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The I-V characteristics of strongly coupled symmetric niobium-based superconducting tunnel
junctions are found to display steplike structures at voltages less than the gap voltage 2D/e. A thor-
ough investigation into the influences of magnetic-Geld and temperature variations on the structures
has been performed. In addition, measurements have been made that allow the homogeneity of the
junction barrier to be determined. The experimental results indicate that the structures arise due to
either self-coupling, multiple Andreev-reflection processes or multiple-particle tunneling. The data
have been analyzed in terms of each of these theories. The results of this analysis appear to indi-
cate that multiple-particle tunneling is the mechanism most likely to be responsible for the subgap
structures. If this is the case, this would indicate that three-particle tunneling has been observed in
niobium-based junctions. Specific features in the structures are also observed; the current steps do
not appear at exactly the voltages expected, and some steps are sharper than others. A modified
version of the theory describing multiple-particle tunneling is also presented. It is found that this
model is in good agreement with the experimental data. In addition, it is able to describe all features
of the structures and indicates the presence of two different, resolved gaps in the superconducting
region next to the junction barrier.

I. INTRODUCTION

Recent investigations into the properties of strongly
coupled (thin oxide barrier), superconducting tunnel
junctions (STJ's) have revealed subgap structures in the
current-voltage (I V) characte-ristics. These structures
are found to occur at one half and one third of the mea-
sured gap voltage 2A/e.

Subgap structures in the I Vcharacteri-stic (i.e. , cur-
rents in excess of the thermal current) may occur for a
variety of reasons. 5 However, the voltage location of the
structures indicates that one of several well-known mech-
anisms is responsible: multiple-particle tunneling, mul-
tiple Andreev-reflection processes, or self-coupling.

Multiple-particle tunneling (MPT) corresponds to the
simultaneous tunneling of two or more (n) electrons. 7 s

In any such process, two quasiparticles are generated, and
n quasiparticles are transferred across the barrier. Multi-
ple Andreev reflection (MAR) is a process by which par
ticles can tunnel across the barrier at energies lower than
the gap. This occurs via a reflection mechanism occur-
ring under the influence of a discontinuity in the pairing
potential. Self-coupling (SC)~ o is an effect produced
by the ac Josephson current: the photons emitted at the
Josephson frequency may either assist tunneling directly,
or may break Cooper pairs. The major features of the
subgap structures resulting from these effects is well doc-
umented elsewhere, 8 so only a summary is included
in this paper.

Subgap excess currents have been re-
ported previously, ~ 3 yet it is still unclear as to
which efFect is the one most likely to be causing them.

Both MPT and SC effects produce subgap structures at
voltages corresponding to 2A/n (n integer). However,
the form of the structures can be different in these two
cases, so it could be possible to distinguish between MPT
and SC: for strongly coupled junctions, MPT theory pre-
dicts steplike structures, whereas SC theory predicts res-
onancelike peaks. ~2 An additional variation occurs in the
magnitude of the structures: MPT theory predicts a far
more rapid decrease in magnitude with increasing n than
does SC theory, resulting in a larger number of structures
being observable if SC is the effect responsible.

MAR, for ultrathin barriers, predicts structures with
onset voltages which are not exactly equal to 2A/n, but
which are shiRed. 5 The magnitude of the peaks in this
case does not fall off as rapidly as for MPT, but falls
more rapidly than in the SC case.

In this paper, the experimental and theoretical results
from several different devices are presented. The main
conclusion is that the subgap structure seen is most prob-
ably due to MPT, in which case three-particle tunneling
has been observed in niobium-based STJ's, although it is
not possible to refute the other two mechanisms entirely.
In addition, proposals are made for future experiments
which could contribute further to the understanding of
the results presented in this paper.

II. EXPERIMENTAL DETAILS

Since it is the properties of the subgap current which
are of interest, devices were fabricated with highly trans-
missive, yet leak-free, barriers, such that any subgap
structures would be observable. Many devices consis-
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tently display, to some degree (depending upon the trans-
missivity of the barrier) the characteristics reported here,
but the results from three only are presented; two (B and
C) to demonstrate reproducibility on a chip, and one (A)
to demonstrate reproducibility between chips.

