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Thespatial distribution of the two-gapinhomogeneousstate of superconducting tin films wasinves-
tigated experimentally using anumber of detectors at injection voltage V; ~2A/e. It was found that
the initiation of the inhomogeneous state depended on how the current was fed into the generator.
Thespatialstructure oftheinhomogeneousstate and the instability in the form ofanegative voltage
jumponthecurrent-voltage characteristicofthegenerator, whichleadstotheinhomogeneousstate,
were found tobe very sensitive to weak magnetic fields. The form of the current-voltage characteris-
tic of low-resistance tunnel junctions for ¥V; ~2A/e was very dependent on the dimensions of the
junction and the transparency of the barrier. Instability was observed only for tunnel junctions
whose dimensions exceeded the Josephson penetration depth of the magnetic field. The results are
interpreted in terms of the presencein the junction ofaninhomogeneousdistribution of the constant
component of the current, inherent in distributed Josephson junctions.

INTRODUCTION

The two-gap inhomogeneous state of a semiconductor
with tunnelinjection was first discovered in the case where the
energy of the injected quasiparticles was eV; R 2A (Ref. 1).
(V; is the voltage across the generator and A is the energy gap
of the superconductor). The transition to the inhomogeneous
state occurred as a result of an instability on the current-vol-
tage characteristic of the generator in the form of a negative
voltage jump for V; ~2A/e. Similar singularities were ob-
served in Ref. 2. The experiments reported in Refs. 1 and 2
werecarried out on Al-I-Al-I-Al (I being an insulator). On the
other hand, theinstability on the current-voltage characteris-
tics was not observed in Ref. 3, in which astudy was also made
of the low-resistance tunnel junctions which, in contrast to
Refs. 1 and 2, were based on tin. Since the instability was
observed only for tunnel junctions based on Al, Gray and Wil-
lemsen? proposed that it was due to the characteristic struc-
ture of films of this material, namely the nonuniformity of
theirsuperconducting properties. Accordingtotheseauthors,
tin films were more uniform, and this was responsible for the
absence of instability in the case of the experiments reported
in Ref. 3. Gray and Willemsen have also put forward the
“load line” model based on the assumption that the films
were nonuniform and the current-voltage characteristics of
low-resistence tunnel junctions were highly nonlinear. After
this, the attention of researchers turned to the case of high
injection energies (e¥; »2A), for which the model proposed in
Ref. 2 was not valid, but the transition of the superconductor
to the inhomogeneous state was nevertheless observed.* The
case V; ~2A/ewasignored. The Gray-Willemsen model® was
not confirmed by direct experiment.

Thefactthat effects analogous to those described in Refs.
1 and 2 could be observed in tin films was demonstrated in
Ref. 5. Other properties of the instability and of the nonuni-
form state that had not been known in the case of aluminium
were also noted in Ref. 5.

In the present paper, we report new experimental facts
thatenableustodraw someconclusionsabout the mechanism
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of instability and formation of the nonuniform state in tin
films at quasiparticle injection energies eV; ~2A.

EXPERIMENT

We have carried out two groups of experiments in which
werecorded thecurrent-voltage characteristics of double tun-
nel junctions (Sn-I-Sn-I-Sn) and ordinary junctions (Sn-I-
Sn) of different size and different barrier transparency. The
double junctions with one generator and a number of detec-
tors were used to investigate the spatial structure of the inho-
mogeneous state of tin films under quasiparticle injection in
the “narrow source” regime (eV; ~2A). Such studies were
previously carried out exclusively with the “wide source”
(eV:>2A) (Ref. 6).

In a double tunnel structure of the form Sn-I-Sn-I-Sn,
the generator was a low-resistance tunnel junction of
0.78 < 0.15mm. Fivedetectorsof 0.1 X 0.17 mm were deposit-
ed on its upper electrode in steps of 0.04 mm. The detectors
were at approximately 0.04 mm from the edges of the gener-
ator. The tunnel structures were prepared by thermal evapo-
ration of Sn and oxidation of the resulting films. The films
had roughly equal thickness (50~70 nm). Sapphire substrates
were used to reduce heat losses, and measurements were per-
formed in liquid helium at temperatures below T, . The spe-
cific tunnel resistance R, of the generator was
3.4 10770 - cm?and the corresponding values for the detec-
tors were in the range 1.4 X 107%-1.6 X 10~* Q - cm?. Be-
cause of the considerable difference between the values of R
ofthe generatorand thedetectors, the disturbanceintroduced
by thedetector current was small. For such low specific tunnel
resistances (necessary to increase the injection intensity) and
for dimensions of the order of 0.1 mm, the generators have the
properties of a distributed Josephson junction, since the esti-
mated Josephson penetration depthis A, ~0.02 mm. Thecur-
rent can besupplied to the generator either by the asymmetric
method (from one edge of the junction, Fig. 1) or by the sym-
metric method (from both edges simultaneously).

