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ABSTRACT

An imbalance Q in 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
imbalénce relaxes with a characteristic fime TQ. 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 junctilon. Tinkham;s theory
"~ . of these effeqts is briefly reviewed. Detailed experimental
results afe presented for tin. Most of the data are for in-

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

to the transition temperature Tc’ Q relaxes by inelastic phonon
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scattering, and Tgh = (1.0 £ 0.2) X 10_10A(0)/A(T) sec. This

time is about one-half that estimated by Tinkham. At tempera-
tures somewhat below Tc, elastic scattering also contributes
to the Q relaxtion provided the superconducting energy gap

is anisotropic. With a size effect limited mean free path

el
Q

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

of about 2800 A, we find T~ ~ 1.4 X 10--10 sec for T/Tc < 0.6,
In a sample with a mean free path of 420 A, and a greatly
reduced anisotropy, Tgl was increased to about 10_9 sec. Data
were alsovtaken for injection voltages ciose to A(T)/e. The
degree of imbalance per ﬁnit injection current was greatly |
-reduced, as predicted by the theory. Preliminary measure-
ments were made on.lead. At 4.2K (T/Tc = 0.58), the
charactefistic 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 play a

role in the Q relaxation in lead.
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1. TINTRODUCTION
There has recently been considerable interest in the relaxation
processes that occur in non-equilibrium superconducfors. In particular,

there have been a number of exp'erimentsl—7 and theoriesl’s—12

concerned
wiﬁh effécts that arise when the quasiparticles are nét‘in thermal
'equilibrium'with the Cooper pairs. It is noﬁ clear-that theré afe at
least two quite diétinct non—equilibrium regimes, and we shallybegin by
- briefly‘reviewing thevbasic cohcepts ihvolvedviﬂ these t&é sifuationé.
When a supércpnductér is in thermal equilibrium, the cheﬁical poten-

tial of a paired electron, Up’ is equal to the chemical potential of a
dgasiparticig, quf' The excitation spectrum of.the.qugsiparticles is

2 82 1/2.

given by the BCS13 result'Ek = (A" + k) , where A is the energy gap

andrsk the one-electron enefgy, refer:ed to the chemicallpotential. It
is convenient to divide the quasiﬁarticles into two branches, one for
k >‘vkF and one for k < kEf(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 ~ A/EF, the number bf

k> quasiparticles pér'unit volume, n_, is equal to the number of k<

>
pg;ticlgs per unit ‘volume, n_.
In the first non—équilibrium regiﬁe, one generates an excess of
quasiparticles over £he equilibriﬁm pbpulation, but the two qu;siparticle
_Branches remaiq équally populated (n> - n<)- At thé same‘time, the péir
density is reduced.” This situation caﬁ be induced, for éxample, by
breaking pairs with either phonons or photons. Quasipafficles are
generated with equal pOpulations above and below the Fermi surface, so

that no imbalance of the quasiparticle branches is created. The quasi-

particles may be excited initially to energies > A, especially if
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”optical photons are used. However, these quasiparticles rapidly decay
into. lower-lying energy states with pﬁonon emission. Theiquasipartiéles

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

R’-

at all temperatures, and for Pb when t = T/Tc < 0.4, TR 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 quasiﬁarticle

_ popuiation comes into thermal equilibrium with the lattice, but not Qith _
the pairs. Under these conditions, one may define a quasiparticle
chemical potential qu, where‘}iqp is greater than up.. The quasiparticle

' population is described by a Fermi function with energies referred to
.qu rather than up.ll The recombination time is inversely proportional
to ﬁhe number of quasiparticles, and for A > kBT (t £ 0.9) is of the

15 T =‘FR Tfl/zeA/kBT

form . As the temperature 1s increased from

't ~ 0.9, T, reaches a minimum value, and then increases again close to

R
Tc' For Pb above t ~ 0.4, TR is shorter than the cooling time. The
quasiparticles recombine as they cool down, and it is not appropriaté
t§ define a quasiparticle chemical potential.

 When the quasiparticles cool and recombine, they emit phonons.

Phonons with energy 2 2A have a non-zero probability of pair breaking

and thereby further increasing the Quasiparticle population, For this

reason the effective15 decay time, T;ff’ of a non-equilibrium quasiparticle
population (with n, = n ) may be very much greater than Tpe T;ff has

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

particle population 1s generated by tunnel inject::i.on,m_19 or by phonon20

or photon6 excitation. The steady state population is measured by
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means of a tunnel junction between the supefconductor and a second
superconducting film. The excess population increases the quasiparticle
current flowing through this junction at voltages below the sum of the energy

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

o ‘ eff
accurate value of T from T :

R R 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 Adkins18 found

1/2

TR(AI) = 2.8 x lo_sseé K , in good agreement with the calculated value of

, Gray.ZlEisenmenger20 found Fiff(Sn) ~ 5 X lO_lOséc Kllz,while Parker and
Williams,6 and Parker22 estimated F;ff(Sn) ~ 2 % 10—9sec Kl/Z; and
Feff(Pb) ~ 2 X 10—128ec Kl/z. There appears to be no theoretical value for

R

TR(Sn), while the measured value of Peff

R (Pb) is about a factor of 7

greater than the theoretical estimate of Rothwarf and Cohen 3 for FR(Pb).

The>non—equilibf£hm situation with n; =n, was studied in a rather
differenfitype of experiment by Tesfardi,z'who generated quasipafticles
iﬁ thin superconducting films by means of a pulsed laser. He found
that the.fiims could be driven normal b& a sufficiently powerful laser
pulse, and showed that the effect was not merely due to lattice heating.
Owen and Scalapinoll showed that the excess quasiparticle population
generated by the pﬁétbns feduced the energy gap at a given temperature,
and that thé transition temberatufe was therefore lowered. Parker and
Williams6 were able to confirm the dependence of ‘A on the excess quasi-
particle pbpulatioﬁ by studying the I-V. characteristic of an SIS tunnel
junction irradiated with a laser (it was in tﬁis‘wayvthat they estimated

eff

TR for Pb and Sn). They were also able to deduce the dependence of

qu on the excess number of quasipérticles, and found excellent agree-—

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

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

for_Sn'and Pb will probably be available in the near futu’re.22

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

K

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

, the branch mixing time, through the scattering
Q or creation

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

characteristic time T

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

T. is much smaller than T_. Thus if an excess of (say) k> quasi-

Q R

particles is suddenly created, Q will relax in a time TQ to a
-Q = 0 distribution in which there is still an excess number of
-quasiparticles (qu > up). This excess will subsequently decay in

a time Te£f. It will also be seen that close to TC, each quasiparticle

R

branch will come separately into internal thermal equilibrium

~before very chh branch mixing can occur. 1In this situation, we can
define chemical potentials for each branch, U, and u;, wHich will differ
when Q # 0. For Pb when t > 0.4, TR is compagéble to or less than Tq.
Recombination.may then become ﬁhe dominant Q relaxation processes.
The fact that a non-zero Q implies the existence of a quasiparticle .
current in the superconductor was demonétrated by Pippard, Shepherd, ang

Tindail.l . They measured the resistances of superconductor-normal metal-

supgrconductor 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
femperature. 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 normal side have energies

' . - 24 o s -

much less than A, and are Andreev reflected. 'In this process, a
quasiparticle above the Fermi surface is reflected as one below the

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

the conversion from normal .current to supercurrent occurs at the NS

. 25 L o . o L . ,~ ;
interface. = At higher temperatures (kBT > A), a fraction of the quasi- -
particles propagateé into the superconductor, and in thé presence of a
current, have a Q # 0 distribution. This‘quasiparticlevcurrent decays
L ' o : . .1

in the superconductor as Q decays, over a characteristic length

/2

A in the clean limit or A_ = (ILVFTQ/3)l in the dirty limit (2 is

o = o'F Q
the mean free .path in the superéonductor); 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 propagéte into the supercondetor and the boundary resistance
increésés: The Quasiparticle'curreht is'maintained'by an electric field
which also decays exponentially from the interface into the superconductor

with the characteristic length A As we shall see later, this

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

p;oportionalvto_Q; (Pipbard gg_gig'assumed that the potential was zero
in the superconductpr and‘diScontinuous_atAthe interface. It now seems
. clear that there.is no discontinqity, and that the potential decays
smoothly into the superconductor.):

Subsequently, Clarke4 measured the quasiparticle potential directly.

