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Experiments have been carried out on the effect of a nonequilibrium flow of quasiparticles on the
Josephson properties of a Ta-Cu-Ta.SNS junction. A nonequilibrium quasiparticle flow can be set
up at the junction because the thickness of the superconducting banks of the SNS sandwich is on
the order of the depth to which the longitudinal electric field penetrates into the superconductor,
and the sandwich is bracketed by thick plates of a normal metal. During the injection of quasipar-
ticles into one of the superconducting banks of the SNS junction, Josephson generation is excited
at the junction; the total current flowing across the junction is zero. The nonequilibrium quasipar-
ticle current which flows across the SNS junction is several times the critical current I, and has no
direct effect on its Josephson characteristics. The appearance of a difference in the electrochemi-
cal potentials of the pairs and of Josephson generation at the junction is due exclusively to the flow
of the superconducting current. The experimental results are analyzed on the basis of an equiva-
lent circuit proposed for the junction by Kadin, Smith, and Skocpol [J. Low Temp. Phys. 38, 497
(1980) ], simplified somewhat for the case at hand. A study of the temperature dependence of the
effects shows that at 7>0.97T, the nonequilibrium quasiparticle current in the normal Josephson

intermediate layer of the junction does not depend on Andreev reflection processes at the NS
interfaces. The scale time for electron-phonon energy relaxation in the tantalum used as the

superconductor is estimated to be 7, ~4.0-107's.

1. INTRODUCTION

Nonequilibrium effects in superconductors and super-
conducting systems have recently become the subject of ac-
tive research. Of particular interest are processes involving
the excitation of quasiparticle flows in superconductors. We
now know that at temperatures close to the critical tempera-
ture the injection of quasiparticles from a normal metal into
asuperconductor is accompanied by the onset of a longitudi-
nal electric field, which penetrates a characteristic distance
I into the superconductor. The distance /; may exceed both
the coherence length £(7T) and the London penetration
depth A(T) (see the review by Artemenko and Volkov!').
The part of the superconductor with the longitudinal electric
field is in a nonequilibrium state, characterized by an imbal-
ance between the populations of the electron and hole
branches of the spectrum of elementary excitations of the
superconductor (quasiparticle charge imbalance). Such a
nonequilibrium state is manifested in observable effects such
as an excess resistance of the NS interface,'? quasiparticle
charge-imbalance waves (waves of a longitudinal electric
field),>* and the appearance of a difference in the electro-
chemical potentials of Cooper pairs and quasiparticles.>"®

Nonequilibrium processes with a longitudinal electric
field may bring about the interaction and synchronization in
a chain of closely spaced Josephson junctions.”® For exam-
ple, when one of the weak links goes into a resistive state, a
current of quasiparticles arises; this current can reach adja-
cent weak links if they lie within distances comparable to the
penetration depth /; of the longitudinal electric field. As a
result, there may be changes in the characteristics of the
Josephson junctions, and they may be synchronized by both
the steady-state quasiparticle currents® and the propagation
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of quasiparticle charge-imbalance waves.'® There is accord-
ingly considerable interest in studying the properties of a
Josephson junction in the case in which a nonequilibrium
quasiparticle current flows through its superconducting
banks and the weak link.

In the present paper we use the term “‘nonequilibrium
state” of the superconducting banks to refer exclusively to
the so-called transverse (charge) nonequilibrium state,'!
i.e., a state characterized only by an imbalance between the
populations of the branches of the quasiparticle spectrum,
but with the energy gap the same as in the equilibrium state.

Experiments on thermoelectric effects in SNS Joseph-
son junctions'>'* have shown that a quasiparticle current
induced by a heat flux induces as a response a supercurrent
which changes the phase difference between the wave func-
tions of the S-electrodes. It turns out that a similar effect can
be observed by exciting a nonequilibrium quasiparticle cur-
rent across a junction by injecting quasiparticles into one of
the superconducting banks.'® If the superconducting bank
of an SNS Josephson sandwich is sufficiently thin (if its
thickness is comparable to /;), a certain number of the
quasiparticles will not manage to convert into pairs. These
quasiparticles pass through the junction. The total current
through the junction, however, must be zero since in an in-
jection experiment the current is drawn from the same bank
into which it is injected. Consequently, a response supercur-
rent must arise at the junction in order to cancel the nonequi-
librium quasiparticle current through the junction; this re-
sponse supercurrent will change the phase difference
between the superconducting banks.

Another question of much interest is determining
whether the normal component of the current (the nonequi-
librium quasiparticle current) can have a direct effect on the
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FIG. 1. Schematic diagram of the sample. The superconductor (S) is
tantalum, and the normal metal (N) is copper. The thickness of the Jo-
sephson intermediate layer is dy =5 pm; the thickness of the tantalum
superconducting plates is dg = 3—4 um; and the thickness of the other
intermediate layers is greater than 50 ym.

characteristics of a Josephson junction, e.g., Josephson vor-
tices, if the junction is in an external magnetic field. A study
of thermoelectric effects in Josephson junctions'® has re-
vealed a Josephson generation excited exclusively by a heat
flux. It has been shown that a heat flux causes a motion of
Josephson vortices. Since the total electric current across the
junction is zero in this case, it may be that only the supercur-
rent is acting on the Josephson vortices. This set of questions
is the subject of the present study.

