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If a potential difference is applied to two
metals separated by a thin insulating film, a
current will flow because of the ability of elec-
trons to penetrate a potential barrier. The fact
that for low fields the tunneling current is pro-
portional to the applied voltage' suggested that
low-voltage tunneling exper iments could reveal
something of the electronic structure of super-
conductors.
Aluminum/aluminum oxide/lead sandwiches

were prepared by vapor-depositing aluminum on
glass slides in vacuum, oxidizing the aluminum
in air for a few minutes at room temperature,
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and then vapor-depositing lead over the aluminum
oxide. The oxide layer separating aluminum and
lead is thought to be about 15-20A thick.
At liquid helium temperature, in the presence

of a magnetic field applied parallel to the film
and sufficiently strong to keep the lead in the
normal state, the tunnel current is linear in the
voltage. However, when the magnetic field is
removed, and lead becomes superconducting, the
tunnel current is very much reduced at low volt-
ages as shown in Fig. 1. There is no influence
of polarity, identical results being obtained with
both directions of current flow.
The slope dI/dV of the curve in Fig. 1 where

H = 0, T = 1.6'K, divided by dI/d V for nor mal
lead, is plotted in Fig. 2. On the naive picture
that tunneling is proportional to density of states, '
this curve expresses the density of states in
superconducting lead relative to the density of
states when lead is in its normal state, as a
function of energy measured from the Fermi
energy. It seems clear that the density of states
at the Fermi level is drastically changed when a
metal becomes a superconductor, the change
being symmetric with respect to the Fermi level.
The curve resembles the Bardeen-Cooper-
Schrieffer' density of states for quasi-particle
excitations. There is a broadening of the peak
that decreases with decreasing temperature.
An approximate measure of half the energy gap
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FIG. 1. Tunnel current between Al and Pb through
A1203 film as a function of voltage. (1) T=4.2 K and
1.6'K, H=2. 7 koe (Pb normal). (2) T=4.2'K, H=0. 8
koe. (3) T=1.6'K, H=0. 8 koe. (4) T=4.2'K, H=O
(Pb superconducting). (5) T = 1.6 K, H = 0 (Pb super-
conducting) .
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FIG. 2. From Fig. 1, slope dI/dV of curve 5 rela-
tive to slope of curve 1.
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Electronic microrefrigerator based on a normal-insulator-superconductor
tunnel junction

M. Nahum,a) T. M. Eiles,b) and John M. Martinis
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⇤Received 25 July 1994; accepted for publication 10 October 1994⌃

We present measurements on a novel electronic microrefrigerator that can cool conduction electrons
significantly below the lattice temperature. A normal-insulator-superconductor tunnel junction is
used to extract electrons from the normal metal electrode whose energy is higher than the Fermi
energy. Electrons with an average energy equal to the Fermi energy are returned to the metal by a
superconducting contact. Consequently, the high-energy thermal excitations are removed from the
normal metal, thus cooling the electrons. For lattice temperatures higher than 100 mK the data can
be explained by a simple theory incorporating the BCS density of states in the superconducting
electrode and the coupling between electrons and phonons. At lower temperatures our measurement
suggests that the electron energies in the normal electrode depart strongly from an equilibrium
distribution. © 1994 American Institute of Physics.

At low temperatures the conduction electrons in metals
become thermally decoupled from the lattice as the number
of phonons decreases. Consequently, the electrons can as-
sume an equilibrium energy distribution with a different tem-
perature from that of the lattice. To date, most experiments
have probed hot-electron effects, where the electrons are
heated above the lattice by passing a current through a resis-
tive metal film.1–3 In this letter we demonstrate how the
unique thermal transport properties of a normal-insulator-
superconductor ⇤NIS⌃ tunnel junction can be used to manipu-
late the Fermi–Dirac distribution of electrons in the normal
electrode in order to cool them well below the lattice.4 We
find that, for lattice temperatures higher than 100 mK, the
measured electron temperature is predicted by a simple
theory incorporating the BCS density of states in the super-
conducting electrode and the coupling between electrons and
phonons. However, at lower temperatures, our measurement
suggests that the electron energies in the normal electrode
depart strongly from an equilibrium distribution.

