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We have studied hybrid superconducting microcoolers made of a double superconductor-insulator-
normal metal tunnel junction. Under subgap conditions, the Andreev current is found to dominate the
single-particle tunnel current. We show that the Andreev current introduces additional dissipation in the
normal metal equivalent to Joule heating. By analyzing quantitatively the heat balance in the system, we
provide a full description of the evolution of the electronic temperature with the voltage. The dissipation
induced by the Andreev current is found to dominate the quasiparticle tunneling-based cooling over a
large bias range.
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In a tunnel junction between a normal metal (N) and a
superconductor (S), the charge transfer occurs mainly
through two different mechanisms. The tunneling of a
single quasiparticle is possible for electrons or holes with
an energy E (compared to the Fermi level EF) larger than
the superconductor gap !. At low energy, the charge trans-
fer occurs through the Andreev reflection [1,2]. In the
normal metal, an electron (a hole) impinging on the super-
conducting interface is reflected as a hole (an electron),
enabling the transfer of a Cooper pair into (out of) the
superconductor. As the energies of the involved electron
and hole are located symmetrically around EF, the
Andreev reflection does not carry heat through the inter-
face at zero bias. The probability for an incident quasipar-
ticle to follow an Andreev reflection, a specular reflection,
or a tunnel transfer is given in the ballistic regime (no
disorder) by the Blonder-Tinkham-Klapwijk theory [3].
For a N-I-S tunnel junction with an insulator (I) of inter-
mediate or low transparency, the Andreev reflection proba-
bility is predicted to be vanishingly small. Taking into
account the quasiparticles confinement in the vicinity of
the interface, this is no longer true. This confinement can
be induced by the disorder or the presence of a second
barrier in the normal metal. A single quasiparticle then
experiences several collisions with the interface [4,5]. The
actual Andreev reflection transmission coefficient corre-
sponds to the coherent addition of many individual trans-
mission probabilities. Therefore, the Andreev subgap
current significantly exceeds the ballistic case prediction
[6,7] and can be modulated by a magnetic flux [8].

A quasiparticle current in a N-I-S junction indeed carries
both a charge current and a heat current. With a voltage
bias smaller than the gap !=e, the tunnel current is selec-
tively made out of high-energy electrons (or holes); this
cools the electronic population of the normal metal [9]. In
this way, (S-I-N-I-S) microcoolers based on a double tun-
nel junction provide a significant temperature reduction,
which reaches an optimum at a voltage bias just below the

gap. At a very low temperature, the thermal transport in
such N-I-S tunnel junctions appears to be still little under-
stood. For instance, an apparent reversal of the normal
metal temperature evolution was observed in various ex-
periments [10,11] and related to a non-BCS density of
states of the superconductor [11]. A clear understanding
of this behavior is still missing.

In this Letter, we describe an experimental study of the
heat transport in a S-I-N-I-S junction, focusing on the very
low temperature regime. We show that the phase-coherent
Andreev current introduces a significant dissipation in the
normal metal. We provide a fully quantitative analysis of
the heat transfer in the system which shows that, although
the Andreev current is a small effect in terms of charge
current, the heat it creates has a dominating influence on
the heat balance.

Figure 1 (inset) shows a typical sample which features a
geometry similar to the one studied in Ref. [12]. It consists
of a 50 nm thick, 4 !m long, and 0:3 !m wide normal
metal Cu electrode embedded between two 40 nm thick
and 1:5 !m wide superconducting Al electrodes. The tun-
nel barriers at the two symmetric junctions of dimensions
1:5! 0:3 !m2 were prepared by oxidization in 0.2 mbar
of O2 pressure for 3 min and give a total normal-state
resistance Rn in the range 2–3 k". In addition to the two
cooling junctions, we added three Cu tunnel probes of area
0:33! 0:43 !m2 on one Al electrode (one is shown in the
insets in Fig. 1 ). These probes are strongly connected to
both a Cu reservoir and an Al reservoir so that no cooling is
expected there. These junctions thus provide a reference
for an isotherm behavior. In the following, we will describe
the behavior of one out of three investigated samples which
all showed similar behavior.

We have measured the current-voltage I"V# character-
istic of every probe junction and of the two cooling junc-
tions in series at temperatures down to 90 mK. The
differential conductance dI=dV"V# is obtained by numeri-
cal differentiation. We have taken special care to obtain
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accurately the subgap conductance of our current-biased
samples down to a level of about 10!4 of the normal-state
conductance. Figure 1 displays on a logarithmic scale the
differential conductance of the cooling junctions for a
series of cryostat temperatures. The tunnel current in a
N-I-S junction is given by:
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where V=2 is the voltage across the N-I-S junction, fN"E#
is the electron energy distribution function in the normal
metal, and ns"E# $j E j =
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BCS density of states in the superconductor. An isotherm
N-I-S junction would then feature in the subgap regime a
linear behavior of the differential conductance on a loga-
rithmic scale. In contrast, we observe in the high tempera-
ture (T > 200 mK) data an upward curvature, which
constitutes a clear signature of the electron cooling [12].

In the low temperature regime (T < 200 mK), clearly a
different characteristic is obtained with a differential con-
ductance peak at zero bias. A similar behavior is obtained
on every probe (not shown). This zero-bias peak cannot be
accounted for by a single-particle tunnel current. The zero-
bias differential conductance increases, while the tempera-
ture is lowered below about 200 mK, which suggests that it
is a phase-coherent effect.

We will ascribe the low bias differential conductance
peak to an Andreev current, i.e., a double particle tunnel

current created by Andreev reflections at the N-I-S junc-
tions. In order to calculate the Andreev current IA, we used
the theory of Ref. [5]. We took into account the finite gap !
and the disorder both in the normal metal and in the
superconductor. We considered the 1D regime where the
coherence length of an Andreev pair in the normal metal
LE $
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p
[13] is much larger than the junction

dimension.
Let us first discuss the current-voltage characteristics of

one probe junction, where the electronic temperature can
be considered as constant and very close to the cryostat
temperature. Figure 2 displays the measured current-
voltage characteristic of one probe junction (1:55 !m
away from the cooler junctions) together with the calcu-
lated single quasiparticle and Andreev currents. We have
fitted the current-voltage characteristics of the probe while
taking the electron diffusion coefficient in Cu equal to
the measured value D $ 80 cm2 & s!1. The fit parameters
are ! $ 0:228 meV, the electronic temperature Te $
105 mK, which is found slightly higher than the bath
temperature, and L’ $ 1:5 !m, which agrees well with
expectations for a pure metal at very low temperature [14].
In this fit, we had to scale the Andreev current by a multi-
plying factor M $ 1:37 in a similar way to Ref. [8]. The fit
describes very well the probe data. The crossover between
the low-bias Andreev current and the high-bias single
quasiparticle current is clearly visible. We did not need
to take into account the possible contribution of pinholes in

FIG. 2 (color online). Current-voltage characteristic of the
cooler junctions (top curve) and of the probe (bottom curve)
as a function of the voltage and at a cryostat temperature of
90 mK together with best-fit calculations of the Andreev current
(dotted lines) and of the single-particle current (dashed lines)
using the parameters D $ 80 cm2 & s!1, L’ $ 1:5 !m, Rn $
1:9 k" (cooler) and 2:76 k" (probe), and 2! $ 0:43 meV
(cooler) and ! $ 0:228 meV (probe). The fit temperature is
105 mK. Compared to the theoretical calculations based on
Ref. [5], the Andreev current was multiplied by 0.49 (cooler)
and 1.37 (probe). No cooling effect is included in the calculation.

