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We present current noise measurements in a long diffusive superconductor–normal-metal–supercon-
ductor junction in the low voltage regime, in which transport can be partially described in terms of
coherent multiple Andreev reflections. We show that, when decreasing voltage, the current noise exhibits a
strong divergence together with a broad peak. We ascribe this peak to the mixing between the ac-
Josephson current and the noise of the junction itself. We show that the junction noise corresponds to the
thermal noise of a nonlinear resistor 4kBT=R with R � V=I�V� and no adjustable parameters.
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The charge transport in a diffusive superconductor–-
normal-metal–superconductor (S-N-S) junction occurs
mainly through multiple Andreev reflections (MAR) [1]:
normal-metal quasiparticles with an energy � <� go
through successive Andreev reflections at the two N-S
interfaces until they reach the superconducting gap energy
�. In one Andreev reflection, an incident electron (hole) is
retroreflected as a hole (electron). With an applied bias V,
the number of successive MAR is equal to 2�=eV � 1. A
case of particular interest deals with long junctions defined
by a junction length L larger than the superconducting
coherence length �S but still smaller than the single parti-
cle coherence length L�, in contrast with the short junction
case L < �S [2] met for instance in superconducting
atomic point-contacts [3,4].

In a long S-N-S junction, the Thouless energy ETh �
@D=L2 (D being the electron diffusion constant) is smaller
than the gap � and sets the energy scale for the coherent
transport. Thus, two regimes can be met depending on the
voltage bias. In the (high-bias) incoherent regime eV >
ETh, the electron and the hole have, away from the inter-
face, independent trajectories. The electronic transport
then occurs by incoherent MAR, which induce excess
noise as compared to a similar normal-metal–normal-
metal–normal-metal system. The experimentally mea-
sured shot noise [5,6] can be described in the framework
of the semiclassical theory [7–9].

In the (low-bias) coherent regime eV < ETh of interest
here, coherent multiple Andreev reflections occur within
an energy window of width ETh. Since the quasiparticles
need to overcome the gap before leaving the normal metal,
other processes like incoherent MAR and inelastic inter-
actions are relevant. This makes the description of the
coherent electronic transport in an S-N-S junction rather
rich and complex. While the current-voltage (I-V) charac-
teristics can be calculated at zero temperature [10], the
noise has not yet been derived. Recent measurements [5,6]
show that the noise in such junctions is strongly enhanced

at low voltage, which is partially described in the frame-
work of coherent MAR. However, this analysis leads to
surprisingly large effective charges compared to the ex-
pected cutoff of coherent MAR due to inelastic processes.

Thus the coherent transport in a long S-N-S junction is
poorly understood yet. In particular, such a junction is a
strongly nonlinear conductor, where the differential resist-
ance dV=dI is bias-dependent and generally differs greatly
from the normal-state resistance RN or the ratio V=I. The
nonlinearity appears on a voltage scale eV much smaller
than the thermal energy kBT. In the framework of the
fluctuation-dissipation theorem, this raises the question of
what dissipation-related quantity should be taken into
account.

In this Letter, we focus on the shot noise in the coherent
regime of long diffusive S-N-S junctions (eV < ETh < �).
Our low temperature noise measurements show that, when
decreasing bias, the current noise exhibits a strong diver-
gence together with a broad peak. We identify this peak as
due to the nonlinear mixing of the ac-Josephson current at
the Josephson frequency !J=2� � 2eV=h with the noise
of the junction itself. We can then extract, from the mea-
sured noise, the intrinsic noise of the junction. The central
result of this paper is that the diverging low-bias noise
corresponds exactly to the thermal current noise of a non-
linear resistor with R � V=I, which throws new light on
the problem of the fluctuation-dissipation theorem in non-
linear conductors.

We measured the transport properties and the current
noise of S-N-S junctions using a superconducting quantum
interference device (SQUID) experimental setup [11] in-
serted in a dilution fridge (Tmin � 30 mK). The SQUID is
connected to a resistance bridge (Fig. 1) composed of the
sample on one side and a reference resistorRref on the other
side. The current fluctuations propagating in this loop
come from the reference resistor and from the sample.
The value of the reference resistor Rref � 29 m� is chosen
so that most of the measured current noise comes from the
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sample. The intrinsic noise level is about 8��0=
������
Hz
p

,
which corresponds to 1:6 pA=

������
Hz
p

in the SQUID input
coil. Hereafter, the current noise measurements were per-
formed in the frequency range between 4 and 6.4 kHz.

The sample is a Cu bridge of 700 nm length and 425 nm
width connected to two thick superconducting Al elec-
trodes (see Fig. 2, inset). It has been fabricated by two-
angles evaporation through a PMMA-PMMA/MAA bi-
layer mask in an ultrahigh vacuum chamber. The Cu and
Al thicknesses are 50 and 500 nm, respectively. From the
Cu diffusion constant estimated to D � 100 cm2 s�1 by
resistance measurements, we get the Thouless energy of
the sample ETh equal to 13 �eV.