A related device, utilizing a double junction configura-
tion ⇤SINIS⌃, was previously used to enhance the critical
temperature of a thin aluminum film forming the normal
electrode.5 Our electron-refrigerator differs from the SINIS
device in several important aspects. First, the structure of the
electron refrigerator ⇤SNIS⌃ is simpler and enables an inde-
pendent and direct measurement of the electron temperature
in the normal electrode. The SINIS experiments could not
measure the temperature directly and thus relied upon a theo-
retical fit to explain the data. Furthermore, in contrast to
previous work, we explain the data by considering both the
thermal transport properties of the tunnel junction and the
transfer of energy to the lattice phonons.

The NIS refrigerator is shown schematically in Fig. 1⇤a⌃.
It consists of a normal metal strip which is connected to a
superconducting contact. The metal strip also forms the nor-

mal electrode for two NIS tunnel junctions, one of which is
the electron refrigerator and the other is a sensitive electron
thermometer.3 The refrigerator junction is electrically biased
so that only electrons whose energy E is larger than the
Fermi energy EF are removed from the metal strip, as shown
in Fig. 1⇤b⌃. Electrons with an average energy equal to the
Fermi energy are returned to the strip through the supercon-
ducting contact. The net result of this manipulation is to
remove the high-energy thermal excitations from the electron
population, thus cooling the electrons. As discussed below,
the thermometer junction is biased so that it does not affect
the electron temperature in the normal electrode but still has
sufficient sensitivity to measure the electron temperature.

In order to understand the operating principles of the
refrigerator we first review its main components. The NIS
junction is used here both as a thermometer and a refrigerator
for the electrons. The current–voltage ⇤I–V⌃ characteristic of
the junction depends only on the temperature T of electrons
in the normal metal electrode and is independent of the tem-
perature of the superconducting electrode.6 For our experi-
mental parameters there are very few thermal excitations in
the superconducting electrode since its energy gap  is much
larger than the thermal energy of excitations. Consequently,
the dominant contribution to the current is by electron tun-
neling from the normal to the superconducting electrode, as
shown in Fig. 1⇤b⌃. For eV⇥0 the current is given by6

I⇧ 1
eRN

�
 

� 1
exp ⌥⇤E�eV ⌃/kBT⇥⇤1

E
AE2� 2

dE . ⇤1⌃

Here RN is the normal state resistance of the junction.7 When
⇤ �eV⌃⇥kBT , then I�I0 exp⌥�⇤ �eV)/kBT⇥, where
I0⇧(2eRN)�1(2⇧ kBT⌃1/2. If the junction is biased at a
constant current then the temperature responsivity
dV/dT��(kB/e⌃ln⇤I0/I⌃. For typical values of bias current
we calculate dV/dT⇧�0.4 ⌅V/mK.

The thermal transport properties of the NIS junction can
be understood by considering the energy transferred by tun-
neling. When eV⌅ only electrons with energy E⇥EF can
tunnel from the normal electrode. This process removes the

a⌃Present address: Department of Physics, Harvard University, Cambridge,
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high-energy thermal excitations from the normal electrode
thus cooling the electrons. When eV. electrons with
E,EF are also allowed to tunnel and subsequently deposit
energy into the normal electrode. The calculation of the
power transfer PN from the normal electrode is similar to
that of the tunneling current in Eq. ⌅1⌃, except that here the
energy ⌅E2eV⌃ transferred by each electron is taken into
account:8

PN5
1

e2RN
E
 

⇥

⌅E2eV ⌃

3
1

exp ⌥⌅E2eV ⌃/kBT⇤11
E

AE22 2
dE . ⌅2⌃

The maximum cooling power Pmax�2(kBT)2/(e2RN⌃ oc-
curs when eV5 . For eV,( 2kBT⌃ the cooling power is
approximately ⌅eV2 )(I/e), whereas for eV.( 1kBT⌃, a
power (eV2 )(I/e) is dissipated in the normal electrode.
The cooling efficiency of the refrigerator is uPNu/IV�kBT/ 
for eV5 , and is typically less than 10%. The superconduct-
ing electrode dissipates a power PS5IV2PN in the form of
phonons produced by the recombination of quasiparticle ex-
citations to form Cooper pairs. In our configuration, where
the density of quasiparticles is small, this energy does not
leak back into the normal metal.

