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We experimentally investigated the current noise in diffusive superconductor-normal-metal-superconductor
junctions with lengths between the superconducting coherence lengthjD and the phase coherence lengthLF of
the normal metalsjD,L,LFd. We measured the shot noise over a large range of energy covering both the
regimes of coherent and incoherent multiple Andreev reflections. The transition between these two regimes
occurs at the Thouless energy where a pronounced minimum in the current noise density is observed. Above
the Thouless energy, in the regime of incoherent multiple Andreev reflections, the noise is strongly enhanced
compared to a normal junction, and grows linearly with the bias voltage. Semiclassical theory describes the
experimental results accurately, when taking into account the voltage dependence of the resistance which
reflects the proximity effect. Below the Thouless energy, the shot noise diverges with decreasing voltage,
which may indicate the coherent transfer of multiple charges.
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Although the influence of the proximity effect between a
superconductor(S) and a normal metal(N) on the conduc-
tance of hybrid SN structures has been under study for de-
cades, the impact of the presence of charge pairs on the
current noise has been investigated experimentally only
recently.1–4 The transport at a SN interface is mediated by
Andreev reflection(AR). An electron with energyueu,D
with respect to the Fermi level cannot escape from the nor-
mal metal into the superconductor due to the absence of elec-
tronic states in the gapD. Instead, it enters the supercon-
ductor together with a second electron to create a Cooper
pair and a hole is retroreflected in the normal metal. The
electron and the retroreflected hole states are coherent, in the
diffusive limit, over a distanceLc=minsLf ,je=Î"D /ed,
whereD is the diffusion constant of the normal metal andLf

the single-particle phase coherence length.
In S/N/S junctions with a normal-metal lengthL.Lc,

the Andreev pair is split up and the electron and the hole
behave, far from the interface, as independent quasiparticles.
In this incoherent regimethe quasiparticles produce shot
noise which originates from the diffusion through the normal
metal. The noise is enhanced compared to aN/N/N system,
because each quasiparticle entering the normal region is suc-
cessively retroreflected at the two SN interfaces[incoherent
multiple Andreev reflections(IMAR )]. This implies many
passages of quasiparticles through the junction, instead of
only one in the normal case. These IMAR persist as long as
the quasiparticle energy is within the interval −D,e,D and
no inelastic collisions occur. The effect of the inelastic inter-
actions on shot noise inS/N/Sjunctions has been studied by
various groups.5–7 It was shown that electron-electron inter-
action reduces the energy window of accessible states for the
quasiparticles participating with IMAR, leading to a decrease
of the current noise density.

In shortS/N/Sjunctions, the situation is somewhat more
complicated. Indeed, as long asL,Lc (that means the Thou-
less energyETh="D /L2 exceeds the bias voltage19), succes-
sive Andreev reflections at the two interfaces are coherent
and the interference between quasiparticles leads to the for-
mation of Andreev bound states. In thiscoherent regime, the
bound states can carry a supercurrent and one observes dc
and ac Josephson effects. In very short junctions with a
lengthL smaller than the superconducting coherence length
jD=Î"D /D (equivalent toETh.D), only two bound states
exist and the transport via these states can be considered as
the transfer of effective charges 2D /eV. Then, the noise at
low voltage can be interpreted as the shot noise of these
effective charges due to Landau-Zener transitions between
the bound states.8

A very interesting situation can be reached inS/N/S
junctions, wherejD,L,LF. In this case, one can tune the
transition from the regime of coherent pair transport
seV,ETh,Dd to single quasiparticle transport
sETh,eV,Dd by varying the external voltage. In this com-
munication, we present noise measurements in diffusive
S/N/S junctions with such an intermediate length. A clear
change in the transport mechanisms at the Thouless energy is
revealed and appears as a pronounced minimum in the cur-
rent noise density. This transition, characteristic of the trans-
port in hybrid SN structures at the mesoscopic scale, can be
achieved experimentally but remains difficult to explain
theoretically. Existing theories concern either diffusive junc-
tions with negligible proximity effect, which are accessible
with semiclassical models,9,10or the fully coherent situation.8

The latter applies to the noise properties of coherent super-
conducting atomic point contacts with a small number of
conducting channels.11 In this situation, the experimental re-
sults are well understood.12 In contrast, the interpretation of
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the few experimental investigations of noise in multichannel
S/N/S junctions available up to now5–7,13 is still a puzzle.

