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The electric signals induced by « particles in an S-/-S tunnel junction of Sn were measured in
the temperature region of 1.37—4.2 K. From the pulse-height dependence on the electric
current through the junction and on temperature, it was found that the impulsive change in the
current-voltage (/-V) characteristics in the sample cannot be explained simply by the localized
superconducting-normal transition due to the temperature increase. By adopting a simple
model, however, it has been revealed that excess quasiparticles are essential to the characteristic

change in the junction.

I. INTRODUCTION

In 1971, Testardi' found that a superconducting Pb
film irradiated by a laser beam yields an electric resis-
tance even at temperature below the superconducting
transition temperature 7.. In the following year,
Owen and Scalapino? published a model for a super-
conductor under an external dynamic pair-breaking
influence. In this model, however, the production of
electric resistance observed by Testardi cannot be ex-
plained, but some interesting predictions are made.
Their theory predicted the possibility of the first-
order superconducting transition under an external
influence, and showed that the energy gap 2A is a
function of the excess quasiparticle density. Motivat-
ed by the above prediction, several experimental
studies®™® were made, by which the decrease in A was
found when superconductors were perturbed by an
external influence, but observation of the first-order
transition was not successful.

For example, according to the experiment by Sai-
Halasz et al.,* the first-order transition temperature
predicted by Owen and Scalapino corresponds to the
temperature at which electrical resistance develops in
a superconductor. Another interesting work was
made by Schuller and Gray,® who studied, using a
laser beam, the relaxation time of A at temperatures
near T,.

Concerning the effect of «a-particle irradiations on
superconductors, a few investigations have so far
been published. One is the work by Spiel et al.” who
observed the appearance of electric resistance by a-
particle irradiations. In a superconducting strip,
where an electric current near the critical value is
flowing, the irradiation effect appears as the change
in the terminal voltage, showing the production of
resistance. The other is the work by Wood and
White,® where a Sn-Sn0,-Sn tunnel junction was
bombarded with « particles and the resulting electric
signals were observed. Based on their observations,
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they have proposed the possibility of utilizing a su-
perconducting tunnel junction in nuclear spec-
trometry.

Generally speaking, there are three possibilities
which cause the impulsive change in /-V characteris-
tics of a superconducting tunnel junction, when irra-,
diated by « particles: (a) Ionization spikes are pro-
duced in the insulation layer of the sample when
charged particles pass through it. (b) The localized
superconducting-normal transition occurs due to the
increase of temperature. (c) The excess quasiparti-
cles are produced by a-particle irradiations.

Unfortunately, the microscopic mechanism of the
production of electric resistance due to an external
influence is not clearly understood yet. It is there-
fore worthwhile to get more information on the
nonequilibrium state of superconductors caused by an
external effect. In the present work, we performed
an experimental study on the effect of a-particle irra-
diations on an S-/-S tunnel junction of Sn. Mea-
surements of the spectrurn indicate that the excess
quasiparticles are essential to the production of the
electric signals observed. Details of the experimental
procedure are presented here and some qualitative
explanations of our results are also attempted.

II. EXPERIMENTAL

A crossed-film tunnel junction of Sn was prepared
by the standard method, vacuum evaporation of Sn
(99.999%), and glow discharge oxidation. A Sn film
of about 3000 A was first prepared on a glass plate in
a vacuum chamber (initially 2 x 10~ Torr). Then 0.3
Torr of pure oxygen gas was supplied in the chamber.
By applying 600 V to the glow discharge electrode,
oxidation of the Sn film was continued for 30 sec.
Theoresultant SnO, film was roughly estimated to be
20 A. After evacuating the chamber, the second vac-
uum evaporation of Sn was made at the initial pres-
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sure of 2 X 1077 Torr. The sample thus prepared has
a junction area of about 2.5 X 1075 cm? and its total
thickness is about 6000 A. The electric resistance of
the sample at 4.2 K, R,, is 27 Q. Since this kind of
superconducting tunnel junction deteriorates rather
rapidly at room temperature, the sample was always
kept below 80 K.

