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The spatial distribution ofthe two-gap inhomogeneous state of superconducting tin films wasinves- 
tigated experimentally using anumber ofdetectors 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. 
The spatial structureofthe inhomogeneous state and the instability in the form ofanegative voltage 
jumpon thecurrent-voltagecharacteristicofthegenerator, whichleads to theinhomogeneousstate, 
were found to bevery sensitive to weakmagnetic fields. The form ofthecurrent-voltage characteris- 
tic of low-resistance tunnel junctions for V,. 22A/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 
interpretedin terms of the presencein thejunction ofan inhomogeneousdistribution oftheconstant 
component of the current, inherent in distributed Josephson junctions. 

INTRODUCTION 

The two-gap inhomogeneous state of a semiconductor 
with tunnel injection was first discoveredin the case where the 
energy of the injected quasiparticles was eV, k 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, ~ 2 A / e .  Similar singularities were ob- 
served in Ref. 2. The experiments reported in Refs. 1 and 2 
werecarried out on Al-I-Al-I-A1 (I being an insulator). On the 
otherhand, theinstability on thecurrent-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 
observedonly for tunneljunctions based on Al, Gray and Wil- 
lemsen2 proposed that it was due to the characteristic struc- 
ture of films of this material, namely the nonuniformity of 
theirsuperconductingproperties. 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 (eV, >2A), for which the model proposed in 
Ref. 2 was not valid, but the transition of the superconductor 
to the inhomogeneous state was nevertheless ~bse rved .~  The 
case V, ~ 2 A / e  wasignored. TheGray-Willemsen model2 was 
not confirmed by direct experiment. 

The fact that 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 
that enableus to draw someconclusions about themechanism 

of instability and formation of the nonuniform state in tin 
films at quasiparticle injection energies eVi -2A. 

EXPERIMENT 

We have carried out two groups of experiments in which 
we recorded thecurrent-voltage characteristics ofdouble 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" 
(e V, )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 X 0.15 mm. FivedetectorsofO. 1 X O.17mm weredeposit- 
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 x lO-'R . cm2 and thecorresponding valuesforthedetec- 
tors were in the range 1.4X 10-4-1.6~ lop4 R . cm2. Be- 
cause of the considerable difference between the values of R .  
ofthe generator and the detectors, thedisturbance introduced 
by thedetector current wassmall. Forsuch low specific tunnel 
resistances (necessary to increase the injection intensity) and 
for dimensions ofthe order ofO. 1 mm, the generators have the 
properties of a distributed Josephson junction, since the esti- 
mated Josephson penetration depth i ~ A ~ e 0 . 0 2  mm. Thecur- 
rent can besupplied to thegenerator 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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generator and detectors for different injection levels and for 
different methods ofsupplying the current. The quasiparticle 
current-voltage characteristics and the variation of the dc Jo- 
sephsoncurrentI,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, 
we investigated 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,O. 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 ofinves- 
tigating the dependence of the current-voltage characteristic 
on R T .  

RESULTS AND DISCUSSION 

Our investigation of the spatial structure of the inhomo- 
geneous state that occurs for V,  e2A/e ,  performed with the 
aid of a number of detectors, shows that the structure is very 
sensitivetothe way thecurrent is passed throughthegenerator 
and to the weak external parallel magnetic field. 

Figure 1 showsthecurrent-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 I, 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. l a  shows the characteristic for 
detector No. 5). On the scale of the figure, this corresponds to 
the thickness ofthe line on thesteep part ofthe characteristic. 

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

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

energy gap is 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 
ononeofthedetectoredges, but was not present on theothers. 
This is illustrated in Fig. 1 which shows the generator charac- 
teristic and the characteristics of the two extreme detectors 
(Nos. 1 and 5) to which the current supplied through different 
generator edges (a 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 H = 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- 
sephsonjunctionisfamiliarin thestationary case7 (V, = 0). In 
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the time-dependent case, for values of Vi 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 
can be seen on the detector characteristics for Vi < 2A/e. Nev- 
ertheless, since the variation in the distribution ofIi is defini- 
tely present for V, -2A/e, it may be considered that it was 
also present for Vi < 2A/e, but was too small to be observed 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- 
neously introduced into one ofthe 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 
ordertoensure that the twoextremedetectorscompletely cov- 
ered the edges ofthegenerator, but there was no direct contact 
between the upper and lower films of the structure. It was 
found that, for the low-resistance generator (RT - 10-'fl cm2), there was a difference of a few microvolts 
between the values of V, when the current was supplied to the 
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 
current distributionin long Josephsonjunctions in thenonsta- 
tionary state has received practically no attention. " 

As far as the suppression of the energy gap for < 2A/e 
is concerned, this may be due, on the one hand, to a current of 
thermally excited quasiparticles2 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 Vi 2 2A/e amplifies 
existing variation in the current distribution and thus leads to 
thenonuniformstateobservedon thedetector characteristics. 
However, the experimental results shown in Fig. 1 do not in 
themselves exclude the possibility that the instability and for- 
mation of the nonuniform state2 are related to the nonunifor- 
mity ofthe film material. Actually, it may be considered that, 
when thenonuniformcurrent distributionis present, theinho- 
mogeneous state will only be produced by the film irregulari- 
tiespresent at the point ofcurrent concentration, which would 
explain the dependence on the method used to supply the cur- 
rent. The variation in the current distribution would then be 

FIG. 2. Current-voltage characteristics of the generator 
and detectors in the magnetic field H = 100 G a t  T = 2.0 
K. The current is supplied to the generator as in case a of 
Fig. 1. 