The zero bias resistance is represented as a function of
temperature in Fig. 2. It shows a small drop at 1.18 K due to
the transition of the Al reservoirs. At lower temperatures,

the resistance decreases slowly and goes to zero at about
850 mK. Below this temperature, a supercurrent is estab-
lished. We measured the critical current IC as a function of
temperature down to 200 mK (see inset of Fig. 2). It
follows the usual behavior observed in long diffusive S-
N-S junctions and can be fitted using eRNIC � aETh�1�
b exp��aETh=3:2kBT��. As for parameters, we took RN �
0:85 � and a ’ 5 and set b � 1:3 [12]. Such a value for a
shows that the possible barrier resistance is negligible.
Below 450 mK, the IV characteristic is hysteretic, with a
retrapping current IR significantly below the critical cur-
rent. In the following, we will focus on the nonhysteretic
regime, T � 500 mK.
IV characteristics measured in this regime are shown in

Fig. 3 together with the resistively shunted junctions (RSJ)
calculation at finite temperature [13] for T � 500 and
800 mK. As already mentioned in other studies on S-N-S
junctions [5,14], the curves cannot be described within the
RSJ model. Because all the experimental curves are lying
between the 500 mK and 800 mK theoretical curves, the
discrepancy cannot be simply due to heating effect. From
the overall shape of IV characteristics, we can state that
some current in the junction is supported by a normal
‘‘channel’’ (see right of Fig. 1), since in pure Josephson
junctions no current can flow at a voltage less than the gap.

We first measured the shot noise over a large voltage
scale (see Fig. 4, inset). The voltage dependence at V >
50 �V can be nicely described within the semiclassical
theory of incoherent MAR [7,8] (with � � 163 �eV) as
already reported in a previous work on the same kind of
junctions [6]. We also confirmed the existence of a noise
minimum at the Thouless energy, which appears as a

FIG. 2. Zero bias resistance Rd � dV=dI vs temperature T
measured with Iac � 25 nA. Top inset: scanning electron micro-
graph of the sample. Bottom inset: Critical current IC (square
symbols) and retrapping current IR (triangles) vs T. The solid
line is a fit (see text for equation).

FIG. 3. IV curves at several temperatures between 500 and
800 mK. The lines are obtained from the RSJ model at 500 and
800 mK [13], with the parameters RN � 0:85 � and the critical
currents set to 12.7 and 3:4 �A, respectively.

FIG. 1. Left: Scheme of the measurement circuit. The mean
current in the sample and the current fluctuations are measured
through the input coil of the SQUID. The reference resistor Rref

is at the same temperature as the sample of differential resistance
Rd. Right: Scheme of the sample, considered as a mesoscopic
conductor with a fluctuations source �IN�!� in parallel with a
Josephson junction oscillating at !J.
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signature of the transition toward the coherent regime at
low voltage, on which we will focus now.

Figure 4 shows the low voltage (V < 8 �V) part of the
noise spectral density as a function of bias, at five tem-
peratures from 500 to 800 mK. The first striking result is
the overall divergence of the noise at low bias for every
temperature. The second important feature is the broad
peak with a maximum between 2 and 4 �V. When the
temperature increases, it is less and less pronounced,
moves to lower voltages, and finally disappears around
800 mK. We analyze this broad peak in terms of a mixing
between the ac-Josephson current IJ and the fluctuating
current �IN generated by the junction through the non-
linear response of the junction. In such a situation, the
voltage fluctuations S�!� at low frequency are determined
not only by the current fluctuations at the frequency !, but
also by those close to the Josephson frequency !J and its
harmonics, inducing the so-called mixed-down noise.
Following Likharev and Semenov [15], the resulting noise
spectral density is

 SV�!� �
X

k

jZkj
2SI�k!J �!�; (1)

where SI is the current noise spectral density of the fluc-
tuations source and Zk are the Fourier coefficients of the
junction impedance (V�!� �

P
kZkI�!� k!J�). Note

that, due to the large SQUID impedance at the Josephson
frequency !J, there is no coupling between the S-N-S
junction and the reference resistor at !J. Thus, the refer-
ence resistor cannot contribute to the mixed-down noise.