In order to measure the current noise, we used a super-
conducting quantum interference device(SQUID)-based ex-
perimental set up.14 The input coil of the SQUID is con-
nected in series with a reference resistor of 0.123V and the
sample. The current fluctuations propagating in this loop are
transformed into voltage fluctuations by the SQUID. The in-
trinsic noise level is about 8mF0/ÎHz, which is equivalent
to 1.6 pA/ÎHz in the input coil of the SQUID. The noise is
measured in the frequency range 10 Hz–12 kHz. At frequen-
cies above 2 kHz, 1/f-noise contributions are negligible for
all bias currents.

The S/N/Sjunctions are fabricated by shadow evapora-
tion of Cu and Al at different angles through a polymethyl-
methacrylate(PMMA-PMMA/MAA ) bilayer mask in an
ultrahigh-vacuum chamber. First, a 50-nm-thick copper is-
land is evaporated, and immediately after, two 480-nm-thick
aluminum reservoirs. The left inset of Fig. 1 shows a scan-
ning electron micrograph of a typical sample. We studied
samples with lengths between 0.4 and 0.85mm, and widths
from 0.2 to 0.4mm. The results presented here concern
mainly one sample(referred to as sample 1) with length
0.85mm, width 0.4mm, and an overlap between the reser-
voirs and the copper bridge of about 0.330.4 mm2 on each
side. The other samples show similar results and will be
mentioned for comparison if necessary.

To avoid dealing with proximity-effect corrections that
reduce the resistance of the copper bridge when the reser-
voirs become superconducting, the resistanceRN of the
sample is evaluated from the value aboveTc minus the esti-
mated reservoir resistance. For sample 1 we obtainRN
=1.75±0.2V. Then, we can estimate the interface resistance
by comparison with a second sample half as long as sample
1 (but with the same width and the same overlap at the res-
ervoirs) and fabricated on the same wafersRN.1.05Vd.

This gives an estimation of a total interface resistanceRB
.0.4V and a sheet resistance of 0.65V for copper(diffu-
sion constantD=80 cm2 s−1). The normal resistance of
sample 1 is therefore dominated by the resistance of the cop-
per film s.1.35Vd.

As a function of temperature, the zero bias resistance
shows a broad transition betweenTcsAl d=1.2 and 0.8 K, be-
low which a supercurrent arises(see right inset of Fig. 1).
This behavior is evidence that the phase coherence lengthLf

is longer than the sample length, at least for temperatures
below 800 mK. At finite bias, we observe subharmonic gap
structures(SGS) marked by a local maximum in the conduc-
tance when eV=2D /n (see Fig. 1). We can identify peaks for
n=2 and 3 over the whole temperature range, whereas the
n=1 peak is masked forT,900 mK by a transition, prob-
ably induced by the bias current. The origin of the additional
peaks atV.0.06 meV is not clear.

The overall shape of the current noise density as a func-
tion of bias voltage is shown in Fig. 2. We observe a pro-
nounced minimum atV=10 mV corresponding roughly to
the Thouless energyETh.7 meV of sample 1. This mini-
mum indicates the transition from the regime of coherent
pair transport to the regime where the Andreev pairs are split
up into independent quasiparticles before reaching the oppo-
site interface.

The noise behavior at high voltage can be understood
within a simplified model. Consider an electron entering the
normal metal at the energye<−D. At the first SN interface it
is Andreev reflected into a hole which travels through the
normal region a second time. At the other SN interface the
hole is again retroreflected as an electron and so forth. In the
incoherent case the phase information between two subse-
quent Andreev reflections is lost and no interference is pos-
sible. The quasiparticle energy is increased byeV when it
travels from one interface to the other. Therefore, the quasi-
particle can escape to the superconducting electrodes only
after N passages, withN=2D / seVd+1, reaching an energy
e*D. Within this description, each quasiparticle entering the
normal part causes a series of incoherent Andreev reflections
which leads to the diffusion ofN quasiparticles through the
normal part. The total current noise is therefore the shot
noise of a diffusive metals1/3d2eI timesN,

FIG. 1. Differential conductancedI /dV vs bias voltage at vari-
ous temperatures for sample l(data are shifted by 0.1, 0.2, and
0.35S for T=500 mK, 900 mK, and 1.1 K, respectively). Left in-
set: scanning electron micrograph of a typical sample. Right inset:
resistance of the sample as a function of temperature. The drop at
T=1.2 K is due to the superconducting transition of the aluminum
reservoirs.

