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Abstract. Double-barrier Nb/AlOx/Al/AlOx/Nb devices were fabricated and investigated in
direct-current and alternating-current (ac) electromagnetic fields. The occurrence of current
singularities and of the ac Josephson effect atT = 4.2 K are demonstrated. In a three-terminal
configuration, a transistor-like behaviour of the structure is also observed.

In recent years SINIS junctions have attracted considerable attention [1–9] (here, S, I,
and N denote a superconducting, an insulating, and a normal-metal layer, respectively).
The investigation of such devices has focused mainly on non-equilibrium properties, the
proximity effect, and Andreev reflection. Much experimental work [2, 5–8] was done with
Nb/AlOx/Al/AlOx/Nb double-barrier devices to explore their potential for application in
superconductive electronics. The occurrence of dc supercurrent atT = 4.2 K, indirect
evidence for an ac Josephson effect (Fiske modes) atT < 4.2 K, a non-hysteretic behaviour,
andICRN ∼ 0.5 mV have already been demonstrated for these structures.

In this letter we report new experimental results on Nb/AlOx/Al/AlOx/Nb structures. In
particular, atT = 4.2 K, we have demonstrated:

(a) a dc Josephson effect, though we used a rather thick intermediate Al layer(≈30 nm);
(b) direct evidence of an ac Josephson effect—namely, the presence of Fiske singularities in a

magnetic field originated by the Josephson current oscillation atV 6= 0, and both ordinary
and zero-crossing Shapiro steps induced by microwaves;

(c) half-integer Shapiro steps;
(d) the presence of current singularities (named ZFSs in the following) in zero and non-zero dc

magnetic field that show a peculiar behaviour under the influence of an applied microwave
field;

(e) a transistor-like behaviour of the device when analysed in a three-terminal configuration.

The rich dynamics observed suggests that the structure cannot be regarded merely as two
series-biased SIS′ junctions.

To fabricate the Nb/AlOx/Al/AlOx/Nb structure, we used the procedure that [10]
employed to make two stacked Nb/AlOx/Nb Josephson junctions with access to the
intermediate electrode. The two devices on which we report here have double-overlap geometry
(see the insets in figure 1(a) and figure 1(b)), and physical dimensionsL×W = 600×20µm2
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Figure 1. (a) The current–voltage characteristic of the SINIS structure. The geometry and biasing
condition are shown in the inset. The magnifications show a knee typical of the proximity effect and
a series of current singularities around the dc Josephson current. The IVC is recorded atT = 4.2 K,
and at zero applied magnetic field. (b) As (a), but here the SINIS has a smaller area.

(device A) andL×W = 50× 50µm2 (device B). For both devices, the outer Nb electrodes
were 300 nm thick, while the intermediate Al electrode was≈30 nm thick.

Figure 1(a) shows the current–voltage characteristic (IVC) of device A, series biased.
Though we used a relatively thick middle Al layer, the IVC shows a typical signature of the
proximity effect, i.e., the knee at voltageV = 2(1Nb − 1Al )/e ≈ 1.45 mV, where1Nb is
the energy gap of the outer Nb electrode and1Al is the induced [2, 3, 5, 7] energy gap in the
intermediate Al. The enlargement of the voltage region aroundV = 0 shows the dc Josephson
current,I0 ≈ 126µA, and other current singularities, evenly spaced, with1VZFS ≈ 15µV.
A similar IVC is exhibited by the smaller-area device B (figure 1(b)), withI0 ≈ 10µA and
only a zero-field singularity atV ≈ 13µV.