The geometry of the junctions under investigation is
described in detail elsewhere. is In summary, eight de-
vices are fabricated on each chip from a single trilayer
of Nb/Al/Alox/Nb: the lower layer is epitaxial niobium
capped with a t;hin layer (50 A.) of partially oxidized alu-
minium which forms the potential barrier. The upper
layer is polycrystalline niobium. Details of fabrication
and processing may also be found elsewhere. is The de-
vices all have an upper layer and barrier area of 144 pm,
and a lower layer of area 400 pmz. A summary of the
additional relevant properties of the three devices inves-
tigated is given in Table I.

I Vcurve-data were taken as functions of both temper-
ature and magnetic field. In addition to I Vchara-cter-
ization, the capacitance of the devices was determined,
giving the barrier thickness via C = cow„A/d. A detailed
description of the experimental configuration can also be
found in Ref. 16.

III. RESULTS

A. 1-V characteristics

The complete I Vcharacte-ristic for one device (A) is
shown in Fig. 1. The structures seen at 6 and 2A/3
are clearly visible for all three devices. A series of high-
resolution fits to the data around the 2A/3, 6 and 2A
regions are shown in Figs. 2(a)—2(c), respectively. The
difFerentials of the data are also shown, and may be used
to derive both the current steps bI2~y„and the gaps
26z~/„corresponding to each step. The effects on the
4 and 2A/3 points of increasing the temperature and
magnetic field are shown in Figs. 3 and 4, respectively,
for device B.

The peaks become slightly smeared as the temperature
is increased, but do not appear to be strongly influenced
by the magnetic field. Reproducibility of the structures
is good in that they are always present, regardless of
the magnetic field strength, as long as the thermal cur-
rent is not too large. There can however be variations
in the step amplitude (5% for the A point, 30P0 for the
2A/3 point), during repetitions of the experiment, with
or without a change in the magnetic field. This variation
seems to be somewhat related to the magnitude of the
DC Josephson current which becomes more difficult to
stabilize and to suppress completely when the thermal
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FIG. 1. The complete I-V characteristic for one of the
devices (A), taken at 1.23 K. The other two devices have
similar characteristics. Note the switching of the current back
to the Josephson current below the lowest data point (at 0.7
meV). This feature arises as the system is current driven, and,
for accurate step amplitude measurement, must occur away
from the step region, as shown in the figure.

current is low. Since the system is current driven, it is
important to note that regions of negative differential re-
sistance would be seen only via the hysteretic behavior of
the current around that region. The absence of any such
behavior, particularly when the Josephson current ampli-
tude is less than that of the current step, indicates that
the structures are steplike rather than cusplike or reso-
nancelike. The amplitudes of the current steps, bI2~y„,
are summarized in Table II, along with their correspond-
ing half-gaps Az~/„, obtained from the maxima of the
difFerentials. As can be seen from Table II, for each de-
vice, the values for the gap 2A, inferred from the voltages
at which the three steps occur, are not equal. Rather,
there appear to be two diEerent values of gap for each
device. This is an important feature which will be dis-
cussed later. In addition, there appears to be a somewhat
random variation in the step width.

There are additional features also visible in some of
the I-V curves, namely, steps of much smaller amplitude,
visible as "shoulders" to the main steps. These features
are easily suppressed by varying the magnetic field, and
so are probably not related to the main steps, but rather
are due to resonances within the device itself.

B. Capacitance measurements

The capacitance of the devices was determined from
the hysteresis of the I-V curve, on the basis of the re-

TABLE 1. The principal characteristics of the devices. tz~q = thickness of top and/or bottom
layer, V = I;"~R(2 mV), quality parameter obtained at 4.27 K, Riv = normal resistance of
junction, Ro = dynamic resistance (at 0.5 mV), and 2E/e = gap voltage. N.B. values were
obtained at 1.23 K unless otherwise speci6ed.