2. EXPERIMENTAL PROCEDURE AND FABRICATION OF THE
SAMPLES

The Ta-Cu-Ta SNS Josephson junctions are fabricated
by the method of joint hot rolling.'® Bulk metal stripes and
foils are jointly rolled with slight compression at a tempera-
ture of about 900 °C in a vacuum no worse than 10~° Torr.
The layers of the desired thickness are then produced by cold
rolling under standard conditions. The samples are cut by an
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electric-arc technique from the initial plate. The junctions
are rectangular, with an area ranging from 1.5 to 2 mm? in
the different samples. At a temperature 7=0.9947, the
junctions typically have a critical current 7, =3-107° A, a
normal resistance R, =~2-107% 2, and a Josephson voltage
V.,=IR,=6-107" V. At this temperature, the width of
thejunctions, W = 1-2 mm, are roughly equal to the Joseph-
son penetration depth 4, .

Figure 1 is a schematic diagram of a test sample. The
photograph in Fig. 2 is an enlarged image of the central part
of the sample, including three intermediate layers of the Jo-
sephson junction. This photograph of the polished end of a
sample was taken in a scanning electron microscope; the ref-
erence bar is 10 zm long. The copper Josephson intermedi-
ate layer of the SNS junction (the dark region in Fig. 2) hasa
thickness dy =5 pm and is made of pure copper, in which
the electron mean free path is comparable to the thickness of
the intermediate layer. The superconducting plates of the
junction (the lighter regions in Fig. 2) are made of tantalum
foil with a resistance ratio p(300 K)/p(4.5 K) =17
(T, = 4.40 K). The thickness of these plates ranges from 3
to 4 um in the different samples. The outer surfaces of the
SNS sandwich are in good electric contact with the bulk
copper layers, used to inject quasiparticles into the plates of
the junction. The thickness of these layers is on the order of
50 zm. On top of the copper layers there is also a tantalum
superconducting coating, which is connected to the injec-
tion-current source and which is required to establish a uni-
form distribution of the quasiparticle current in the copper
layer (the injection layer). The overall thickness of a sample
is close to 1 mm. (The original multilayer sandwich pre-
pared for the hot rolling is about 10 mm thick.) The quality
and purity of the NS interfaces produced by this technique
are discussed in Ref. 16.

The tantalum (superconducting) plates of the SNS
junction extend from the sample in two opposite directions,
as shown in Fig. 1. This configuration is produced by elec-
tric-arc cutting and by etching the copper in nitric acid. The
niobium superconducting leads are attached to the thin tan-

FIG. 2. Electron micrograph of the central part of sample No. 2.
Dark regions—Copper; light regions—tantalum; reference
bar—10 um.
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talum plates either by clamping or by spot welding in a vacu-
um of 1073 Torr. In either case, the decrease in the value of
T, of the tantalum foil at the point of the attachment does
not exceed 10™? K, so that experiments can be carried in the
immediate vicinity of T,. A voltmeter connected to the su-
perconducting plates of the junction measures the difference
between the electrochemical potentials of the pairs across
the junction. The voltage ( ~10~'* — 1077 V) is measured
with a sensitivity of 510~ * V by means of an rff SQUID in an
ordinary feedback circuit.

The temperature of the helium bath is stabilized near T,
of the tantalum (4.4 K), with a precision of almost 5-10~*
K) by stabilizing the helium vapor pressure with a mem-
brane monostat, whose comparison volume is in an auxiliary
water constant-temperature bath. By adjusting the tempera-
ture of the comparison volume one can lower the tempera-
ture of the helium bath near T, of the tantalum very smooth-
ly.

In a study of the ordinary Josephson properties, the
transport current is fed to the SNS junction directly through
its superconducting plates. The voltage-current characteris-
tic of one of the test junctions at 7~0.994T, is shown by
curve 2 in Fig. 3. The change in the critical current of junc-
tions with the temperature near T, corresponds to the estab-
lished behavior I, ~ (1 — T /T.)? This behavior has been
given a theoretical underpinning and has been verified ex-
perimentally'” for junctions with a thick pure N intermedi-
ate layer. The temperature dependence I, (T) at T«T, for
Ta-Cu-Tajunctions fabricated by joint rolling and the quali-
ty of the NS interfaces of such junctions were discussed in
Ref. 16.

