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A large, reentrant, Josephson current is observed in SINIS (Nb=Al=AlOx=Al=AlOx=Al=Nb) junctions
at a finite voltage close to �=e (where � is the superconducting energy gap in S) and a bias current
exceeding the zero-voltage Josephson current. The effect is studied using a multiterminal device
configuration. A theoretical interpretation in terms of quantized electron states in the N layer is provided.
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In the past, enhancements of the superconducting criti-
cal current in weakly coupled superconducting systems
were reported for experimental situations where the qua-
siparticle distribution function in a superconductor was
driven out of equilibrium [1,2]. In the past few decades,
it was realized that superconducting bound states play the
crucial role in Josephson tunneling [3,4]. By manipulating
the population of the bound states, it is possible to greatly
enhance the Josephson current as compared with its equi-
librium value [5]. In the case of ballistic SNS [3] or SINIS
[6,7] junctions, Andreev bound states (ABS) [8] in the
normal layer govern the supercurrent transfer (here S, I,
and N denote a superconductor, an insulator, and a normal
metal, respectively). An enhancement of the supercurrent
at finite voltage in SNS junctions (with N being a two-
dimensional electron gas) by microwave irradiation, inter-
preted as the introduction of a nonequilibrium ABS quasi-
particle population, was demonstrated experimentally by
Lehnert et al. [9].

In this Letter, we report an extreme reentrant enhance-
ment of a Josephson current in ballistic SINIS (Nb=Al=
AlOx=Al=AlOx=Al=Nb) junctions without any external
perturbation, studied using a multiterminal geometry
[10]. The effect of the enhancement of the Josephson
current manifests itself as a steplike structure at a finite
voltage, mimicking the zero-voltage Josephson critical
current, but which is observed in a narrow interval close
to �=e; the current amplitude of the anomalous feature can
exceed the magnitude of the conventional zero-voltage
Josephson critical current Ic and appear at a bias current
above Ic (reentrant behavior). Our former experiments [7]
were indirect in the sense that the SINIS junction was a
two-terminal device, and, hence, it was not possible to
determine the state (superconducting or resistive) of each
(SIN and NIS) interface while biasing the junction at a
voltage where the anomalous feature appeared; one might
then speculate that the feature was due to a short-circuiting
of one of the interfacial junctions or due to a superconduct-
ing transition of the N layer. Using the multiterminal
geometry, we can now firmly establish that the anomalous
Josephson current is a novel feature intrinsic to SINIS

junctions. We also present a theoretical interpretation of
the observed phenomenon in terms of ABS formation in
the SINIS ‘‘quantum box.’’

Our multilayer Nb=Al=AlOx=Al=AlOx=Al=Nb structure
was in situ fabricated as described elsewhere [10]. A
schematic cross-sectional view of the multiterminal device
is shown in Fig. 1(a). Here we describe devices with a
width W � 10 �m and lengths Lb � 19 �m and Lt �
11 �m for the bottom and top junctions, respectively.
The specific tunneling resistance of the barriers was of
the order of 1� 10�7 �� cm2, which, by technological
measures, means high-transparency junctions but physi-
cally corresponds to a rather low tunneling probabilityD�
10�4–10�5. The thickness of the middle Al layer dN was
varied from 7 to 20 nm, so that dN � l, where l is the
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FIG. 1. (a) Schematic cross-sectional view of the multitermi-
nal SINIS device. (b) Solid lines: CVCs of a SINIS device at
1.8 K when feeding the current between terminals 1 and 3 and
measuring the voltage between terminals 5 and 4 (curve 1), 2 and
5 (curve 2), and 2 and 4 (curve 3). Dashed lines: The same curves
measured in an applied magnetic field of 220 Oe. Inset: Blowup
of an initial portion of an anomalous step (marked by a vertical
arrow). (c) The initial portion of the CVC of the N layer
measured between terminals 5 and 8 (for current) and 6 and 7
(for voltage).
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electron mean free path (being at least 20 nm at low
temperatures, as estimated from resistivity measurements
of similar Al films).