We recorded the current-voltage characteristics of the
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FIG. 1. Current-voltage characteristic of the generator of the
two extremedetectors (Nos. 1 and 5) when the currentisintro-
duced through different edges of the generator (a and b ) for
H =0, T =2.0K. Numbers indicated different injection lev-
els and the corresponding detector characteristics.

LI

generator and detectors for different injection levels and for
different methods of supplying the current. The quasiparticle
current-voltage characteristics and the variation of the dc Jo-
sephsoncurrent/,onthecurrent-voltagecharacteristicsofthe
generator in weak magnetic fields confirm the high tunnel
quality of the junctions.

In the experiments with single-pair Sn-I-Sn junctions,
weinvestigated how the characteristic depends on the dimen-
sions of the junction and the transparency of the tunnel bar-
rier. Tunnel junctions of 0.05 X 0.06,0.12 X 0.6,and 0.7 X 0.7
mm were deposited on the substrate in a single vacuum cycle
(we shall refer to them as small, intermediate, and large junc-
tions, respectively). The deposition conditions were such as to
produce junctions with equal specific tunnel resistances. The
junction dimensions were held constant in the course of inves-
tigating the dependence of the current-voltage characteristic
onR;.

RESULTS AND DISCUSSION

Our investigation of the spatial structure of the inhomo-
geneous state that occurs for V; ~2A/e, performed with the
aid of a number of detectors, shows that the structure is very
sensitivetothe way thecurrentispassed through the generator
and to the weak external parallel magnetic field.

Figure 1showsthecurrent-voltagecharacteristicsforthe
case where the current was introduced asymmetrically into
the generator. The generator characteristic has a singularity
in the form of a voltage jump, which has been related to the
instability of the superconductor during tunnel injection.'
When the generator current /; is less than the instability cur-
rent I, , whatever the method used to introduce it, the shape
of the detector characteristic shows that there is a small uni-
form reduction in the energy gap which is the same for all
detectors (for example, Fig. 1a shows the characteristic for
detector No. 5). On the scale of the figure, this corresponds to
the thickness of the line on the steep part of the characteristic.

For I; > I, the superconducting tin films undergo a
transition to the nonuniform state, i.e., a region with reduced

1012 Sov. Phys. JETP 61 (5), May 1985

V,, mV

energy gapis found to appear. The position at which it actual-
ly appeared in our experiment was determined by the method
used to supply the current to the generator, namely, it ap-
peared at the particular edge of the generator to which the
current was supplied, i.e., the nonuniform state was recorded
ononeofthedetector edges, but was not present on the others.
Thisisillustrated in Fig. 1 which shows the generator charac-
teristic and the characteristics of the two extreme detectors
(Nos. 1and 5)to which the current supplied through different
generator edges (@ and b ). When the current was supplied by
the symmetric method, the nonuniform state appeared on
both extreme detectors.

When the current was supplied asymmetrically (a) at
right-angles to the generator length L, an external parallel
magnetic field # = 100 G was applied to the system. This
suppressed completely the instability on the generator char-
acteristic, and a uniform reduction in the energy gap (Fig. 2),
smaller than that in Fig. 1, was observed for all detectors.
Figure 2 illustrates the situation where the magnetic field
ensures that the generator characteristic no longer has a seg-
ment with a negative slope. In point of fact, the nonuniform
state does not appear on the characteristics of the individual
detectors even in lower fields in which the negative slope of
the generator characteristic is still present. By recording the
detector characteristics, we can follow how the reduced-gap
region spreads over the entire length of the generator under
the influence of the magnetic fields and, when its size be-
comes comparable with L, how the negative voltage jump on
the generator characteristic is transformed into a segment
with a negative slope. In this situation, the magnitude of A -
varies only slightly with position and can probably be re-
garded as approximately spatially uniform.