It can be seen from Fig. 2 that the nonuniformity of the
copper intermediate layer of the junctions is comparable to
the coherence length £, in pure copper (~0.4 um), so that
the critical current density is noticeably nonuniform over
the junction. The effect of this nonuniformity is discussed in
Ref. 18. The nonuniformity seen in Fig. 2 may be amplified
at the surface, however, during the grinding and subsequent
etching of the sample. Despite a possible monotonic decrease
in the thickness of the copper intermediate layer along the
junction, the dependence of its critical current on the applied
magnetic field shows that the supercurrent flows through
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FIG. 3. 1—Voltage across sample No. 1 versus the relative injection cur-
rent (the experimental geometry is shown in the inset ); 2—usual voltage-
current characteristic of the Ta-Cu-Ta junction at T'~0.994T,.
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essentially the entire cross section of the sample. The period
of the oscillations in I, (H) is 3.5-10~2 Qe, in comparison
with a prediction 3.2:1073 Oe calculated from the dimen-
sions of the junction.

The large dimensions of the junctions mandate a careful
screening of the geomagnetic field. A magnetic vacuum no
worse than 5.10~* Oe is achieved with the help of permalloy
and niobium superconducting screens.

3. EXCITATION OF JOSEPHSON GENERATION AT AN SNS
JUNCTION DURING THE INJECTION OF QUASIPARTICLES
INTO ONE SUPERCONDUCTING BANK

In this section we discuss an effect observed during the
injection of a quasiparticle current I,; into one of the thin
superconducting plates of a junction from a bulk normal
layer, with a symmetric removal of the current from the
same superconducting plate (see the inset in Fig. 3). The
total current across the junction is zero. Curve 1 in Fig. 3
shows the voltage which arises across the junction (sample
No. 1) versus the reduced injection current at 7= 0.994T.,.
The zero on the voltage scale, which corresponds to the
steady state of the junction for curve 1 (Fig. 3), has been
shifted slightly upward for clarity. The “critical value” of
the injection current is nearly ten times the critical value
(1,) of the superconducting transport current /* through
the junction (curve 2), introduced directly through the su-
perconducting plates. Curves 1 and 2 are almost perfectly
coincident in the scale shown, but the signs of the voltages
measured with identical directions of 1;,; and I *are opposite.
Curve 2 is the ordinary voltage-current characteristic of a
“narrow”’ (W<A,) SNS junction, described by the familiar
relation ¥ =R, (I? — I?)"2 (Curves 1 and 2, fitted by the
method of least squares, agree with this function with a
regression coefficient 0of 0.999. The asymptotes are drawn on
the basis of this calculation. )

Figure 4 shows the voltage across the junction versus
the injection of the current found in an experiment in which
sample No. 1 was immersed in an alternating magnetic field
with a frequency f'= 484 Hz and an amplitude ~ 1072 Oe.
Constant-voltage steps are also observed at ¥V, = Nf®, for
N = 1,2,3 when the junction is irradiated by an alternating
field at a higher frequency (up to 10 kHz; here P, is the
quantum of magnetic flux). The shape of the curve (Fig. 3)
and the observation of constant-voltage steps (Fig. 4) are

v, 1077y
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FIG. 4. Voltage across sample No. 1 versus the injection current during
irradiation of the junction with an alternating magnetic field with a fre-
quency f=484 Hz (T =0.994T,).
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reliable evidence that the voltage which arises is of a Joseph-
son nature.

The results will be discussed in detail on the basis of an
equivalent circuit for an SNS Josephson junction with banks
in a nonequilibrium state in Section 5 below; we restrict the
discussion here to a qualitative level.

At temperatures near T, the thickness of the supercon-
ducting plates (dg) is comparable to the penetration depth
of the electric field (/5 ). For this reason, not all of the quasi-
particle current which is injected into a bank manages to be
converted into a current of pairs over a distance dg (Fig. 3).
As aresult, the normal current and the longitudinal electric
field penetrate into the region of the weak link and even into
the second bank of the junction, where the quasiparticles
convert entirely into pairs. The current of quasiparticles
across the junction is cancelled by an oppositely directed
current of pairs in such a manner that the total current in any
cross section of the junction is zero. The magnitude of the
supercurrent through a weak link nevertheless determines
the onset of a voltage and of Josephson generation in the
junction. Similar processes were discussed in Refs. 12-14 for
the case of a heat flux through an SNS Josephson junction.
In the following section we take up the direct effect of the
normal current on the characteristics of the Josephson junc-
tion.

Comparing curves 1 and 2 in Fig. 3, we can easily deter-
mine dg/I. Since the ratio of the critical currents of these
curves is affected somewhat by the magnetic field produced
by the large injection current (large in comparison with 1),
we use the linear parts of the curves for the comparison.