First, we consider the current-voltage characteristics
(CVCs) of a multiterminal Nb=Al=AlOx=Al=AlOx=
Al=Nb device with dN � 13 nm (device 1) at 1.8 K, where
both the zero-voltage Josephson current and an anomalous
feature at V � �=e are observed. Figure 1(b) shows the
CVC of this device recorded while feeding the current
between terminals 1 and 3 and measuring the voltage
between terminals 5 and 4 (curve 1), 2 and 5 (curve 2),
and 2 and 4 (curve 3). Curve 3 represents the SINIS device
as whole, while curves 1 and 2 are CVCs of the top and
bottom junctions, respectively. The feature of interest,
appearing in curve 3 at V � �=e (marked by a vertical
arrow), has the same shape as that for two-terminal junc-
tions that were fabricated on the same substrate, so the
multiterminal geometry does not affect the physical pro-
cesses leading to the step formation. Algebraic summation
of curves 1 and 2 exactly reproduces curve 3. From a
comparison of the Josephson critical current densities in
the two- and multiterminal devices, we conclude that, in
the latter case, the current flows perpendicular to the layers
within the area defined by the top Nb electrode. It is clear
from the curves in Fig. 1(b) that the feature of interest is
‘‘divided’’ between the top and bottom junctions so that it
appears at V � �=4e in the CVC of the top junction,
where it is more pronounced than in the bottom junction.
These features are magnetic-field-dependent for both junc-
tions; in Fig. 1(b), the same curves are shown in a magnetic
field of 220 Oe applied parallel to the layers (dashed lines).
It is important that the features appear in the CVCs of the
top and bottom junctions at finite (nonzero) voltage, and,
therefore, the resultant feature seen in the CVC of the
whole SINIS device is not due to a superconducting short
or a dc Josephson current in one of the constituent junc-
tions but is related to a peculiarity in the tunneling density
of states. The CVC of the N layer [cf. Fig. 1(c)] measured
in the lateral direction (using terminals 5 and 8 for the
current and 6 and 7 for the voltage) indicates that, within
the resolution of our measurement technique (1 �A), the
layer is dissipative, although, at the same time, a zero-
voltage supercurrent of about 0.5 mA can flow perpendicu-
lar to the layers.

It is interesting to study the response of the N layer to a
current injected perpendicular to the layers, particularly in
the region where the Josephson current through the SINIS
device appears at a finite voltage V � �=e, constituting the
anomalous feature. Figure 2 shows a family of CVCs of the
N layer of another SINIS device with dN � 16 nm (de-
vice 2) at various injection levels Iinj � �4, �3, �2, and
0 mA perpendicular to the SINIS structure at 1.8 K in both
zero magnetic field and in a magnetic field of 52 Oe applied
parallel to the layers; Iinj levels are indicated by arrows in
the lower inset in Fig. 2, where a portion of the CVC of

device 2, displaying the anomalous current step in the
perpendicular characteristics, is shown. Here the ‘‘�’’
direction corresponds to the current flowing from termi-
nal 3 to terminal 1 [cf. Fig. 1(a)]. As the injection current
increases from zero, a magnetic-field-sensitive feature ap-
pears in the CVC of the N layer; the amplitude of this
‘‘coherent’’ current originally increases but then decreases
and is not resolved for Iinj > 3 mA. A portion of the CVC
for Iinj � �2 mA is shown on a magnified scale in the
upper inset in Fig. 2 (the solid curve is for H � 0, and the
dashed curve is for H � 52 Oe). The appearance of the
coherent current in the CVC of the N film for Iinj > 0
indicates injection of superconducting electrons from S
to N, an effect interesting in its own right.

Since the anomalous step in the CVC of the SINIS
device corresponds to Iinj between 2.3 and 4.7 mA, we
conclude that the appearance of the anomalous Josephson
(AJ) current has no detectable influence on the lateral
conductivity of the N layer. It would therefore appear
that the AJ current is dominated by electrons with mo-
menta perpendicular to the layers.

In Fig. 3, we show a detailed dependence of the ampli-
tude of the magnetic-field-sensitive current Is associated
with the AJ effect for the device 1 at 2.1 (triangles) and
3.9 K (open squares). The current Is was measured with a
voltage criteria of 50 �V (i.e., the width of the step was
assumed to be 50 �V) at 2.1 K and with a voltage criteria
of 20 �V at 3.9 K (the step structure was situated within a
narrower voltage interval at higher temperature). Note the
complicated shape of the Is	H
 dependence, which can

 

FIG. 2. A family of CVCs of the middle Al layer in a
Nb=Al=AlOx=Al=AlOx=Al=Nb device at 1.8 K for various in-
jection levels across the layers. Curves from top to bottom are for
Iinj � �4, �3, �2, 0, �2, �3, and �4 mA, respectively. The
upper inset is a blowup of a portion of the CVC for Iinj �

�2 mA showing the presence of the coherent current (the solid
line is for H � 0, and the dashed line is for H � 52 Oe). Lower
inset: A portion of the CVC of the same device showing an
anomalous step; injection levels Iinj � �2, �3, and �4 mA are
marked by arrows.