A second component of the electron refrigerator is the
normal-superconducting ⌅NS⌃ contact which, through the
process of Andreev reflection, allows electrical but not ther-
mal contact to be made with the normal electrode.9 When
current is passed through the NS interface, a Cooper pair in
the superconductor combines with a hole from the normal
metal and produces an electron which subsequently carries
the current in the applied field. The electron is injected into
the metal with an average energy equal to EF and hence does
not add energy to the normal electrode.

In addition to the cooling process discussed above it is
also necessary to consider those mechanisms which deposit
energy in the normal metal. In our configuration there are
two sources of energy input. The first is due to the thermal
coupling between electrons and the lattice, which occurs by
the absorption and emission of phonons. The power transfer
between the two systems is given by Pe2p5⌦U(Tp52T5),
where Tp is the lattice temperature, U is the volume of
the metal, and ⌦�2 nW K25 ⇧m23 is a material-dependent
parameter.2 A second source of energy input is due to the

power which is dissipated in the resistance of the normal
electrode by the refrigerator and thermometer currents. How-
ever, for our configuration this Joule heating contribution is
negligible. The electron temperature in the normal electrode
is thus predicted from the energy balance equation,
PN1Pe2p50.

The refrigerator was fabricated on a silicon substrate us-
ing conventional electron-beam lithography and triple-angle
evaporation.10 Two superconducting aluminum electrodes,
750 nm thick and 0.5 ⇧m wide, were electron-beam evapo-
rated and subsequently oxidized in 33 Pa ⌅250 mTorr⌃ of O2
for 5 min to form the tunnel barriers. The normal metal cop-
per electrode was subsequently evaporated into a 0.5-⇧m-
wide, 10-⇧m-long, and 80-nm-thick strip. The superconduct-
ing contact consisted of a 250-nm-thick 0.5-⇧m-wide lead
⌅Pb⌃ strip which was thermally evaporated in a separate
vacuum system. The normal state resistances of the ther-
mometer and refrigerator junctions were 8 and 10 k�, re-
spectively. From previous measurements we estimate the re-
sistance of the copper strip to be 10 �. The refrigerator can
also be fabricated using conventional photolithography or
shadow mask evaporation, provided that the device param-
eters ⌅U and RN⌃ are appropriately chosen.

The calibration of the electron thermometer is shown in
Fig. 2, where the temperature dependence of the voltage V th
across the thermometer junction, for bias currents of 0.24
and 0.43 nA, and when the electron refrigerator was not op-
erating is plotted. Since very little power is dissipated in the
normal metal strip, we make the assumption that the electron
temperature is equal to the temperature of the dilution refrig-
erator Tp . The squares are the measured data and the solid
curves are the calculated values from Eq. ⌅1⌃ using RN58
k� and  /e5190 ⇧V. The fit is good for temperatures above
100 mK, but does not agree with the measurements at lower
temperatures. From independent measurements we conclude
that a smeared energy gap, due to the overlap between the
normal metal electrode and the graded edges of the super-
conducting electrode, is the cause of the low temperature
discrepancy between the data and Eq. ⌅1⌃. The data for the
refrigerator junction, for which the overlap area was smaller,
showed good agreement to 65 mK. Furthermore, we have
found that the agreement with theory can extend down to 35
mK for tunnel junctions with no such overlap.

In Fig. 3⌅a⌃ we show the measured dependence of the
voltage V th across the thermometer junction versus the volt-

FIG. 1. ⌅a⌃ Schematic of the electron refrigerator. The thermometer and
refrigerator tunnel junctions, labeled T and R are depicted as black squares.
⌅b⌃ Energy level diagram for the refrigerator junction. The junction is biased
close to the superconducting gap  , so that only electrons whose energy is
higher than EF tunnel out of the normal electrode.