4. EFFECT OF THE QUASIPARTICLE CURRENT ON THE
CRITICAL CURRENT OF THE SNS JUNCTION

In experiments on the effect of a quasiparticle current
on the critical current I, two independent transport cur-
rents flow simultaneously through the junction, as shown in
Fig. 1. The current ], is injected into the junction through
bulk copper plates. The superconducting transport current
I*isinjected through the superconducting plates of the junc-
tion. In the processing of the experimental data and in the
discussion, we take the positive direction of I° to be that
opposite the direction of 1"

Figure 5 shows two branches of the dependence of the
critical transport current (/°) on the current I for sample
No. 2 at T=0.994T,. These two curves bound the region of
the superconducting state on the phase diagram shown. In a

I" %A
200 - s

700

| 1
a0 200

! )
300 I10°A

FIG. 5. The critical current (I ) versus the current / "for sample No. 2 at
T /T, =0.994. Hatched region—Superconducting state of the junction;
unhatched region—resistive state.
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FIG. 6. The critical current I, (curve 1) for sample No. 2 versus the
applied magnetic field. 2, 3—Critical current (I ?), versus the field with
I™ =160 uA for the lower and upper branches, respectively (Fig. 5), of
the boundary of the resistive state. The dashed line separating curves 2 and
3 corresponds to a zero resultant superconducting current in the sample.
The dashed curves in the lower part of the figure are curves 2 and 3,
replotted in accordance with relation (1).

zero external magnetic field, the width of the region of the
superconducting states, which is 27, at " =0, decreases
slightly with increasing 7". In a certain range of external
fields H #0 we observe, on the contrary, an increase in the
width of the superconducting region. The solid lines in Fig. 6
show the results on (7 °) as a function of H found for sample
No. 2 with 7” =0 (curve 1) and /" = 160 uA at the upper
boundary (curve 3) and at the lower boundary (curve 2) of
the superconducting state (Fig. 5). The distance between
curves 2 and 3 is the width of the superconducting region at
I" =160 nA. The dashed line between the curves corre-
sponds to a zero total supercurrent in the junction. The
shape of the I, (H) curve (at I ” = 0) confirms the data from
microscopic observations of the nonuniformity of the criti-
cal current density along the junction.!® Let us take a quali-
tative look at the physical picture which appears in this ex-
periment, postponing a detailed discussion of the results to
Section 5.

We first consider the case of a very narrow junction
(W«A;) with thicKdg»lz) superconducting plates. In a
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junction of this sort, all the injected current I " is converted
into a supercurrent in the plate. This supercurrent flows,
with a uniform density, through the junction, as does the
current I injected directly through the superconducting
plates. In this case we have a simple addition of the currents
I"™ and I° in the junction, and the boundaries of the super-
conducting region on the phase diagram run parallel to the
dashed line shown in Fig. 5, at 45° from the axes. In this
particular experimental situation, at 7=0.994 T, the thick-
ness (dg ) of the superconducting plates is comparable to the
penetration depth of the electric field (/). Consequently,
not all of the quasiparticles manage to convert into pairs over
the distance dg, and a normal current I, =al” flows
through the junction, where (1 — a) may be described as a
coefficient of the conversion of quasiparticles into pairs.
Consequently, the total supercurrent through the junction,
with the signs of the currents / " and I °chosen appropriately,
is[(l—a)I"—1I*].

Let us assume (Section 5) that the transition to the
resistive state occurs when the resultant supercurrent
reaches the critical current I, of the junction. The boundar-
ies of the resistive region are thus determined by

(I*) ;= (1—at) I"=£1.. (1

Curves of (I°) as a function of I " and H are shown in Figs. 5
and 6 (curves 1 and 3). The slope of the boundaries of the
superconducting region averaged over the magnetic field
(Fig. 5) determines a. For sample No. 2 at T = 0.994T, we
find @ = 0.210, in good agreement with an independent cal-
culation of a from the relative thickness of the supercon-
ducting plate, ds/I;, determined for the same sample at the
same temperature in the injection experiment described in
the preceding section.

It can be concluded from the results shown on the phase
diagram in Fig. 5 that the normal component of the current
flowing through the Josephson junction, @/ ", has no impor-
tant effect on the characteristics of the junction. In increas-
ing the current I " we are simultaneously increasing the nor-
mal current o/ " and the supercurrent (1 — a)I " through
the junction. In cancelling the supercurrent with an opposi-
tely directed supercurrent I ° (injected directly through the
superconducting plates), we are restoring the junction to a
superconducting state. Here the normal current through the
junction may be significantly greater than 7,.

To show that the normal current has no effect on the
critical current of the junction, we show the curves plotted in
Fig. 6 for I" = 160 pA in a different form. Using relation
(1), we replot the curves of (/°), versus H as curves of
I.(H) atI" =160 uA and at the value of a calculated from
the injection experiment. The results are shown by the
dashed curves in Fig. 6. We are assuming that « is indepen-
dent of the magnetic field (<1072 Oe), since it was shown in
Ref. 19 that the depth (/5 ) to which the electric field pene-
trates into the superconducting tantalum does not depend on
the magnetic field up to 0.1 Oe. It can be seen from a com-
parison of these curves of I, (H) that they lie close together.
We can conclude from this proximity that the nonequilibri-
um quasiparticle current has no direct effect on the Joseph-
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son characteristics of the junction in a magnetic field. The
shift of the curves with respect to each other and with respect
to the curve of I, (H) for I™ = 0, and also the change in the
width of the superconducting region in Figs. 5 and 6, are due
to the effect of the magnetic fields produced by the currents
I" and I'¥, which are substantially greater than the critical
current /. of the junction in our experiments. We cannot go
into detail here on the manifestations of the effects of the
self-magnetic field in these experiments, but we do note that
the interaction of a uniform current and a current drawn
from the edges of the junction is discussed in Ref. 20.