Let us consider our measurements in the absence of the
magnetic field (Fig. 1). How the position of the reduced-gap
region when the generator current I, is reached depends on
the method used to supply the current to the generator shows
that I, is nonuniformly distributed over the generator
length. This nonuniform current distribution in the long Jo-
sephsonjunctionisfamiliarinthestationary case’ (V; = 0).In
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FIG. 2. Current-voltage characteristics of the generator
g and detectors in the magnetic field H = 100G at T'= 2.0
K. The current is supplied to the generator as in case a of
Fig. 1.

the time-dependent case, for values of ¥; not too close to zero,
the junction contains a large number of vortices, so that the
time-averaged current distribution should be uniform.® This
is indicated by the uniform reduction in the energy gap that
canbeseenonthedetector characteristicsfor V; < 2A/e. Nev-
ertheless, since the variation in the distribution of Z; is defini-
tely present for V; ~2A/e, it may be considered that it was
alsopresentfor V; <2A/e,but wastoosmalltobeobserved on
the detector characteristics. A special experiment was per-
formed to verify this. A bias voltage of magnitude somewhat
lower than the value for which the instability occurred was
applied to the generator. A constant bias current was simulta-
neouslyintroduced into one of the extreme detectors, with the
voltage V,~2A/e across it. We measured V', with the cur-
rent introduced through different edges of the generator. The
geometry of the tunnel structure was modified somewhat in
ordertoensurethatthetwoextremedetectorscompletely cov-
ered theedgesofthe generator, but there wasnodirect contact
between the upper and lower films of the structure. It was
found that, for the low-resistance generator (R
~1077Q - cm?), there was a difference of a few microvolts
between the values of ¥, when the current was supplied tothe
generator through different edges. Experiment may thus be
indicating that a slight variation in the current distribution is
present even for V; <2A/e. We note that the question of the
currentdistributioninlongJosephsonjunctionsinthenonsta-
tionary state has received practically no attention."

As far as the suppression of the energy gap for V; <2A/e
is concerned, this may be due, on the one hand, to a current of
thermally excited quasiparticles® and, on the other, to the ab-
sorption in the superconducting films of Josephson radiation
with energy in excess of 2A. It may therefore be considered
that the injection of quasiparticles for V; R 2A/e amplifies
existing variation in the current distribution and thus leads to
thenonuniformstateobserved onthedetectorcharacteristics.
However, the experimental results shown in Fig. 1 do not in
themselves exclude the possibility that the instability and for-
mation of the nonuniform state? are related to the nonunifor-
mity of the film material. Actually, it may be considered that,
whenthenonuniform currentdistributionis present, theinho-
mogeneous state will only be produced by the film irregulari-
tiespresentatthe pointof currentconcentration, which would
explain the dependence on the method used to supply the cur-
rent. The variation in the current distribution would then be
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irrelevant for the appearance of the instability and of the non-
uniform state, so that one would not expect a substantial de-
pendence of the instability pattern on the size of the junction.
On the contrary, if the instability and the formation of the
nonuniform state are determined by an internal current vari-
ation in the distributed junction, the situation should be very
sensitive to the ratio of the junction dimensions to the Joseph-
son depth A,. In particular, for dimensions approaching 4,
one would expect that quasiparticle injection would not give
rise ot the formation of the nonuniform state.

To elucidate this point, we have carried out experiments
with Sn-I-Sn tunnel junctions. We investigated the depen-
dence of the type of instability on the dimensions of the junc-
tion and its transparency. Figure 3 (curves 1-3) shows cur-
rent-voltage characteristics for tunnel junctions with areas
respectively equal to 0.050.06, 0.12XX0.6, and 0.7X0.7
mm, and values of R, approximately equal to the specific
tunnel resistance of the generator of Fig. 1, 2. It is clear that
the current-voltage characteristic of the small junction has a
negative slope for a considerable range of currents, whereas
the characteristic for the medium-size junction exhibits an
instability. The characteristic of the large junction (curve 3)
shows practically no evidence of a region with a negative

FIG. 3. Current-voltage characteristics of small (1), intermediate (2), and
large (3) junctions with the same barrier transparency. When the barrier
transparency is increased, the characteristic of the small junction takes the
shape shown by 1'. The scale along the I axis is: for curves 1, 1'—2.5 mA/
div; ;2—20 mA/div; 3—100 mA/div. Curves 1-3 were recorded at
T = 1.85K and curve 1’ at 2.0 K.
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slope or of a votage jump. Figure 3 also shows the character-
istic of a junction with the same small dimensions but specif-
ic tunnel resistance reduced by a substantial factor (curve 1').
As can be seen, the reduction in R has resulted in the sup-
pression of instability (voltage jump).