The block diagram of the measuring system is
shown in Fig. 1, where a usual 4-terminal network is
used. With the measuring system, two kinds of mea-
surements were made, i.e., observations of the sig-
nals produced with a-particle irradiations [to the mul-
tichannel pulse-height analyzer (MCA)I, and of the
I -V characteristics at various temperatures below 4.2
K (to the XY recorder). The a source was prepared
by depositing 210pg on an Ag film (3 mm diam,
~1000 A thick), which was previously evaporated on a
Mylar substrate. In order to prevent contamination the
source was covered by evaporating Ag (5 mm diam,
~1000 A) on it. Details of the a source preparation
will appear elsewhere.

Since the sample is connected in series with two
100 k Q resistors, the electric current through the
sample is reasonably considered to be constant even
when some resistive change is induced in the junc-
tion. However, as the signal-to-noise ratio of the sys-
tem is poor even at the optimum bias condition 0.95
mV, 1 A at 1.37 K), it is necessary to deduct, in
each experimental run, the background from the
spectrum with the « source. By this reason, two
measurements were alternately performed, with and
without irradiations of « particles. All other experi-
mental conditions in a set of measurements were of
course kept equal. For measurements of the back-

ground, the a source is mechanically removed from
the face of the junction. After the measurement of
the background spectrum, the source is shifted to

face the junction. The typical pulse-count rate was
600 cpm, which is reasonable from the source
strength and the junction-source geometry. Compari-
sons of two spectra accumulated in the MCA with
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FIG. 1. Block diagram of the measuring system.
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and without the source, proved that we successfully
observed the signals produced in the sample by «
particles (see below).

The -V characteristics were measured in the tem-
perature region of 1.37—4.2 K, where the XY recor-
der was used instead of the MCA. The results will
be given below.

III. RESULTS AND DISCUSSION

As mentioned in the preceding section, accumula-
tions of the output signals from the junction were
made at constant current and temperature. The
pulse-height distribution for different values of
current / and temperature 7 were sequentially mea-
sured. In Fig. 2 the typical spectra observed for
I=1uA, T=137K are shown. The solid circles
give the spectrum with the « source and the open cir-
cles are the background obtained without the source.
In the figure the signals of « particles can surely be
distinguished. The reproducibility of these spectra
were confirmed by repeating the up-down shift of the
source position.

The distribution of a-particle signals does not form
a single monoenergetic peak, but spreads to a rather
wide region. Analytical explanation cannot be made
at the present stage, but taking into consideration the
following points, the broadened spectrum may be in-
terpreted: (a) Since the sample thickness is much
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FIG. 2. The spectra measured for a constant current
I=1.0 uA at T=1.37 K. Solid circles give the spectrum
with the a source and open circles are obtained without the
source. Both spectra were obtained for 1000-sec measure-
ments. C.,, is the maximum pulse height of the induced
signals and their values are listed in Table I. No induced
signals by « particles were observed at T > T,.
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smaller than the mean range of « particles, statistical
fluctuation of energy losses by ionization is relatively
large even for an equal path length. (b) The pulse
height sensitively reflects the span of particle path
length. In other words, different incident angles
(0—45°) of « particles in the present geometry
directly affect the energy deposition in the sample.
(c) The number of excess quasiparticles which contri-
bute to the change in the /-V characteristics may
depend on the incident position of « particles on the
junction.

For simplicity, we assume that the maximum chan-
nel number C,, in each spectrum corresponds to the
expected pulse height of signals under a given condi-
tion of /and 7. Based on this assumption, compari-
sons of the results under different conditions of / and
T were made. It should be noted here that C .,
depends on temperature. When temperature goes
up, the relaxation time of excess quasiparticles be-
comes shorter, and consequently the pulse width be-
comes narrower, resulting in the decrease of gain in
the amplifier. Nevertheless, in the present discus-
sion, direct comparisons of C.,., were made without
taking into account the effect of 7 on the pulse
width.