FIG. 1 (color online). Left inset: Geometry of the sample.
Right inset: Scanning electron microscope micrograph of a
typical cooler sample made of a normal metal Cu electrode
(light gray) connected to two superconducting Al reservoirs
(dark gray) through tunnel junctions. One of the additional probe
junctions connected to one Al reservoir is visible at the bottom.
Main figure: Normalized differential conductance as a function
of the voltage and at the cryostat temperatures of 90, 230, 330,
and 440 mK.
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We provide a direct proof of two-electron Andreev transitions in a superconductor–normal-metal tunnel

junction by detecting them in a real-time electron counting experiment. Our results are consistent with

ballistic Andreev transport with an order of magnitude higher rate than expected for a uniform barrier,

suggesting that only part of the interface is effectively contributing to the transport. These findings are

quantitatively supported by our direct current measurements in single-electron transistors with similar

tunnel barriers.
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Electronic transport across a boundary between conduc-
tors with dissimilar carriers is a nontrivial process. Of
particular interest in this respect is the transport through
a superconductor–normal-metal interface that at low ener-
gies is dominated by Andreev reflection [1–10], where a
Cooper pair in a superconductor is converted into two
electrons in the normal metal or vice versa. Here we
employ electron counting techniques [11–17] to detect
these Andreev events. Since the observed rate depends on
the coherence of the two electrons involved in the transi-
tion, we obtain, as a result, a fingerprint of the junction
electrodes and the tunnel barrier.

The techniques used for observing individual electrons
are based on the Coulomb blockade effect where the
electrostatic energy of a small metallic island changes
noticeably when only one elementary charge e is placed
on or removed from it. In the present experiment, we
employ an isolated single-electron box where a supercon-
ducting island is connected to a normal metal one [17], but
neither of these two is connected galvanically to the exter-
nal circuitry. The electron tunneling rates between the
islands are then sufficiently low to be monitored by low-
frequency electrometry and are described in detail by
relatively simple theoretical considerations [17,18]. We
use a single-electron transistor (SET) [11–15,17,19–22]
as an ultrasensitive electrometer. With charge sensitivity
as good as 10!5e=

ffiffiffiffiffiffi
Hz

p
[22–24], it is capable to detect

individual electrons with high precision. In Fig. 1, we
show a micrograph of our sample fabricated by standard
e-beam processing.

The tunneling rates and resulting charge distribution
between the two islands of the isolated box can be adjusted
with an offset charge induced by a gate voltage. The
electrostatic energy of a state with n excess electrons on
one of the islands is given by En ¼ Ecðn! ngÞ2, where Ec

is the charging energy for individual electrons and ng is the

normalized offset charge that can be viewed as the polar-
ization charge on the gate capacitor and determines the
energetically preferred way to occupy the different charge
states n [20]. In Fig. 2(a), the two extreme cases are shown.
In the Coulomb blockade regime for single electrons, ng is
an integer and the state n ¼ ng has the minimal energy
En ¼ 0. To enter an excited state, one electron can tunnel
either into or out of the island [dotted black lines with
arrows in Fig. 2(a)], but energy Ec has to be provided for
the tunneling electron in addition to the Cooper pair break-
ing energy equal to or larger than the superconducting
energy gap ! [25]. In the other extreme, at degeneracy
with half-integer ng, two electron states differing by charge
e have equal minimal energy and hence are equally popu-
lated. The tunneling rate between them is higher than in the
Coulomb blockade regime as no extra energy for charging
is needed. For Andreev reflection [solid red lines with

FIG. 1 (color online). Scanning electron micrograph of the
measured structure and the schematic layout of the measurement
setup. The isolated electron box consists of two metallic islands,
seen as 25 !m long rectangles (colored red). They are connected
to each other by a normal-metal–insulator–superconductor tun-
nel junction. Tunneling of electrons through the junction is
monitored with a dc SET electrometer (in blue) coupled capaci-
tively to one of the box islands. The normal-metal–insulator–
superconductor junction (top) and detector (bottom) are shown
magnified on the left side of the main micrograph.
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Electronic transport across a boundary between conduc-
tors with dissimilar carriers is a nontrivial process. Of
particular interest in this respect is the transport through
a superconductor–normal-metal interface that at low ener-
gies is dominated by Andreev reflection [1–10], where a
Cooper pair in a superconductor is converted into two
electrons in the normal metal or vice versa. Here we
employ electron counting techniques [11–17] to detect
these Andreev events. Since the observed rate depends on
the coherence of the two electrons involved in the transi-
tion, we obtain, as a result, a fingerprint of the junction
electrodes and the tunnel barrier.

The techniques used for observing individual electrons
are based on the Coulomb blockade effect where the
electrostatic energy of a small metallic island changes
noticeably when only one elementary charge e is placed
on or removed from it. In the present experiment, we
employ an isolated single-electron box where a supercon-
ducting island is connected to a normal metal one [17], but
neither of these two is connected galvanically to the exter-
nal circuitry. The electron tunneling rates between the
islands are then sufficiently low to be monitored by low-
frequency electrometry and are described in detail by
relatively simple theoretical considerations [17,18]. We
use a single-electron transistor (SET) [11–15,17,19–22]
as an ultrasensitive electrometer. With charge sensitivity
as good as 10!5e=

ffiffiffiffiffiffi
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[22–24], it is capable to detect

individual electrons with high precision. In Fig. 1, we
show a micrograph of our sample fabricated by standard
e-beam processing.