A current through an Al1-AlOX~-Sn tunnel junction biased at a = voltage
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>ASn/e generated a branch imbalance in the superconducting Sn. The
resulting quasiparticle potential was measured by a second tunnel

junction (Sn-Sn0x-Cu) grown on top of the Sn. The quasiparticle

potential was measured between the Cu and a point on the Sn strip far
& XQ) from the non-equilibrium region., A theory of the mechanisms
involved was developed by Tinkham and Clarke,10 and in more detaii by
’Tinkham.lz The theory indicated tha£ inelastic scattering led to
branch mixing at all temperatures, and that a significant contribufion
from elastié scattering would occur at temperatures well below Tc'if
:the energy gap wereranisotropic or spatially non-uniform. In thev.
relatively dirty Sn films used in the experiment, the inelastic
. processes were dominant at all temperatureé, and the preiiminary
value26 of TQ was ~ 3 X 10—10 A(0)/A(T) sec. The theoretical value

1

for T, (due to phonon processes only) was ~ 2 X 10 0 AC0) /A(T).

Q _

| The experiment performed by Clarke was stimulated by a theory of
Rieger, Scalapino, and Mercereau,9 who used time-dependqu\Gipzburg-
Landau theory to discuss the second non-equilibrium regime. Their
theory predicted qﬁalitatively the observed effeqts, but’being a
phenomenological theory, -could not account for the detailed microscopic
processes. Thus ﬁheir swork does not contain the ideas of branch
imbalance br 6f My #* W.: however, their results have the same form as
the work of Pippard et ai} and Tinkham andClarke10 except in that they
.involve the Ginzburg-Landau time T rather than 7., and the coherence

v GL Q
length EGL rather than'AQ. A phenomenological theory by Putterman
and Ouboter7 also pointéd out that a divergence in the supercurrent

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

supercurrent) implied dissipation in the superconductor.
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This paper extends the earlier work of Clarke4 o& the measurement
of TQ in Sn, and also reports preliminary work on Pb. - In Section 2 we
summarize the salient points of the thebfylo’12§ ,the'distribution
of the injécted 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

intérpretation for Pb and Sn. Section 6 contains a summary, and suggestions

fdr further work..

. 2, - THEORY

A‘suitable conflguratlon for the generation and detection of a
qua51part1cle branch 1mbalance Q is. shown in Fig. 2 A current I flows
through the NIS 1n3ect10n junction of area wz, and creates a branch’
imbalance in the non-equlllbrlum volume { = wzd of the superconductor
S, where d is the film thickness. Provided that X, >d, Q is spatially
uniform across the film, and provided that w > AQ the non-equilibrium
-volume is accurately given by {2, with negllglble edge corrections. A
current of either polarity increases the number of quasiparticles in Q,
and thus decreases the number éf,pairs. This pair reduction has the
effect of rgducing kF. However, pairs flow into {! from the remainder 9f the
superconductor,land create a space charge so that the eléctrochemical
potential of the pairs (which includes the electrostatic potential)

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

.voltages to U . At distances much greater than AQ from the non-equilibrium
p
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region, all chemical potentials will have their equilibrium values:
uo=u . =u =u. The quasiparticle pbtential V (Fig. 2) is measured
by a normal probe Np coupled to 2 via a second tunnel junctiqn. The
quasiparticle potential V is then defined as the poténtial between Np.
and S with zero current flowing through Np' The injection and detection
tunnel junctions avoid complications due to the proximity effect,27.'
that is, a depression of A in S, and a tendency for the pairs to leak
- into the normal metals, thereby making ! an imprécisely 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
tﬁe relaxation of Q. The various calculations have been given by

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

the results for comparison with experiment.

2.1 Tunnel Injection
The quasiparticle population28 of ¢ is increased for both electron
- injéctioh into S and electron extraction from S. Figure 3(a) shows

electron injection: the electron has a probability u of entering

k>
the kg branch, and a probability uk<2 = vk>2_of entering the k_ branch.
The coherence factors have their usual definition;l3 ukz(ek) =

_1 _ .2 2 _ 1 _ 2, :

= 2(1 + Ek/Ek) = v ( ek), and Vi (ek) = 2(1 —ak/Ek) =u ( ek). If the
bias voltage of the tunnel junction Vinj is much larger than A/e and
kBT/e,the injected quasiparticles are distributed in energy from A to

eV, .. However, for most of -these quasiparticles, u 2 > u thus

inj k> k<
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the majority of the quasiparticles are on the k>’branch rather than the

' . nr - 2 2 _
k< branch. On the other hagd, if evinj ~ A, s o~ Yoo and the branches
are more equally populated: the resulting Q is therefore small. Fig.
3(b) shows the situation for electron extraction, é process that again
involves two channels. A pair above or below the Fermi surface (with

relative probabilities vk>2 and Vk<2) breaks up to form an excitation

in S, and also to inject an electron into N. For Viﬁj > Ae
2] i . . .
VR<2 > vk>é, and the k_ branch is preferentially populated.

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

Q= n, - n = 2O [REE, - £, W

where N(0) is the density of states per épin in the superconductor at

the Fermi surface,YL(E) = E/(E'2 - Az)l/2 is the normalized BCS13 density

of states, and f 5 and f are the steady-state ndﬁ-equilibrium popula-

k k<

tions of the k> and’k< branches. We wish to calculate Q as a function
of the tunnel injection current, I, the injection voltage, Vinj’ and
the temperature T.

| The steady state vaiue of Q is just Q.‘. T wﬁere Q. . is the rate
o , , , - tinj QT Tinj .

Q

.at_whidh Q is created by the injection current. Tinkham12 has shown that

in the limit V< Vinj' (typically, V ~ nV whereas Vinj ~ mV)3Qinj is given by
. GNN o ‘ o ‘
Qinj = ;EQ.IA [£(E - evinj) - f(E + evinj)] dE, (2)

where GNN is the tunneling conductance with the superconductor in the

normal state, and f is the Fermi function. Qian differé from the

injection current



-12- LBL-2289

1 %w '
== -;E-IA M (E)[f(E - evinj) - f(E + evinj)] dE, - (3)

only by a factor of M (E). The value of Qinj for a given injection

current depends upon V , through the energy dependences of the

inj

uy and Vi Following Tinkham’,12 we introduce the parameter

F(Vinj’T) = QeQinj/I which characterizes the degree of imbalance of

the injected population:

] [} (£ - eV; ) = £(B + eV, )] dE

@ (5@ - e,

< 1. %)

j) - £f(E + evinj)] dE

F has been calculated numerically and is plotted vs eV

inj/A for several

values of A/kBT in Fig. 4(Ca). Fig. 4(b) shows F vs eVinj/A(O) for the
corresponding values'of the reduced temperature t. For eviﬁj > A
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 = l.v For eVinj € A there are ﬁwo regimes, kBT > A and‘kBT <A,

For kBT 3 A most of the electrons enter the superconductof at energies
"high relative to.A,'and F remains close to unity} For kBT < A the elec-

k>2 ~ uk<2; and F goes to

trons are injected into states near A where u

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

¢ 2f(A)/gNS (evinj < kT, all T) (5a)
1 (T=T , all v, .) (5b)
F= 1/2 c inj
eV, , -
Sing ~ 8 (T =0, all Vv, .) (5¢)
eVinj + A ' inj
. " ’ =
1 (eVinj > A, al; T), (5d)
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where 8yg = GNS/GNN\iS the normalized conductance of an ideal NIS:

tunnel junction in the appropriate limitw(gNS‘has been tabulated by
Bermonzg).