5. ANALYSIS OF THE RESULTS WITH THE HELP OF AN
EQUIVALENT CIRCUIT OF THE JUNCTION

The results obtained here can be understood easily by
making use of the equivalent circuit proposed for a nonequi-
librium superconductor by Kadin, Smith, and Skocpol.?
Since the SNS Josephson junction has a very small normal
resistance (~ 1072 Q) and a small characteristic voltage
(I.R, ~107'2V) in our case, the characteristic Josephson
frequency is also small (some hundreds of hertz). The in-
ductive and capacitive elements can thus be ignored in the
Kadin-Smith-Skocpol equivalent circuit. We are left with
the equivalent circuit of the junction shown in Fig. 7. The a®
blocks represent the superconducting plates of the SNS junc-
tion, while R is the resistance of the normal copper interme-
diate layer. The resistance per unit length of the supercon-
ducting plate in the normal state in the direction
perpendicular to the plane of the junction is R, while the
conductances G represent the channel of the conversion of
quasiparticles into a condensate. The resistive line of an a?
block is the channel for the normal current 7, ; the potential
in this line, ®,,, is the electrochemical potential of the quasi-
particles. In turn, the dissipationless line corresponds to the
channel for the condensate current /;; the potential in this
line, ®; = (#i/2e) y, is the electrochemical potential of the
Copper pairs, where y is the phase of the wave function of
the corresponding superconducting plate of the junction.
The cross represents the region of a pronounced change in
the phase y (the region of the Josephson junction proper),
whichis reality has alength d . [ The coherence length £(T)
in tantalum at 7=0.994T, is still much smaller than d in
our case.] We are ignoring the conversion processes in the

[ ds [ F ds (
R
i
A g—o ——=2 [
a? a%
2 > 277
!csinfp
()
u/\’dx

2 —
a - bdx
o

of
r

FIG. 7. Equivalent circuit of the junction. a® blocks—Superconducting
banks of the SNS junction; R,—resistance of the copper Josephson inter-
mediate layer; cross—Josephson junction.
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region of the normal intermediate layer, since the long ener-
gy relaxation time in pure copper would apparently make
the contribution of the Josephson copper intermediate layer
to this process negligibly small in comparison with that of
the tantalum banks. In the experiment, the voltmeter mea-
sures the voltage between points B and D, i.e., the difference
between the electrochemical potentials of the pairs, since it is
connected by the superconducting contacts to the supercon-
ducting plates of the junction.

The physical meaning of an a” block is completely clear.
Let us assume that a current drawn from the lower line at the
right flows into the upper line of the block. This means that a
current of quasiparticles is injected into the superconductor
from one side, while a supercurrent flows out the other side.
The conversion of quasiparticles into pairs does not occur
instantaneously at the injection point (such a case would
correspond to an infinitely large R or G in the equivalent
circuit). Actually, the injected current gradually flows to-
ward the lower line of the a® block through conductances G.
This conversion of normal current into supercurrent occurs
over a region with a scale length /. An equation can eaily be
derived for the current 7, (x) in the upper (normal) line of
the a? block:

&1, (z)/da*—a*l,(z)=0, a*=RG. (2)

On the other hand, we know that the scale depth to
which the electric field penetrates into the superconductor
due to the imbalance of the populations of the branches of
the quasiparticle spectrum is /. It is thus natural to define G
in such a manner that we have a = / ; '. We have hence

a/G=Rlz, lz=(RG)~". (3)

Solving Eq. (2) with various boundary conditions, we
can analyze all the experiments. We also use an expression
for the voltage at an arbitrary point x, between the normal
and superconducting lines of the equivalent circuit in the
form U(x,) = — (1/G)dI,/dx, where U(x,) is the differ-
ence between the electrochemical potentials of the pairs and
quasiparticles at x,. We turn now to the analysis of the ex-
periments.

1. A current introduced into the SN junction through
the superconducting contacts corresponds to the equivalent
circuit to a current J° which flows into point B and out of
point D. The current at points 4 and C is taken to be zero.
From Eq. (2) and the boundary conditions we find the fol-
lowing equation for the phase difference across the Joseph-
son junction, @ ():

’L . R 2RIz 4

2R, VHesine=", thdy/ly @
Here d; is the thickness of the superconducting electrode.
This result is completely understandable physically: The ef-
fective resistance of the junction, R,,, in this case is simply
the resistance of the normal intermediate layer (R,) and the
excess resistance of the superconducting plates which stems
from the penetration of the electric field to a depth /. into
these plates.