The tunneling rates and resulting charge distribution
between the two islands of the isolated box can be adjusted
with an offset charge induced by a gate voltage. The
electrostatic energy of a state with n excess electrons on
one of the islands is given by En ¼ Ecðn! ngÞ2, where Ec

is the charging energy for individual electrons and ng is the

normalized offset charge that can be viewed as the polar-
ization charge on the gate capacitor and determines the
energetically preferred way to occupy the different charge
states n [20]. In Fig. 2(a), the two extreme cases are shown.
In the Coulomb blockade regime for single electrons, ng is
an integer and the state n ¼ ng has the minimal energy
En ¼ 0. To enter an excited state, one electron can tunnel
either into or out of the island [dotted black lines with
arrows in Fig. 2(a)], but energy Ec has to be provided for
the tunneling electron in addition to the Cooper pair break-
ing energy equal to or larger than the superconducting
energy gap ! [25]. In the other extreme, at degeneracy
with half-integer ng, two electron states differing by charge
e have equal minimal energy and hence are equally popu-
lated. The tunneling rate between them is higher than in the
Coulomb blockade regime as no extra energy for charging
is needed. For Andreev reflection [solid red lines with

FIG. 1 (color online). Scanning electron micrograph of the
measured structure and the schematic layout of the measurement
setup. The isolated electron box consists of two metallic islands,
seen as 25 !m long rectangles (colored red). They are connected
to each other by a normal-metal–insulator–superconductor tun-
nel junction. Tunneling of electrons through the junction is
monitored with a dc SET electrometer (in blue) coupled capaci-
tively to one of the box islands. The normal-metal–insulator–
superconductor junction (top) and detector (bottom) are shown
magnified on the left side of the main micrograph.
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arrows in Fig. 2(a)], the energy cost of charging is
calculated similarly, but now the initial and final states
are separated by two electrons, and the energy cost of
breaking a Cooper pair is avoided since complete pairs
tunnel at once.

In the experiment (see the supplemental material for
additional details [26]), we measured time traces of the
detector current at various biasing conditions of the box.
With all the other parameters fixed, the detector gate
voltage was adjusted to maximize charge sensitivity and
dynamic range. The observed current jumps [Figs. 2(b) and
2(c)] are attributed to the tunneling events between the two
islands. The switching rate depends on the gate voltage of
the box and hence on its charge state, being lowest in the
Coulomb blockade regime (leftmost panel) and highest at
degeneracy (rightmost panel). The events observed in the
traces [gray regions of Fig. 2(b) zoomed in 2(c)] indicate
that individual electrons tunnel between the islands: In the
Coulomb blockade regime they hop rarely from the lowest
(n ¼ 0) to the higher (n ¼ "1) energy states and back,
while at degeneracy the electrons tunnel frequently be-
tween the two lowest states and only occasionally the
system enters a higher lying level. More interestingly,
the traces also show the coincident events, pointed out by
the vertical arrows, where two electrons appear to tunnel
simultaneously. In the following, we show that most of
these events represent Andreev tunneling.

Because of the finite measurement bandwidth, limited to
1 kHz by the dc readout of the electrometer, events resem-
bling two-electron Andreev tunneling could in principle
arise from almost coincidental tunneling of two indepen-
dent quasiparticles. To assess this option, we recorded time
traces for several minutes at each gate offset value.
From the traces we determined the distribution of the

time t spent in the state n ¼ 0 before a transition took
place. In Fig. 3(a), we show such a distribution on the left
for Coulomb blockade (ng¼0), in the center for ng¼0:25,
and on the right for near degeneracy (ng ¼ 0:45). A direct
transition (Andreev tunneling) between states n ¼ "1
contributes here as essentially a t ¼ 0 event since the
time separation between the two electrons tunneling in
the Andreev process should be on the order of @=!, which
is many orders of magnitude smaller than the time scales
relevant in Fig. 3(a). Overall, the distribution is exponential
as we have Poisson distributed one-electron tunneling
processes. However, at small lifetimes in the Coulomb
blockade regime, the data point indicated by the horizontal
arrow does not follow the exponential dependence and
corresponds to excessively many events. This clear sepa-
ration of the short-lifetime events from the one-electron
transitions shows that the majority of these events are not
coincidental one-electron tunneling but rather two elec-
trons tunneling concurrently. When the box offset charge is
adjusted closer to degeneracy, the anomalous data point
gradually merges to the rest of the data, in accordance with
its interpretation in terms of Andreev transitions, since the
energy cost of the two-electron tunneling increases.
We emphasize that the charging energy should be small
(Ec < !) for Andreev tunneling to occur, since for large
Ec, it is not energetically favorable [17].
For quantitative analysis, we counted the number of

events Nj for each possible forward and backward one-
and two-electron tunneling process for each initial charge
state n. The corresponding tunneling rate was then ob-
tained as "j ¼ Nj=ðhtiN#Þ, where hti is the average life-
time of the initial state n and N# the total number of all
transitions out of this state. The denominator htiN# there-
fore corresponds to the total time spent in the initial state.

FIG. 2 (color online). Energy levels of the various charge states and typical observed time traces of the current through the detector.
(a) Low lying levels of the box in the Coulomb blockade (upper panel) and at degeneracy (lower panel). Dotted (black) and solid (red)
arrows indicate one- and two-electron processes, respectively. (b) Measured time traces of the detector current showing the charge state
of the electron box as a function of time. The leftmost panel presents the case of Coulomb blockade. The rightmost panel depicts the
opposite limit where the two charge states are equal in energy (degeneracy). The trace in the center is taken halfway between these two
cases. (c) Gray sections of the traces of (b) zoomed. Vertical arrows indicate two-electron events.
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In a recent paper we proposed a detailed theory for the I-V curves of a normal-
superconductor microconstriction, predicting a smooth crossover from metallic to tunnel-
junction behavior. This paper describes experiments on Cu-Nb point contacts which span
the crossover regime. We find excellent quantitative agreement between theory and experi-
ment over a substantial range of contact resistances.

I. INTRODUCTION

A high-quality tunnel junction results from a uni-
form, pinhole-free oxide layer separating two metal-
lic electrodes. A high-quality microbridge results
from a small, clean metallic neck connecting two
bulk metallic "banks"; any oxide or other scattering
mechanism in the bridge is to be avoided. Tunnel
junctions and microbridges are both examples of
weak links, meaning that on the average an electron
has a small probability of transferring between elec-
trodes. Although similar in this way, the different
mechanisms of restricting electron flow produce dis-
tinctly different I Vcurves. -Still, one might imag-
ine continuously evolving a tunnel junction into a
microbridge by simultaneously reducing the area of
the junction and the thickness of the oxide barrier in
such a way as to hold the resistance roughly con-
stant. Here we are interested in examining the basic
physics of the crossover, but we recognize the possi-
ble practical applications of the theory. For exam-
ple, oxide layers are rarely pinhole free, and micro-
bridges are often "dirty. " A thorough understand-
ing of the deviations from the ideal limits, as well as
of intentionally fabricated intermediate cases, may
help guide efforts to improve devices using high-
current-density small-area superconducting weak
links.
We have previously published a theory'

for the normal-superconductor (N-S) and the
superconductor-superconductor (S-g microconstric-
tion. The purpose of this paper is to report on de-
tailed experimental tests of the predictions of that
model for the N-S case. Since we were interested in
varying the strength of the interfacial barrier, we
chose the point-contact technique as the simplest ap-
proach. Here, a sharpened wire (Nb) is pressed on a
polished flat (Cu). The contact area is covered with
a native, nonuniform oxide layer, and is rough on a
microscopic scale. Thus, depending on the position
along the surface, or the pressure of the point, the

resistance can vary over 3—4 orders of magnitude,
and the I-V curve can be transformed from metallic
to tunneling type behavior. The next section pro-
vides a qualitative summary of our model; it is fol-
lowed by a description of the experiment and the fit
between the data and the theory.

