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Andreev Reflection Enhanced Shot Noisein Mesoscopic SNS Junctions
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Current noise is measured with a SQUID in low impedance and transparent Nb-Al-Nb junctions of
length comparable to the phase breaking length and much longer than the thermal length. The shot
noise amplitude is compared with theoretical predictions of doubled shot noise in diffusive normal-
superconductor (NS) junctions due to Andreev reflections. We discuss the heat dissipation away
from the normal part through the NS interfaces. A weak applied magnetic field reduces the ampli-
tude of the 1/f noise by a factor of 2, showing that even far from equilibrium the sample is in the

Mes0oScopicC regime.

PACS numbers: 74.50.+r, 74.40.+K

Nonequilibrium noise in semiconductor—normal metal —
superconductor (SNS) junctions has been recently ad-
dressed experimentally [1-3]. Interest in this field has
been motivated by the celebrated shot noise results ob-
tained in short conductors connected to normal reservoirs
[4], in atwo-dimensional electron gas [5] or in fractional
quantum Hall liquids [6,7]. The analysis of the shot noise
amplitude as well as the crossover from the Johnson-
Nyquist to the shot noise regime provides information
about the nature of the carriers beyond what is deduced
from linear conductance measurements. It has been pre-
dicted (but not shown experimentaly) that the shot noise
in a mesoscopic normal diffusive sample connected to a
superconducting reservoir at one end is doubled compared
to the case of two normal reservoirs [8,9]. This reflects
that at low temperature and low energy the charge trans-
port is dominated by Andreev processes transferring elec-
trons by pairs. Beyond the SN case, the nature of charge
carriersin the SNS caseis also a major issue both theoreti-
cally and experimentally. In the case of multiple Andreev
reflections (MAR) theoretical literature predicts an excess
current noise [10-12].

Short SNS junctions have been studied by Dieleman
et al. [1] in the case of pinholes in a NbN/MgO/NbN
superconductor-insulator-superconductor  structure. Be-
low the superconducting gap, the shot noise they measure
is much larger than expected for independent electrons.
That is attributed to the coherent charge transfer of large
multiple charge quanta. Hosset al. [2] have studied longer
SNS junctions and found different types of behavior de-
pending on the value of the superconducting gap of elec-
trodes: for large gap Nb electrodes, the quasiparticles are
overheated, whereas for low gap Al electrodes avery large
shot noise at low biasis attributed to the same mechanism
asin Ref. [1].

A SN junction with a low resistive noiseless normal
reservoir at one side and a transparent SN interface at the
other one requires several technological steps (e.g., multi-
deposition and realignment). We fabricate amuch simpler
SNS junction which capturesthe same physicsif thelength
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of the junction is larger than the inelastic mean free path.
We present shot noise measurements in Nb-Al-Nb junc-
tions (above the critical temperature of aluminum) where
the current noise is measured by acalibrated SQUID-based
setup (Fig. 1) [13]. In our high temperature range the
sample length L is much larger than the superconduct-
ing coherence length but comparable to the phase break-
ing length which is dominated by the electron-electron
relaxation length L... Under these conditions the sample
is in the mesoscopic regime where shot noise is due only
to normal parts coherently attached to at least one of the
superconducting reservoirs, but where MAR is inhibited
(L = L,.). Indeed the conductance evolves in tempera
ture and voltage as predicted for the standard proximity
effect [14]. The absence of conductance anomalies at fi-
nite bias (Fig. 2) indicatesthat multiparticle tunneling (i.e.,
coherent MAR process) isnegligible. Our shot noise mea-
surements show that the transport is indeed dominated by
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FIG. 1. Equilibrium noise inthe L = 0.5 um sample. Solid
curve gives the Johnson prediction with the measured tem-
perature dependence of the sample resistance R,. Right inset
shows the resistance bridge and the SQUID. Only the cur-
rent noise generator of interest (i, ) is represented. Typical
vaues are Iy < 10 mA, R = 177 mQ, r. = 4 m(), and
R, = 0.25 Q. Leftinset isaside view of the SNS structure.
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FIG. 2. Differential conductance dI/dV. The conductance
peak reflects the proximity effect. Right inset shows the
resistance versus temperature which is very much in agreement
with calculations assuming a null resistance over twice the
thermal length in aluminum (dots). Left inset shows atop view
of the sample.

