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A study was made of the current-voltage characteristics, and of the first and second derivatives of
these characteristics, of Josephson tunnel junctions made of thin tin and lead films. It was found that
the constant component of the current was associated with the absorption of the Josephson electromag-
netic radiation in the junction. The observed singularities were interpreted as threshold effects of the

absorption of the radiation in anisotropic Sn and Pb.

CERTAIN singularities have been observed™! in the
current-voltage characteristics of Sn—Sn tunnel junc-
tions; these singularities result in an additional current
through the junction under a bias eV ~ 2A/n, where n is
an integer. Similar singularities have been observed
also in the current-voltage characteristics of
Pb—Pb'® 3! and other junctions.'® The present com-
munication reports the preliminary results of an exper -
imental investigation of the characteristics of Sn—Pb
tunnel junctions. The method used to prepare these
junctions and the configuration of the samples have
been described in ™ °!. The width of the films was
<1 mm and the thickness 2 2000 A. The investigation
was mainly concerned with low-resistance junctions
(p < 1072 Q - mm?), which clearly exhibited the Joseph-
son effect. The constant Josephson current in fields of
the order of 10 Oe decreased by a factor of several
tens compared with the value in a zero magnetic field;
consequently, the Sn oxide film was judged to be suffi-
ciently uniform.

The current-voltage characteristic of Josephson
Sn —Pb tunnel junctions in magnetic fields of the order
of several tens of oersteds, applied parallel to the
junction plane, was similar to the current-voltage char-
acteristic of the one-particle tunnel current.®’ A re-
gion with a falling characteristic was observed between
the voltages corresponding to eV = App, — Agp
= 0.77 meV and V = =~ 1.2 mV (Fig. 1). Therefore, we
investigated the regions where V < 0.77 mV and 1.2 mV
<V < 1.97 mV. The first region included singularities
lying near Ag, while the second region had singulari-
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FIG. 1. Current-voltage charac-
a0r teristic of a Sn—Pb junction at T =
1.5°K, in H = 40 Oe. The sudden
jump of the voltage is due to an in-
stability of the working point in the
falling part of the characteristic.
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ties close to App. In addition to pronounced current
surges at eV = App, eV = Agp, and at other values of V
smaller than Ag,/e, the constant component of the cur-
rent depended strongly on the magnetic field.

Figure 2 shows the dependence of the constant com-
ponent of the current on the magnetic field intensity for
two arbitrarily selected voltages across a junction. In
sufficiently strong fields, the current approached
asymptotically its value for the one-particle tunnel
case. The additional current decreased proportionally
to H2 This showed conclusively that the additional
current was the constant component of the oscillatory
Josephson current. The observed constant component
of the current was proportional, on the one hand, to the
amplitude of the Josephson current, and on the other,
to the absorption in the system. However, the absorp-
tion was proportional to the one -particle current.
Therefore, the characteristic of the constant component
of the Josephson current reproduced the one-particle
characteristic.

Another reason why the constant component of the
current increased was the absorption of electromagnetic
waves in the superconductors used for the tunnel junc-
tion. For eV = A, these losses were due to the dissoci-
ation of Cooper pairs into two quasi-particles: they
made an additional contribution to the absorption and
caused an additional one-particle current to flow. The
value of the latter depended on the ratio of the probabil-
ity of the tunneling of an excited electron through a
barrier and the probability of recombination with an-
other electron to form a Cooper pair in the same super -
conductor, accompanied by the emission of a phonon.
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FIG. 3. a) dV/dJ characteristic near Ap,. The factor shown along-
side the overlapping parts of the curve represents different values of
the modulating signal level; b) d? V/dJ? characteristic near Ap,. T =
1.43°K, H=20 Oe.

Thus, the current-voltage characteristic could yield in-
formation on the lifetime of excitations in superconduc-
tors.

The experimentally observed complex structure of
the dV/dJ characteristics in the energy range ~0.1—
0.2 meV near Agp and App was evidently due to
threshold effects in the absorption of the electromag-
netic radiation generated by the Josephson current.

We shall now consider the structure of the dv/dJ
characteristic near Apyp. Figure 3 shows the dv/dJ
and d®v/dJ? characteristics near App for one of the
junctions. Table I lists the positions of the minima in
the dV/dJ characteristics along the V axis for 12 dif-
ferent tunnel junctions. It is worth noting the presence
of a minimum at V = App/e = 1.38 mV observed for
almost all the junctions. The values V = 1,22 mV and
V = 1.29 mV were found from the singularities in the
d?V/dJ? characteristics; in the dV/dJ characteristics
these singularities were inflection points. Table I lists
also the positions of the minima in the dV/dJ charac-
teristics of Pb—Pb junctions, taken from a paper by
Rochlin and Douglass,'®! for that range of voltages in
which our results and theirs overlapped. The number
of singularities in the characteristics of different junc-
tions varied considerably, but the agreement between
the positions of the singularities (for those junctions in
which they were observed) was not too bad.

In addition to the singularities listed by Rochlin and
(31

Douglass, """ we observed a series of minima at V = 1.6,
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FIG. 5. Temperature de-
pendence of the positions of o6
minima in the dV/dJ char-
acteristics on the V axis for

junction No. 9. esr

1.7, 1.75, and 1.85 mV, which lay about 0.3 mV higher
than the series for Apy, (cf. Fig. 3). Evidently, the fine
structure of the dV/dJ characteristics near Apj, was
associated with the threshold properties of the absorp-
tion of electromagnetic energy in anisotropic Pb, be-
cause the thickness of Pb films was considerably
greater than the coherence length £, The origin of the
series of singularities at V = 1.6—1.85 mV was not
clear.