II. THEORY

Although a detailed theory for the S-Smicrocon-
striction is contained in Ref. j., the qualitative
behavior of the I-V curve can be easily understood
with the simple physical arguments of this section.
We may picture a three-dimensional microconstric-
tion as a hole of radius a in an insulating screen
separating two bulk metals. If the mean free path l
satisfies l &)a, then the resistance is due to the con-
striction impeding the ballistic transport of electrons
through the hole. This is known as the Sharvin
resistance Ro——pll4a . Since the pl product is ap-
proximately temperature independent, the resistance
depends only on the size of the hole. We refer to
this situation as a "pure" metallic contact.
Now consider an 5-S interface, where for simpli-

city we restrict attention to T=0, the pl product is
assumed to be the same in both metals, and there is
no applied voltage. What will happen when an elec-
tron from the normal metal, with energy E (5,
tries to pass through the constriction and enter the
superconductor? The electron cannot continue
through as a quasiparticle, since the excitations in a
superconductor have a minimum energy of h. It
also cannot be reflected as an electron, since this
would imply the net current was zero, contrary to
our expectation of an N Sinterface as a good co-n-
ductor. Instead, what occurs is Andreev reflection,
that is, the electron reflects as a hole in the normal
metal while simultaneously adding a pair to the con-
densate in the superconducting metal. If the elec-
tron carries eu~ of current (uF is the Fermi velocity),
then 2euz of net current is flowing because the re-
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V curves are less frequently observed, and region I
gives way to the lower-resistance region II.

B. Region II: [t &a &lNb, 1 0 &R &1000]
In this resistance regime, the thick oxide has been

abraded and the hole radius, as inferred from the
measured resistance and the pl products of Cu (Ref.
15) and Nb, varies from 10 to 120 A. This is the
Sharvin limit (l & a), and the electric field penetrates
into each bank a distance comparable to a [Fig.
4(b)]. Distinct gap structure is seen, and nearly all
the I-V curves can be accounted for by our theory.
The sole exception is when the I-V curve shows
structure at -b,Nb/6, which we believe is due to a
gap in NbO of roughly that magnitude. ' Such
structure is occasionally seen, as illustrated by Fig.
5.

(ARB.
UNITS)

Zef f 0+55

R„5Q
0.80
5Q

ff =0.95
N -5OQ

Figures 6 and 7 show a variety of more typical I-
V curves, along with a fit to theory. Over 30 curves
have been examined, of which these are a representa-
tive sample. The voltage scale is fixed by the litera-
ture value for the gap (1.47 meV). ' [This is the gap
value appropriate for oxygen-rich (i.e., dirty) niobi-
um, as expected, given the low-resistivity ratio of
our bulk Nb wire. ] Thus, the plots shown are two
parameter fits: We measure the normal-state resis-
tance R„to set the current scale, and then adjust the
barrier height Z,ff. Note that the lowest Z,g value
observed is 0.3, in good agreement with the im-
pedance mismatch effect discussed above (see Fig.
3). Z,tt values are rarely observed above —1, an in-
dication that in region II the oxide is almost entirely
flaked off by the point. A high-quality fit is rou-
tinely seen and one can generally distinguish by eye

~Nb
eV

FIG. 6. Region-II I-V curves at T/T, =0.138. Solid
lines are the experimental results, dotted lines are the fit
to theory. Scaling of the current axis is roughly in units
of 6/eRO, but selected in each case so as to prevent
crowding of the curves. Where the experimental and
theoretical curves overlap, only the experimental result is
shown.

a best-fit Z,~f value within +0.025.
We have also observed the separate (i.e., multipli-

cative) contributions to the normal-state resistance
of the geometric resistance (Ro) and of the barrier
(1+Z,ff). By gently adjusting the point pressure
while keeping the point fixed in one spot along the

I
( ARB.
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I
(+A)

600

cIV
dI
{a,)

4ooj-

200

= +NbO Nb(O)

eV

~Nb
eV

2DNb

FIG. 5. Anomalous I-V curve, showing the small-gap
structure attributed to a superconducting NbO oxide
layer.

FIG. 7. Comparison of the theoretical and experimen-
tal curves of dV/dI and I vs V for the case Z,ff=0.65.
This quality of fit is routinely observed.
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IV. EXPERIMENTAL RESULTS

Point contacts exhibit a seemingly endless variety
of I Vc-urve shapes. Thus, it appears to be difficult
to codify this complexity into variations on a few
simple themes, although many schemes have been
proposed. ' However, if much of this variation is
due to changes in Z,ff, then some simplicity in or-
ganization may be possible. We have found that in
a typical experimental run, the I-V curves progress
through three distinct regions with qualitatively dif-
ferent shapes. We argue below that these regions are
distinguished by the length scale s, over which the
electric field exists, compared to the oxide thickness
t, hole size a, or the mean free path lNb. This length
scale s is inferred from our knowledge of the oxide
characteristics and of the conduction processes in
small constrictions. The regions may also be experi-
mentally delineated via the normal-state resistance,
into region I (R & 100 Q}, region II (1
Q &R &100 Q), and region III (R &1 Q} (see Fig.
4).

A. Region I: [s & t,R & 100 0]
After making the initial contact, the resistance is

generally found to be above 100 Q. The I-V curves
are observed to be linear, showing no gap structure
whatsoever. This unexpected behavior suggests that
we are dealing with an N-N microconstriction rather
than an 1V-S one. We are thus led to try to under-
stand the conditions under which the superconduc-

tivity of the niobium can be kept from playing a role
in the I-V curve.
The model we suggest is the following: Imagine

that some dirty normal metal coats the surface of
the Nb so that the Cu-Nb contact can be thought of
as a Cu—oxide barrier —normal metal —Nb
sandwich. In this case, the electric field will be cen-
tered in the resistive interfacial oxide and contained
entirely between the normal-metal conductors. The
dirty normal layer will assure enough scattering to
decouple the electrons in the region over which the
voltage drop appears, from the proximity effect of
the superconducting Nb electrode. Consequently,
the I-V curve will be structureless and linear.
We suggest that this model is appropriate to our

region-I contacts because, as explained in the section
above, the first 20 A of niobium oxide is a semicon-
ductor with a large density of interface states. This
material should to a good approximation act as a
dirty normal layer [see Fig. 4(a}]. Providing the
electric field remains in the normal region (i.e.,
s &t), we expect a linear I Vcurve. -This latter re-
quirement can be met if the contact area has a ra-
dius less than 10 A (as is often true in region II
below), or if the oxide barrier is high. In either case,
the electric field will be constrained to be within the
oxide. Most likely, both possibilities combine to
produce the observed curves. However, the oxide
layers are easily removed by the mechanical move-
ment of the point. Eventually, with repeated mak-
ing and breaking of contact, these high-resistance I-