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

given by

Q=Q, . T, = F(Vinj,T)ITQ/Qe. | (6)
In the limit evinj > A in which the experiments of Clarke4 were performed,
F ~ 1 for all temperatures, and a good approximation to Eq. (6) is

/Sle. (eV, > A). | ' (N

_ Q =1t in

Q

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 up (we aésume thevprobe

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

In the presence of a quasiparticle imbalance in {2, the current that -

flows through the probe junction can be shown to belo’12
G G Q*
= Q) = W - | R
L, (V=0 = fo(fk< fk>) dE = - F9er (8)
* ) ‘ ‘
where Q = 2N(0) fA (£, - £, )dE, | . (9)

. * .
and GNN now gefers 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 {\L(E). A
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 C<kBT/e) required to reduce Ip(V = 0) to zero:

*
\ =» - Ip(V=0)/GNS- = Q /2N(0)egNS(Q), | (10)

/G, is the normalized conductance of the probe junc-

NS’ "NN
tion in the limit V » 0.

where gNS(O) = G

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

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

* It '
v=rQ Qz i an
¥ aN(0)e gy g (0)

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

for T,. The factor F < 1 represents the degree of branch imbalance of

Q
tﬁe injected guasiparticles, and can be calculated from the known values
of Vinj and Ti 'The faétor Q*/Q reflects the fact that the probe junc-
tion measures Q* rather than Q. At temperatures much below TC,'it is
difficult to make very accurate estimates of Q*/Q, but, as we shall see
in the next section, near Tc’ Q*)Q = 1. Thus the besf estimates ofvTQ

' *
are obtained near Tc’ where Q@ /Q = 1, and for eVinJ > A, when F = 1,
: J

In these limits Eq. (11) reduces to
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V = 2 (T ~'Tc, eVin, > A). (12)
2N(0)e QgNS(O) J '

It should be emphasized ghét the quasiparticle potential is
measured with zero current flowing through‘the probe junction. This
zero-current measurement is quite different from the détermination‘of
TR mentioned in Section 1, in whiéh the detection jdﬁéfion is current
biased at a voltage many orders'of.mégnitude'greatér-thén the quasi-

partitle potential.

In the following section, we discuss the parameters which determine

2.3 Cooling of Injected'Quasiparticlesband Réléxatioﬁ'of Q”

~ The quésiparticles generated in the superconductorvby“tunnel’injec-
tioh.are in geﬁeral at high energies relative to both A aﬁd kBT. Conse-
quentiy, they begin to.cool very rapidly towards the sample temperature
by phononlemission. The details of this non-equilibrium process are
éomplicated, but Tihkhamlz'has pefforméd a model calculatibn to obtain
an estimate of fhe cooling fimé.’ He cﬁéracterizes the quasibéfticle
poﬁul;tion by a mean enéfgyikBTf’and finds a cdoling law‘in which

/3

% - - ‘
T o« (time) 1 If the sample temperature is much less than TC, the

time for the injécted quasiﬁarticles to cool down to TC is given by
) oy . .3 ‘
_t(TC) 0.19 re(e/Tc) (T < TC), (13)

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

the Debye temperature 6, For T = Tc’ t(Tc) will be somewhat longer.

ThuS't(Tc) gives a rough estimate of the time
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taken for the quasiparticles to come into thermal equilibfium with tﬁe

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

This cdoling time is comparable12 in magnitude wit£ the phonon scattering

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

equilibrigm at Tc’ 0.12 Te(G/TC)3. It would therefore seem that t(Tc)
provides a reasonable estimate of the quasiparticle cooling time to a mean
~energy kBTC for all lattice temperatures up to Tc, regardless of how high
vthe,injection energy is. For Sn(Te = 2‘X 10—14 sec, 0 = 200K, TC = 3,8 for
10

a thin film), t(Tc) ~ 5.5 x 10~ seé. For Pb (Te = 3 X 10—14 sec, © = 105K,

T, = 7.2, ©(T) ~ 1.8 x 10711 sec,
Having given some estimate for the time required for the quasi-
particles to cool down, we now consider the mechanisms involved in

10,12 In general, this relaxation

the relaxation of the branch imbalance.
can occur through both inelastic (phonon) and elastic scattering, and

We shall discuss first the inelastic case. Q can rglax by the scattering
af an excitation from one branch to the other, a process governgd by

a coherence factor (uu' - vv')z, or by ﬁhe annihilation ér creation of a
~pair of excitations on the éégg_branch, the coherence factor being
(vu'%uv')z. 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 A and ~ 2A. Near TC,
when A < kBT, only a fraction ~ A/kBT <€ 1 of the quasiparticles lies in this

range, and we therefore might expéét T_ to be ﬁ;bporéional to 1/A. We shall

Q

‘see that sufficiently close to Tc’ T, is long compared with t(TC), so that

Q

each -quasiparticle branch comes separately into thermal equilibrium before
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siénificaﬁt'Q relaxation occurs. In. that case, the population of eaéh
-branch may be described by a Fermi function fk referred to a chemical
potential W or u . For each branch, the pertquation of thé:population
from the equilibrium population is 6fk = ¢ (éfk/BEk)Gu, where 6ﬁ is'the
displacement of the chemical potential from ﬁp; ‘If we insgrt the

expressions for 6fk> - 6f = f in Eqs. (9) and (10); we find

k< T R TRl
V = (u>—u<)f(A)/egNs(0)f ‘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(A)/gNS(O) ~ 1... Therefore near Tc we find
Vo= (u, -u)/2e. (T ~T). W

Thus V.= 0 if U, = u;, even if both chemical potentials differ from
up. This result emphasizes that it is essential to have a branch im-
"balance to obtain a non-zero quasiparticle potential.

Tinkham12 has estimated the contribution of inelastic scattering
T to'T :near TC by including both branch crossing and the_annihilation

Q

and creation of pairs of quasiparticles, and finds

3

ph_ 8,7 &0 S
TQ = 0.068 Tq (TC) (A(T) ). (T ~ TC). . . (15)
This estimate is -expected to be accurate to within .a factor of 2.