Device
A
B
C

tg (A.)
850
850
850

tg (A.)
500
250
250

V (mV)
96
81
68

R~ (fI)
1.7
2.2
2.3

R~ (kA)
& 200

200) 100

2A/e(mV)
2.94
2.92
2.94
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The best fit spline function to the I Vdata -shown in Fig. 1 around (a) the 2A/3 region, (b) the b, region, and (c)
the 2b, region, along with the differentials dI/dV.

sistively shunted model. s Since ( = eos„A/d, the
barrier thickness could be evaluated. The measurements
were taken with the device both positively and negatively
biased, giving two values of barrier thickness d+ and d
The average of these two results, d, is quoted in Table
II. The measurements indicate, for all three devices, a
barrier thickness of less than 10 A. It should be noted
that although the values obtained are of the right order
of magnitude, based on the aluminium oxidation time,
the accuracy of this measurement is not expected to be
extremely high. The model used tends to underestimate
barrier thicknesses, ~o since the capacitance tends to be
overestimated. It is therefore anticipated that d could
actually be double the values quoted, and thus the tabu-
lated values should be regarded as a lower bound on the
thickness of the insulating region. The value taken for e„
is taken to be equal to 10.5, see Ref. 16.

Evaluation of the errors in the values of bI2~y„ is dif-
ficult: there are clearly a range of values obtained exper-
imentally, and determination of a particular value from
the differential leads to further errors. The principal un-
certainties in bI were found to be related to both the
experimental current fluctuations over a small change in
bias voltage, and to the estimation of the current step
via the differential. The errors in b, are primarily related
to systematic uncertainties associated with the bias volt-
age and the Josephson current. The errors quoted are
probably overestimates.

Since the barriers are rather thin, it was considered
important to make additional measurements to examine
the overall barrier uniformity and quality.

C. Josephson critical current
Measurement of the critical Josephson current as a

function of magnetic field provides a measure of barrier

uniformity. Figure 5 shows the results for one device
(A). The data in this case could be fitted reasonably well
assuming a uniform tunneling current distribution and
a geometrically square tunneling region, with negligible
edge effects (leaks). Other, more complex, models could
not provide any improvement in the fit. As might be ex-
pected in such junctions, the current does not actually
go to zero. This feature is obscured in Fig. 5 due to the
scale and to the presence of the line showing the theo-
retical fit. It is of interest to note that similar models of
previous junctions required the incorporation of edge ef-
fects, or leaks, via the assumption of a very non-uniform
current distribution across the Blm. The earlier junc-
tions, however, were fabricated with a different mask, and
were far less well defined geometrically than the present
junctions. It is therefore difficult to discuss whether edge
effects were in fact present in the earlier junctions, or
whether the junction shape itself was the major influence
on the Josephson current behavior.

D. Thermal current

The variation of the thermal current with temperature
provides a measure of the leakage current (due to bar-
rier pinholes) in a device. The inset of Fig. 5 shows the
thermal current at 0.5 mV for device A. The variation
in the current follows the predicted BCS variation cor-
responding to a half-gap of 1.42 + .02 mV, in reasonable
agreement with the previously obtained values of 4 (see
Table II). The leakage current is extremely small, of order
1nA at 1.23 K, indicating a very high quality barrier.

IV. THEORY

The expression for the amplitude of the current density
step of the nth peak, according to MPT theory is
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FIG. 3. The I Vcharacteristics of de-vice B around (a) the
2A/3 region and (b) the b, region for various device operating
temperatures. The magnetic field was held constant at around
630 Gauss.
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TABLE II. The parameters derived from the I-V data.