REGION I REGION 2l REGION 227

Cu Metal xide Nb Metal Cu Me Nb Metal Cu Metal, & Nb Metal

Oxide Barrier—Electric Field

I
—s,a—i

~Nb
&Cu

a I

~Nb

(b) (c)
FIG. 4. Inferred contact geometnes and electnc field distnbution. (a) region I. The electnc field is contained entirely

within the thick, normal metallic oxide layer, leading to a purely linear I-V curve. (b) region II. The electric field
penetrates into each bank a distance -a, the hole radius. The mean free path in either bank is greater than a, i.e., within
the Sharvin limit. Most I-V curves can be fit with a Zdf parameter. (c) region III. INb ~a. The electric field penetrates a
distance greater than I into the Nb, and the current flow is diffusive. I-V curve shows clear evidence of heating.
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generate magnetic fields and coronal x-ray
emission. A rotation-induced dynamo is needed
(6). The star VB 8 with spectral type M7 is the
star with the latest spectral type that shows
quiescent x-ray emission, namely, log (Lx/Lbol)
! "2.8 (where Lx is the x-ray luminosity and
Lbol is the bolometric luminosity) (19). Also,
the M8 star VB 10 was detected at log (Lx/Lbol)
! "3, but only during a flare. The quiescent
upper limit is log (Lx/Lbol) ! "4.5 before and
after the flare (20). In addition, the M6 to M7 T
Tauri star V410 x-ray 3 was also detected as an
x-ray source (21). With a mass of 0.08 to 0.15
MJ, an age of 106 years, and log (Lx/Lbol) !
"2.8 (22), it is similar to Cha H# 1, but slightly
more massive. The object 1623-2426, a young
BD in $ Oph (5), was not detected in the 33-ks
PSPC pointed observation 200045, newly re-
duced by us (23), with the upper limit being log
(Lx/Lbol) ! "3.26, above the value measured
for Cha H# 1.

With an optical magnitude in the V band of
21 magnitudes (7), Cha H# 1 is the optically
faintest low-mass object we observed. Yet, it is
the x-ray brightest object, and the x-ray to
bolometric luminosity relation cannot explain
why only Cha H# 1 is detected in x-rays. It is
possible that Cha H# 1 rotates fast to support a
strong dynamo. The spectral resolutions of our
observations are too low to determine the rota-
tional velocity. Because $ Oph 1623-2426 has a
mass similar to Cha H# 1 and is 3 to 10 times
older, but it is not detected as an x-ray source,
only the combination of a young age (! 3 %
106 years) and fast rotation (" 20 km/s) may
allow us to detect x-ray emission from a BD
(24). Alternative models for BD x-ray emission
appear less likely: (i) Flare activity without (or
with faint) quiescent emission, for example, due
to magnetic field reconnections, as in the late-
type star VB 10 (20), is not supported by our
observations, because we find no evidence for
variability in the x-ray emission. (ii) If Cha H#
1 were a close binary with magnetic field con-
figurations similar to those in x-ray bright, in-
teracting low-mass binaries, it should be bright-
er in the optical than observed (7). (iii) The
x-ray emission cannot be linked with any cir-
cumstellar material, because we do not see any
NIR excess (7). Hence, coronal activity appears
to be the most plausible explanation for the
x-ray emission that is consistent with all the
other observational data.

The x-ray detection of Cha H# 1 sug-
gests that a young BD can support a mag-
netic corona. Therefore, it may be possible
to find more young BDs in star-forming
regions as counterparts to faint x-ray sourc-
es in x-ray observations with long exposure
times. Establishing the BD x-ray luminos-
ity function and estimating the integrated
x-ray emission are important for assessing
the BD contribution to the diffuse galactic
x-ray emission and the baryonic dark mat-
ter in the galactic halo.
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Measuring the Spin Polarization
of a Metal with a

Superconducting Point Contact
R. J. Soulen Jr., J. M. Byers,* M. S. Osofsky, B. Nadgorny,

T. Ambrose, S. F. Cheng, P. R. Broussard, C. T. Tanaka, J. Nowak,
J. S. Moodera, A. Barry, J. M. D. Coey

A superconducting point contact is used to determine the spin polarization at the
Fermi energy of several metals. Because the process of supercurrent conversion at
a superconductor-metal interface (Andreev reflection) is limited by the minority
spin population near the Fermi surface, the differential conductance of the point
contact can reveal the spin polarization of the metal. This technique has been
applied to a variety of metals where the spin polarization ranges from 35 to 90
percent: Ni0.8Fe0.2, Ni, Co, Fe, NiMnSb, La0.7Sr0.3MnO3, and CrO2.

A new class of electronics is emerging
based on the ability of ferromagnetic met-
als to conduct spin-polarized currents (1).
The effectiveness of magnetoelectronics
depends on the extent to which a current is
spin-polarized. All device designs improve
their performance as the spin polarization P
3 100%. For both scientific and techno-
logical reasons it is important to be able to
directly and easily measure the electronic
spin polarization at the Fermi energy, EF,
of a candidate material.

Unfortunately, determining P at EF of a

ferromagnet (FM) is not easy. A typical
transition-metal FM has two components to
its electronic structure: narrow d bands that
may be fully or partially spin-polarized
(due to the on-site exchange energy) and
broad s bands with a lesser degree of spin
polarization (due to hybridization with the
d bands). The quantity P can be defined as

P #
N1'EF) " N2(EF)
N1(EF) ( N2(EF)

(1)

where N& (E) is the spin-dependent density of
states. The value of P is controlled by the
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extent to which these s and d bands cross the
Fermi surface. If the orbital character at the
Fermi surface of a FM is primarily d-like,
then P will be high. If, however, the orbital
character is s-like or s-d–hybridized, then P
can be low or high depending on the details
of the electronic structure. The magnetization
of a material may show that all of the elec-
tronic spins associated with the d orbitals are
aligned but that P at EF can be depressed (2).
However, metallic oxide FMs, for example,
have a greater opportunity for high values of
P because of the predominance of d-orbital
character at EF.