It follows from (4) that the voltage-current character-
istic is described by

R,=R,+
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Van[(Is)2_1c2] I/z- (5)

2. Let us examine now the injection experiment de-
scribed in Section 3. In terms of our equivalent circuit, we
inject a direct current 7iy; at contact A and extract the same
current at contact B. The currents at C and D are zero. The
equivalent circuit makes it a simple matter to understand the
physical processes in this experiment. The normal current
injected into the superconducting plate must turn into a su-
percurrent which is removed from the same plate. For this
purpose, there must be a conversion of quasiparticles into
Copper pairs, which can occur only over a scale depth /. If
dg ~1g, the conversion of normal current into supercurrent
continues all the way to the second superconducting plate of
the junction, and a normal current flows through resistance
R, in the direction toward this plate. The equal supercurrent
must return, since the total of the junction must be zero. If
the oppositely directed supercurrent exceeds I, the volt-
meter begins to show a voltage, and its sign must be opposite
that of the voltage which arises when a current flows com-
pletely through the junction (by virtue of the opposite direc-
tion of the supercurrent). This is precisely what we saw ex-
perimentally.

Simple calculations based on Eq. (2) lead to the follow-
ing equation for the injection case:

Iinj Rlg (6)

oI, sin g —D F
e S = B h do/ls

2eR,

This equation means that the critical injection current—the
current at which a voltage appears at contacts B and D—is

R,. Sh ds/lE (7)

Iin' c=1c
(Tinj ) AL

From Eq. (6) we also find the dependence of ¥ on I,,;:
V=R inj [(Tinj )*— (Linj ) 1",
R i =Rlz/sh ds/ls. (8)

In order to compare the voltage-current characteristics of
the junction for the case in which a current flows completely
through the superconducting contacts, (5), and in the injec-
tion experiment, (8), we write the current in these equations
in a form normalized to the corresponding critical current:

V=R.I(i*~1)" i,=IL, (59

V=R,Jc(i2inj —1)", iinj =] inj/(Iinj )e (8)
Expressed in these units, the two voltage-current character-
istics should evidently coincide, and again this is what we
observe experimentally (Fig. 3).

Let us use relation (7) to estimate the factor by which
the critical injection current (/,;) exceeds the critical cur-
rent of the junction, I,. For sample No. 1 (for which the
results were discussed in Section 3), the thickness of the
superconducting plates is about 3.5-10~*% cm, the area of the
junction is 2.10~2 cm?, the normal resistivity of the tantalum
plates is 0.77-10~ Q.cm, the resistance of the normal inter-
mediate layer is (estimated to be) R, = 1.0-10~° , and the
total resistance of the junction (for 7'/7,~0.994) is R,

Kaplunenko et al. 809



~2-107% Q). Using (4), we can estimate the depth to which
the electric field penetrates at the experimental temperature:
lz~2.10"* cm. From (7) we then find (Iin) /I, = 6. The
experimental value of this ratio is 6.5.

3. The introduction of a current into the junction
through the normal contacts corresponds to the specifica-
tion of a current /" at contacts A and C. Solving Eq. (2)
under these boundary conditions, we find

_&) 9
R.shds/lg !’

SeR ¢+I.sin p=I" (1
This result means that the critical current of the junction in
this case is

2RI; ) -1

u )‘=I‘( - Rhdsh

It also follows from (9) that under the condition /"< (I "),
(i.e., in the steady state) the supercurrent flowing directly
through the Josephson junction is

2Rlg )

—_—=F (10)
R.shds/lg

1,=I.sin p=I" (1
This result means that the supercurrent I, and a quasi-
particle current (a normal current) flow simultaneously
through the SNS junction. The condition /; < I. means that
the junction is in a steady state, i.e., the voltage across the
junction (the reading of the voltmeter connected to the su-
perconducting electrodes of the junction) is zero. Neverthe-
less, a quasiparticle current flows through the junction, and
if we connected the voltmeter to points 4 and C in the equi-
valent circuit we would observe a nonzero voltage. For this
purpose we would have to connect the normal potentiometer
leads to the superconducting electrodes of the junction; i.e.,
we would have to measure the difference in electrochemical
potentials of the quasiparticles.
It follows from (10) that the fraction of the normal
current which flows in a dissipationless regime through re-
sistance R, is

_I~1, 2RI,

- (11)
I  R,shdg/l; "’

(o2

In our experiments, the product al” could be very
large, reaching values three or four times the critical current
of the junction, I,. The supercurrent caused at the junction
by the current /" may have been completely cancelled by the
opposite supercurrent injected through the superconducting
electrodes. As a result, the situation may have been such that
the total supercurrent across the junction was zero, and only
the normal current a " flowed across it. The junction would
then be in a steady state (Fig. 5).