carriers whose effective charge is about twice that of the
bare electron. At high temperature the shot noise is very
much in agreement with the prediction for a diffusive nor-
mal metal connected to normal reservoirs (S; = %e(l P)
[15], likely because the transport is mainly due to quasi-
particles. But, asthe temperature decreases, the shot noise
increases above this value. The evolution of the current
noise power vs bias current (including the crossover to the
Johnson-Nyquist equilibrium noise) is consistent with an
effective charge 2e at voltages well below the gap. In or-
der to establish therole of carriers overheating in the noise
propertiesin our SNS geometry [2], we have cal cul ated the
gradient of temperature produced at each SN interface by
the Andreev thermal resistance and compared the resulting
noise to the experimental data.

Another contribution to the noiseisthe 1/f noise. 1/f
noise is found to be quantitatively in agreement with pre-
vious data. Its amplitude is reduced by afactor of 2 when
a weak magnetic field is applied, as expected within the
Feng-Lee-Stone theory of low-frequency resistance noise
in dirty metals [16,17]. Analysis of the field dependence
shows that L 4 is not substantially decreased even far from
equilibrium.

Our SNS geometry as well as our temperature range
differ from previous work. We start with atrilayer 10 nm
Al/100 nm Nb/10 nm Al made by sputtering in a single
sequence on an Si-SiO, substrate. Then we define amesa
structure (upper inset of Fig. 1) by optical lithography with
a 200 um X 40 um wire between large contact pads.
The contact pads are further covered by alow resistance Ti-
Au contact layer. By electron lithography and subsequent
reactive ion etching, we selectively etch the Nb-Al top
layer over alength of 0.5 um across the mesa wire (left
inset of Fig. 2). The resulting structure is a continuous
10 nm thick Al layer, covered by two semi-infinite 100 nm

Nb layers separated by a gap of 0.5 um X 40 wm. At
4.2 K the 80 sguares in paralel result in a resistance of
0.25 Q). The geometry is the inverse of the wire used in
Ref. [2]. The experiment is performed above the critical
temperature of the aluminum film (1.6 K). We chose
aluminum for the normal metal because of the good quality
of the Al-Nb interface.

The current noise measurement scheme is based on a
resistance bridge and a dc SQUID [13] as shown in the
inset of Fig. 1. It is well adapted to our low impedance
sample which has relatively high current noise but needs
high bias currents to go beyond the thermal (equilibrium)
noiseregime. Thebridgeiscomposed of areferenceresis-
tance (R..r) made with a macroscopic constantan wire, the
sample (R, ), and the extraresistances in the superconduct-
ing loop (r.) (dominated by the gold wires used to con-
nect the sample). The current noise of the setup is5 pA/
VHz. The tota resistance of the bridge being =~0.4 (),
its Nyquist noise is 5.8 X 1072 A%2/Hz at 4.2 K and is
therefore more than 15 times bigger than the total noise of
the electronic setup. A fit of theform o + B/f isaways
found in total agreement with the spectra for each value of
the bias current [13], indicating two separable features: a
1/f component of amplitude 8 and awhite (i.e., frequency
independent) noise level «. Figure 1 shows the tempera-
ture dependence of the equilibrium noise. The solid lineis
the Johnson noise (4kT'/R,) calculated from the measured
sample resistance. The data is very much in agreement
with the prediction: the Nyquist noise is always recovered,
thus showing the absolute calibration of the setup.