FIG. 2. Temperature dependence of the voltage V th across the thermometer
junction for bias currents of 0.24 and 0.43 nA. The squares are the measured
values and the solid lines are calculated using Eq. ⌅1⌃ and RN5180 k� and
 /e5190 ⇧V.
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age V ref across the refrigerator junction for lattice tempera-
tures Tp of 100, 150, and 200 mK. The electron temperature,
which was interpolated from Fig. 2 is indicated on the right
axis. For bias voltages much smaller than ⌃/e , the electron
temperature remains constant since very little current flows
through the refrigerator. When V ref approaches ⌃/e , V th in-
creases, indicating that the electron temperature has been re-
duced below that of the lattice. For higher voltages, the re-
frigerator junction dissipates energy in the normal electrode
and thus increases the electron temperature. For our refrig-
erator the cooling power at 100 mK is about 7 fW, which
gives a temperature drop of about 15 mK for the electrons.
The solid lines in Fig. 3⇥a⌅ are the theoretical predictions
using the measured parameters RN⇧10 k�, U⇧0.5 ⇤m3, and
fitted parameters ⌃/e⇧210 ⇤V and ⌥⇧4 nW K⇥5 ⇤m⇥3.

Though the theory is in excellent agreement with the
data for Tp⇤100 mK, there are deviations at lower tempera-
tures. In Fig. 3⇥b⌅ we expand the V th versus V ref data for
phonon temperatures of 40 and 100 mK. The dashed hori-
zontal line corresponds to the voltage V0 at which the
measured thermometer calibration in Fig. 2 linearly extrapo-
lates to 0 K. The thermometer voltage exceeds V0 for Tp⇧40
mK and V ref⇤157 ⇤V, indicating that the simple theory can
no longer explain the data. This observation may be ex-
plained by the fact that the concept of an electron tempera-
ture is no longer valid in this regime. The reason for this
is that energy is extracted from the electrons at a rate

 nis
⇥1⇧⇥dPmax/dT)C⇥1⇧105 s⇥1, where C is the heat capacity
of the strip, whereas the electron-electron relaxation rate is
 e-e

⇥1⇧5�106 T s⇥1 with T in units of Kelvin.11 Below about
20 mK,  nis⇥1⇤ e-e

⇥1 . Since the electron–electron interaction is
responsible for thermalizing electrons at these temperatures,
a nonequilibrium energy distribution is induced where the
electron population is significantly depleted above EF . Thus,
in order to maintain a constant current through the thermom-
eter junction, V th has to increase above V0 . This observation
suggests that the NIS tunnel junction might be a useful tool
for creating and probing nonequilibrium distributions in nor-
mal metals.5

In conclusion, we have demonstrated that the unique
thermal transport properties of the NIS junction can be ex-
ploited to manipulate the Fermi–Dirac distribution in the
normal electrode and to significantly cool the electrons be-
low the lattice temperature. At the lowest temperatures we
find that the electron energies depart strongly from an equi-
librium distribution. This novel refrigeration technology may
also be used to cool both electrons and phonons in a ther-
mally isolated substrate, such as a thin low-thermal-
conductivity membrane. This type of refrigerator would be
useful for cooling devices which dissipate very low power,
such as x-ray or infrared detectors. We calculate that it
should be possible to cool a membrane to below 100 mK
from a temperature of 300 mK within 0.1 s,12 thus providing
an alternative to more complex dilution or adiabatic demag-
netization refrigerators in certain applications.

This work was supported in part by the Office of Naval
Research under Contract No. N00014-94-F-0087.
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FIG. 3. ⇥a⌅ Dependence of the thermometer voltage V th on the voltage V ref
across the refrigerator junction for lattice temperatures of 100, 150, and 200
mK, and for a bias of 0.24 nA through the refrigerator junction. The squares
are the measured values and the solid lines are the theoretical predictions
using the measured parameters RN⇧10 k�, U⇧0.5 ⇤m3, and fitted param-
eters ⌃/e⇧210 ⇤V and ⌥⇧4 nW K⇥5 ⇤m⇥3. The increase in the thermom-
eter voltage for V ref⇧180 ⇤V indicates that the electrons are cooled below
the lattice. The electron temperature, which was interpolated from Fig. 2, is
indicated on the right axis. ⇥b⌅ Dependence of the thermometer voltage on
the voltage across the refrigerator junction for lattice temperatures of 40 and
100 mK. The dashed horizontal line is the voltage at which the temperature
extrapolates to 0 K.
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We report on nonlocal transport in multiterminal superconductor-ferromagnet structures, which were

fabricated by means of e-beam lithography and shadow evaporation techniques. In the presence of a

significant Zeeman splitting of the quasiparticle states, we find signatures of spin transport over distances

of several!m, exceeding other length scales such as the coherence length, the normal-state spin-diffusion

length, and the charge-imbalance length. The relaxation length of the spin signal shows a nearly linear

increase with magnetic field, hinting at a freeze-out of relaxation by the Zeeman splitting. We propose that

the relaxation length is given by the recombination length of the quasiparticles rather than a renormalized

spin-diffusion length.

