQ are nearly independent 

ph -10 of temperature. We have assumed LQ ~. 1.0 x 10 sec and used the data 

t "· el to es l.mate LQ 

1 f el" va ue 0 LQ l.n 

* 

= [L -1 ,_ (LPh) -1]-1 ~ 1. 4 x 10-10 sec. We have used this 
Q Q 

* Eq. (16) to estimate T = 2Tc • The behavior of LQ with 

T = 2T is also shown in Fig. 8. This estimate is very approximate: 
c 

the value of L~h is not very accurate for t < 0.6, and we have neglected 

, * * the factor Q /Q. Nevertheless, this 'estimate of T seems reasonable: 

one would certainly expect T* to increase appreciably as ,the temperature 

is lowered from the region in which t(T
c

) < LQtO one in whicht(Tc) > L
Q

• 

This increase takes place as t is decreased from about 0.8 to about 0.6. 

el Eq. (16) appears to bea good estimate. of LQ ; however, a much more 
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careful study would be required to test the mean free path dependence. 

We have calculated the contribution of the elastic scattering to 

* LQ for the dirty sample. Using ~ ~ 420 A and T = 2Tc we find 

L~l ~ 10-9 sec. The contribution of the elastic scattering for the 

dirty Sn was therefore about 10% of the phonon scattering contribution 

for the lower temperatures. 

Finally, we examine the validity of the assumption w ~ AQ ~ d. Most 

of the injected quasiparticles cross to the· far side of theSn film with-

out scattering in a time - d/vF - 4 x 10-13 sec, which is much less than 

the smallest value of L
Q

• Thus AQ ~ d, and branch mixing occurs uniformly 

across the film. Quasiparticlesdiffuse along the film with an elastic 

mean free path - d, so that ~m for the longest 

value of LQ observed, about Thus AQ < w - 3mm, and the 

2 non-equilibrium volume is closely equal to w d. 

4.4 The Voltage and Temperature Dependence of F 

At high voltages (eVinj ~ 6) the quantity V/I is determined by 

* LQ and Q /Q. As eV
i 

' is reduced, the degree of branch imbalance produced 
nJ 

pe'i'unit injection current is also reduced. We· then have 

(20) 

where I:;; is the limiting value of I:;; for eVi ' .~ 6. We have-neglected the 
00 ~ 

* fact that Q /Q depends somewhat on Vinj • Figs. 9 and 10 compare the 

experimental values of ~/~ with F for samples 10C and l5A. In each 
00 . 

case 1:;;/1:;;00 was normalized at eVinj /6(0) = 40. (In Fig. 10, the A1 injection 

film was superconducting for t = 0.35, and we have not included the 
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theoretical curve for this temperature. The primary effect of the Al gap 

is to increase the energy gap in the injection current-voltage characteris-

tic to 6Sn + 6Al .) The agreement between s/soo and F is only fair. 

However, at low reduced temperatures the value of s/soo drops rapidly as 

eV .. is lowered towards 6(0). This drop clearly demonstrates the l.ll] 

decrease in branch imbalance per unit current created -by electron injection 

or' extraction near the energy gap, compared with the degree of imbalance 

created for eV; .~ 6. 
l.n] 

For the lower reduced temperatures, s/soo is too low for eV . . /6(0) < 2 l.n] -, 

and too high for eV ./6(0) > 2. It i, s possible .that these discrepancies 
in] '-

are due .to the quasiparticle interference first observed in thin super-

conducting films by Tomasch,43 and explained by McMillan and Anderson. 34 

In this process, an injected k> quasiparticle is reflected at the far 

side of the superconducting film as a k< quasiparticle (i.e. branch 

mixing occurs), and the two quasiparticles interfere. This interference 

is energy dependent, and gives rise to structure on the current-voltage 

characteristic of the injection junction. Since the reflection involves 

branch mixing, we might expect to observe structure it;l a plot of quasi-

particle voltage vs injection voltage. The structure should have extrema 

(maxima or minima depending on the sign of the perturbation in 6(T) at 

the far side of the superconducting film) when34 {[eV. .!6(T)] 2 _1}1/2 = l.n] , 
2 =mTI ~(T)/d, where dis the film thickness, ~(T) the coherence length, 