PRL 98, 127002 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
23 MARCH 2007

127002-2



vary for specimens with different parameters (e.g., barrier
transparency and thickness of the middle N layer). A
typical feature of the Is	H
 dependence is minimum at
H � 0 [7]. The shape of the Is	H
 dependence alters
sensitively with temperature [unlike the Ic	H
 diffraction
pattern (shown in Fig. 3 by circles), whose period is almost
constant in the same temperature range]; this behavior can
be explained within our theoretical model outlined below.

The observed dc AJ effect can be interpreted in terms of
the quantized ABS states formed inside the middle N layer.
In SINIS junctions, the ABS levels are much sharper than
the BCS singularity, and their positions do not coincide
with E � ��; this allows for the ABS identification. A
finite bias voltage, applied across the SINIS junction, drops
almost entirely on the insulating barriers; thus, the electric
field inside the N layer is negligibly small. This ensures
that the quantization condition for ABS formation in N is
fulfilled (unlike the case of a SNS junction). According to
Refs. [3,4,8,11,12], the ABS energy bands En	’1; ’2
 of a
‘‘clean’’ SINIS junction depend on the phase differences
’1 and ’2 across the left and right barriers (see schematic
of the tunneling process in the inset in Fig. 4). The detailed
band structure depends on the thickness of the middle layer
and on the junction transparency [12]. Since the transpar-
ency of our junction is relatively low, the energy bands are
very narrow, i.e., En	’1; ’2
 ’ E

0
n � E

1
n	’1; ’2
, E0

n �
E1
n	’1; ’2
. The last condition allows for studying the

ABS levels by injecting into them phase-coherent pairs
of charge carriers and quasiparticles at a finite dc voltage
applied across the junction. The ground state of the junc-
tion is defined as a symmetric combination j0si � 	j0�i �

j0�i
=
���
2
p

of the corresponding eigenfunctions j0�i and
j0�i, which actually corresponds to a ground state energy
Es � E� � E� � 0. The steady state of the junction is
related to the state j0si, associated also with a dc Josephson
supercurrent transferred by Cooper pairs (CP). The
magnitude of the microscopic conventional dc Josephson
(CJ) supercurrent is obtained as Is	’
 � I�s � I

�
s �

2	2�=�0
	@E
1
�	’
=@’
, where �0 is the flux quantum.

For V � 0 and V <�=e, the conventional ac Josephson
effect takes place.

The symmetric wave function j0si should generally be
accompanied by an antisymmetric combination j0asi �

	j0�i � j0�i
=
���
2
p

, with a corresponding finite-energy ei-
genvalue 2Ea � E�	’
 � E�	’
 � 2�E0 � E1	’
 � 0
interpreted as a finite energy (measured from the Fermi
energy "NF of the N layer) acquired by CP upon transfer
across the junction in a phase-coherent process where both
the electron [E�	’
] and hole [E�	’
] energies are posi-
tive. The dc AJ current starts to flow for a bias voltage V �
�=e across the whole SINIS junction, as shown schemati-
cally in the inset in Fig. 4. Some fraction of all phase-
coherent electrons (participating in the transport) cross the
N layer ballistically via the ABS level and then tunnel into
the excited CP state that extends deeply into the right S
electrode (on a distance�10�BCS [7,12], where �BCS is the
BCS coherence length); these noneqilibrium CPs [13]
contribute to the dc AJ effect and form a near-vertical
step for V � �=e in the CVC.

At the resonance leading to AJ, the CP energy in the left
S electrode ELCP � 2eVL matches the energy of an ABS
level in the N layer EABS � 2Ea, which gives VL � Ea=e.
By matching the ABS energy EABS with the CP energy in
the right S layer ERCP � 2�� 2eVR, one obtains VR �
	�� Ea
=e. (Here we assume that the N layer is at zero
potential.) Thus, the net voltage drop across the whole
SINIS junction at the resonance is VL � VR � �=e (re-

 

FIG. 4. Single-electron density of states inside of the middle N
layer of a SINIS junction for dN � 1:46�BCS (solid line). Dashed
line: The corresponding BCS curve for a SIS junction. The inset
shows elementary processes contributing to the anomalous
Josephson supercurrent.