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 ofthe junction dimensions to the Joseph- 
son depth A,. In particular, for dimensions approaching A,, 
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 0.05 X 0.06, 0.12 X 0.6, and 0.7 X 0.7 
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 (I) ,  intermediate (21, 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 Iaxis  is: for curves 1, 1'-2.5 mA/ 
div; ;2-20 mA/div; 3-100 mA/div. Curves 1-3 were recorded at 
T =  1.85 K 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 RT 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 quasiparticle injection. lo In other words, the characteristic 
sizeofthe variation is comparable with the size ofthejunction 
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 ofa segment with negative slope 
for small junctions) is satisfied in order to give rise to switch- 
ing over the load line.2 The absence ofasegment with negative 
differential resistance on the characteristics of large tunnel 
junctions can be explained in terms of the model put forward 
in Ref. 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- 
cy is increased 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 oftheexperimentally observeddependenceofthe 
size of the negative-voltage jump on the specific tunnel resis- 
tance and junction size, which passes through a maximum as 
thesequantitiesarevaried. Otherinterpretations ofinstability 
and formation of the nonuniform state are given in Refs. 10- 
13. The models proposed in Refs. 11-1 3 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. lo However, this theory does not describe the following 
experimental facts: the high sensitivity of the instability (both 
the current I,,, 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 ofthe variation 
as barrier transparency increases; and the dependence of the 
negative voltagejump on thejunction size, including, in parti- 
cular, the absence of the jump on the characteristics of large 
junctions. It may therefore be considered that, in our experi- 

ments, the switchingmechanism described in Ref. 2 was more 
likely, but the mechanism responsible for the formation ofthe 
nonuniformstate wasdeterminednot by 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- 
periment~, ' -~ but it was not clear why they had such different 
shapes for -2A/e. It follows from these experiments that 
the shape of the quasiparticle current-voltage characteristics 
oflow-resistancetunneljunctionsfor -2A/emay bedeter- 
mined, to a considerable extent, by the ratio of the junction 
size to the depth A,. 

It is interesting to note the influence of high-frequency 
electromagneticinductionon thespatial structureoftheinho- 
mogeneous state for V, -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" ofthe 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. 
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to the Editorial Board, reports similar results obtained bv different meth- 
ods. 

'R. C. Dynes, V. Narayanamurti, andJ. P. Garno, Phys. Rev. Lett. 39,229 
(1977). 

'K. E. Gray and H. W. Willemsen, J. Low Temp. Phys. 31,911 (1978). 
3J. T. Yeh and D. N. Langenberg, Phys. Rev. B 17,4303 (1978). 
41. Iguchi and D. N. Langenberg, Phys. Rev. Lett. 44,486 (1980). 
51. P. Nevirkovets and E. M. Rudenko, in: Proc. Intern. Conf. on Low 
Temp. Phys. LT-17 (Contributed Papers), Karlsruhe, 1984, Part 2, p. 799. 

6H. Akoh and K. Kajimura, Phys. Rev. B 25,4467 (1982). 
'A. Barone, F. Esposito, K. K. Likharev, V. K. Semenov, V. N. Todorov, 
and R. Vaglio, J. Appl. Phys. 53, 5802 (1982). 

'R. F. Broom and P. Wolf, Phys. Rev. B 16, 3100 (1977). 
9S.-C. Meepagala, W. D. Shen, P. K. Kuo, and J. T. Chen, in: Proc. Intern. 
Conf. on Low. Temp. Phys. LT-17 (Contributed Papers), Karlsruhe, 
1984, Part 1, p. 473. 

I0V. F. Elesin and Yu. V. Kopaev, Usp. Fiz. Nauk 133, 259 (1981) [Sov. 
Phys. Usp. 24, 116 (1981)l. 

"D. J. Scalapino and B. A. Huberman, Phys. Rev. Lett. 39, 1365 (1977). 
I2M. J. Sugahara, J. Phys. Soc. Jpn. 51, 566 (1982). 
I3B. I. Ivlev and N. B. Kopnin, J. Low Temp. Phys. 47, 223 (1982). 

Translated by S. Chomet 

1014 Sov. Phys. JETP 61 (5), May 1985 I. P. Nevirkovets and E. M. Rudenko 1014 