. and m an integer. For ~(T) > d or large values of m, this structure 

2 has a nearly constant period of TI ~(T)/d. At low temperatures in Sn, 

this periodicity is eV .. - 6.56(0) for d _ 3500 A. This period is at l.n] . 

least suggestive of the structure in Figs. 9 and 10. It is therefore 
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possible that branch mixing from spatial inhomogeneities in ~(T) occurs 

in our clean films. In order to test this hypothesis properly, it 

would be necessary to take data from samples in which d was varied over 

a wide range. 

5. EXPERIMENTAL RESULTS: Pb 

Preliminary measurements were also made of the quasiparticle potential 

in Pb for temperatures from 1.3 to 4.2K. The experimental arrangement was 

identical to that used in the Sn measurements. 

5.1 Injection Junctions 

The Al-AlOx-Pb junctions had normal state resistances of 1 to 2 Q 

and were of very high quali ty. Their conductances below the gap agreed 

closely with the theoretical predic tions with T = 7. 2K. The Pb phonon 
c 

structure was also clearly visible on the dV/dI characteristics. 

5.2. Probe Junction 

The Pb-PbOx-CuAl-Pb junctions had resistances of _ 5 x lO-6Q at 4.2K, 

about an order of magnitude higher than that expected for the CuAl barriers 

alone. These probe junctions were very poor quality tunnel junctions, as 

their resistances increased by only about 5% as the temperature was lowered 

from 4.2K to 1.3K. However, the results for Sn indicated that the values 

of the quasiparticle voltage were not very sensitive to the quality of 

the probe tunnel junction, provided there was an oxide layer between the 

Sn and the CuAl to quench the proximity effect. It is likely therefore 

that the results presented here for Pb were not affected significantly by 

the proximity of the CuAl. Additional measurements with better probe tunnel 

junctions would be desirable. 
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5.3 Comparison with Theory 

The values of the quasiparticle voltage per unit current (V/I) for 

the Pb samples showed only a few percent of asymmetry and were essentially 

constant for eVinj > 5~(0). The quantity ~ = (V/I)gNS(O)n for both 

sets of samples is plotted vs reduced temperature in Fig. 11. A smooth 

curve has been drawn through the data. For samples 12, we used a copper 

standard resistor, while for samples 16, we used a manganin st .. andard. The 

large error bars on the data for samples 16 above. the A-point (t = 0.3) 

reflect the high level of thermoelectric noise developed by the manganin 

(see Section 3.3). 

The rise in ~ as the temperature is lowered is inconsistent with 

the theoretical predictions for TQ: ph el both TQ and TQ . should remain roughly 

constant over this temperature range. At 4.2K, the characteristic time 

-12 estimated from ~ is about 3 x 10 sec; from Eq. (15) (with the prefactor 
. , ~l~ 

replaced by 0.044) we deduce a low temperature/for T~h of about 4 x 10-12 

sec. 

It is possible that the observed rise in ~ as the temperature is 

lowered is attributable to the poor quality of the probe junctions. 

However, no such rise was observed for Sn samples 11, for which there 

was no oxide barrier between theSn and th~ CuAl (see Fig. 7). Alter-

natively, it may be that quasiparticle recombination is primarily 

responsibl~ for the relaxation of Q when t > 0.3, and that TQ < TR only 

when t :;' 0.3.
" 

If the value of ~ for t:; 0.3 represents T~h, the required 

ph -11 value of TQ is about 1. 6 x 10.. sec, roughly four times the theoretical 

estimate. It is not inconceivable that the theory underestimates 

by this factor. If we ,take the theoretical value of Rothwarf and 

TR = 3 x 10-13T-1/2 exp(~/kBT) sec, we find that TR falls below 

TPh 
Q 

23 Cohen 
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1.6 x 10-
11 

sec for t ~ 0.45. If we bear in mind the uncertainties in 

the numerical values, it seems plausible that the temperature dependence 

of z; reflects a contribution from recombinafion processes for t ~ 0.3. 