Let us use (11) to evaluate a for sample No. 2 at the
temperature of the experiment described in Section 4. Sam-
ple No. 2 differs from sample No. 1, for which estimates were
made above, only in the area of the junction (about 1.5-102
cm?) and the thickness of the superconducting plates, d
~4-10~* cm. The value of a for this junction should be 0.24.
This value agrees well with the experimental result a ~0.21
given in Section 4. It thus follows from this discussion of the
results that the Kadin-Smith-Skocpol equivalent circuit,?
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simplified somewhat to correspond to our case, gives a good
description of an SNS Josephson junction under nonequilib-
rium conditions.

The following experimental results are of particular in-
terest. As we already mentioned in Section 4 and in the dis-
cussion of Eq. (10), an experimental situation was possible
in which a large normal current a/ " > I, flowed through the
junction, while the supercurrent was zero, and the system
was in a steady state (Fig. 5). A similar effect was observed
in the case in which the junction was in a magnetic field, and
Josephson vortices penetrated into it. We must therefore
conclude that the normal current flowing through the SNS
junction does not interact with the Josephson vortices. A
different situation arises in our injection experiments (Sec-
tion 3). The total current through the junction is zero in this
case; nevertheless, when the injection current exceeds a criti-
cal value (Z,,; ), aresistive state appears, Josephson genera-
tion begins, and—in the presence of a magnetic field—the
motion of Josephson vortices begins. An analogous situation
has been observed in experiments on thermoelectric effects
at SNS Josephson junctions.’?”'* Again in those experi-
ments, a Josephson generation and a motion of vortices be-
gan when the heat flux through the junction exceeded a criti-
cal value. In both cases, however, a supercurrent flowed
through the junction while the total current was zero.

Putting all these experiments together, we find a rather
nontrivial result: Only a supercurrent interacts with Joseph-
son vortices; the quasiparticle current does not interact with
them (at least under our experimental conditions).

6. TEMPERATURE DEPENDENCE OF / OF THE
SUPERCONDUCTING PLATES

Study of the temperature dependence of the observed
effects yields the temperature dependence of the depth (/)
to which the longitudinal electric field penetrates into the
superconducting plates of the junction. There are two inde-
pendent ways to find this temperature dependence: by study-
ing the temperature dependence of the fraction of the normal
current (o) and using (11) or by studying the temperature
dependence of the resistance ratio R;,; /R, on the basis of the
linear region of voltage-current characteristics like those in
Fig. 3. Using (8) and (4), and ignoring R,<R,,, we find the
following result for temperatures near 7,:

R i /R.=1/2 ch(ds/lz). (12)
It is easy to see that the ratio of differential resistances corre-
sponding to the linear parts of the curves found during the
injection of quasiparticles and during the introduction of a
current directly through the superconducting plates is deter-
mined by the ratio dy/I.

Since the critical current of the junction increases, and
the Josephson penetration depth A, correspondingly de-
creases, as the temperature is lowered, the junction ceases to
be “narrow”; i.e., its width W becomes greater than 1,. Asa
result, the boundaries of the resistive state (Fig. 5) cease to
be linear, and self-modulation effects arise on the injection
voltage-current characteristic (Fig. 3) because of the effect
of the self-magnetic field of the large injection current. For
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FIG. 8. Temperature dependence of the reduced thickness (ds//;) of a
superconducting bank of the SNS junction. O—Calculated from the frac-
tion (a) of the normal current for sample No. 2 [see (11) ]; ®—calculat-
ed from the ratio of the resistance R;,; during the injection of quasiparti-
cles into one superconducting bank to the junction resistance R, for
sample No. 2 [see (12) ]; O—the same, for sample No. 3.

this reason, it was difficult to study the temperature depen-
dence of /g for samples Nos. 1 and 2 at comparatively low
temperatures. To expand the temperature range, the change
in /; was also carried out for sample No. 3, with a thicker
normal Josephson intermediate layer (dy~5.5 ym) and
with a correspondingly smaller critical current.

The experimental results are shown in Fig. 8 as a plot of
dg/l; versus (1 — T/T,)"* There is a clearly expressed
linear behavior at temperatures near T, up to 0.97T,. This
result means that the observed effects are determined over a
broad temperature range by the value of /, whose tempera-
ture dependence is described by'!!

Y L I AR (13)

9.3n

where / is the electron mean free path, v is the Fermi veloc-
ity, and 7, is the electron-phonon energy relaxation time in
tantalum. This time is easily determined from the slope of
the plot in Fig. 8. The value found, 7, =4-10~'' s, differs
slightly from that found in Ref. 16: 7, =~1.107'° 5. The dis-
crepancy can be attributed to the greater accuracy of the
method used in the present experiments and also to the high-
er quality of the superconducting contacts, which improves
the accuracy with which the critical current of tantalum and
the ratio T'/T, are determined. Another possibility is that
the discrepancy stems from the different deformations of the
tantalum during the fabrication of samples with thin and
thick superconducting plates.