At low frequency (!	 !J), only the first harmonics
(k � �1, 0, 1) of the ac-Josephson current are relevant
[16]. Therefore, Eq. (1) becomes at zero frequency
SV�0� � R2

dSI�0� � 2jZ1j
2SI�!J� where Rd is the differen-

tial resistance @V=@I. For an arbitrary current-phase rela-
tion, Kogan and Nagaev [17] have shown that the
coefficient jZ1j

2 is equal to�V=4
 @Rd=@I. This leads to

 SV�0� � R2
d�SI�0� � �SI�!J�� with � �

V

2R2
d

@Rd
@I

:

(2)

In our experimental setup, the SQUID measures the
resulting low frequency current noise that propagates
through the SQUID input coil. It is given by SImeas

�0� �
SV�0�=R

2
d � SI�0� � �SI�!J�. Because the thermal energy

kBT is larger than the Josephson frequency !J=2� �
2eV=h, we can assume that the spectral noise SI�!J� of
the junction does not differ from its zero-frequency value
SI�0�. Then,

 SImeas
�0� � SI�0��1� ��: (3)

We obtained the coupling factor � from the measured
quantities V and Rd by numerically differentiating Rd
with respect to the calculated I. The quantity 1� � is
plotted in the inset of Fig. 5. We can then extract, from
the measured noise, the intrinsic junction noise SI�0� �
SImeas

�0�=�1� ��; see Fig. 5. For all the curves the broad
peak has disappeared or, at least, has been strongly reduced
[18]. This clearly justifies the mixed-down noise analysis
using the generalized coupling factor �. To our knowledge,
this prediction of Kogan and Nagaev [17] had never been
verified experimentally.

From Fig. 5, we see that SI�0� exhibits a strong diver-
gence at low voltage. Therefore, it cannot be described by
the thermal noise of the normal resistance 4kBT=RN as it
was considered in Ref. [19,20]. Neither can we understand
the data by introducing an effective temperature. Indeed,
we would get an effective temperature as high as 100 K,

FIG. 5. Current noise SI�0� � SImeas
=�1� �� vs bias voltage V

at several temperatures between 500 and 800 mK (data are
successively shifted by 100 pA2=Hz for clarity). Lines are the
calculated noise 4kBT=�V=I�. Inset: 1� � vs V at the same
temperatures, where � is the coupling factor [see Eq. (2)].

FIG. 4. Current noise SImeas
vs bias voltage V at several tem-

peratures between 500 and 800 mK. Inset: SI at 500 mK up to
120 �V. The solid line is the noise prediction due to incoherent
MAR [6–8].
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which appears unrealistic since the aluminum critical tem-
perature is 1.2 K.

We propose, in our temperature and voltage regime, that
the noise of the junction can be written as

 SI�0� �
4kBT
V=I

: (4)

The comparison with experimental data of SI�0� is shown
in Fig. 5 with no adjustable parameter. Between 800 and
550 mK, the agreement is remarkable.

The use of Eq. (4) can be understood in two ways. First,
it is the low voltage limit (eV 	 kBT) of the quasiparticle
noise of a junction with low transmitting channels: SI�0� �
2eI coth�eV=2kBT� [21,22]. If effective charges e� > e are
responsible for the transport, e should be replaced by e� �
Ne in the above expressions. In that case, the condition
e�V � NeV 	 kBT for Eq. (4) to remain valid is verified
as long asN < 30 at 1 �V and 550 mK. In this description,
only channels with low transmission coefficients contrib-
ute to the current and to the noise. Equation (4) might also
be related to the fluctuation-dissipation theorem in a non-
linear system, in which the resistance RN would be re-
placed by V=I�V�. Here, dissipation arises from electron-
electron interactions that necessarily occur at low voltage
due to the large number of Andreev reflections needed for
the quasiparticles to escape into the superconducting elec-
trodes. In both cases, we conclude that at very low voltage
and ‘‘high’’ temperature the current noise in long S-N-S
junctions is governed by the transport of incoherent quasi-
particles between the two superconducting reservoirs,
which induces a noise divergence when the voltage goes
to zero.

When decreasing further the temperature, the experi-
mental data present a large excess noise compared to the
noise obtained from Eq. (4). Therefore, additional noise
sources must be involved. It is worth noting that this
deviation from a pure quasiparticles noise occurs below
525 mK, which corresponds to kBT ’ 3:5ETh, very close to
the mini-gap width (3:1ETh) [23]. This suggests that co-
herent processes, which become relevant in that energy
scale, should play a role here.

In conclusion, we have presented current noise measure-
ments in the nonhysteretic temperature range of a long
diffusive S-N-S junction at very low bias (eV < ETh <
�). The observed noise spectral density is enhanced by
several orders of magnitude compared to the thermal noise
of a normal junction. It exhibits a broad peak arising from
the nonlinear coupling between the junction current noise
and the ac-Josephson current. This mechanism is of par-
ticular interest for studying the high frequency (quantum)
noise of a dissipative conductor by means of low frequency
measurements [20]. Here the dissipative channel is per-
fectly coupled to the nonlinear oscillator since they are
both part of the same junction. The intrinsic noise of the
junction that we could extract corresponds extremely well
to the thermal-like noise 4kBT=R of a nonlinear resistor

R � V=I�V�. This shows up as a divergence at low voltage
and appears to be analogous to the quasiparticles noise of a
normal junction with channels of low transmission
coefficients.
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