In Fig. 3 the /-V characteristics of the sample in
the equilibrium state are shown, as well as the typical
experimental points where the pulse-height distribu-
tions were measured. The values of C,, in each
measurement are listed in Table I. It is convenient
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FIG. 3. Solid lines are the /-V characteristic curves of the
§-1-S tunnel junction of Sn, in the temperature region of
1.37-4.2 K. Some of the curves at 1.88 < 7 < 4.2 K are not
shown in the figure. Solid circles designated by 4 —M indi-
cate the points where the spectra of signals induced by «
particles were measured.

here to reconsider the three possibilities (see Sec. I)
which induce the impulsive change in the electric
resistance of the junction.

As to the formation of the ionization spikes in the
insulation layer of the sample, there is a report byo
Klein et al.® They used a silicon dioxide of 3800 A
thick and 2 x 1072 cm? area. Applying 180 V, they ir-
radiated the sample by fission fragments from #*2Cf,

TABLE I. Numerical values of —AV, obtained on the basis of the excess quasiparticle model
and the observed C,, at points 4 —M (see Fig. 3): The values of some parameters are also given.

av

T Ny N I v . N Cone
(K) (108) (uA) (mV) (Q) (uV) (Relative)

A 10 1.24 17.5 213 <0.19
B 5 1.17 12.0 14.6 0.22
C 4 1.15 14.5 17.6 0.24
D 1.37 0.902 0.321 3 1.14 20.0 244 0.28
E 2 1.11 60.6 38.9 0.40
F 1 0.95 313 100 1.00
G 0.5 0.65 971 156 ~0.93
H 10 1.19 12.8 8.4 <0.19
I 1.64 2.31 0.126 5 1.12 16.0 10.1 0.23
J 10 1.14 15.0 6.5 <0.19
K 5 1.05 35.1 11.9 0.25
L 1.88 4.27 0.0678 3 0.85 150 30.5 0.60
M 1 0.24 451 30.6 0.43

2The number of thermally excited quasiparticles in the equilibrium state at 7.

5The number of excess quasiparticles produced by an incident « particle. N is approximated by
Q/6Ay and the numerical values in the table are obtained for Q =100 keV.

‘The maximum channel number in each energy spectrum (normalized to the value at point F).
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and observed the charge flow of about 1 x10~° C. In
our case, as the electrical potential loaded to the insu-
lation layer is less than 2 mV, the electric field is only
0.2% of the above case. Besides, we used « particles,
of which the specific ionization is only a few percent
of fission fragments. From the different experimen-
tal conditions, we concluded that ionization spikes
rarely took place in the present case.

We proceed on the second possibility, i.e., a local-
ized superconducting-normal transition due to an in-
crease of temperature. In this case, by an incident a
particle, a portion of the junction area makes the
phase transition to the normal state and consequently
the total resistance of the junction decreases. Con-
sidering the parallel combination of a normal region
and the highly nonlinear /-V characteristic of the
tunnel junction the total current / supplied from a
constant current source is approximately expressed by

A
s

IR, +AV,
R,

, 1

where S denotes the junction area and S, is the area
which has made the phase transition to the normal
state. R and R, are the values of V/I in the equili-
brium superconducting and normal states, respective-
ly. AV, is the expected change in the terminal vol-
tage. From Eq. (1) we get

1S,(R;—R,)
S, +R,(S—S,)(dl/dV)

In this equation R,(=27 Q) and S(=2.5x107°
cm?) are evidently constant. According to Spiel
etal.’ S, o 1/(T2—T?) if the heat is not shared with
the lattice. Therefore, S, is constant as far as com-
parisons of data at the same temperature 7 are made.
In order to test this heating model, we compare the
observed values of C ., With the calculated values of
AV, given by Eq. (2). We choose T=1.37 K. Since
the magnitude of S, is not known explicitly, calcula-
tions of AV, were carried out for y=1075, 107
1073, 1072, 107", and 1 where y=S5,/S. R, and
dl /dV are obtained from the /-V characteristic curve
in Fig. 3. The calculated curves of AV, as a function
of I have a very similar shape for all y’s except for
y=1. In the last case AV, is almost constant at
I > 1.5 wA. The typical results (the curves of —AV,
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FIG. 4. —AV),, vs [ expected from the heating model. y
is defined as S,/S where S is the junction area and S, is the
area in the normal state. The uppermost curve is the ob-
served C,, at points 4 —F (see Fig. 3) normalized to the
value at point F.

for y=10"*and 107") are shown in Fig. 4, where the
curve of C .y is also given for comparison.