Device

A
B
C

6'~ (pA)
1560+50
1180+50
1070+50

(mV)
1.47+0.05
1.46+0.05
1.47+0.05

6I~ (pA)
0.59+0.02
0.36+0.02
0.33+0.02

,~ (mV)
1.48+0.01
1.49+0.01
1.48+0.01

6I2~gs (nA)
11.0+0.3
6.7+0.3
2.6+0.3

'~~' (mV)
1.40+0.01
1.26+0.01
1.23+0.01

d (A)

6J„(24/n) = tanh
I I i i i

s+ —
I

(pb, ) (e-'i" (
4~hd' g 2 ) ql6) q n)

f21 (n)"
and

eA Aq (e ") Az (e
I (»+ &)+ ~, l, ~

I ("+&))

(2)

here s = 2A:d, k = /2m, Vb/bin A,. ~, d =barrier thick-
ness, Vb =barrier height, m, =free electron mass and
P = 1/(k~T).

The amplitude of the structures is therefore propor-
tional to ~T~

" for MPT, where T is the tunneling matrix
element. For SC however, the amplitude is thought to be
proportional to ~T~, resulting in a far less rapid variation
in the size of the current peaks. For MAR, the peak size
for the single-particle current peak is also proportional
to ~T~, with both the two- and three-particle peaks pro-
portional to ~T~ . Using Eq. (1), and assuming a per-
fectly uniform barrier, expressions for the amplitudes of
the various current peaks may be obtained. Subsequent
comparison with the experimentally determined ampli-
tudes indicates that current steps measured at submul-
tiples of the gap are in excess of those which would be
expected in accordance with the current step at the gap
(see Table II and Ref. 12). For this reason, the normal
procedure is to assume the barrier is divided into thin
(dq) and thicker (dq) regions, both regions transmitting
the single-particle current, but only the thinner regions,
due to their higher transmissivity, carrying the multiple-
particle currents. Thus the actual current step ampli-
tudes will be given by equations of the form
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FIG. 5. The variation of the maximum Josephson current
as a function of magnetic fiux for device A at 4.2 K. The
data points are reasonably well described by the theoretical
uniform barrier model (solid line). The inset shows the vari-
ation of the thermal current as a function of temperature at
0.5 mV for the same device. The solid line is the thermal
current, based on the BCS theory.
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Since tanh (PE/2) = 1, it is omitted. Aq is the area of
the thicker region, and A2 that of the thinner. It will
be seen later that this simple model must be modified in
order to describe additional features of the I-V data.

Subsequent calculations using Eqs. (2) and (3) and the
experimental values for the amplitude ratios of the dif-
ferent current steps give theoretical values both for s2
and sq, from which the thickness of the thicker region
at least may be inferred. The thickness of the thinner
region is left unspecified: the potential barrier provided
by a very thin region is expected to be lower than that
for the thicker regions, but its exact height is unknown.

The barrier wave-vectors k are chosen to correspond
to a barrier height of around 1 eV (for the thicker re-
gion), which is considered to be a reasonable value for
aluminium oxide, previously estimated values range from
0.32 to 1.9 eV (see Ref. 16 and references therein). How-
ever, since the barrier is so thin, it may well be that a
lower value of k would be more suitable. (Lower values of
k correspond to thicker barriers, since 2kd is constant. )
Even so, the values of d&" are very close to or within a
factor 2 of those derived from the capacitance measure-
ments. (See Table III.)

Using a range of values for the barrier height for the
thin region (corresponding to 0.1 & k ( 0.6), an estimate
of the area of the thinner region can be made. This
area is found to be always less than 0.1% of the total
barrier area. Since the barrier consists virtually entirely
of thicker regions, it is the value of dt which must be
compared with the experimentally obtained value for the
barrier thickness.

The above model neglects contributions to the two-
and three-particle currents from the thick regions. How-
ever, using the values of s~ obtained, it may be seen that
this assumption is not valid for the two-particle current;
for all three junctions the contributions from both re-
gions to the current step at 4 must be included. The
model must therefore be extended to allow for, at least,
two-particle tunneling through the thicker regions.

There are two further important features of the I-V
curves which are also not described by the above model,
but must be included. The erst is that the single-particle
current peak occurs at a voltage corresponding to a half-
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TABLE III. The theoretical values of barrier thickness
and sz obtained using the simple model described by Eqs. (2)
and (3).