For Sn and Pb, the values of 0.068 TG(G/TC)3 are about 2 X 10710 sec

Cand 6 x 1072 gec respectively.
. : % :
At temperatures well below Tc’ Q and T relax at similar rates

(i.é.'TQ < t(TC)), and the assumption that the branches reach separate
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internal equilibrium before Q relaxes is no- longer valid. Tinkham has
also considered this case, and finds an expression for Tgh identical

in form 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. Thesé processes

are governed by the coherence factor (uu'—vv')z. lWe notice first that
for an isotropic, spatially uniform superconduétor, (uu'—vv')2 is zero
for k and.k' on different branches, since E = E' and A = AY. However,
for an anisotropic superconductor, the cqherence factor is non-zero,
since E = E', but A ¥ A', and elastic scattering induces branch mixing.
The detailed behavior of these proéesses is again complicated, and has

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

due to elastic scattering to be

v * k.
T, - ' 2 k, T k., T
el _ 1 _h B B
o)

2 . :
where Tl is the elastic scattering time, and (a % is the mean square

’anisotropyBl in A. The factor [1 + (h/ZTlA)z] estimatesfthe reduction
in the anisotropy due to Anderson32 averaging. In Tinkham's paper,
this factor.appeared squared, but the linear term seems to be more
consistent with the calculation of Markowitz and Kadanoff,31 and is-
also in tolerable agreement with the‘experimental results of Claiborne
.and Einspruch33 for Sn. For the present purpose, we feel that

(a2 ) = (az G/[l + ( h/ZTlA)Z] is probably an adequate representation

of the dependence of (a2 ) on temperature and mean free path. Notice that

4

* -
near Tc’ T 1is never less than Tc, and T, is proportional to A 7. The

Q

phonon processes will therefore dominate in this temperature range.

At low temperatures, whether or not the anisotropic scattering
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contributes significantly to the overall branch relaxation depends on

the dirtiness of the superconductor.

e
| Q 1
when T = h/2A. This condition can be rewritten as £ = TE(T)/2, where

© From Eq. (16), we see that T 1 has a minimum with respect to T

R o= Tlv

F'is the mean free path for elastic scattering, and E(T) = th/ﬂA.

The minimum value is : o T - -

% e
21 k, T kBT .
1. B
5 ) (_A__), (1+ —A—_)' | . (17)

el :
T (min) =
Q {a

el
Q

© . faster thah the scattering rate (« %71) increases. TFor % > mE(T)/2,

increases as % ‘decreases: the anisotropy decreases

Tgl increases as % increases: the scaftering raté incteases-more
rapidly than the anisotropy-increases.

The biggest uncertainty in Eqs. (16) and (17) is the value of T*.
We-shail make an e#perimental estimate of.T*-in Section 4.

Another possible contribution to elastic branch mixing arises from
| the spatial inhomogeneity of A close to the surfaces of-_thevfilms.34
We have not estimated the branch mixing rate f&r.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 for 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-Ale—Sn
tunnel junctions were made by first evaporating a 3 mm.wide 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
ﬁinutes; 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
In: the film/;:iduced by flash evaporation of small pellets of the
élloy. At this point, the samples were removed from the evaporator and
the junction resistances measured. Resistances of approximately 0.5 Q
were most desirable. These resistances increased to 1 to 2 § in the
four houré or so required to complete the samples and c¢ool them to
liquid nitrogen temperatures.
For all but one of the sets of samples the Sn was exposed to aif

“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 tuninel -
junction. A strip of CuAl approximately 2 um thick was then deposited
diagonally so as to make contact with the Sn oxide tﬁrough the window

in the Si0. The CuAl served as the normal probe. The resistance of

this strip, typically 12, would have severely impaired the voltage

resolution. For this reason, a Pb strip ZZ' was evaporéted over the
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CuAl to reduce the lead resistance of the probe“to ~ 5 X 10_7

2, thg

,- resistance of the 2 um 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 reducé

the electron mean free path to ~ 1Q0 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 éxposing_the Sn strip to air.

. After cdmpletion of the tunnel junctions, the SiO and the CuAl were

_deposited. TFor these samples, thequAl'was therefore in good electrical
contact with the Sn.

The thickness of each film was monitored during evapération by a
quartz cyrstal microbélance.v After completion of the low temperature
measurements, the thickness of the Sn strips was remeasured with a Varian
A;scopeainterferometer. The quoted thicknesses of Sn have-an accuracy
of * 100 A,

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 room temperature. For this reason, the desired
initial resistance of the junctions was ~ 2 Q. |

3.3 Electriqal Measurements

The Sn (or Pb)ﬁoxide—CuAl—PB junctions of the four samples on

each slide were connected in sefies with a known resistance (Rétd) 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
in detail by Giffard.gg_gl,ss and by Clarke.36 Any voltage appearing

between the normal probe and the superconductor was thus measured with
éero current flowing in the circuif, the voltage being equal to I

Rstd'

Two standard resistances were used. The first consisted of a 1 cm length

F

of copper wire to which superconducting leads had been attached; its
resistance was 0.160 yQl. The second consisted of a 1 ¢m sqdare of
manganin 0.025 cm thick,35 part of each face being coated with solder; its
resistance was 2.54 u). The entire low temperature circuit was immersed
'in 1iquid 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 téns of mG by means of two concentfic
mu-metal shields surrounding the cryostat. The remnant flux was then
sabilized by a superconducting lead can surrounding the low temperature
circuit. The effective coupling area of the circuit was minimized by
taping it (including the glass slide) to a 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 thermoeléctric voltages

35 The noise in the band from

0O tol Hz at'2.5K was typically 2 X 10_13V for the copper standard, and

10'_12 V for the manganin standard. This excess noise vanished abruptly

generated in the standard resistor.
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as the\temperatﬁré.of the helium bath was lowered through the A-point.
"Aé temperatures below the A-point, the limiting noise was the Johnson
nﬁise éenerated in the probe junctions and the standard resistor.

" Each Sbeéimen on the slide was examined independently by applying
a current to the appropriate terminals. The followiﬂg'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 ﬁeaéﬁriﬁg the voltage across XY. Second, the probe resistance was
déterﬁined by applying a current to Y'Z' and measuring the voltage
whiéh appeared aéross'YZ'by means of the SQUID circuit. Third, the
non-equilibrium voltage V appearing across YZ was measured with' the
VSQUID.éircuit 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

Q

In Table I we list various electronlc parameters for Sm and Pb used

determination of T,, and the voltage and:temperature dependences of F.

~in the calculations.
| 4;1 The Injection Junction
The injeétion junctions were high quality Ai—AleTSp tﬁﬁngl junctions.
The resistance of thg.Al_strip was ~ Q.l Q per square ACZA;ZK.. We
could therefore use junctions with resistances as low gé 1 Q and still have
.the injectigg currentAdeQSity uniform to ~ 10%. Thgse lqw.resistance
. Jjunctions permitted.QS to use high injectioﬁ cur;enfs andwso obtain

correspondingly high non-equilibrium voltages in the region of sgpecial
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interest, 0 < eVinj < A. The I-V characteristic for each sample was
plotted at each temperature; the low voltage portion was expanded and
the'slope d1/dV measured in the limit eVinj % 0. Tﬁe norﬁalize@
conductance gNS(O) was determined, and compared with the theoretical
prediction.29 The agreement was generally exqellent. Daﬁa 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 seriesAwith
.'the "lead" resistance of the CuAl. The resistance of the CuAl‘
(~ 5 x 10_7 ) was about 5% of the junction resistance a£>Tc(Sn), typically
10—5 Q. From the Variation of the probe resistance with teméerature;.
we computed values for gNS(O), wﬁich wefe subsequently uséd invderiving
a value for TQ. ,

Since the voltage across the prébe junctions was typically 10—9V

or less, the measured normalized conductance could be compared witﬁ

"that for an ideal NIS junction29

in the low voltage limit eV < A, 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
theéry. However, it was found that values of VQgNS(O)/I computed
segaratelj'for each sample were in good agreement for given values of