Measuring P requires a spectroscopic
technique that can discriminate between the
spin-up and spin-down electrons near EF.
Spin-polarized photoemission spectroscopy
is technically capable of providing the most
direct measurement of P, but lacks the nec-
essary energy resolution (!1 meV) (3). An
effective alternative to photoemission is the
use of spin-polarized tunneling in a planar
junction geometry that does allow the elec-
tronic spectrum near EF to be probed with
submillielectron volt energy resolution. Ted-
row and Meservey (4) pioneered this tech-
nique by making FM-superconductor (SC)
tunnel junctions and Zeeman splitting the
SC’s strongly peaked single-particle excita-
tion spectrum by the application of a magnet-
ic field. The resulting spectrum of the SC
roughly corresponds to two fully spin-polar-
ized peaks (neglecting spin-orbit coupling ef-
fects) that can be used to detect P of a current
I from the FM film. The tunnel junction
technique has been successfully used to find
P for a number of magnetic metals. The
drawback of the technique is the constraint of
fabricating a layered device consisting of a
thin-film FM on top of a uniform oxide layer
10 to 20 Å thick that is formed on top of the
SC base. The need for a uniform oxide layer
is a severe limitation of the technique because
many interesting materials cannot be made
within this stringent constraint.

Accordingly, we have developed an ap-
proach to measuring P of a metal that re-
quires no magnetic field and places no special
constraints on a sample; thin films, single
crystals, and foils of several metals have been
successfully measured. In contrast to the tun-
nel junctions used by Tedrow and Meservey,

we form a metallic point contact between the
sample and a superconductor using a simple
mechanical adjustment. Unlike a tunnel junc-
tion, a metallic contact allows coherent two-
particle transfer at the interface between the
normal metal and the SC. The electronic
transport properties at the point contact mea-
sures the conversion between superconduct-
ing pairs and the single-particle charge carri-
ers of the metal.

The conversion of normal current to su-
percurrent at a metallic interface is called
Andreev reflection (5) and is a well-known
phenomenon in superconductivity. To under-
stand this process, consider Fig. 1A showing
an electron in a metal with P " 0 propagating
toward the interface. For the electron to enter
the superconducting condensate and proceed
as part of the supercurrent, it must be a
member of a pair. The other electron required
for the formation of the pair is obtained from
the metal, thus leaving behind a hole at the
interface. This hole has the opposite momen-
tum of the incident electron and propagates
away from the interface. The Andreev reflect-
ed holes act as a parallel conduction channel
to the initial electron current, doubling the
normal-state conductance Gn (where G "
dI/dV and V is the voltage) of the point
contact for applied voltages eV # $, where $
is the superconducting gap at the interface. In
an I-V measurement, the supercurrent conver-
sion appears as an excess current added to the
ohmic response at the interface. We illustrate
the effect experimentally in Fig. 1B for a
superconducting niobium (Nb) point pressed

into a Cu foil at a temperature of 1.6 K. At
low voltage the normalized conductance is
indeed twice that of the normal state, and an
excess current of !0.2 mA is present.

The probes for this study were fabricated
by mechanically polishing SC rods of super-
conducting material [Nb and tantalum (Ta)]
to a sharp point with progressively finer sand-
paper. Examination of the sharpened points
with a scanning electron microscope indicat-
ed that all were roughly cone shaped and
tapered to a rounded end with an approximate
radius of 100 %m. However, the extreme
portion of the tips was studded with several
protrusions that were 1 %m or smaller and
likely formed the actual point contact. Posi-
tioning and adjustment of the point contact
was achieved by simple mechanical means.
The tip was attached to a drive shaft vertical-
ly positioned above the sample material. The
shaft was driven by a micrometer mechanism
capable of moving the point linearly by 100
%m per revolution. All of the transport mea-
surements were made with a conventional
four-terminal arrangement while the point
contact and sample were immersed in a liquid
He bath at either 4.2 or 1.6 K. The dI/dV data
in this study were obtained by standard ac
lock-in techniques at a frequency of 2 kHz.

To understand the effect of P on the An-
dreev reflection process, consider Fig. 1A
again. Because a superconducting pair is
composed of a spin-up and spin-down elec-
tron, an incident spin-up electron in the metal
requires a spin-down electron to be removed
from the metal as well for conversion to
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Fig. 1. Supercurrent conversion at the superconductor-metal interface for spin polarizations of P "
0 and P3 100%. (A) Schematic of the process for P" 0 when the Andreev reflection is unhindered
by a spin minority population at EF. The solid circles denote electrons and open circles denote holes.
(B) Experimental measurement of the I-V and differential conductance dI/dV at T " 1.6 K via a
superconducting Nb point contact on Cu. The vertical lines denote the bulk gap of Nb: $(T " 0)
" 1.5 meV. The dashed line is the normal state I-V for a conductance of Gn " 0.194 ohm&1.
(C) Schematic of process for P3 100% when there is no supercurrent conversion at the interface.
(D) Experimental I-V and dI/dV at T " 1.6 K via the Nb point contact on CrO2. The dashed line is
the normal state I-V for a conductance of Gn " 0.417 ohm&1.
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supercurrent. The removal of the spin-down
electron leaves a spin-up hole that is Andreev
reflected back into the metal. Note that the
spin-up hole is the absence of a spin-down
electron and so by convention is in the spin-
down density of states (DOS) as shown in
Fig. 1A. Tracking the spin during Andreev
reflection shows that the process is a coherent
interspin-subband transfer that is sensitive to
the relative electronic spin DOS or P at EF. If
P ! 0, then the Andreev reflection is unhin-
dered by a lack of spin minority carriers for
the formation of pairs to enter a supercurrent.
However, if P ! 100% near EF, as depicted
in Fig. 1C, then there are no spin-down states
in the metal to provide the other member of
the superconducting pair for Andreev reflec-
tion. Supercurrent conversion via Andreev
reflection at the interface is effectively
blocked, allowing only single-particle excita-
tions to contribute to the conductance. These
single-particle states necessarily see the gap
in the energy spectrum of the SC, thus sup-
pressing the conductance G for eV " #.

In Fig. 1D a superconducting Nb point
contact is used on an epitaxial film of CrO2

deposited on an oriented TiO2 substrate (6).
Experimental (7) and theoretical (8) works
have suggested that CrO2 is a half-metallic
FM expected to have P ! 100% at EF. Our
results directly confirm this expectation be-
cause nearly all of the Andreev reflection has
been suppressed, implying almost full spin
polarization.

For the cases P ! 0 and P ! 100%, the
definition of P is not critical. However, for
intermediate spin polarizations more careful
consideration must be given to the nature of
the experiment. The spin polarization P as
written in Eq. 1 is nearly impossible to obtain
in a transport experiment, yet transport is
really the only means to obtain the needed
energy resolution. The results of Tedrow and
Meservey for P are more accurately de-
scribed as a tunneling polarization,

PT !
N1$EF)!T1!

2 % N2(EF)!T2!
2

N1(EF)!T1!
2 & N2(EF)!T2!