However, the observed temperature dependence is far from that expected 

for lR' 

Structure.was observed on plots of quasiparticle voltage against 

injection voltage. Several oscillations were visible, 

and we again tentatively ascribe this behavior to quasiparticle inter-

ference arising from branch ~ixing at the Pb surfaces. At low temperatures, 

. the period ineV
i 

./!J.(O) was close to Tr2~(T)/d. 
nJ 

6. SUMMARY AND DISCUSSION 

In general, the quasiparticles injected into a superconductor from 

a normal metal via a tunnel junction do not uniformly populate the 

k> and k< branches', but rather generate an imbalance Q = n> - n< 

[see Eq.(6)]. This imbalance relaxes with a characteristic time lQ' 

In the presence of the imbalance, there exists a quasiparticle potential, 

V [see Eq. (11)], that differs from the chemical potential of the pairs, 

~. We have detected V by means of a tunnel junction probe, and deduced 
p 

values of lQ in both Sn and Pb under various experimental conditions., 

The most complete data are for Sn. The most accur'ate value for lQ 

is obtained for eVi . ~!J. at temperatures close to T (t > 0.7). In 
nJ c -

these limits, Q-relaxation proceeds by inelastic processes only, and V 

is fairly accurately given 

mentally that l~h = 1.0 x 

ph 2 
by V = lQ /2N(0)e Q~S(O). 

-10 ' 
10 !J.(O)/!J.(T) sec, (within 

We find experi-

perhaps ± 20%). 

This value is a factor of 2 lower than the theoretical estimate [Eq. (15)]: 
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the agreement is considered excellent, in view of the approximations 

12 . 
involved in the theory. In the limit of high voltage injection but 

at lower temperatures, the theory becomes complicated by the introduction 
. .' * '. 

of the factorQ /Q (~ 1) into the expression relating V to TQ• In addition, 

. elastic scattering processes become important if the energy gap of the 

Sn is anisotropic. We have largely eliminated the anisotropy effects 
data 

by dirtying the Sn in one sample. The high temperature/for this sample 

are well fitted by T~h = 1.0 x 10-10 
ll(O) /ll(T) sec. At lower tempera­

tures the theoretical curve lies somewhat below the experimental data • 
. ' ph 

The theory predicts that the low temperature value of TQ should be 

about 2/3 of the value extrapolated from high temperatures. The fact 

that Q*/Q should be less than unity (Tinkham12 estimates 0.7 to 1.0) 

ph 
should further reduce V and hence the apparent value of T

Q
. It there-

fore appears that the theory is less reliable at low temperatures than 

near T , as expected. We feel that it will be difficult to experimentally 
c 

* measure the value of Q /Q. 

We have been able to see clearly the effects of elastic scattering 

in the clean Sn samples, where the gap is anisotropic. The value of 

el -10 TQ at low temperatures, about 1.4 x 10 sec, is in good agreement 

* with the theoretical prediction [Eq. (16)], with T .~ 2T • c 
For t > 0.8, 

* the data are well represented by Eq. (16) with T ~T. 
c 

It would be of 

el interest to measure TQ for a range of mean free paths, to test the 

theory more thoroughly. The thickness of our clean samples was close 

el 
to TI~(0)/2, the value of the mean free path which minimizes TQ [Eq. (17)]. 

In a bulk Sn crystal, the elastic contribution to Q-relaxation will be 

small if the sample is at all clean. For example, in a sample with 
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~ _ 10~ (resistance ratio _ 1000), T~l _ 2 x 10-9sec at low temperatures, 

20 times larger than T~h. 

We have also studied the effects of tunnel injection into Sn at 

voltages close to~. The degree of branch imbalance per unit injection 

current is then greatly reduced. Our results [Figs. (9) and (10)], are 

in qualitative agreement with the theoretical predictions of Eq. (5). 