As seen in the figure —A 'V}, in the heating model
has the minimum at around / =5 gA and then in-
creases as / increases. On the other hand, the ob-
served C.x decreases linearly as / increases. From
this result, it is difficult to attribute the origin of a-
particle signals to a localized superconducting-normal
transition.

The third possibility is a change in the /-V charac-
teristics due to excess quasiparticles. In the semicon-
ductor model, the current / flowing through an S-/-S
tunnel junction in the thermal equilibrium is given by'°

=< " (E2|_E' EXeV] /(&)= f(E +eV) 10U E| -ANOUE +eV| A dE . ()

where G is the normal-state conductance, V is the ap-
plied voltage, and 2A 7 is the energy gap in the equili-
brium state at 7. f(E) is the Fermi-Dirac distribu-
tion-function and O is the step function. When the
sample is irradiated by an « particle, f(E) and Ay
fluctuate from the equilibrium value resulting in the

f
change in /-V characteristics.

In order to make rough estimations of the change
in f(E) we consider a simple model based on the fol-
lowing assumptions: (a) The number of excess
quasiparticles N produced by an incident « particle is
much smaller than that of thermally excited quasipar-



172

ticles Ny at T. (b) The distribution function of N has
the same form as for Nr. The above two assump-
tions permit us to adopt an approximate expression
for the total quasiparticle distribution as f(E)
+8(£E), where 8/ (E) is the fractional change in
f(E) caused by an incident particle. Thus, we get
the following simple relations:

Nr+N

f(E)+8,f(E)=—/’V——f(E) for E>A , (4)
T
1—[,/(5)+af(E>1=’»VTW+l[1—f(E)1 (s)
T
for E < —A ,

where 2A denotes the energy gap in the nonequilibri-
um state, and Ny is defined by

__E__
s (B2~ AP'"

oo

Nr=2N(0)U SCEYdE . (6)

In Eq. (6), U is the volume of the junction in ques-
tion, and N (0) is the density of states at the Fermi
level for electrons of one spin orientation. The nu-
merical values of Ny computed are listed in Table 1.
From Egs. (4) and (5) we get

M. KURAKADO AND H. MAZAKI

%f(E) for £ > A o)
5/(E) = TN
——[1=f(E)] for E <—A . 8)
Nr
J
G (o |E| |E +eV|
Io=1{¢€ YA [E2=A}1V2 [(E +eV)2— A}
0 foreV <2Ar |

In the present measurements a constant current
was supplied (instead of a constant voltage) and the
signals were measured as changes in voltage A V,.
Thus,

N dVv

Nr di

v,

i (12)

AV, =~ (1—-1y

The above equation indicates that in the excess
quasiparticle model AV, does not directly reflect /,
but rather the difference between / and [/, is impor-
tant. The physical meaning of /g is apparent from
Eq. (11); i.e., /o is the current from the energy states
under the energy gap in one layer of Sn to the states
above the energy gap in another layer of Sn. Hence,
Iy is zero for eV < 2Ar but when eV becomes greater
than 2A 7, /o increases quite rapidly as a function of
V. This results in the decrease in the relative contri-
bution of excess quasiparticles, and consequently
—AV, should become smaller.