T and V It therefore appears that the quality of the probe junction

inj’
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-CuAl-Pb (SNS)

junction._37 The conductance was independent of.. temperature except
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near TC, where it decreased. This decrease in conductance was due to
the excess boundary resistance at the Sn-CuAl interface discovered ﬁy
Pippard gg_gl.l Sinée the measurements of the quasiparticle potential
V are null measurements (I = 0), the normalized conductance used in
"Eq. (ll)jshouid not include this conductance dip. The probe junctions
 on the oxidized'Sﬁ samples exhibited a similar but much smaller conduc-
tance dip for the same reason. Thus the conductances for these junctions
were normélizéd to the maximum observed conductance'(at a temperature
somewhat below Tc).
4.3 Determination of Q9
At high injection voltages F approaéhes unity and Eq; (11) becomes

* T : v v
Q
) : eV, . > A(T)). (18)
0" (0 eRg g (0) inj RO

V o
T~ (¢

In thi§>$eqtion, we discuss measurements of V/I for which eV > 10 A(T)

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

~ At each temperature V was plotted‘continubusly vs I for both electrqn
injection and electron extraction. From the X-Y recorder traces the

values of V/I for eV ~ 10 A(T) were determined. For electron injection

inj o ,

into the superconductor the CuAl probe was negative relative to y ; for
: P

electron extraction it was positive. For all samples the values of V/I

for injectionand extraction were neafly equal near Tc but showed a
gradually increasing asymmetry as the temperature was lowered. In
one sample, this asymmetry was as much as 507 at the lowest temperature.

Since the excitation spectrum is Very nearly symmetric about kF for

E < EF,vthis result, which was also observed by Clarke,4 was not éxpected.
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' The ﬁrobe and injection junctions had quite symmetric‘current#voltage
characteristics, and we believe they were not responsible for the
,obéervedvasymmetry. The average value V/I will be used in the data
ana;ysis. ‘At low temperatures V/1 was indepgndent of Vinj for va;ues

of eVinj greater than 10A(T) and less than 30 to 40 A(T) (the highest values
studied). Near Tc (t > 0.98), V/I increased steadily wi;h increasing
injeétion current I even for eVinj > 10 A(T). ‘This behavior was probably
due to a depression in A arising from heéting in the injection junction;
The measured value of V/1 increased rapidly_with decreasing temperature

at low temperatures as a result of the temperature dependence of gNS(O).

This aépendence has been removed in Fig. 7 where gNS(O)VYI is plotted

versus temperature. The quantity gNS(O)VYI was computed separately

for each sample, and the values then averaged over all acceptable
samples of the same thickness. This procedufe was also followed for

the data plotted on Figs. 8 through 11. We see that gNS(O)VYI is
inversely proportional to the thickness of the Sn (and hence to the
volume Q) for samples.6, 8, ahd 15. The measured traﬁsitioh temperature
for samﬁles 6 and 8 was 3.81K,‘and that for sample 15 was 3.86K.

u.‘ The results forsamples 11, for wﬁich the Sn was not oxidized, are
aléé éhown in Fig. 7. The proximity effect27 of the CuAl on the Sn
m@difies the behavior considerably., First, the transition temperature
of the sandwich was depressed to 3.43K. Second, gNS(O)VYI (which is
proportional to TQ) is roughly 20 times higher than the value for

sample iS, 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 T

Q

increases for decreasing A for both the inelastic and elastic contributions
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Q

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

[Eqs. (15) and (16)], this dramatic increase in T. is reasonable.
_‘ié‘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 da metallic probe with.gNS(O) set

qual to unity over the entire temperature range. Finally, we have no
proper.measure of the degree of gaplessness in the Sn. Nevertheless,

tﬁé qualitiative result is interesting, and consistent with our theoreti-
-‘cal picture of the processes involved.

In order to determine T, it is convenient to consider the quantity

Q
‘derived from Eq. (11) in the limit eviﬁj >:A(F~1): .
7 Q¢ _ "o |
L = Vg . (0)R/T = == . (ev, . > Q). (19)
Ens Q 2e2N(0) inj

The relaxation processes- for the inelastic and elastic contributions to
- -1 el,~1
TQ are independent, so that TQ o q ) ©. The quantity T

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

Loty o
Q

(clean Sn), and samples 19 (Sn + 3 th>Iﬁ). -The data for the clean

sémples have been averaged together. Very close to:Tc, all data lie

on the same curvé: this result implies that the phonon—meaiated

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 T. is longer in

Q
' the dirty sample: the anisotropy in this sample has been.gréatly

redﬁced, and the contribution of the elastic scattering to T . has been

Q

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

to forsamples 19. The solid line in Fig. 8 represents a fit of

'q
g = 2.3 X 10—14.A(0)/A(T) to these data, A(0)/A(T) being the predicted
dependence of Tgh near TC. The fit.is excellent above t = 0.7, but at
' 1o&er 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 estimatevof"l.'gh at low temperatures
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 TC, the value
of N(0) from Table I, and setting Q*/Q =1, we find from Eq. (19)

3

Tph = 4.40 x 107z = 1.0 x 10_19 A(0)/A(T) sec (T - Tc)' This value is

Q
a factor of three smaller than the corrected preliminary value of Clarke,
and one half of the theoretical estimate. We consi&er this good agree-
-‘ment between theory and experiment, in view of the various approximations
madg in the theory.

V_We can now estimate the contribution of elastic scattering processes
el

to Q-relaxation for the clean samples, and compare the value of TQ with

Eq. (16). Sufficiently close to Tc’ the .cooling time t(TC) is shorter

than TQ &~ Tgh, and the quasiparticles come into separate thermal
equilibrium on each branch before branch mixing. The range of temperature
ph

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

Q
take the estimate of Eq. (13), the range is t = T/TC > 0.95 (see Fig. 12).
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In this limit;, we would expect 'r* (kBT*- is the mean energy of the
'quasiparticles) to be close to Tt' ‘The mean free path of the

clean samples was strongly size effect 1imited,42 and we assume that the
appropriate elastic scattering time/ii ='VF/d. The average Sn film

" thickness d was 2800 A, ' Taking the value of Vg from Table I and setting31

(a2 % = 0.02, we have calculated Tel from Eq. (16). We have then estimated

Q
T, = [(rgh y~1 +(rgl)‘1]’l, with rgh = 1.0 x 10720 AC0)/A(T). The result

isbshown'as a-dashed ‘line in Fig. 8. The agreement with the data is

: : ®
‘remarkably good for t > 0.8. It appears that T = Té.is an excellent

EI-over this

approximation, and that Eq. (16) is a good estimate of TQ
temperature range.

el

Q

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

, . %
At lower temperatures the estimate of T = using T = TC is too low.

mixing significantly before they reach equilibrium on each branch. The
mean energy at which they mix is therefore higher than kBTc' For
Sh and Tgl are nearly independeﬁﬁ
of temperature. We have assumed Tph ~ 1.0 % 10_10 sec and used the data

Q
-1 -1,-1 10

to estimate Tgl = [TQ - (Tgh) ]77 =~ 1.4 x 1007 sec. We have used this
* .
value of Tzl in Eq. (16) to estimate T = 2Tc' The behavior of TQ with

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

t < 0.6, the data indicate that both T

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

Q
. i * *
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(Tc) < .T, to one in which t(Tc) > 1

Q Q°
This increase takes place as t'is_decreased from about 0.8 to about 0.6.
el

; however, a much more

Eq;_(16) appears to be a good estimate. of TQ
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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

v * ‘
TQ for the dirty sample. Using 2 ~ 420 A and T = 2T we find

gl ~ 10—9'sec. The contribution of the elastic scattering for the

dirty Sn was therefore about 107 of the phonon scattering contribution

T

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 the Sn film with-

13

.'out.scattering in a time ~ d/v_ ~ 4 %X 10~ sec, which is much less than

F

the smallest value of T,. Thus A, > d, and branch mixing occurs uniformly

Q Q
across the film. Quasiparticles diffuse along the film with an elastic

/3)1/2

mean free path ~ d, so that A, - (dVFT "~ 10 um for the longest

Q Q
value of T, observed, about 10_9 sec. Thus A, € w ~ 3mm, and the

Q Q

non-equilibrium volume is closely equal to wzd.