Figure 2 shows the characterization of the device A in the presence of a magnetic field. The
magnetic field is applied perpendicular to the long dimension of the structure and in the plane
of the junctions. The critical currentI0 follows a Fraunhofer-like pattern. This is typical [11]
of rectangular, not electrically long, junctions having uniform critical current densityJ0. From
the pattern, we roughly estimate a magnetic thickness [11] ofd ≈ 200 nm fromd = 80/B0L,
where80 is the flux quantum,B0 ≈ 0.175 G is the first zero in figure 2(a), andL is the junction
length. This value ofd agrees with the values estimated from the pattern in a magnetic field
of SINIS structures reported in the literature [6]. The Josephson penetration depth can also be
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Figure 2. (a) The critical current of the A device as a function of the magnetic field. The exp-
erimental data follow the typical diffraction pattern:Ic(B) = I0| sin(πB/B0)/(πB/B0)|, with
I0 = 126µA, andB0 = 0.175 G. (b) Zero-field current singularities (ZFSs) recorded in the
device. (c) Amplitudes of the ZFS1, ZFS2, and Josephson currentI0 as functions of the magnetic
field. (d) Current singularities induced by a magnetic field and (e) their amplitudes as functions of
the applied magnetic field.

estimated asλJ ≈ 1200µm from [11]

λJ =
√
80/2πµ0J0d

whereJ0 ≈ 0.8 A cm−2 is obtained from theI0-value in figure 1(a).
Figure 2(b) shows the first three singularities, spaced with1VZFS ≈ 15 µV. These

zero-field singularities, that we labelled as ZFS1, ZFS2,. . . , havecritical current decreasing
with their order, a behaviour resembling that of the zero-field steps (ZFSs) accounting for
oscillating fluxon motion in long-overlap junctions [12]. Also the magnetic field dependence
of the critical current, shown in figure 2(c) for ZFS1 and ZFS2, resembles that of the ZFSs in
long-overlap junctions. However, at the moment we cannot clearly identify the ZFSs shown in
figure 2(b) as the steps observed in single or stacked junctions [13]. In fact, we are concerned
with junctions that are electrically short (l = L/λJ ≈ 0.5 for the device A andl = 0.04 for the
device B). Moreover, given that the electrical length should be estimated in a different manner
(e.g., as in the framework of the inductive model [14]), it is not clear why a voltage spacing of
the same order of magnitude is observed for two physical lengths that are quite different (we
get1VZFS ≈ 15µV for L = 600µm and1VZFS ≈ 13µV for L = 50µm). This is not
what should be expected in the case of singularities accounting for oscillating fluxon motion,
which, instead, should exhibit a voltage spacing inversely proportional to the physical length
of the junction [12].
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In figure 2(d) there are shown current singularities, that we label as FS2, FS3,. . . , induced
by varying the magnetic field betweenB = 0.08 G andB = 0.4 G. They are evenly spaced,
with 1VFS ≈ 18 µV, and their critical current as a function of the magnetic field, shown
in figure 2(e), is the one expected for cavity modes [11] (Fiske steps) generated by an ac
Josephson effect.

In figure 3(a) is shown the behaviour of device B—but similar results are obtained for
device A—under the influence of a microwave field at the frequencyνRF = 8.60 GHz. At
low microwave level, the ZFS is only weakly modified. On increasing the amplitude of the rf
signal, the dc Josephson current is destroyed, and the ZFS starts to extend, antisymmetrically,
to the opposite side of the resistive branch. A further increase of the rf amplitude induces
other branches of the ZFS family, and the negative antisymmetric branch grows further.
Eventually, one can find (PRF = −16 dBm in figure 3(a)) Shapiro steps at voltages
Vn = n80νRF (n = −1, n = 1) coexisting with both the branches of the ZFSs. We emphasize
that this rf-induced antisymmetric current branch does not represent a voltage-locked state,
and that it takes negative current values, a phenomenon that was never observed, either in
junctions or in junction stacks.

Figure 3. (a) Evolution of the ZFS of the B device under the effect of a microwave signal at
frequencyνRF = 8.60 GHz of increasing (from the bottom to the top in the figure) power level
PRF . At PRF = −16 dBm, also Shapiro steps are induced. (b) Evolution of the ZFS as described
by relations (1) and (2).