The results of these experiments can be explained as fol-
lows. The absence of instability in a small junction is in total
agreement with the results reported in Ref. 3 and is consistent
with the uniform change in the energy gap under the influence
of quasiparticleinjection.'® In other words, the characteristic
size of the variation is comparable with the size of the junction
itself. The essential difference between the characteristic of
the intermediate-size junction and the last case is probably
due to the fact that the scale of the variation is now much
smaller than the area of the entire junction, and another con-
dition (as well as the presence of a segment with negative slope
for small junctions) is satisfied in order to give rise to switch-
ingover theload line.? The absence of a segment with negative
differential resistance on the characteristics of large tunnel
junctions can be explained in terms of the model put forward
inRef. 2 by saying that the scale of the variation becomes very
small in comparison with the size of the junction, so that the
load line becomes too steep.

The appearance of the instability on the current-voltage
characteristic of the small junction as the barrier transparen-
cyisincreased may be an indication that the current distribu-
tion in the tin tunnel junction has become highly nonuniform
due to the reduction in the scale of the variation. Since, in the
present case, this size depends on the transparency of the bar-
rier, it cannot be determined by some characteristic length of
the superconductor (for example, the quasiparticle diffusion
length) and must depend only on the Josephson depth A,
which, in turn, depends only on R, and the injection level.

Thus, the model put forward in Ref. 2 provides a good
explanation ofthe experimentally observed dependence of the
size of the negative-voltage jump on the specific tunnel resis-
tance and junction size, which passes through a maximum as
thesequantitiesare varied. Otherinterpretationsofinstability
and formation of the nonuniform state are given in Refs. 10—
13. The models proposed in Refs. 11-13 require the presence
of a critical quasiparticle density in the superconductor, and
are therefore definitely unsuitable for explaining our experi-
mental data. The only rigorous theory of instability and for-
mation of the nonuniform state of a semiconductor for a nar-
row quasi-particle source is the theory put forward by
Elesin.'”However, this theory does not describe the following
experimental facts: the high sensitivity of the instability (both
the current /;,; and the negative voltage jump) and the spatial
structure of the nonuniform state to weak magnetic fields,
which have an appreciable influence only on the Josephson
effect; the reduction in the characteristic scale of the variation
as barrier transparency increases; and the dependence of the
negative voltage jump on thejunctionsize, including, in parti-
cular, the absence of the jump on the characteristics of large
junctions. It may therefore be considered that, in our experi-
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ments, theswitching mechanism described in Ref. 2 was more
likely, but the mechanism responsible for the formation of the
nonuniformstatewasdetermined notby theinhomogeneity of
the superconducting films but the inhomogeneity in the cur-
rent distribution in the low resistance tunnel junction, which
is due to its Josephson properties. The application of a weak
magnetic field results in the suppression of the Josephson ef-
fect and to an increase in the degree of homogeneity of the
system.

Characteristics analogous to those shown in Fig. 3
(curves 1-3) have been observed separately in different ex-
periments, ' but it was not clear why they had such different
shapes for V; ~2A/e. It follows from these experiments that
the shape of the quasiparticle current-voltage characteristics
oflow-resistance tunnel junctionsfor ¥; ~2A/emaybedeter-
mined, to a considerable extent, by the ratio of the junction
size to the depth 4.

It is interesting to note the influence of high-frequency
electromagneticinduction on thespatial structure of theinho-
mogeneous state for ¥; ~2A/e, which turns out to be just as
sensitive to the induction as the dc Josephson current for
V; = 0. It was found that, under the influence of this effect,
the reduced-gap region remained, but could shift as a whole
along the generator. This is detected simply as an instantan-
eous “switching” of the singularity on the detector character-
istic, due to the inhomogeneous state, from one detector to
another (for example, from No. 1 to 5, see Fig. 1). The fact
that the position of the reduced-gap region can be controlled
in this way was not previously known.

The authors are indebed to V. G. Bar’yakhtar, K. K.
Likharev, and V. M. Pan for their interest and valuable sug-
gestions.

VA recent paper,® published after thefirst draft of the present paper was sent
to the Editorial Board, reports similar results obtained by different meth-
ods.
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