We also observed a complex system of minima in
the dV/dJ characteristics near Agy. Figure 4 shows
the dV/dJ characteristic for one of the junctions, inves-
tigated in this range of voltages.

Table II lists the positions of the minima in the re-
gion of Agp for various junctions. The majority of the
junctions had a minimum at V = Agp/e = 0.595 mV. The
minima at other values of V were observed only in
some samples. The difficulty was to distinguish the
minima associated with Ag, from the minima belonging
to the (App + Agp)/(2n + 1) and App/n series (cf. I').

Information on whether a given minimum belonged
to a particular series could be obtained by investigating
the temperature dependence of the positions of the min-
ima. Figure 5 shows such dependences for one of the
junctions; they were obtained by comparing the dv/dJ
characteristics at intervals of T ~ 0.1°K. We can see
there a group of curves which are similar to the tem-
perature dependence of the gap Agy, which follows from
the BCS theory, while other curves are practically in-
dependent of temperature. The singularity correspond-
ing to (A pp + Agn)/3 depended weakly on temperature.

Table I. Experimental values of positions
of group Apyp singularities in dV/dJ
characteristics of Sn—Pb Josephson
tunnel junctions (T = 1.5°K; error in the
determination of V, == 1°)

Number of junction Positions of singularities on V axis (in mV)
1 1.23 1.29 1.34 1.375 1.48
2 1.22—1.28 1.35 1.385
3 1.37
4 1.22 1.29 1.38
5 1.34
6 1.22 1.28 1.38
7 1.2 1.29 1.38
8 1.29 1.38
9 1.23 1.3 1.38
10 1.38 1.39
11 1.34—1,38
12 1.37
Results of 1.22 1.31 1.35 1.38 1.485
Rochlin and (+0.01) (+0.01) (+0.01) (+0.05) |(£0.01)
Douglass [3] *)

*) The values V= 1.2 mV and V = 1.26 and 1.46 mV are omitted.
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Table II. Experimental values of positions of group Ag,
singularities in dV/dJ characteristics of Sn—Pb
Josephson tunnel junctions (T = 1.5°K; error in

the determination of V, ~=1°)

Number of ™ ) L. L.
junction Positions of singularities on V axis (in mV)
1 0,696 0,65 | 0,63 | 0,59—0,57 0,54 0,525 0,51 | 0,463
2 0,65 0,585 0,53—0,515, 0,462
3 0,592
4 0,595
5 0,635 0,54 0,51
6 0,595 0,54 0,51
7 0,645 0,595 0,53
8 0,656 | 0,633|0,595—0,57 0,536 0,516
9 0,693 0,645 0,603 0,54 0,51
13 0,596 0,573 0,531 0,515
In units of kT, | 4:05 | 3,8 | 3,7 3,48 3,35 (3,45| 3.1 |3,0 | 2,72
Results of 3,8—3,7 3,4 3,1—-3,05 2,7
Zavaritskii,

(% kT ®)

*)The value kT, = 3.55 is omitted. The value kT, = 4.3, reported in [8] , was evidently
masked in our experiments by a one-particle current surge near Apy, — Agp.

The amplitude of this singularity was considerably less
than the amplitudes of the singularities of the Agy
group.

The structure of the characteristics below 0.43 mV
was not considered because of its complexity. The re-
sults obtained should be treated with caution because of
the presence of a large number of minima and a nonuni-
form variation of their depths with temperature in con-
stant H. It should be mentioned that the positions of the
minima on the V axis were independent of the magnetic
field, while their intensities depended considerably on
the field. In magnetic fields of =100 Oe, the fine struc-
ture of the minima disappeared and only one minimum
at V = Agp/e remained. No dependence of the positions
of the minima on the thickness and width of the films
was observed.

As already mentioned, the fine structure of the min-
ima in the dV/dJ characteristics near Ag, and Apyp
could be explained by threshold effects in the absorption
of the Josephson electromagnetic radiation in the super -
conductors making up the tunnel junction (tin, lead).
Since the average mean free path ! in the investigated
films was comparable with or greater than the coher-
ence length, the surface A(k) was anisotropic. In this
case, several absorption thresholds were possible, due
to the multiply-connected nature of the Fermi surface
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and the different values of the gaps in different regions
of the surface, or to sudden changes in the anisotropy of
A of superconductors, first discovered by Zavaritskii. *}
Depending on the relationship between I and £o, we
should observe more or less clear characteristics of
the anisotropy of A. This would explain also why the
number of observed minima was different for different
samples. Moreover, the presence of regions with low
values of I (for example the edges of a film) would en-
sure that the average value of the gap were observed.

Finally, we note that a Josephson tunnel junction is
a form of spectroscope in which the functions of the ra-
diation source and of the investigated sample are com-
bined. The product of the constant components of the
additional current and of the voltage gives the power
emitted in the form of the radiation which is absorbed
in the system. Such power may reach tens of micro-
watts (cf. Fig. 2) and the emission frequency may have
any value up to (A; + A,)/i. This opens up new avenues
in the spectroscopy of superconductors in the far infra-
red range.

The author is grateful to I. M. Dmitrenko for his in-
terest in this investigation.
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