4.4 The Voltage and Temperature Dependence of F

inj

is reduced, the degree of branch imbalance produced

At high voltages (eV > A) the quantity V/I is determined by

*
and Q /Q. - As eV

o inj

per unit injection current is also reduced. We then have

%
F(Q /@t '
= —5—2=F,_ D, (20)
2e%N(0) ]
where 7 is the limiting value of [ for evinj'> A. We have neglected the

*
fact that Q /Q depends somewhat on Vinj' Figs. 9 and 10 compare the
experimental values of ?.;/C°° with F for samples 10C and 15A. In each
case §/r  was normalized at evinj/A(O) = 40. (In Fig. 10, the Al 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 ASn + AAl.) The agreement between /¢ _ and F is only fair.

However, at low reduced temperatures the value of C/Z;o° drops rapidly as
eviﬁj is lowered towards.A(O). This drop clearly demonstrates the |
decrease in branch imbalance per unit current created by electron injection
or- extraction near the energy gap, compared with the degree of imbélance
"-vcfeated fdr-eVinj-> A.

For the lower reduced temperatures, L/ is too low_fqr eVinj/A(O) <2,
and:too high for eVinj/A(Q) > 2, It is possible that these discrepancies
afé due to the quasiparticle interference first observed in thin super—sb
conducting films b§ Tomasch,43 and explained by McMillan and Andersofi.34
In this process, an injected k> quasiparticle is refleéted‘at the far
side of the superconducting film as a k. 4uasipafticle (i.e. branch
mixing occurs), and the two’quasiparticles interfere. This interference
is’énergy dependent, and gives rise to structure on the current-véltage
characteristic of the injection junction. Since the reflection iﬁvolves
branch mixing, we might expect to observe structu;e'in a plot of qﬁasi—

. particle voltage vs injection voltage. The structure should have extrema
(maxima or minima depending on the sign of the perturbation in A(T) af
thézfar side of the superconducting film) when34'{[eVinj/A(T)]z-l}llz =
='mﬂ2£(T)/d, where d is the film thickness, £(T) the coherence length,
-and m an integer. For £(T) > d or 1arge_vélues of m, this structure
has a nearly constant period of WZE(T)/d. At low temperatures in Sn,

this periodicity is evinj ~ 6.5A(0) for d ~ 3500 A, This period is at

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 A(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 arranéement was
identical to that used in the Sn measurements.
| 5.1 Injection Junctions
'The Al-Al0x-Pb junctions had normal state resistances of 1 to 2 Q

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

closely with the theoretical predictions with Tc 7.2K. The Pb phonon
structure was also clearly visible on the dV/dl characteristics.
5.2. Probe Junction

60 at 4.2K,

The Pb-PbOx-CuAl-Pb junctions had resistances of ~ 5 X 10
about an order of magnitude higher than that expected for the CuAl barfiers
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 vaiues
of the quasipartiéle voltage were not very .sensitive to the quality of
- the probe tunnel junction, provided fhere 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 eVin > 5A(0). The quantity g = (V]I)gNS(O)Q for»both

§

sets of samples is plotted vs reduced temperature in Fig. ll.IlA smooth
,CUrﬁe has been drawn through the?data. For samplgs_lz, we used a copper
standard resistor, while for samples 16, we used a manganin standard. 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). i
The rise in ¢ asvthe temperature is loweredvis inconsistent with

Q: ’both Tgh andegl'should remain roughly
constant over this temperatgre range. At 4.2K, the characteristic time

, estimateq from ¢ is about 3 ><410-lz

the theoretical predictions for T

sec; from Eq. (15) (with the prefactor-
value o -12
replaced by 0.044) we deduce a low tempera;ure/for P8 of about 4 x 10

Q
sec.

It is possible that the observed rise in  as the temperature is
lqﬁered is att;ib?table to .the poor quality of thg probe junctions.
However, no such risg was observgd for Sn samples 11, for which there
was n§ oxide barrier between the Sn and the CuAl (see Fig. 7). Alter-

natively, it may be that quasiparticle recombination is primarily

responsible for the'relaxationnof Q when t > 0.3, and that TQ < TR only

when t < 0.3, If the value of Z for t< 0.3 represents Tgh,_the required
value of Tph is about 1.6 X'lO—}l sec, roughly four times the theoretical

Q
estimate. It is not inconceivable that the theory underestima:es.rgh ‘
by this factor. 1If we take the theoretical value of Rothwarf and Cohen23

T =3 x 10" 13r71/2

R exp(A/kBT) sec, we find that Tr falls below
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1.64>< 10—ll sec for t > 0.45. If we bear in mind the uncertainties in
the numerical values, it seems plausible that the témferature dependence
of é.reflécts a'cohtributibn from recombination procesées for t 2 0.3.
However, the oﬂserVed temperature dependence is'far from that expected
fgr TR*
Structure~waé observed on plots of quasipértiéle voltage against
injection voltage. Several oscillations were visible,

and we agaiﬁ tentatively aséribelthis behavior to quasiparticle inter-
ference arising from branch mixing at the Pb surfaces. At low temperatures,

the period ineVinj/A(O)was close to ﬂZE(T)/d.

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 T..

Q

In the presence of the imbalance, there exists a quasiparticle potential,
' [see Eq. (ll)], that differs’frpm the chemical potential of the pairs,
up. Ve have detected V by means of a tunnel junction probe, and deduced

values of T, in bdfh Sn and Pb under various experimental conditions. -

Q

The most complete data are for Sn. The most accurate value for T

Q

is obtained for evinj > A at temperatures close to Tc(t > 0.7). In

these limits; Q-relaxation proceeds by inelastic procesées only, and V.

is fairly accurately given by V.= Tgh/ZN(O)eZQgNS(O).' We find experi-
mentally that Tgh = 1.0 x 10—10 A(O)/A(T) sec, (Within perhaps * 20%).