In Ref. 16, 7, was determined from the excess resistance
of non-Josephson Ta-Cu-Ta junctions, which is proportion-
alto (1 — T/T,) "% at temperatures 7>>0.994T.. At lower
temperatures, the Andreev reflection of quasiparticles at the
NS interface sharply reduces the number of quasiparticles
which penetrate into the superconductor. This changed the
temperature dependence of the excess resistance and made it
possible to study the conversion in the mass of the supercon-
ductor only in a narrow temperature interval. Despite the
fact that the Andreev reflection begins to affect the excess
resistance of our samples at a temperature 7'=0.992T,, it is
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easy to see that the curves in Fig. 8 are linear over the entire
temperature range studied, all the way to 7>0.997T.. A dis-
tinctive feature of these experiments is that here we are inter-
ested in the fraction of the quasiparticles injected into the
superconducting plate which passes into the normal Joseph-
son intermediate layer of the junction. Since there are two
oppositely acting VS interfaces in the path of the quasiparti-
cles here, the Andreev reflection has a weak effect on the
magnitude of the normal current in the Josephson junction.

It was shown in Ref. 1 that if the superconductor and
the normal metal have identical characterisics (Fermi veloc-
ities, electron mean free paths, electrical conductivities,
etc.), thejump (SE) in the electric field at the NS interface is
given by the expression

SE="/,(3n)" (A/T) " (l./1)"Es, (14)

where Ej is the electric field on the side of the superconduc-
tor, /, is the energy relaxation length of the electrons, and A
is the energy gap.

This result means that if a normal current is flowing
through an NS interface, and if its magnitude on the side of
the normal metal is J,,, then its value changes abruptly at the
interface to the value of the normal current on the side of the
superconductor, J,; here we have

ns»

Jﬂ8=ﬁjn- ( 15)
The value of S is easily found from (14):
B=[1+/.(3n) " (A/T)" (L/1)"] . (16)

A calculation based on the Kadin-Smith-Skocpol cir-
cuit with the auxiliary boundary conditions in(15) leads to
the following expression [ which is analogous to (4)] for the
junction resistance R *:

2RI:p (4)
thds/ls ’
This expression determines the excess resistance' with
allowance for Andreev reflection. We see that the value of 5
directly affects the junction resistance. The fraction of the
normal current, @, is now given by an expression analogous
to (11):

_I~I, 2R} 1 (
I T R.shde/ls  chdslls

Rn.=Ro+

Rothds/ls ) -t
2RIzp

(1)
When Andreev reflection is taken into account, expression
(8) for R;,; becomes R ¥, = TIf /sinh(ds/Iy), and the ra-
tio R %; /R ¥ becomes

R iy _ 1 ( R,thds/l; )“
R, 2chdy/l,\" ' 2RLp

Analysis of (11') and (12') shows that Andreev reflection
begins to have a noticeable influence on these effects under
the condition B< Ry/2RI;. At T=0.997T, we have
Ry/2RI; =0.1, and an estimate of 8 from the excess resis-
tanceyields 8~0.5 [an estimate from (16) is approximately
the same], so that Andreev processes in the temperature
range studied should not have any strong influence on the
effects studied here. This conclusion agrees with the experi-
mental results (Fig. 8).

(12)
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Finally, we should point out that the conditions for the
applicability of (14) and (16) to the tantalum-copper pair
were discussed in Ref. 16. Furthermore, a more accurate
calculation of the magnitude of the jump in the electric field
at the NS interface, incorporating the difference between the
properties of the normal metal and the superconductor, does
not change the conclusions drawn above in any essential
way.

7. CONCLUSION

In summary, we have developed a procedure for injec-
tion experiments to study the effect of a nonequilibrium flow
of quasiparticles on the properties of SNS Josephson junc-
tions. We have shown that even in the absence of a total
current through the junction the injection of quasiparticles
into one of the superconducting banks gives rise to Joseph-
son generation. Taken together, the experimental results
show that a nonequilibrium quasiparticle flow has no direct
effect on the Josephson characteristics of the junction. The
appearance of a difference in the electrochemical potentials
of the pairs and of generation at the junction is due exclusive-
ly to the flow of a superconducting current.

The good quantitative agreement between the experi-
mental results and calculations based on the Kadin-Smith-
Skocpol equivalent circuit (simplified somewhat) proves
that this circuit is a suitable model for accurately describing
nonequilibrium processes in a superconductor.

Study of the temperature dependence of various proper-
ties shows that Andreev reflection has no important influ-
ence on the effects found here over a rather broad tempera-
ture range. The methods which have been proposed thus
make it possible to study nonequilibrium processes in the
interior of a superconductor at temperatures lower than is
possible by means of, for example, the method of studying
the excess resistance of SNS sandwiches.
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