Device
A
B
C
A
8
C

k (A.-')
0.5
0.5
0.5
0.6
0.6
0.6

ap (A)
7.8
8.0
8.2
6.8
7.0
7.1

s'" (A)
1.4
1.4
2.2
1.4
1.4
2.2

4+6 ( 16) ( nj

gap of, say, Aq, whereas that of the triple-particle peak
occurs at a voltage corresponding to Es, where Az ( Aq.
The second feature is that the one- and three-particle
current peaks are fairly sharp compared with that at the
two-particle point. It may therefore be inferred that there
are two values of 6, one corresponding to the thinner bar-
rier regions 6q, and one to the thicker b.q. The sharpness
of the peak then indicates whether the tunneling is occur-
ring at one particular value of the gap, or over a range.
Thus it would appear that the three-particle current is
mainly due to transmission through the thin parts of the
barrier, the single particle occurring mainly through the
thicker parts, and the double particle over a range. This
means that the devices are able to resolve the two dif-
ferent gaps via the mechanism involved in producing the
subgap structures.

The proposals outlined above may be incorporated into
Eq. (1), such that a general expression for the amplitude
of the nth step is as follows:

eas of less than 10 s% of the total for devices A and B,
and less than 10 z% for device C. The three values of
dq obtained are in good agreement with those obtained
experimentally. The values of sz and ss obtained also
imply that the current steps at M, /n with n & 4 would
be of too small an amplitude to be detected above the
thermal current. However, it is also important to note
that, because of the switching of the quasiparticle cur-
rent at around 1nA due to incomplete suppression of the
Josephson current (see Fig. 1), observation of any further
steps would be extremely difficult.

In support of one of the hypotheses on which this
model is based, it is worth noting that, according to the
McMillan theory, the gap induced in the aluminium
density of states by the proximity of the superconduct-
ing niobium is given by

bc~ is the half-gap in aluminium, A~~ is the thickness
of the aluminium, and vs is the Fermi velocity in alu-
minium. a/B is a constant for the device, dependent
upon quasiparticle transmission across the Nb-Al inter-
face. The total thickness of aluminium deposited
known to be 50+10 A, therefore using the two values
of b, obtained experimentally for each device, values for
the thinner barrier regions may be evaluated, and thus
via s2, estimates for the values of k for the thinner re-
gions may be made. Within the errors quoted earlier, ds
is thought to be around 2 A. for devices A and B, and
around 3 A. for device C corresponding, as stated earlier,
to reduced values of k in the thinner regions. However,
these results should be treated with caution, and will be
discussed further in the next section.

V. DISCUSSION AND CONCLUSIONS

(2» (n)""'
(4)

where

with i = 1, 2 and Aq, s obtained from the data.
The set of simultaneous equations for the three cur-

rent steps may be solved for a suitable range of barrier
wave-vector values for the thicker region. The solutions
give the corresponding ranges for ss, dq and the percent-
ages of each of the one-, two-, and three-particle currents
transmitted by each of the thin and thick regions. The
results are summarized in Table IV.

The values of ds are again left unspecified since the
barrier height corresponding to a very thin region is un-
known. The solutions indicate, as anticipated, that the
three-particle current is transmitted by the thinner re-
gion of the barrier, whereas the one- and two-particle
currents are transmitted by both regions. This feature
enables the two gaps 6q and Ez to be resolved. The
corresponding thinner regions are thought to have ar-

TABLE IV. Theoretical values for dq, sq and the percent-
ages of each of the n-particle currents transmitted by the
thicker region of the barrier, I2~~„(dq), obtained from the so-
lution of Eq. (4), with the barrier wave vector k set at 0.5 A