FIG. 2. Current noise densitySI vs bias voltage at various tem-
peratures. We observe a minimum at eV<ETh.

HOFFMANN et al. PHYSICAL REVIEW B 70, 180503(R) (2004)

RAPID COMMUNICATIONS

180503-2



SIsVd =
1

3
2eI 3 N =

2

3R
seV+ 2Dd. s1d

This is exactly the prediction of semiclassical theory in the
zero-temperature limit and in the absence of inelastic
processes.9,10 In this model, the proximity corrections are
neglected. In our junctions, however, such corrections persist
over the whole voltage range(see Fig. 1). An expression for
the noise taking into account the proximity effect has been
derived recently in superconducting-insulator-normal-metal
junctions(SIN) with a tunnel barrier at the interface,15 but is
still lacking in the S/N/S case. In order to include the ob-
served voltage dependence of the resistance, we useRsVd
=V/ I in Eq. (1) rather than the normal-state resistanceRN
and analyze the productSIsVdRsVd in Fig. 3.

At T=100 mK we obtain very good agreement between
experiment and Eq.(1) with D=165meV, shown in Fig. 3 by
the dashed line, in the range from 50mV up to the current-
induced transition at about 250mV. Up to now, this linear
regime of IMAR was only approximately achieved with a
large scatter in the data.13 Note that a fit ofSIsVd using a
constant resistance instead of the measuredRsVd, requires
unreasonable valuesRN=2.5V andD=330meV.

At temperatures above 300 mK, the thermal noise of the
quasiparticles outside the gap have to be taken into account.
Along the lines of Ref. 10 we can write the total noise as a
sum of this thermal noise and the subgap noise[Eqs. (12)
and (13) in Ref. 10]. The fits obtained using the BCS tem-
perature dependence of the superconducting gap, show ex-
cellent agreement with the experimental data betweenT
=500 and 900 mK(solid lines).

So far, we considered only the linear part of the noise at
high voltage. However, for decreasing voltagesV,50 mVd
the experimental data show a nonlinear regime which ex-
tends down to the minimum at the Thouless energy. The
simple model used above to derive Eq.(1) supposes that the

quasiparticles reach the gap without inelastic interactions and
the corresponding voltage range is therefore called “colli-
sionless regime.” However, at low voltage and finite tem-
perature, the effective length of the junction for the multiple
retroreflected particlesLef f=NL,LD /V exceeds the inelastic
length Lin. In this “interacting regime”e-e collisions inter-
rupt the successive incoherent multiple Andreev reflections
before the quasiparticles reach the gap. In the case of strong
interaction, a Fermi distribution with an effective tempera-
ture Te is restored and the noise equals the corresponding
thermal noise.5–7,9,10Details of the analysis in this regime are
published elsewhere.16

Decreasing further the voltage belowETh, the transport of
pairs becomes coherent.5,13,18In this regime, our experimen-
tal results reveal a clear increase of the noise as the voltage
goes down. We can check that this increase is not due to an
equilibrium like relationSI =4kBT/RsVd between the current
noise density and the voltage-dependent resistance(which
indeed decreases near the transition to the dissipationless re-
gime) by considering the productSIsVdRsVd. This is particu-
larly clear in Fig. 4, where the low-voltage regime is blown
up together with the behavior of the resistance and the dif-
ferential resistance.20 It is important to note that the noise
increase persists even at high temperature when the thermal
noise level approaches the noise minimum at eV<ETh, and
when the resistance and the differential resistance are almost
constant(see curves at 800 and 900 mK in Figs. 3 and 4). It
is worth noting also that the behavior of the productSIR at
low voltage is almost independent of the temperature,
whereas the resistance and the differential resistance change
significantly. The measurements are complicated by the
strong nonlinearities at very low temperature and the appear-
ance of hysteresis forTø300 mK. Therefore, at T
=100 mK, the noise measurements are restricted to the volt-
age range Vù5 mV, where the differential resistance
changes not more than a factor of 3.