DOI: 10.1103/PhysRevLett.109.207001 PACS numbers: 74.25.F!, 74.40.Gh, 74.78.Na

The creation and manipulation of spin-polarized currents
form the basis of spintronics applications [1]. One key
ingredient is the ability to transport spin currents over meso-
scopic length scales, which are usually limited by spin-flip
or spin-orbit scattering processes. Superconductors are par-
ticularly interesting for spin injection experiments due to the
possibility to create almost 100% spin polarization [2],
enhanced spin relaxation times [3], and the separation of
spin and charge degrees of freedom [4]. Only a few experi-
ments on spin injection into superconductors have been
reported so far (see Ref. [5–7] and references therein).
Both anomalously short [7] and anomalously long [6]
relaxation times as compared to the normal state have
been reported. Here, we report on investigations of spin
transport in superconductors in the regime of large
Zeeman splitting. In this regime, a current spin polarization
of 100% can be achieved [2], which is implicitly assumed in
the classic experiments on spin polarized tunneling in high
magnetic fields [8]. We study in detail the diffusion of spin-
polarized quasiparticles by using nonlocal detection with
ferromagnetic electrodes as a function of contact distance,
temperature and magnetic field, and present evidence for
spin transport over surprisingly long distances.

Our samples were fabricated by e-beam lithography and
shadow evaporation techniques. They consist of a thin
superconducting (S) aluminum strip of thickness tAl "
10–15 nm, which was oxidized in situ to form an insulating
(I) tunnel barrier before being overlapped by several fer-
romagnetic (F) iron contacts (tFe " 15–25 nm). In addi-
tion a copper layer (tCu " 30 nm) was evaporated under a
third angle to reduce the resistance of the iron leads.
Consistent results were obtained from nine samples of
slightly different designs. We focus here on one sample
(labeled FISIF) for which the most complete data set was

recorded, and data from a reference sample with normal-
metal (N) copper contacts, but otherwise similar parame-
ters (labeled NISIN). Figure 1 shows a scanning electron
microscopy image of the FISIF sample, together with the
experimental scheme. The sample has five contacts, span-
ning contact distances d from 0.5 to 8 !m.
The local (gloc ¼ dIinj=dVinj) and nonlocal (gnl ¼

dIdet=dVinj) differential conductance for different contact
pairs was measured by standard lock-in techniques in a
setup described elsewhere [9,10]. Measurements were
performed in the superconducting state of aluminum at
temperatures down to T ¼ 50 mK, and with an in-plane
magnetic field B applied parallel to the ferromagnetic
wires. For all data shown here the magnetization of the
iron wires is aligned parallel to the magnetic field. We also
performed nonlocal spin-valve experiments in the normal
state at T ¼ 4:2 K (not shown), from which the normal-
state spin diffusion length "N ¼ 370$ 10 nm and the spin
polarization of the tunnel conductance P ¼ ðG# !G"Þ=
ðG# þG"Þ ¼ 0:19$ 0:05 were obtained. Here, G";# are
the junction conductances for each spin.

FIG. 1 (color online). Scanning electron microscopy image of
a sample together with the measurement scheme with the injec-
tion (inj) and detection (det) circuits.
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fabricated by means of e-beam lithography and shadow evaporation techniques. In the presence of a
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of several!m, exceeding other length scales such as the coherence length, the normal-state spin-diffusion

length, and the charge-imbalance length. The relaxation length of the spin signal shows a nearly linear

increase with magnetic field, hinting at a freeze-out of relaxation by the Zeeman splitting. We propose that

the relaxation length is given by the recombination length of the quasiparticles rather than a renormalized

spin-diffusion length.
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romagnetic (F) iron contacts (tFe " 15–25 nm). In addi-
tion a copper layer (tCu " 30 nm) was evaporated under a
third angle to reduce the resistance of the iron leads.
Consistent results were obtained from nine samples of
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(labeled FISIF) for which the most complete data set was