Device
A
B
C

I2& (dg)
97%
98%
95%%uo

I~(dg)
6%%uo

6%
5%%uo

I2~gs(di)
(10 '%
& 10-'%
& 10

dP A
7.8
8.0
8.1

sg
1.3
1.3
2.2

According to the results of the theoretical analysis, the
thicker regions of the barrier are rather thin, and the
thinner regions would appear to be extremely thin. How-
ever, it is anticipated that, with very thin oxide barriers,
it is no longer possible to discuss actual thicknesses, 5 but
rather effective thicknesses. Assuming the thinner re-
gions to be homogenously distributed across the barrier,
then since the areas of the thinner regions are so small,
the areal density of the thinner regions is extremely low,
at most one part in 104 is afFected, however, this will still
introduce further stresses and strains into the system as
a whole. It is clear that the physical structure of the



POSSIBLE OBSERVATION OF MULTIPLE-PARTICLE. . . 3321

whole insulating region will be quite different to that of
the bulk insulator: neighboring atoms may have a greater
separation than normal, resulting in weaker bonding due
to the reduction in wave function overlap, particularly in
the neighborhood of the thinner areas. In addition, the
properties of such a structure would be quite different
from those of the bulk: it would appear more realistic to
discuss the effective thickness of the barrier; that is the
one the barrier appears to have, according to its electrical
properties, which is not neccessarily simply related to its
"actuaV' thickness. The thicknesses obtained experimen-
tally and theoretically should therefore be interpreted in
this way. It may perhaps even be desirable to omit discus-
sion of the thickness of the thinner region entirely, using
only sq, ~~ which is perhaps a more physically meaningful
parameter. It is difficult to discuss what kind of poten-
tial barrier the insulating region will provide, however,
the fact that the theoretical model can describe the ex-
perimental data quite adequately, indicates that it is at
least possible to describe the layer as a barrier with an
effective thickness. It is of interest to note that there is
a slight discrepancy between the MPT results contained
here, and standard tunneling theory results for the resis-
tance of the barrier. However, the strong (exponential)
dependence of the resistance on both the barrier height
and wave vector means that small errors obtained in ei-
ther of these values can result in much larger errors in
the values of the resistance. The presence of the inconsis-
tency does, however, imply that the simple rectangular
barrier models used in both the tunneling theory and
MPT require modification in order to improve the agree-
ment with the data.

Since the barriers are thin, it would seem possible that
pinholes could exist in the devices. However, the thermal
current variation with temperature down to 1.23 K, and
the critical current variation with magnetic field imply
only a very low level of leakage. The theoretical results
indicate that the thinner regions have an area of, at most,
0.01% of the total barrier area and in fact contribute less
than 5%% to the single-particle current. So, it may be
concluded that even though they are thin, the barriers
are still of very high quality.

The three different devices tested were all fabricated to
the same specifications with regard to the barrier. Two
devices are from the same chip (B and C), and the other
(A) is from a separate chip. The extremely good re-
producibility of the step structure from device to device,
both in amplitude and form, is also a good indication of
the nature of the cause of the structures. If they were
due to SC via pinholes and shorts in the system, good
reproducibility would not be expected. In conjunction
with the information obtained theoretically, it may be
concluded that the devices are virtually leak free.

The lack of dependence on magnetic field of the step
amplitudes and positions eliminates the possibility that
they are due to any resonances within the system, ~~ and
the lack of any temperature dependence indicates that
they are in no way due to some form of thermally assisted
process.

The steplike shape and the rapid decrease in amplitude
of the subgap structures, coupled with the information

contained in the above discussion indicate that SC is an
unlikely cause. The success of the theoretical model in
describing the I-V data, in terms of a barrier with two
regions of difFerent efFective thicknesses, and the good
agreement between the theoretically and experimentally
obtained values of these thicknesses, indicate that MPT
is a possible candidate. More evidence which would ap-
pear to discount the SC in favor of the MPT or MAR
explanations is that a step at 4, identical in form to
those reported here, is often seen in less strongly coupled
devices, as shown in Fig. 6. In such devices there is abso-
lutely negligible leakage current, the Josephson current
is easily suppressed and the thermal current is well be-
haved, generally indicating a virtually imperfection-free
device. Such devices do not display the step at 26/3, but
the magnitudes of the 2E/2 step in these cases indicate
that indeed the three-particle step, if it were due to MPT
or MAR, should not be visible.