2 (2)

where T1 and T2 are spin-dependent tunneling
matrix elements. These matrix elements are
determined by wave function overlap at the
interface and should generally differ for the
spin-up and spin-down bands (9). For the point
contact measurements reported here (with neg-
ligible interfacial scattering) we measure a con-
tact polarization,

PC !
N1$EF)'F1 % N2(EF)'F2

N1(EF)'F1 & N2(EF)'F2
(3)

where vF( is the Fermi velocity of the respec-
tive band. The appearance of vF( in this
expression is expected for a point contact
(10) and leads to the observation

PC !
I1 % I2
I1 & I2

(4)

because I( ) vF(N((EF). These different but
related values for P will be distinguished
when necessary hereafter. The point contact
technique can measure P of currents charac-
teristic of ballistic transport in the bulk ma-
terial when interfacial scattering in the point
contact is minimal as achieved in this study.
From the standpoint of understanding spin-
polarized transport and magnetoelectronics in
nanostructures, determination of the PC is
more relevant than P of the density of states.

To understand the dI/dV curves in more
detail requires a model for Andreev reflection
in the presence of a spin-polarized metal. We
have developed such a theoretical framework
for analyzing the data and extracting PC by
adapting the Blonder-Tinkham-Klapwijk
(BTK) theory for conventional Andreev re-
flection (PC ! 0) (11) to the case for spin-
polarized materials (PC * 0). The BTK the-
ory allows the inclusion of interfacial scatter-
ing at the point contact through a parameter Z
governed by the ratio of a scattering potential
and the Fermi velocity. A ballistic point con-
tact with no scattering has Z ! 0, whereas a
tunnel junction corresponds to the limit Z3
+. As Z increases, Andreev reflection at low
voltages is suppressed and the characteristic
spikes of a tunnel junction develop at eV !
,#. Determining if Z is present is straight-

forward because the conductance peaks that
develop at the gap edges are sensitive to the
increase in Z at low temperatures T. This
study will focus on those point contact con-
figurations where Z is small. For our purpos-
es consider the decomposition of the current
through the point contact into

I ! I1 " I2 ! 2I2 " $I1 # I2-

! Iunpol " Ipol

where the unpolarized current, Iunpol, carries no
net P and obeys the conventional BTK theory.
The remaining current, Ipol, carries all of P and
as such is entirely a quasiparticle current (be-
cause supercurrent can carry no net polariza-
tion). This current can be calculated by allow-
ing only non-Andreev processes at the point
contact. Within the BTK theory this procedure
amounts to setting the Andreev coefficient,
A(E), to zero and renormalizing all of the re-
maining processes to 1 for current conservation.
PC can be extracted from the dI/dV curves by
noting that

d
dV

I$V,T; PC, Z) !

(1% PC)
d

dV
Iunpol(V, T; Z)

" PC

d
dV

Ipol(V, T; Z) (5)

If the interfacial scattering is minimal (Z .
0), then for eV "" # and kBT "" # (where kB

is Boltzmann’s constant) the term

1
Gn

d
dV

Iunpol ! 2 and
d

dV
Ipol ! 0

to yield

1
Gn

dI
dV

$eV 3 0,T 3 0; PC, Z ! 0)

! 2$1 # PC) (6)

a result anticipated by de Jong and Beenakker
(12) in this extreme limit. Under these restric-
tions, obtaining PC is straightforward from

0 . 0

0 . 5

1 . 0

1 . 5

2 . 0

- 4 - 2 0 2 4

Cu

NiFe

C o

NiMnSb
LSMO
CrO2

G
(V

)/
G

n

V (mV)

Fig. 2. The differential con-
ductance for several spin-
polarized metals showing
the suppression of Andreev
reflection with increasing
PC. The vertical lines de-
note the bulk gap of Nb:
#(T ! 0) ! 1.5 meV.

Fig. 3. The differential conductance for a Fe-Ta
configuration where Fe is the sample and Ta
the point and vice versa. The spin polarization
for the Fe (PC ! 43%) is nearly the same in
either configuration. Note that #(T ! 0) ! 0.7
meV for Ta.
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Conduction Channel Transmissions of Atomic-Size Aluminum Contacts

E. Scheer, P. Joyez, D. Esteve, C. Urbina,* and M.H. Devoret
Service de Physique de l’Etat Condensé, Commissariat à l’Energie Atomique, Saclay, F-91191 Gif-sur-Yvette Cedex, France

(Received 4 February 1997)
We have determined the individual transmission coefficients of Al quantum point contacts containing

up to six conduction channels. The determination is based on a comparison of the highly nonlinear
current-voltage characteristics in the superconducting state with the predictions of the theory for a single
channel superconducting contact. We find that at least two channels contribute to the transport even
for contacts with conductance lower than the conductance quantum. [S0031-9007(97)03088-3]

PACS numbers: 73.40.Jn, 74.50.+r, 73.20.Dx

In mesoscopic structures electrical transport takes place
through independent “conduction channels” which are
characterized by a transmission coefficient ti and whose
contribution to the total conductance G is G0ti , where
G0 ≠ 2e2⇤h is the conductance quantum [1]. An atomic-
size constriction between two metallic electrodes can ac-
commodate only a small number of such channels. The
contact is thus fully described by a set ⌅ti⇧ ≠ ⌅t1, t2, . . .⇧,
which depends both on the chemical properties of the
atoms forming the contact and on their geometrical ar-
rangement [2–4]. Experimentally, contacts consisting of
even a single atom have been obtained using both scanning
tunnel microscope and break-junction techniques [5,6].
The total transmission T ≠

PN
i≠1 ti of the contacts is

deduced from their measured conductance G using the
Landauer formula G ≠ G0T . Experiments on a large en-
semble of metallic contacts have demonstrated the statisti-
cal tendency of atomic-size contacts to have a conductance
G close to integer multiples of G0 [7–9]. Does this mean
that each channel of the set is either fully open �ti ≠ 1⇥ or
completely closed �ti ≠ 0⇥, i.e., that there is an underly-
ing “transmission quantization”? This question cannot be
answered solely by conductance measurements which pro-
vide no information whatsoever on the individual channels.
We show in this Letter that the full set ⌅ti⇧ is amenable to
measurement in the case of superconducting materials.
Several authors [10–12] have calculated the current-

voltage characteristics i�V , t⇥ for a single channel super-
conducting contact with arbitrary transmission t. The
upper left inset of Fig. 1 shows their numerical results
[13]. A precise determination of the channel content of
any superconducting contact is thus possible if one as-
sumes that the total current I�V ⇥ results from the contri-
butions of N independent channels,

I�V ⇥ ≠
NX

i≠1
i�V , ti⇥ .