recorded, and data from a reference sample with normal-
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ters (labeled NISIN). Figure 1 shows a scanning electron
microscopy image of the FISIF sample, together with the
experimental scheme. The sample has five contacts, span-
ning contact distances d from 0.5 to 8 !m.
The local (gloc ¼ dIinj=dVinj) and nonlocal (gnl ¼

dIdet=dVinj) differential conductance for different contact
pairs was measured by standard lock-in techniques in a
setup described elsewhere [9,10]. Measurements were
performed in the superconducting state of aluminum at
temperatures down to T ¼ 50 mK, and with an in-plane
magnetic field B applied parallel to the ferromagnetic
wires. For all data shown here the magnetization of the
iron wires is aligned parallel to the magnetic field. We also
performed nonlocal spin-valve experiments in the normal
state at T ¼ 4:2 K (not shown), from which the normal-
state spin diffusion length "N ¼ 370$ 10 nm and the spin
polarization of the tunnel conductance P ¼ ðG# !G"Þ=
ðG# þG"Þ ¼ 0:19$ 0:05 were obtained. Here, G";# are
the junction conductances for each spin.

FIG. 1 (color online). Scanning electron microscopy image of
a sample together with the measurement scheme with the injec-
tion (inj) and detection (det) circuits.
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Figure 2(a) shows the local differential conductance of
one contact as a function of the injection bias voltage Vinj

for different applied magnetic fields B at T ¼ 50 mK. For
small B pronounced gap features at V " #205 !V are
observed as well as a negligible subgap conductance. Upon
increasing the magnetic field, the gap features broaden due
to orbital pair breaking, and for B> 0:5 T the Zeeman
splitting is seen. We describe our data with the standard
model of high-field tunneling [8] to obtain the spin-
dependent density of states n"ðEÞ, where " ¼ #1 stands
for spin up and down, respectively. From n"ðEÞ, we cal-
culate the current for each spin

I"¼
GN

2e

Z
ð1&"PÞn"ðEÞ½f0ðEÞ&f0ðEþeVÞ)dE (1)

where GN ¼ G# þG" is the normal-state junction conduc-
tance, and f0 is the Fermi function. The total charge
current is I ¼ I" þ I#, and the spin current is proportional
to Is ¼ I" & I#. Fits of this model to the measured con-
ductance spectra yield GN, the pair-breaking parameter !,
and the spin-orbit scattering strength bso. Details of the fit
procedure have been given previously [9,10]. The spin
polarization P ¼ 0:19# 0:01 obtained from these fits is
the same as obtained from the spin-valve experiments. The
relatively small P is typical of ultrathin alumina tunnel
barriers [11]. Figure 2(b) shows a contour plot of the
complete dataset of the local conductance as a function
of bias and magnetic field. The gap observed at B ¼
100 mT is slightly larger than at zero applied field. We
attribute this to the presence of stray fields of the ferro-
magnetic contacts. At higher fields, in the wedge-shaped
regions indicated by the lines, a single spin band dominates
conductance.

Next, we focus on the nonlocal differential conductance.
To eliminate the effect of small variations of the junction
conductances, we plot the normalized nonlocal conduc-
tance gnl=GinjGdet throughout this Letter. In Fig. 3(a)
gnl=GinjGdet is displayed as a function of the applied bias
voltage Vinj for different magnetic fields B and a contact

distance d " 1 !m. The data were measured simulta-
neously with the local conductance of Fig. 2(a), in the
configuration shown in Fig. 1. For comparison, we show
data obtained from the NISIN reference sample in Fig. 3(b).
AtB ¼ 0, there is no conductance below the gap, and above
the gap, both the FISIF and NISIN samples show a nearly
linear increase due to charge imbalance [9]. With increas-
ing magnetic field, the charge imbalance signal decreases,
as clearly seen for the NISIN sample. The FISIF sample
shows a qualitatively different behavior: (i) in the bias
range corresponding to the Zeeman splitting, a positive
peak arises for Vinj < 0, and a negative peak for Vinj > 0;
(ii) for higher bias jVinjj * 300 !V, an additional asym-
metry evolves on top of the charge imbalance signal.
While the observation (i) is systematic for all nine samples,
(ii) was observed only in a few samples, whereas other
samples showed the symmetric charge imbalance signal
also seen in the NISIN sample at high bias. In the following
we therefore only concentrate on the asymmetric peak
features. Upon increasing the field, the peak heights
increase gradually to their extremal values at B* 0:5&
0:75 T, before the peaks start to decline, broaden and move
inwards, simultaneously. The positive peak (at negative
bias) is slightly larger than the negative peak (at positive
bias). Above the critical field Bc " 2:15 T the asymmetric
features disappear and one finds a small bias-independent
signal (not shown).