Comparison with a shorter sample(width 0.2mm and
length 0.4mm) is made in Fig. 5, where the Fano factorF

FIG. 3. Current noise density times the resistanceR=V/ I vs bias
voltage at various temperatures(the data curves are shifted succes-
sively by 10 pA2/Hz). The data at 100 mK can be compared to the
theoretical prediction in the zero temperature limit[Eq. (1)] with
D=165meV (dashed line). At higher temperatures, the thermal
noise of quasiparticles outside the gap has to be taken into account.
The predictions following Ref. 10 are shown as solid lines. The
arrows indicate the thermal noise level 4kBT corresponding to each
data curve(including the shift).

FIG. 4. Current noise times resistance, differential resistance,
and resistance of sample 1 as a function of the voltage at small bias.
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=S/2eI is plotted as a function of the inverse voltage. On the
bottom panel, samples, the two regimes are distinguishable:
above the Thouless energy(30 mV or 1/V,30 mV−1) the
Fano factor is linear in 1/V with a slope 2D /3e=110mV as
expected for the incoherent regime. Below the Thouless en-
ergy the Fano factor is again linear in 1/V, but with a differ-
ent slope: 340mV. On the top panel, we plot the results
obtained in the first sample. The crossover at the Thouless
energy does not clearly appear, because the scale is larger
than for the shorter sample. However, at voltages below the
Thouless energy, the Fano factor is also linear in 1/V but
with a slope of 200mV. The interpretation of the noise be-
havior in this low-voltage regime is a difficult task, because
coherent multiple Andreev reflections in the energy window
ueu&ETh coexist with the diffusion of hot quasiparticles at

energiesETh, ueu,D. Moreover, there are no precise calcu-
lations for diffusive S/N/S junctions of intermediate size:
jD,L,LF. In fully coherent quantum point contacts,11 the
Fano factor goes like 2D /eV and shows a smooth behavior
(no steps) when the transmission in the “N part” is close to 1.
In fully coherentsL!jDd diffusive SNS junctions,8 the Fano
factor varies asF<0.3s2D /eVd. Our results reveal that, in
diffusive SNS junctions of intermediate size, the Fano factor
is also proportional to 1/V but with a slope that depends on
the length of the sample. However, it is not clear if this
behavior is the signature of multiple charge noise as it is the
case in superconducting tunnel junctions with pinholes17 and
superconducting atomic point contacts.12 Indications for the
presence of coherent MAR in diffusive SNS junctions in the
regime eV,ETh,kBT were found in Ref. 18. To check if
multiple charge noise is present in such junctions, other ex-
periments are required together with theoretical predictions
in the appropriate limitsETh,Dd. In particular, one should
include the proximity-effect corrections to the density of
states of the normal metal. At finite temperature, inelastic
interactions will play a role and should appear as a cutoff at
low voltage like in the incoherent regime.

In conclusion, we present investigations of the shot noise
of diffusive S/N/S junctions with intermediate lengths
sjD,L,LFd, which reveal a clear distinction of different
transport regimes. At high voltage, the “collisionless regime”
is well established and the current noise grows linearly with
bias voltage due to incoherent multiple Andreev reflections.
The results are in quantitative agreement with semiclassical
theory over a large temperature range. A pronounced noise
minimum is observed at the Thouless energy. When the ap-
plied voltage becomes smaller than the Thouless energy, the
Fano factor is found to grow linearly with the inverse voltage
but with a slope that depends on the length of the sample.
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FIG. 5. Fano factor vs the inverse voltage for two different
samples. The Thouless energies are 7mV for sample 1(top panel)
and 30mV for samples (bottom panel). The solid lines have slopes
200 mV (top) and 340mV (bottom). In the bottom panel, the inco-
herent regime is also clearly visible[dashed line is a fit according to
Eq. (1)].

HOFFMANN et al. PHYSICAL REVIEW B 70, 180503(R) (2004)

RAPID COMMUNICATIONS

180503-4