The i�V , t⇥ curves present a series of sharp current steps
at voltage values V ≠ 2D⇤ne, where n is a positive inte-
ger and D is the superconducting gap. The well-known
process of single quasiparticle transport corresponds to
n ≠ 1. The common phenomenon behind the other steps
is multiple Andreev reflection (MAR) of quasiparticles

between the two superconducting banks [14]. The order
n ≠ 2, 3, . . . , of a step corresponds to the number of elec-
tronic charges transferred in the underlying MAR process.
As the transmission of the channel rises from 0 to 1,
the higher order processes grow stronger and the subgap
current increases progressively. This so-called “subhar-
monic gap structure” has already been observed in super-
conducting weak links and tunnel junctions with a very
large number of channels [15,16]. Measurements [17]
of the current-voltage characteristic (IV ) of Nb and Pb
single channel tunnel junctions with an adjustable trans-
mission t1 have shown that the height of the successive
current steps is proportional to increasing powers of t1, in

FIG. 1. Measured current-voltage characteristics (symbols) of
four different configurations of sample #1 at 30 mK and
best numerical fits (lines). The individual channel transmis-
sions and total transmission T obtained from the fits are
(a) t1 ≠ 0.997, t2 ≠ 0.46, t3 ≠ 0.29, T ≠ 1.747; (b) t1 ≠
0.74, t2 ≠ 0.11, T ≠ 0.85; (c) t1 ≠ 0.46, t2 ≠ 0.35, t3 ≠
0.07, T ≠ 0.88; and (d) T ≠ t1 ≠ 0.025. Voltage and cur-
rent are in reduced units. The measured superconducting gap
was D⇤e ≠ 182.5 6 2.0 mV. Left inset: Theoretical IVs for
a single channel superconducting contact for different values of
its transmission coefficient t (from bottom to top: 0.1, 0.4, 0.7,
0.9, 0.99, 1) after [12]. Right inset: Typical total transmission
traces measured at V $ 5 D⇤e, while opening the contact at
around 6 pm⇤s, for samples #1 and #2. The bar indicates the
distance scale.
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On the experimental side, many interesting effects had indeed been observed before

the beginning of this thesis work. However, most of the experiments had not achieved a

quantitative comparison with the theoretical predictions because the mesoscopic codes of the

structures were unknown, but for the already mentioned quantum point contact experiment

[5], and for diffusive conductors with many channels, whose statistical distribution of channel

transmissions is known theoretically [7].

Atomic contacts as quantum coherent conductors

Among the various systems investigated, atomic-size contacts played an important

role. These contacts were first obtained in the group of Jan van Ruitenbeek at Leiden using

the break-junction technique [8]. Since all their characteristic dimensions are of the order of

the Fermi wavelength, atomic contacts are perfect quantum conductors, even at room tem-

perature, and accommodate only a small number of channels. The discovery that their

mesoscopic code could be accurately decoded [9] paved a way to a new generation of quan-

tum transport experiments, in which the measured transport quantities could be compared to

the theoretical predictions without any adjustable parameters.

Figure 2 : Scanning electron microscope picture of an aluminum nanofabricated bridge and schematic
drawing of the mechanically controllable break junction set-up. The pushing rod controls the bending of
the substrate.
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We have determined the individual transmission coefficients of Al quantum point contacts containing

up to six conduction channels. The determination is based on a comparison of the highly nonlinear
current-voltage characteristics in the superconducting state with the predictions of the theory for a single
channel superconducting contact. We find that at least two channels contribute to the transport even
for contacts with conductance lower than the conductance quantum. [S0031-9007(97)03088-3]
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In mesoscopic structures electrical transport takes place
through independent “conduction channels” which are
characterized by a transmission coefficient ti and whose
contribution to the total conductance G is G0ti , where
G0 ≠ 2e2⇤h is the conductance quantum [1]. An atomic-
size constriction between two metallic electrodes can ac-
commodate only a small number of such channels. The
contact is thus fully described by a set ⌅ti⇧ ≠ ⌅t1, t2, . . .⇧,
which depends both on the chemical properties of the
atoms forming the contact and on their geometrical ar-
rangement [2–4]. Experimentally, contacts consisting of
even a single atom have been obtained using both scanning
tunnel microscope and break-junction techniques [5,6].
The total transmission T ≠

PN
i≠1 ti of the contacts is

deduced from their measured conductance G using the
Landauer formula G ≠ G0T . Experiments on a large en-
semble of metallic contacts have demonstrated the statisti-
cal tendency of atomic-size contacts to have a conductance
G close to integer multiples of G0 [7–9]. Does this mean
that each channel of the set is either fully open �ti ≠ 1⇥ or
completely closed �ti ≠ 0⇥, i.e., that there is an underly-
ing “transmission quantization”? This question cannot be
answered solely by conductance measurements which pro-
vide no information whatsoever on the individual channels.
We show in this Letter that the full set ⌅ti⇧ is amenable to
measurement in the case of superconducting materials.
Several authors [10–12] have calculated the current-

voltage characteristics i�V , t⇥ for a single channel super-
conducting contact with arbitrary transmission t. The
upper left inset of Fig. 1 shows their numerical results
[13]. A precise determination of the channel content of
any superconducting contact is thus possible if one as-
sumes that the total current I�V ⇥ results from the contri-
butions of N independent channels,

I�V ⇥ ≠
NX

i≠1
i�V , ti⇥ .

The i�V , t⇥ curves present a series of sharp current steps
at voltage values V ≠ 2D⇤ne, where n is a positive inte-
ger and D is the superconducting gap. The well-known
process of single quasiparticle transport corresponds to
n ≠ 1. The common phenomenon behind the other steps
is multiple Andreev reflection (MAR) of quasiparticles

between the two superconducting banks [14]. The order
n ≠ 2, 3, . . . , of a step corresponds to the number of elec-
tronic charges transferred in the underlying MAR process.
As the transmission of the channel rises from 0 to 1,
the higher order processes grow stronger and the subgap
current increases progressively. This so-called “subhar-
monic gap structure” has already been observed in super-
conducting weak links and tunnel junctions with a very
large number of channels [15,16]. Measurements [17]
of the current-voltage characteristic (IV ) of Nb and Pb
single channel tunnel junctions with an adjustable trans-
mission t1 have shown that the height of the successive
current steps is proportional to increasing powers of t1, in

FIG. 1. Measured current-voltage characteristics (symbols) of
four different configurations of sample #1 at 30 mK and
best numerical fits (lines). The individual channel transmis-
sions and total transmission T obtained from the fits are
(a) t1 ≠ 0.997, t2 ≠ 0.46, t3 ≠ 0.29, T ≠ 1.747; (b) t1 ≠
0.74, t2 ≠ 0.11, T ≠ 0.85; (c) t1 ≠ 0.46, t2 ≠ 0.35, t3 ≠
0.07, T ≠ 0.88; and (d) T ≠ t1 ≠ 0.025. Voltage and cur-
rent are in reduced units. The measured superconducting gap
was D⇤e ≠ 182.5 6 2.0 mV. Left inset: Theoretical IVs for
a single channel superconducting contact for different values of
its transmission coefficient t (from bottom to top: 0.1, 0.4, 0.7,
0.9, 0.99, 1) after [12]. Right inset: Typical total transmission
traces measured at V $ 5 D⇤e, while opening the contact at
around 6 pm⇤s, for samples #1 and #2. The bar indicates the
distance scale.
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