 

FIG. 3. Is	H
 and Ic	H
 dependences of a Nb=Al=AlOx=
Al=AlOx=Al=Nb device (cf. Fig. 1). Triangles and open squares:
Is	H
 dependence at 2.1 and 3.9 K, respectively; circles: Ic	H

dependence at 1.8 K. The inset shows the dependence of the
reduced period �	t
 � �L	0
=�L	T
 of the Fraunhofer pattern
versus the reduced temperature t � T=�	0
. Curve 1 is the
theoretical fit using this approach [7,12]; curve 2 is the corre-
sponding equilibrium dependence. Squares correspond to experi-
mental dependences shown in the main panel (see explanation in
the text).
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gardless of the Ea magnitude), which agrees with our
experimental observation. If V >�=e, we predict an ac
AJ effect with a frequency!A � 2	eV ��
=@ (in addition
to the ac CJ radiation frequency ! � 2eV=@). Another
condition for the occurrence of the dc AJ supercurrent is
that the CPs must reside at the finite energy " � � (" is
measured from the Fermi energy of S) for a sufficiently
long time �" > dN=vF, which means that the energy re-
laxation time �" of the excited CPs into the superfluid
condensate (i.e., to " � 0) of the right S electrode must
be sufficiently long. Since the quantization axis x̂ is per-
pendicular to the junction plane, the supercurrent through
the N layer is due purely to the ABS [3,4,8,11,12]. Such an
ABS-carried supercurrent has a nonvanishing current only
in the direction perpendicular to the junction plane, while
the in-plane components vanish. This is fully consistent
with our experimental observation of an enhanced super-
current perpendicular to the N layer, while the current
parallel to the N layer is dissipative.

The magnitude as well as the spatial distribution of the
nonequilibrium dc AJ current deep in the S electrodes
depend on the temperature, resulting in the temperature-
dependent Is	H
 pattern. This is illustrated in the inset in
Fig. 3, where curve 1 is the theoretical dependence of the
normalized period of the Fraunhofer pattern �	t
 �
�L	0
=�L	T
 versus t � T=�	0
, calculated using the ap-
proach [7,12] for the scenario described above (here �L is
the magnetic-field penetration depth in S). The nonequi-
librium penetration depth is given by �L � 	2=�
�R
1
0 dq=�q

2 � 4�e2Q	q
=m, where the electromagnetic
kernel is Q	q
 � 3�2n�	1� 2f"��
=	4vFq
, and the
nonequilibrium electron distribution function f"�� is ob-
tained numerically [7,12]; here n is the concentration of
normal electrons and vF is the Fermi velocity. Curve 2 is
the corresponding equilibrium dependence of �	t
 [when
defining �	t
 as a period of the diffraction pattern, we
neglect a contribution to the magnetic thickness of the
barrier layer, which is much smaller than �L in real junc-
tions]. As a measure of the period of the experimental
Fraunhofer pattern, we assume the width between the
main maxima in the Is	H
 dependence, marked with the
arrows. Then, normalizing this width to that measured at
2.1 K, we obtain two experimental points in the �	t

dependence (squares in the inset in Fig. 3). These points
lie slightly above (but close to) the nonequilibrium curve 1,
because the period at 2.1 K is smaller than the maximum
period at lower temperatures; we therefore conclude that
the theory describes the basic experiment behavior.

We also computed the single-electron density of states
(DOS) using this approach [12]. The solid curve in Fig. 4 is
for a low-transparency (D� 10�4–10�5) SINIS junction
with dN � 1:46�BCS. In calculations, dN was used as a
fitting parameter to obtain the main ABS peak at E � �=4,
which corresponds to the experimental observation [see

curve 1 in Fig. 1(b)]. Since a typical value of �BCS for
sputter-deposited Nb films is about 10 nm, and dN �
13 nm in the experiment, the agreement between the theo-
retical and experimental dN values can be regarded as
reasonably good. The DOS is computed using a quasiclass-
ical Green’s function approach (see Refs. [4,11] and refer-
ences therein). As can be seen from curve 1, in addition to a
sharp ABS peak at E � �=4, there is a much weaker ABS
peak at E � 3�=4. The dashed curve in Fig. 4 is the usual
BCS density of states, with the singularity at E � � being
much weaker than the ABS-related peaks.

In conclusion, we have observed the appearance of an
anomalous Josephson current in SINIS devices at a finite
voltage V � �=e and a bias current exceeding the zero-
voltage Josephson current Ic; the amplitude of this anoma-
lous current can be considerably higher than Ic. The
anomalous current is related to the formation of Andreev
bound states in the system.
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