Around 4.2 K the temperature is much larger
than the Thouless energy: the therma length Ly =
VAD /27kgT = 0.08 um (T = 4.2 K) is much shorter
than both the sample length L = 0.5 um and the phase
bresking length L4 = 0.8 um (T = 4.2 K). Both Jo-
sephson coupling and coherent MAR are negligible but
L is comparable to the electron-electron scattering length
L. = 1 um, and smaller than the electron-phonon scat-
tering length L., = 2.5 um, both estimated at 4.2 K.
Therefore the shot noise is likely to be due to normal
parts coherently attached to at least one superconducting
reservoir. The temperature dependence of the resistance
exhibits two jumps corresponding to the two critica
temperatures for niobium (8.35 K) and aluminum (1.6 K).
Using the latter as the only parameter, we can calculate the
expected resistance by solving the equation for the coher-
ence length in aluminum above its T, which differs from
thethermal length[14]. Theresult fitsthe data remarkably
well (see right inset of Fig. 1). The differential conduc-
tance (Fig. 2) exhibits a peak which is another signature
of this proximity effect. We also performed magnetocon-
ductance measurements from which we inferred Ly =~
0.8 um at 4.2 K, in quantitative agreement with previous
data on aluminum films [18].

The shot noise results are presented in Fig. 3 for vari-
ous temperatures. The Josephson coupling between the
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FIG. 3. Noise current density S; in the L = 0.5 um SNS
sample at various temperatures (dots). The solid lines are the
shot noise prediction for charges ¢ in a mesoscopic diffusive
normal junction including the crossover to the thermal noise
at zero bias. The noise follows this prediction only when
superconductivity is weakened (T = T, = 8.3 K), otherwise it
is clearly higher.

two superconducting banks is avoided by staying above
2 K: then the correlation length is substantially smaller
than the sample length (typically 0.13 xm at 2.5 K and
0.5 um). Anexponentionally small Josephson couplingis
important to study the low bias regime where the crossover
between equilibrium (Johnson-Nyquist) and nonequilib-
rium (shot noise) regimestakesplace (¢*V = 2kgT). The
observation of this crossover has been a decisive argu-
ment in the study of fractional charges by noise measure-
ments [6]. A large Josephson coupling would also be
responsible for another contribution to the current noise
as shown in resistively shunted Josephson junctions [19].
The shot noise data at 8 K (where superconductivity is al-
ready dramatically weakened at equilibrium) follow the
solid line corresponding to the so-called % guantum shot
noi se suppression in normal mesoscopic diffusive samples
[15], including the thermal crossover: S; = %[4kBT/Rd +
el coth(eV /2kpT)] [20].

Obviously the critical current at such temperatures is
substantially smaller than at 4.2 K. Now as the tempera-
ture decreases the data coincide less and less with the
normal prediction. As expected qualitatively, the super-
conductivity isresponsible for an increase in noise because
it allows a new mechanism for charge transfer through the
NS interfaces: the Andreev reflection of an electron as a
hole and the transfer of a pair on the S side. We empha-
sizethat, unlike in experimental (and theoretical) studies of
short SNS systems in the coherent MAR regime, the John-
son value is always found at vanishingly small bias volt-
age and the crossover to the shot noise regime is smooth.
The minimum observed at the onset of the 2.5 K curve
is a consequence of the peak in the differentia conduc-
tance [8]. Indiffusive samples L > [/T (L isthe length,
I" is the transparency of the NS interface, and [ is the
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elastic mean free path), the shot noise is expected to be
doubled in NS samples compared to N samples [9]. In
the asymptotic limit eV > kT this means S; = 3(2e(I))
instead of S; = 1(2e(I)). In Fig. 4 we have plotted the
equation given above for S; in the N case as well as the
same equation with a charge 2e instead of e. We use this
naive approach because models describing the Johnson to
shot noise crossover in NS are restricted to the one channel
caseonly [21]. Inthiscase, however, the exact calculation
iscloseto the approximate e — 2e substitution. Wefound
good agreement between the data at 4.2 and 2.5 K and the
curves for a doubled charge ¢* = 2e, at low enough bias
currents. We believe thisis an experimental confirmation
of the predicted doubled shot noise at NS interfaces.
Recent shot noise experiments gave rise to important
discussions about heating effects. The crucia role of the
reservoirs has been emphasized [22,23]. We calculated the
thermal power that can be transferred through the NS in-
terfaces by the single-particle excitations and the (thermal)
noise associated with the hot electrons within the normal
metal. In our temperature range (T > 2 K), the electron-
phonon interaction is certainly able to restore the electrons
closer to equilibrium. However, as L., = L the contri-
bution of the phonons is presumably too small to decrease
the noise substantially [24], thus we neglected this mecha-
nism in the heating calculation. We used the Andreev [25]
thermal resistance for the NS barrier to cal culate the power
that can be transferred through the NS interfaces. Then if
we consider the power which isinjected we obtain the tem-
perature profile along the sample, taking into account both
the Wiedemann-Franz law inside the normal part and the
temperature jump acrossthe NSinterface duetoitsthermal
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FIG. 4. Shot noise compared to predictions for the normal
case (e* = e, dotted lines) and for the NS case (e* = 2e, solid
lines) and to the heating estimation at 2.5 K (dashed line, see
text). The arrows indicate the thermal crossover for charges
2e. Inset: Amplitude of the flicker (1/f) noise as a function
of magnetic field, normalized to the value at zero field and
measured with dc bias current 3.2 mA (lower triangles) and
3.9 mA (upper triangles). The reduction by a factor of 2 occurs
with a characteristic field related to L.
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resistance. Finaly, the noise due to these “hot” electrons
is calculated with the Johnson noise formula. The result
is plotted at 2.5 K in Fig. 4 (dashed line). Clearly the
Andreev thermal resistance gives an overheating effect
higher than in the normal case. However, at our relatively
large temperatures this heating effect cannot quantitatively
account for the data. At dilution refrigerator temperatures
this heating effect becomes substantial as pointed out by
Hoss et al. [2]. These authors used the Wexler formula
and the Blonder, Tinkham, and Klapwijk (BTK) model
[26] to account for electron heating. Our calculation uses
the Andreev [25] thermal resistance which contains no ad-
justable parameters, but using their arguments with rea-
sonable assumptions for the NS resistance leads to similar
results.