2

As for the change in A7, Owen and Scalapino? and
Chang and Scalapino'' found a simple equation for
uniform nonequilibrium superconductors

A/Ar=1-2n , 9

if the conditions n =N/4N(0)UAy<<1, T < T,
and T #* T, are satisfied, where 2A, denote the ener-
gy gap in the equilibrium state at T =0. In the
present case, the diffusion length of nonequilibrium
quasiparticles during their lifetime is crudely estimat-
ed to be 50 um, and thus it is not unreasonable to
adopt the relation given by Eq. (9). Analogous to
other excitation processes like an electron-hole pair
production in a semiconductor, we assume N = Q/
6A,, where Q is the energy loss of an a particle in
the junction. On this assumption n =8 x 10™* when
0 =100 keV and from Eq. (9) we can neglect the
change in A7 caused by the production of excess
quasiparticles. Henceforth, A is replaced by Ar.

The above discussion concerning the fluctuation of
f(E) and A7 gives the approximate expression for
the change in current A/ for a constant supplied vol-

tage as
N
Al=— (-1 ,
NT( 0) (10)
dE for eV >2A;
1)

It was not possible to measure /o experimentally.
Indeed, as seen from the /-V characteristic curve of
the present sample, the current flowing through the
junction is not precisely expressed by / given in Eq.
(2). At the very least, however, it could be possible
to approximate (/ —/,) above the gap voltage as a
typical value of / just below the gap voltage. The nu-
merical values of —AV, given in Table I are thus ob-
tained. This approximation eventually neglects the
effect that (I —Iy) decreases as V increases over the
gap voltage. Nevertheless, the general tendency of
Cmax agrees pretty well with —AV, evaluated by the
quasiparticle model. A little more detailed discussion
demonstrating the utility of this model will be given
below.

First, we compare the values of Cp, at points A4,
B, C, D, E, F,and G (T =1.37 K for all points).

The relative values of C,, for the first four points
gradually increase as V decreases. At point E, where
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V is just below the gap voltage, C. steps up and at
points Fand G, C,x has the value several times
larger than those at points 4 -D. This relative change
in Cmay is similar to the change in ~AV, and evident-
ly the contribution of /g is reflected on the observed
Cmax-

Second, a similar explanation can be applied when
comparisons of C., for points B, /, and K are made.
Measurements at these points were carried out at dif-
ferent temperatures 1.37, 1.64, and 1.88 K. Since the
bias potential V at point B is larger than the estimat-
ed energy gap 2A,3;=1.14 mV, the contribution of
I, is significant at this point. On the contrary, at
points / and K, the bias potential V is comparable to
or smaller than the energy gap 24,6 =1.12 mV or
2A,33=1.10 mV; i.e., the contribution of /¢ is small
enough or zero in these cases. The observed values
of Cax for B, I, and K are 0.22, 0.23, and 0.25. As
expected from the above discussion, for a constant
value of I, C,., becomes greater as T increases. It
should be noted that the value of ~AV, at point B is
greater than those at points / and K. This is certainly
due to overestimation of —AV, at B; i.e., (I —1,) for
point B (and also for point A) should be smaller than
the used value.

Third, we compare points F (7 =1.37 K) and M
(T =1.88 K) where /=0 for both points. Our mea-
surements gave that C,,,, for Fis greater than that
for M. From Eq. (12), this is attributed to the dif-

ferent values of N7, of which the numerical values
are also listed in Table 1.

As the last example, we compare points D and L
where 7 =1.37 and 1.88 K, respectively, and /,=0
for both points. Since N7 at point D is evidently
smaller than that at L, it may be expected (as in the
above case) that Cp,, at D is greater than that at L.
However, our observations gave an opposite result,
i.e., Cnax at D is smaller than at L. This opposition
can be attributed to the fact that dV/dl in Eq. (12)
for D is much smaller than that for L.

In conclusion, we have attempted qualitative expla-
nation of the electrical resistance produced in an S -
[ -S tunnel junction under irradiations of « particles.
As revealed in the above discussion, the excess
quasiparticle model is effective for qualitative under-
standings of the nonequilibrium state in the junction.
This leads us to the conclusion that excess quasiparti-
cles are essential for the impulsive change in /-V
characteristics. More refined measurements and
analysis of the pulse shape are in progress.
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