Quantitative analysis in terms of the MAR theory as
it stands is difficult. Qualitatively, it provides another
explanation for all the features of the observed sub-gap
structures. In particular, this theory is able to account
for the fact that the three voltages at which steps are
found in the data do not correspond exactly to 2A/n, but
are ofFset, which as outlined in the Introduction, is a fea-
ture of this theory. However, quantitatively, MAR gives
the offset of the peak voltage from 2b, /3 to be positive.
In the data presented here, the ofFset is negative, that is
the peaks occur at voltages lower than expected from the
value of A. An obvious point in favor of this theory as
an explanation is that it obviates the need for regions of
reduced barrier thickness (in the theory of MAR, both
the n = 2 and n = 3 peaks are proportional to

~

T ~4),
and therefore appears to give more physically acceptable
results.

MPT theory, with the incorporation of two different

5.0

0.06

40 —0.05 .

E~ 0.04--

B 0.03--

~ 002-D
0.01-

O.SO 0.90 1.00 1.10
0.00

UJ BIAS VOLTAGE

1.0
o

ooo oo o
0 o o o0o

1.20
(mV)

I &I

I!

8
8

8
8

oo

o8

8
)

8
8

8

8 BAND GAP
8

1.30 8'
0

oo
0

0
o

0.60 0.70 0.80 0.90 1.00

BIAS VOLTAGE (mV)

1.10 1.20
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the inset, clearly indicates the step at b, . The step at 2Z/3
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band gaps and the notion of two "efFective" barrier thick-
nesses can describe the data extremely well. The pres-
ence of two regions of diferent thickness present in the
barrier is supported by the measurements of the 3oseph-
son current as a function of magnetic flux. Additionally,
such barriers are known to have a rough, pitted surface.
MAR theory, with no modifications, is able to provide a
qualitative explanation for all features of the data, quan-
titatively it may not. It appears therefore, of the three
candidate effects, MPT is the one most likely to be caus-
ing the subgap structures. However, since the type of
experiments performed measure macroscopic quantities
which are determined by the underlying quantum nature
of the system, it would appear impossible, without fur-
ther experimentation, to determine the true nature of the
origin of the efFects seen.

In summary, if the subgap structures observed arise
due to MPT, then an observation of three-particle tun-
neling has been made in niobium-based superconductors.
Correspondingly in this case, the two regions of the bar-
rier, thick and thin, have different but resolved (by the
tunneling mechanism), values of gap.

However, it should be noted that it is also not possible
to eliminate the SC explanation entirely. In both devices,
the Josephson current is very large, and quite diEcult to
suppress totally, indicating that there may well be an
extremely small amount of leakage within the system,
and in fact the presence of shorts may well favor the SC

mode. ~~

Future theoretical work will include development of the
MAR theory in order to attempt to describe the features
of the data described here in terms of Andreev scatter-
ing. Future experimental work will investigate the sub-
gap structure of asymmetric devices, that is junctions
fabricated from two different superconductors: A and B.
The n = 2 structures in this case appear at A~ and A~.
For the case of AA & 6~, the peak at A~ will dominate
for MPT, and that at AA if SC is the responsible effect.
It is of interest to note that in the junctions discussed in
this paper, AA, say, has two components: 6q (- A~),
and A2. The small difFerence between Aq and A2 would
presumably not give rise to two separate peaks, but a
smeared single one, increasing in amplitude with volt-
age, precisely as was seen at the two-particle point. (It
should be noted at this point that no peak at the gap dif-
ference is seen in our data, this is due to the fact that the
system is current driven, and so insensitive to features at
such low voltages. ) It is also hoped that, in the future,
measurements of barrier thickness via Fiske step mea-
surements can be made, since this method is far more
accurate than the technique used here. In addition, it
would be of interest to repeat the experiments of Giaver
and Zeller, ~o in which the dependence of the peak height
on the barrier transmission coeKcent was tested, for rea-
sons outlined earlier. Such experiments should reveal the
true nature of the origin of the subgap structure.
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