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like a solid, and the values of R, and R, depend
on the thickness of the sample.

To demonstrate the effect of the rotation of the
polarization of the shear wave, it is possible to
perform measurements of the nondiagonal ele-
ments of Z by using crossed transducers. Such
results will be soon published.
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It is shown experimentally that when a quasiparticle current is converted into a pair
current in a superconductor, the quasiparticle potential in the nonequilibrium region dif-

fers from the pair chemical potential.

In a recent Letter, Rieger, Scalapino, and
Mercereau' developed a theory of nonequilibrium
superconductivity. They considered a current I
flowing through a superconductor S of volume
so that quasiparticles were injected and pairs
extracted, and found that the pair and quasipar-
ticle chemical potentials (i, and p,) differed by

(Ugp = Hp)/ €= IT . /24€*QN(0). (1)

In (1), 7, is the Ginzburg-Landau relaxation
time, and N(0) the density of states at the Fermi
level for electrons of one spin.

In this Letter, we show experimentally that the
quasiparticle potential in a nonequilibrium super-
conductor differs from up/ e; however, the data
do not support (1) in detail, In the following Let-
ter,% a new theory is presented which is in good
agreement with the experimental results. In
general, the quasiparticle chemical potential is
not a well-defined quantity, and is replaced by a
“quasiparticle potential” which arises from the

imbalance of electronlike and holelike excitations.

Throughout S, u, is constant (as in Ref. 1), and
the difference between the quasiparticle potential
and p,/e is shown to be®

V=Iry/2*QN(0)g s (2)

In (2), 74 is the relaxation time for the electron-
like and holelike imbalance,” and g, is the nor-

malized conductance® of an NS tunnel junction in

the low-voltage limit. This result should be a

good approximation over all temperatures.

To observe these nonequilibrium effects, we
require a superconductor S of small volume into
which quasiparticles are injected from a normal
electrode and from which pairs are extracted
into a superconducting electrode. The quasipar-
ticle potential is measured by a normal probe
which exchanges single electrons with S, while
1.,/ e is measured by pair exchange with a super-
conducting probe. If the normal injection elec-
trode were in good metallic contact with S, elec-
trons incident on the interface from the normal
metal with energies less than the energy gap A
would undergo Andreev* reflection as holes, and
pairs would be transmitted into the superconduc-
tor. Thus significant nonequilibrium effects
would be observed only when A <27. Further-
more, good metallic contact of either the normal
probe or normal injection electrode with S could
substantially depress the condensation amplitude
in S by means of the proximity effect.® These
difficulties may be circumvented by coupling
both normal metals to S through tunnel junctions.
Ideally,? one would also like to couple the super-
conducting probe and electrode to S via Joseph-
son® junctions, so that the nonequilibrium pro-
cesses would be confined to S. In practice, this
configuration would be difficult to fabricate, and
in the experiment only the normal electrode and
probe were coupled via junctions. However, the
geometry was such that the quasiparticle-pair
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conversion did take place in a well-defined vol-
ume,

A strip of Al (XX’) (Fig. 1) of width d~3 mm
and thickness ~1500 A was evaporated onto a
glass slide and oxidized. Next, a strip (YY’)
of Sn (thickness ¢ 2000 to 5000 A) was evaporated
across the Al strip to form a tunnel junction.

The volume of Sn overlaying the Al was the re-
gion where the quasiparticle-pair conversion
occurred. The sample was removed from the
evaporator, so that the Sn oxidized somewhat,
and a layer of varnish applied, leaving a window
about 1 mm square in the middle of the junction.
A diagonal strip (ZZ') of Cu was then evaporated
to form the normal probe. To reduce the resis-
tance of this probe and so make possible very
low-voltage measurements, a 5000-A film of Pb
was deposited over the Cu. The Cu was sufficient-
ly thick (>1 pm), and sufficiently dirty, that no
Josephson tunneling®’ between the Sn and Pb was
possible. The resistance of the Al-Sn injection
junction, typically 10 €, was much higher than
the resistance of the Al strip forming the junc-
tion, so that quasiparticles were uniformly in-
jected into the Sn. The barrier between the Sn
and Cu was of much lower resistance, but was
sufficiently thick to effectively quench the prox-
imity effect; this result was verified in a separ-
ate experiment,

The voltage V between Y and Z was measured
with a superconducting galvanometer® in series
with a resistor by means of a null-balancing
technique, the whole circuit being immersed in
liquid helium. The resistance of the Sn-oxide-Cu-
Pb junction was determined by applying a cur-
rent between Y’ and Z’ and measuring the voltage
between Y and Z. This resistance was dominated

window

varnish

)< d-3mm

FIG. 1. Sample configuration. In order of deposition,
the films are Al (XX’), Sn (YY’), varnish, Cu (ZZ’),
and Pb (ZZ’). Galvanometer G and resistor R measure
the potential difference V between Y and Z.
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by the oxide layer, and was typically 10°° & at
the transition temperature 7, of the Sn. As the
temperature was lowered, the resistance of the
junction increased at approximately the rate pre-
dicted for an SN tunnel junction.® At the lower
temperatures, the resolution of the voltmeter
was seriously reduced by the high resistance
thus introduced into the circuit, and relatively
high injection currents (I) were required, typical-
ly 5 to 20 mA. Near T, the currents used were
0.1-1 mA. Thus at all temperatures the voltage
across the Al-Sn junction was much greater than
A and proportional to I