Another strong evidence for mesoscopic effects even at
high bias currents is provided by the 1/f noise results
[16]. First, we expressed the amplitude of the 1/ noisein
terms of Hooge's law: S; /1> = ay/Nf, where ay isthe
phenomenological Hooge parameter. Assuming a carrier
density N = 18 X 10722 cm™3 in auminum, we found
ay =~ 1073, in agreement with the range 107> to 10!
givenin the literature for thin films made with various ma-
terials. The model developed by Feng et al. shows that at
low temperature the motion of a single scattering center is
responsible for corrections to the conductance because of
interference over Ly. A striking consequence is that un-
der a weak magnetic field the amplitude of the 1/f noise
is expected to be reduced by afactor of 2 [16]. This pre-
diction has been verified in bismuth films and semiconduc-
tors [17]. We performed this experiment and also found
the universal reduction by a factor of 2 as shown in the
inset of Fig. 4. This result obtained for bias currents 3.2
and 3.9 mA demonstrates that even at these high currents
the mesoscopic features are conserved. Indeed the char-
acteristic decay length over which the field is reduced is
directly relatedto L 4. Stone[16] established thet, for are-
duction by 75%, H =~ 0.2L3 h/e. Using this relation we
obtain for the two relevant bias currents Ly =~ 0.2 um,
i.e, a smaller value than inferred from weak localization
measurements (L4 ~ 0.8 um). Nevertheless L¢ remains
comparable to L even at high bias current. Thisresult in-
dicates that the inelastic lengths L., or L., (and there-
fore L4) are not drastically reduced when several mA are
driven through the junction.

In summary, we performed the first 1/f and shot noise
measurements in very low impedance SNS junctions in
a high temperature regime which inhibits MAR features.
We observed the shot noise enhancement due to Andreev
reflections at NS interfaces. Under appropriate voltage
and temperature conditions, we see the predicted doubled
shot noise due to the transfer of electron pairs through
the NS boundaries. We estimated the thermal properties
of the SNS structure with the Wiedemann-Franz law and

the Andreev thermal conductance at the NS boundary
and concluded that heating cannot be responsible for the
observed noise. Thereduction of the 1/f noise by aweak
magnetic field demonstrates that the mesoscopic properties
are not dramatically reduced by high currents.

We are grateful for fruitful discussions with C. Strunk,
Y. Naveh, Th. Martin, and V. Shumeiko.
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