Our results for branch relaxation in Pb are rather few, and open 

to question because of the poor quality of the probe tunnel junctions. 

The observed rise in s as the temperature is lowered is not well under-

stood. However, it is certain that TR < TQ for a substantial range of 

temperatures. It is therefore possible that the rise in s indicates 

that recombination processes dominate Q-relaxation in Pb down to t - 0.3. 

One of us (JLP) plans further measurement of s over the temperature 

range t = 0.2 to I, hopefully with better quality probe junctions. The 

temperature dependence of s should indicate clearly whether TR or TQ is 

involved. It might also be noted that it is TR rather than T:
ff 

which 

enters here because the phonons generated by recombination excite 

quasiparticles that . populate the two branches equally. 

Consequently, measurements of the quasiparticle potential in Pb might 

eventually prove to be a very useful technique for determining TR• 

ph In Fig. (12) ~e have summarized our estimates for TQ ' TR, and t(Tc) 

(the time for injected quasiparticles to cool down to a temperature T ) c 

as functions of temperature for Sn and Pb. For T~h(sn), we have assumed 

that our high temperature value.can be extrapolated. to the lower tempera­

tures. T~h(Pb) was calculated from Eq. (15). We have used Parker's 

. 22 eff 23 
estimate for TR (Sn) and the theoretical estimate for TR(Pb) for t < 0.9. 
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The behavior of LR in both cases for 0.9 < t < 1 (shown dashed) is a 

o 14 18 guess based on the results for Al in this reg~on.' The values for 

t(T ) are from Eq. (13), 
c 

and should increase somewhat near T • 
c are very approximate,1 Thus it is impossible 

to estimate realistically the temperature ranges for Sn and Pb for 

which L~h > t(T
c
); only in this limit can we assume that the two quasi­

particle branches reach equilibrium separately before significant 

ph branch mixing occurs. For Sn, LQ is always much smaller than LR. 

, h' 
However, for Pb, it appears that LR is less than L~ for t ?: 0.4. It 

is hoped that the implications of this result for branch mixing will soon 

become clear. 

There are two other questions raised by our experiments which might 

be studied in greater depth. The first concerns the values of LQ when 

the superconductor is quasigapless. Our preliminary result, obtained 

when the probe was in good metallic contact with the superconductor, 

indicated that TQ was increased by roughly a factor of 20. A substantial 

ph el 
increase is predicted for both LQ [Eq. (15)] and LQ [Eq. (16)] when 

the energy gap becomes small. It would be of interest to study samples 

(using a tunneling probe) in which the superconductor was made gapless 

by the addition of magnetic impurities. The second question concerns 

the role of elastic scattering at the surfaces of the superconductor, 

h A 0 i 11 of' d b h m~xing is 'known to occur. 34 ,43 were Ll ~s spat a y non-un~ orm an ranc ... 

It is likely that the observed structure on plots of l; vsVinj arises 

from such processes. However, we have little feeling for size of the 

contribution of these processes, and further study is merited. 

44 Finally, we mention an implication of this work in the measurement 

of e/h' using the Josephson effect. In this experiment, microwaves at 
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a frequency w generate constant voltage steps whenever nhw = 2~~ (n is an 
p 

integer). If the voltage and current leads (which are normal metals) on 

.. one side (or both sides) of the junction are within a distance AQ, the 

quasiparticle voltage measured by the voltage leads will differ from 

2~~ Ie, and a significant error in the value of elh will result. 
p 

45 (Josephson pOinted out that non-equilibrium conditions would modify 

the chemical potential.) It is certainly possible to make junctions 

in which such errors could be observed, but in all published determina-

tions of elh, the current and voltage leads were well separated, and 

the errors due to non-equilibrium effects utterly negligible. 
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Table I 