This value is a factor of 2 lower than the theoretical esfimaté [Eq. (15)j:'
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the agreement is considered excellent, in view of the aéproximatipns
involved in the theory.12 In the limit of high voltage injéction but
at lower ﬁemperétures, the theor& becomes complicated by the introduction

" of the féctord*/q (< i) into the expression relating V td T In addition,

qQ°
’elasticvséattering processes become important if the energy gap of the

Sn is anisotrbpié; We have largely eliminated the anisotropy effects

_ : . _ S ~data

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

Q

tures the theoretical curve lies somewhat below the experimental data.

are well fitted by T = 1,0 x 10_10 A(0) /A(T) se¢. - At lower tempera-

' The theory ﬁredicts that the low temperéture value of Tgh should be

about 2/3 bf';he value extrapolated from-high tempefatufes. The fact
that Q#/Q should be less than unity (Tiflkhaml2 eétimatés 0.7 to 1.0)
should further reduce V and hence the apparent value of Tgh; It there-
fore appears that the theory is less reliable at low temperatufés than.
neg; Tc; és expected. We feel that it will be difficult to experimentally
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 anisotrbpic. Thelvalue of

Tel at low temperatures, about 1.4 x 10_10

Q .
' % . .
with the theoretical prediction [Eq. (16)], with T - = 2Tc’ For t > 0.8,

sec, is in good‘agfeement

the data are well represented by Eq. (16) with T = Tc. It would be of

interest to measure Tel for a rangévof mean frée paths, to test the

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

e

Q

’ In'a buik Sn crystal, the élastic contribution to Q—felaxation will be

tb‘ﬂg(b)/Z, the value of the mean free path which minimizes T lF[Eq. ani.

small if the sample is at all clean. For examplé, in a sample with
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£ ~ 10y (resistance ratio -~ 1000), Tgl

~ 2 X% 10-9sec at low temperatures,
ph. ' |
Q-

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

20 times larger than T

voltages close‘to A. The degree of branch imbalance per unit injection
_current is thgn‘greatly reduced. Our results [Figs. (9) and (10)], are
in qualitative'agreemént with the theoretical predictiqns of Eq. (5)7 |
Our results for branch relaxation ip ?b are rather few, and opeﬁ
to question because of the poor quality of the probe tunnel junctions.
The observed rise in Z as the temperature is lowered is not wgll under—

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

T
R Q
temperatures. It is therefore possible that the rise in 7 indicates ;
that recombination processes dominate Q-relaxation in Pb down to t ~ 0.3.
One of us (JLP) plans further measurement of { over the temperature

range t = 0,2 to 1, hopefully with better quality probe junctions. The

- temperature dependence of Z should indicate clearly whether T, or T, is

R Q

eff which

involved. It might also be noted that it is T R

R rather than T

- 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.

In Fig. (12) we have summarized our estimates for Tph,,TR, and t(TC)

Q

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

ph
Q

that our high temperature value can be'extrapolated_to the lower tempera-

as functions of temperature for Sn and Pb. For 1) (Sn), we have assumed

tures. Tgh(Pb) was calculated from Eq. (15). We have used Parker's

estimate22 for Tgff(Sn) and the theoretical estimateZB_for Tﬁ(Pb) for t < 0.9,
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in both cases for.0.9 < t>< 1 (shown dashed) is a

guess based on the results for Al in this region.lz"-18 The values for
: and should increase somewhat near T .
t(TC) are from Eq. (13), are very approximate,/ Thus it is impossible.

Thé behavior of TR

to estimate realistically the temperature ranges for Sn and Pb for

which Tph > t(TC); only in this limit can we assﬁme that the two quasi-

Q
particle branches reach equilibrium separafely before significant
ph '
| o Q R’
Howé#er, for Pb,lit appears that TR is less than Tgh for t 2 0.4, It

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

branch mixing occurs. For Sm, T is always much smaller than T

become clear.
There are two other questions raised by our experiments which might

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

_ Q
the superconductor is quasigapless. Our pfeliminafy feéuit, obtained
when the prbbe was in good metallic contact with tﬁe shperébnductor,
indicated that TQ was increased by rough1y>a factor of 20. A substantial

ph e

increase is predicted for both TQ Q

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

[Eq. (15)] and 12! [Eq. (16)] when
(using a tunneling probe)'in which the\superconductor'was made gapless
by fhe additiéh of ﬁagnetié impurities.' The second question goncerns
thé‘fole of eiastic‘scéttering at the surfaces of-the'superconductor,
wheré A is spatialiy non-uniform and branch mixing is known to occur.34’43
It is likely“that the observed structure on plots. of vs'Vinj arises

from such processes. However, we have 1itt1evfeeling for size of the
contribution of thése processes, and further study is merited.

Finally, we mention an implication of this work in the measuremént44

of e/hlusing the Josephson effect. In this expériment, microwaves at
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a frequency W generate constant voltage steps whenever nhw = 2App (n is an
integer).' If the voltage and current leads (which are normal metals) on

" one side (or both sides) qf the junction are wighin a distance.xq, the
_quaéipartigle voltage measured by the voltage 1eéds will differ from
ZAup/e, énd a significant efror in the value of e/h Qill result.
(Josephson45 pointed out‘ﬁhat ﬁon—equilibripm conditions would modify

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

in which such errors could bé observed, But in all published determina-

tions of e/h, the current and voltage leads were well separated, and

the errors due to non-equilibrium effects utterly negligible.

7. ACKNOWLEDGEMENIS
The initial tﬁeoretical work was carried out while one of us (J.C.)
was on leave at the Cavendish Laboratory, Cambridge; England. This
author wéuld like to»thank Professor A. B, Pippard, Dr. J. R. Waldram,
Dr. C. J. Adkins, and Dr. B.'D.vJosephsoﬁ for numerous profitable‘
discussioné.r He is particularly grateful to Professor M.'Tiﬁkham, with
- whom he enjoyed detaile& discussions over a protraéfed period, and who
was responsiblg for tﬁe development of most of the theory. Professor
W.'H. Parker kindly:allowgduslfo quote his preliminary results for TR

in Sn and Pb pridr to publication. We thank Richard F. Voss, who

calculated the theoretical curves in Figs. 4, 9, and 10.



10.
1.
12.
13.
14.
15.
16.
17.
18,

19,

20.

-39~ ~© LBL-2289

References and Footnotes

. B. Pippard, F.R.S., J. G. Shepherd, and D. A. Tindall, Proc. Roy. ‘Soc.

Lond. A324, 17 (1971).

M.
J.
J.
W.

Y
s.

T.

M.
‘c.

M.
.

B.

. R. Testardi, Phys. Rev. B4, 2189 (1971).

L. Yu and J. E. Mercereau, Phys. Rev. Letters 28, 1117 (l972).
Clarke, Phys. Rev. Letters 28, 1363 (1972).

éiarke and‘S. M. Freake,vPhyé. Rev. Letters 29, 588 (1972).

H. Parker'and W. D. Williams, Phys. Rev. Lettérs 29, 924 (1972){
Pefers aﬁd H. Meissner, Phys. Rev._Letters ;g,'965'(1973).

Putterman and R. de Bruyn Ouboter, Phys. Rev. Letters 24, 50 (1970).

J. Rieger, D. J. Scalapino, and J. E. Mercéreau, Phys. Rev. Letters

© 27, 1787 (1971).

Tinkham and J. Clarke, Phys. Rev. Letters 28, 1366 (1972).

S. Owen énd D. J. Scalapino, Phys. Rev. Letters>2§, 1559 (1972).

Tinkham, Phys. Rev. B6, 1747 (1972).

Bardeeﬁ, L. N. Cooper, and J. R. Schrieffer, Phyé. Rev. ;g§,>1175'(1957).

I. Miller and A. H. Dayem, Phys. Rev. Letters l§,.1000 (1967).

A. Rothwarf and B. N. Taylor, Phys. Rev. Letters 19, 27 (1967).

B.
J.

K.

N. Taylor, Ph.D. Thesis, University of Pennsylvania (1963).

L. Levine and S. Y. Hsieh, Phys. Rev. Letters 20, 994 (1968).

 E.'Gray, A. R. Long, and C. J. Adkins, Phil. Mag. 20, 273 (1969).