A tentative explanation for these rf-induced antisymmetric branches could be based on
the photon-assisted tunnelling mechanism. As is already known [15], the modification of the
quasiparticle curve induced by a microwave field having frequencyνRF and amplitudeVRF is
reasonably well described by [16]

I (V ) =
∞∑

m=−∞
J 2
m

(
qVRF

hνRF

)
I

(
V +m

hνRF

q

)
(1)

whereJm(a) is themth-order Bessel function of the first kind,h is the Planck constant,q is the
charge of the quasiparticle involved in the tunnelling,I (V ) is the current–voltage characteristic
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in the absence of microwaves. For single-particle tunnelling (q = e, the charge of the electron)
in ordinary tunnel junctions, relation (1) accounts for the steps [11,15] induced around the gap
voltage,Vk = (21/e + khνRF /e). Assuming that our ZFSs in the absence of microwaves can
be ascribed to some quasiparticle tunnelling process, we expect relation (1) to describe their
rf modification. A current–voltage curve that mimics the presence of a current singularity in
the low-voltage region can be

I (V ) = V

Rsg
+

βV

(V 2 − V 2
s )

2 + (βV )2
Is (2)

whereRsg is the subgap resistance,Vs is the apparent voltage,β is the damping, andIs is
proportional to the height of the current singularity. If we describe the ZFS in the device B
with relation (2) and the corresponding rf-induced modification with relation (1), where we
takeq = 2e, we obtain the result shown in figure 3(b). As is apparent, the peculiarities of the
experimental rf-induced modifications (in figure 3(a)) are all recovered. This suggests that the
ZFSs are accounted for by quasiparticles of chargeq = 2e. The relatively strong sensibility of
the ZFSs to the dc magnetic field documented in figure 2(b) is reminiscent, on the other hand,
of a Josephson nature of steps. The questions that arise are: are the quasiparticles involved
Cooper pairs, and are they bound states? In our opinion this would be an intriguing topic for
further experimental and theoretical study.

Zero-crossing, half-integer Shapiro steps are also observed in the devices. An example
is shown in figure 4(a). These steps are enhanced if the rf frequency satisfies the empirical
conditionνRF = 8−1

0 1ZFSN , whereN is an integer. The presence of these half-integer steps
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Figure 4. Ordinary and half-integer Shapiro steps induced by a microwave signal in the B device
(in (a)) and in the A device (in (b)).
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could be ascribed to a non-uniform current distribution induced at the particular frequency or
to the presence of non-sinusoidal [1, 9] components in the current–phase relation. However,
ordinary Shapiro steps are normally exhibited in the devices, as shown in figure 4. The results
of figure 2(d) and figure 4 are direct evidence for ac Josephson effects in our SINIS structures.

Although our devices provide electrical access to the intermediate electrode, the
configuration of our sample holder was not such as to allow us to perform four-contact
measurements of the junctions independently. This is why we reported results obtained on
series biasing the structure. However, in figure 5 we present a result obtained on biasing the
devices in a three-terminal configuration (see the inset). The figure refers to the device A
in a transistor-like configuration. As we see, the IVC curve of the device is controlled by
the currentIB injected through the bottom junction. The most sensitive region of theIS–VS
curve is that near the knee atVD ≈ 2(1Nb − 1Al )/e. In this region a small current gain
G = 1IS/1IB ≈ 1.4 is obtained. Further investigations of this non-equilibrium effect could
merit some interest as regards applications.
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Figure 5. Modification of the current–voltage characteristic (theIs–Vs characteristic; see the inset)
by injection of a currentIB in the bottom junction of the device.

In summary, the Nb/AlOx/Al/AlOx/Nb structure investigated exhibits, atT = 4.2 K,
ordinary dc and ac Josephson effects as well as some new effects. The behaviour of the observed
zero-field current singularities under the influence of a dc or an ac electromagnetic field seems
to identify their origin as quasiparticles with chargeq = 2e. However, the precise identity
of the quasiparticles involved should be further investigated. The presence of half-integer
Shapiro steps collateral to ordinary Shapiro steps suggests the possibility of enhancement of
non-sinusoidal corrections to the current–phase relation of the device at particular frequencies
of the applied microwave signal. Finally, current injection experiments demonstrate that it
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is relatively easy to obtain a non-equilibrium regime in the structure, with the possibility of
transistor behaviour. This could be interesting for applications.

We wish to thank Professor N F Pedersen for fruitful discussions.
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