Electronic Parameters for Sn and Pb 

Quantity Units Sn Pb Reference 

-3 -2 1.08XlO-4 1. 62x10-4 ISSp39 y Jcm K 

N(O)a -1 -3 (eV) cm 1'.39xl022 2.07xl022 

e K 200 105 ISSp39 

al'X. -1 st cm -2 9.5x101O 9.4XlO lO Chambets40 

b -1 0.65x108 O.43x108 vF cm sec 

p(293K) st cm 11. 5XlO-6 22xlO-6 CRC Handbook 41 

c 2xlO-14 3XlO-14 Tinkham 12 
Te sec 

E;(O)d /\ 2350 830 

~(O) is the density of states at the Fermi surface per spin per unit 

2 2 energy per unit volume, calculated from N(O) = 3y/2rrk
B 

' where y is the. 

coefficient of the electronic specific heat. bThe values of the Fermi 

38 velocity have been calculated from v
F 

222 = rr kB ale 'X.y, where 'X. is the 

electron mean free path and a the co~ductivity. c Te (='X.e/vF) is the 

scattering time at the Debye temperature e, extrapolated linearly from 

the value at 293K. 
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FIGURE CAPTIONS 

Fig. 1. Excitation spectrum of a superconductor with energies referred 

to ]Jp. There are n> excitations on the k> branch and n< on the 

k< branch. The imbalance Q = n> - n<. 

Fig. 2. Configuration for observation of quasiparticle imbalance. 

A current I injects quasipartic1es into the non-equilibrium volume 

~ of the superconductor S via a tunnel junction. The normal 

probe Np measures the quasiparticle potential V. 

Fig. 3(a). Tunnel injection of an electron from a normal metal (N) 

into a superconductor (S) at a bias voltage V. When EL + ER = eV > 6, 

2 > 2 u> u<, and the k> branch has a higher population than the k< 

branch. 

(b) Tunnel extraction of an electron from S into N. When 

2 2' 
EL + ER = eV > 6, v< > v> ' and the k< branch is preferentially 

populated. 

Fig. 4(a). Degree of branch imbalance F created by the injection 

current versus eV
i 

./6(T) for several values of 6(T)/kBT. 
nJ 

(b) The function F versus eV .. /6(0) for values of reduced temperature 
l.nJ 

t corresponding to 6/k
B

T in (a). 

Fig. 5. Experimental configuration for measuring quasiparticle potential. 

The order of evaporation is: A1, Sn(or Pb), SiD, CuA1, and Pb~ The 

current I (X'Y') generates a quasiparticle potential across YZ. This 

potential is measured by the superconducting galvanometer (G) in series 

with a resistance R d in a null-balancing technique. 
st 

Fig. 6. Normalized low voltage conductance ~S(O) for the normal probe 

junctions on the Sn samples versus 6/kBT, compared with theory 

(solid line). 
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Fig. 7. (V/I)gNS(O) versus T for clean Sn samples. In sample 11, 

there was no oxide barrier between the Sri and the CuAlprobe. 

Fig. 8. s versus reduced temperature t for clean Sn samples (dat'a 

averaged over all samples), and for dirty Sn sample 19 (Sn+3 wt.% In). 

The solid line is a fit to the data for the dirty Sn for t > 0.7, 

assuming that only phonon processes contribute. The dashed lines 

represent both inelastic and elastic contributions: L = 
Q 

= (l/L~h+l/L~l)-l. L~l has been calculated from Eq. (16), using 

* T * T near T , and T 
c c 

= 2T at low temperatures. 
c 

Fig. 9. Sample 10C: sis versus eV . . /6(0) (solid curves) for reduced 
00 ~nJ 

temperatures t = 0.53 and 0.89; calculated values of F (dashed curves) 

for t = 0, 0.5, 0.9, and 1.0. 

FLg. 10. Sample J51\: rJc;oo versus eVin/MO) (solid curves) for 

t 0.35 and 0.52; calculated values of F (dashed curves) for 

t = 0, 0.5, and 1.0. 

Fig. 11. s versus reduced temperature t for Pb samples 12 and 16. A 

smooth curve has been drawn through the data. The dashed line is 

the low temperature theoretical estimate of s= ~~2~~(0). 

Fig. 12. Estimates of L~~ LR' and t(Tc) for Sn and Pb. 
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