Data were rejected from samples in which the
current-voltage characteristics of the Al-Sn
junction indicated that metallic shorts might be
present, and the quasiparticle injection there-
fore highly nonuniform. Average values of V
from acceptable samples® for each thickness of
Sn are shown in Fig, 2, For electron injection
into the Sn (Al negative relative to Sn), the Cu
probe was negative with respect to yu,. Near T,
V reversed exactly when I was reversed, and
was linear in 7. Below about 0.87',, V did not
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FIG. 2. Potential difference V between Y and Z for
four thicknesses of Sn versus temperature. V is nor-
malized to the injection current () of 1 mA. Sample
area, 0.1 cm?.
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reverse exactly, VI being larger for electron in-
jection than for electron extraction. This asym-
metry is thought to be due to the energy depen-
dence of N(0) which has been neglected in both
theories. The rapid rise in V as the temperature
is lowered below 0.87, is explained by the pres-
ence of g, in the denominator of (2). This fea-
ture is absent from (1), which is intended to be
valid only near 7,, where g, s~ 1.

To facilitate comparison of the two theories, it
is convenient to multiply the right-hand side of
(1) by gys~', and to compute the quantity ¢
=VQgysI ' from the experimental data. We then
compare ¢ in turn with the two expressions TGL/
24¢°N(0) from (1), which varies as A~% near T,
and 7,/2¢*N(0) from (2), which varies® as A~
near 7,. In Fig. 3 we have plotted ¢ for data
taken from the three thinnest samples averaged
over the asymmetry at low temperatures, V ap-
pears to be proportional to £°!, as predicted by
both theories. The temperature dependence of
the data reflects the behavior of the characteris-
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FIG. 3. Plot of £ =VQgyd ! versus temperature for
the three thinnest samples.

tic time. The solid curve represents A~', fitted
to the measured T, (3.81 K), and the average
value of ¢ at low temperatures. The fit is sur-
prisingly good over the whole temperature range,
For comparison, the crosses indicate a A "2
curve, fitted in the same way: Acceptable agree-
ment with experiment could be obtained only by
choosing 7',~ 4.0 K, a value much higher than
that observed experimentally. It appears that a
characteristic time porportional to A"' rather
than A%, fits the data more adequately, a con-
clusion that supports the validity of (2) over that
of (1).

From (1) and the low-temperature data of Fig.
3, we find that the Ginzburg-Landau time re-
quired to fit the data would be approximately 5
X 1079 sec, about 2 orders of magnitude higher
than any acceptable value. From (2) and the
data of Fig. 3, we find that in dirty Sn, 74=4
x 107 A(0)/A(T) sec, where A(T)/A(0) is the
normalized gap. This result is in satisfactory
agreement with the theoretical estimate.? The
characteristic length'® over which quasiparticle-
pair conversion occurs, ) = (lovFTQ)l/ 2 is rough-
ly 5 pym at low temperatures, where we have
taken the mean free path 7, as 1000 A.

It might be remarked that an experiment per-
formed by Ginsberg'! in an attempt to measure
the recombination time of injected quasiparticles,
in fact would have demonstrated the effects de-
scribed here if the voltage resolution had been
high enough.

Notice also that the configuration of Fig, 1
represents a “superconducting transistor”: A
current between X’ and Y’ develops a voltage
across Y (or Y’) and Z. The device is of course
passive and achieves no power gain, but could
possibly be used as an impedance transformer.

Finally, we consider the implications of these
experiments for the determination of e/k using
the Josephson effect.'> Electromagnetic radia-
tion of frequency w induces constant-voltage
current steps on the characteristic of a Joseph-
son junction whenever nZiw=2Ap,, where Ay,
is the difference in pair chemical potential across
the junction, and » is an integer. If the current
and voltage leads, which are of course normal,*3
on one side of the junction (or on both sides) are
within a distance x (say), the quasiparticle po-
tential difference measured by the voltage leads
will differ from 2A,up/e, and an error in e/h
will result, However, in all published determin-
ations of e/h, the current and voltage leads were
well separated, and the errors due to nonequili-
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brium effects utterly negligible.
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cal reading of the manuscript.
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A theory is given of the observable potential difference between pairs and quasiparticles
due to the imbalance in the populations of the electronlike and holelike branches of the ex~
citation spectrum of a superconductor, caused by injection of a quasiparticle current.

In the preceding Letter,! it was shown experi-
mentally that when a quasiparticle current is con-
verted into a pair current in a superconductor,
there is a quasiparticle potential in the nonequili-
brium region that differs from the chemical po-
tential of the pairs. In this Letter, we calculate
the form and magnitude of this potential differ-
ence.

The nonequilibrium processes are assumed to
occur uniformly in a superconductor S of volume
Q (Fig. 1). An electron current I injects elec-
trons via the quasiparticle junction N’S and ex-
tracts pairs via the Josephson? junction SS’. A
superconducting probe S,, weakly coupled to S
through a second Josephson junction SS,, mea-
sures the pair chemical potential y, in S, while
a normal probe N,, in weak contact with S via the
quasiparticle junction SN,, measures the quasi-
particle potential. Any emf V between the two
probes is measured by a null method that draws
no current. The four tunnel junctions ensure that
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the nonequilibrium processes do not spread signi-
ficantly into the other conductors and, in addition
that only electrons, and not pairs, may be ex-
changed between S and N,.

’
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FIG. 1. Schematic diagram of nonequilibrium experi-
ment. Quasiparticles are injected into S from N’, and
pairs extracted into §'. S, measures the pair chemical
potential in S, while N, measures the quasiparticle po-
tential.