As we shall see presently, tunnel injection creates a branch imbalance

.(n> # n<)_as well as an excess quasiparticle population. However, this

type of measurement is relatively insensitive to branch imbalance, and

only the excess population is detected.

W.

Ed

Eisénmenger,‘Tunneling Phenomena in Solids, E. Burstein and S. Lundquist,

s. (Plenum Press, New York, 1964) p. 371.



21.

22.

23.

24.

. 25.

26.

27.

28.

29.
30.
31.
32.
33.

34,

- 35.

. 36.

37.

38.

~40- LBL-2289

K. E. Gray, Phil. Mag. gg; 267 (1969).

W. H. Parker, private communication.

A. Rothwarf and M. Cohen, Phys. Rev. 130, 1401 (1963).

A; F. Andreev, Zh. Eksp. Teor. Fiz. ﬁé,_1823.(l964); [Sov. Phys..-v
JETP 19, 1228 (1964)]. |

J. Clarke, Proceedlngs of the 12th International Conference on Low Tempera—
ture Physics, Kyoto, Japan, September b- 10 1970, page 443 J. Clarke,

S. M. Freake M. L Rappaport, and T. L. Therp, Solld State Communications

111, 689 (1972).

Owing to a calibration error, the value given in the original letter (ref. 4)

was incorrect, and should be multiplied by ~ 0.7.
P. G. de Gennes, Rev. Mod. Phys. 36, 225 (1964).

For a detailed discussion of tunneling, see J. R. Schrieffer, Theory of

Suberconductivity (Benjamin, New York, 1964).

S. Bermon, Tech. RegT 1, NSF-GP1100, University of Illinois, Urbana, 1964.
W. A. Phillips, Proc. Roy. Soc. A309, 259-(1969).

D. Markowitz and L. P. Kadanoff, Phys. Rev. 131, 563 (1963).

P. W. Anderson, J. Phys. Chem. Solids 11, 26 (1959).

‘L. T. Claiborne and N. G. Einspruch, Phys. Rev. 151, 229 (1966).

'W. L. McMillan and P. W. Anderson, Phys. Rev. Letters 16, 85 (1966).

R. P. Giffard, R. A. Webb, and J. C. Wheatley, Jour. Low Temp. Phys. 6,
533 (1972).
J. Clarke, Proc. IEEE 61, 8 (1973).

J. Clarke, Proc. Roy. Soc. A308, 447 (1969).

A. B. Pippard, The Dynamics of Conduction Electroms, (Gordon and Breach,

New York, 1965), p. 35.



39.

40.
41.

42,

43,

44,

45.

41— LBL-2289

Charles Kittel, Introduction to Solid State Physics, Fourth Edition,

(John Wiley and Soms, Inc., New York, 1971), p. 219.

" R. G. Chambers, Proc. Roy. Soc. 215,‘481'(1952);

Handbook of Chemistry and Physics, 52nd edition, edited by Robert C. Weast

(The. Chemical Rubber Co., Cleveland, 1971). -

The intrinsic mean free path of the Sn was found ﬁo be ~ SSOO,A in a
separate measurement on-a thick film.

W{vqf Tomasch, Phys. Rev. Letters‘léﬁ 672 (1965).

W. H; Parker, D. N. Langenﬁerg, A, Denenstein, ande. N. Taylor, Phys;
Rev, 177, 639 (1969).

B. D. Josephson, Adv. in Phys. 14, 419 (1965).



-42- * LBL-2289

Table I

Electronic Parameters for Sn and Pb.

Quantity Units Sn Pb ' ‘ Référeége

Y Jem K2 41.OSX1O—4 1.62¢10™% 'Issp39

N2 (e tem™  1.39x10%2 2.07x10%2 0 o

0 | K », 200 105 ' ssp¥

G/ Q’lcﬁ”z 9.5%x10%0 9.4x10%0 Chambers*?

v © cm sec‘1 0.65x108  o.43x10® -

0(293K) CQem | 11.5x107%  22x107° CRC Handbook*!
TGC sec ax10” 14 3x10” 14 Tinkham'2

£ 04 A 2350 . 830 S

aN(O‘) is the density of states at the Fermi surface per spin per unit
energy per unit volume, calculated from N(Q) = 3Y/21r2'sz, where vy is the.
coefficient of the electronic specific heat. bThe-values of the Fermi
' 38 2 2,2 i
velocity have been calculated from Vg =T kB o/e"%y, where £ is the
electron mean free path and ¢ the conductivity. cTe (=28/VF) is the

scattering time at the Debye temperature 0, extrapolated linearly from

the value at 293K. dE(O) = 0.18th/kTC.
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FIGURE CAPTIONS
Fig. 1. _Excitation spectrum of a superconductor.with energies referred
| to ﬂp‘ There are.p> excitations on the Kk, branch and n_ on the
k< b?anch, The imbalance Q = n, - n_.
Fig. 2. Configuration for obsefvation df quasipartiéle imbalance.
A current-I injects quasiparticles into the non;équilibfium voluﬁe
Q of the suéercoﬁductor S via a‘tunnel junctioﬁ. The normal
p?obe NP measures the quaéipar#iélé potenfial V.
_Fig.'3(aj. Tunnel injection of én elecﬁron ffom a normal métél ™
| into a éupércondﬁctér (s) ét a bias voltage V. . When Et:+ ER‘= ev > A,
2

>
u, Ue

and the k> branch has a higher pOpulatioh than the k<
branch.

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

2

+ ER =eV > A, v > v2

E < 5 » and the k< branch is”preferentially

L
populated.

Fig. 4(a). Degree of branch imbalance F created by the injécfion
gurrent versug evinj/A(T) for several yalues of A(T)/kBT.

(b) The fgnction F versus eVinj/A(O) for values of reduced temperature
't corresponding.to A/kBT in (a).

Fig. 5. Experimental configqration for measufihg quaSiparticle potential,
The order of evaporation is: Al, Sn(or Pb), SiO, CﬁAl, and Pb. The
current 1 (X'Y') generates a quasiparticle potential across YZ. This
potential is measured by the superconducting galvanometer (G) in. series
with.a resistance RStd in a hull—balancing technique.

'Fig. 6. Normalized low voltage .conductance gNs(O) fqr the normal probe

junctions on the Sn samples versus A/k_ T, compared with theory

(solid line).
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7. V(VVI)gNS(O) veréﬁg T for cle;n Sn samples. In sample 11,
theré wés no oxide bafrier between the Sn aﬂd the CuAl probe.

8. C versus reduced temperature t for clean Sn éaﬁpies (datav
averaged.qver all samples),vand for dirty Sﬁ sample 19 (Sn+3 wt.% In).
The solid lime is a fit to the data for the dirty Sn for t > 0.7,
aséuming that only phonon proceséés contribute. The.dashed lines

represent both inelastic and elastic contributions: T, =

o v Q
='(1/Tgh+l/rgl)—l. Tgl has been calculated from Eq. (16), uéing
* * ’ '
T = TC near Tc, and T = 2TC at low temperatures,

9. Sample 10C: C/Cw versus evinj/A(O) (éolid curves) for reduced
témperatures t = 0.53 and 0.89; calculated values of F (dashed curves)
fqr t =20, 0.5, 0.9, and 1.0.

10. Sample 15A: C/Cw versus eV /A(0) (solid curves) for

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

(nd
|

"t =0, 0.5, and 1.0.

Fig.

11. ¢ 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 = %g}ZeZN(O).

~

Fig. 12. Estimates of TpE TR and t(Tc) for Sn and Pb.

Q
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