FIG. 2 (color online). (a) Local differential conductance
gloc ¼ dIinj=dVinj of one junction as a function of injector bias

Vinj for different applied magnetic fields B. (b) The same data

plotted on a color scale. The lines indicate the regions where a
single spin band dominates conductance.

FIG. 3 (color online). Normalized nonlocal differential con-
ductance gnl=GinjGdet as a function of injector bias Vinj for

different applied magnetic fields B for one pair of contacts (a),
nonlocal conductance of a pair of contacts of the NISIN refer-
ence sample (b), the data from panel (a) plotted on a color scale
(c), and calculated differential spin current (d).
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peak arises for Vinj < 0, and a negative peak for Vinj > 0;
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0:75 T, before the peaks start to decline, broaden and move
inwards, simultaneously. The positive peak (at negative
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We investigate the dynamics of individual quasiparticle excitations on a small superconducting

aluminum island connected to normal metallic leads by tunnel junctions. We find the island to be free

of excitations within the measurement resolution. This allows us to show that the residual heating, which

typically limits experiments on superconductors, has an ultralow value of less than 0.1 aW. By injecting

electrons with a periodic gate voltage, we probe electron-phonon interaction and relaxation down to a

single quasiparticle excitation pair, with a measured recombination rate of 16 kHz. Our experiment yields

a strong test of BCS theory in aluminum as the results are consistent with it without free parameters.

DOI: 10.1103/PhysRevLett.111.147001 PACS numbers: 74.78.Na, 74.20.Rp, 74.25.Kc, 74.40.Gh

The quasiparticle excitations describing the microscopic
degrees of freedom in superconductors freeze out at low
temperatures, provided no energy exceeding the supercon-
ductor gap ! is available. Early experiments on these
excitations were performed typically close to the critical
temperature with large structures so that NS, the number of
quasiparticle excitations, was high [1–9]. Later on, as the
fabrication techniques progressed, it became possible to
bringNS close to unity to reveal the parity effect of electrons
on a superconducting island [10–14]. In recent years, the
tunneling and relaxation dynamics of quasiparticles, which
we address in this Letter, have become a topical subject
because of their influence on practically all superconduct-
ing circuits in the low temperature limit [15–22].

We study the quasiparticle excitations on a small alumi-
num island shown in Fig. 1(a). The island is connected
via a thin insulating aluminum oxide layer to two normal
metallic copper leads to form a single-electron transistor
(SET) allowing quasiparticle tunneling. By measuring the
tunnel current against source-drain bias voltage Vb and
offset charge ng of the island, we first show that the island
can be cooled down to have essentially no quasiparticle
excitations. Then we intentionally inject excitations to the
superconductor and probe electron-phonon interaction, the
inherent relaxation mechanism of a superconductor, down
to a single quasiparticle pair.

The current I through the SET is governed by sequential
tunneling of single quasiparticles and it exhibits Coulomb
diamonds which overlap each other because of the super-
conductor energy gap [23,24], observed for our structure
as a region bounded by the red sawtooths in Fig. 1(b).
In the subgap regime, jeVbj< 2!, the current should be

suppressed if there are no quasiparticle excitations present.
Nonetheless, we observe a finite current which has a period
twice as long in ng as compared to the high bias region, a
unique feature of a superconducting island due to Cooper

FIG. 1 (color online). (a) Scanning electron micrograph of the
sample studied. It is biased with voltage Vb and a gate offset
voltage Vg is applied to a gate electrode (not shown) to obtain a
gate offset charge ng ¼ CgVg=e, where Cg is the gate-island
capacitance. (b) Measured source-drain current I as a function of
bias and gate voltages. (c) Calculated current based on sequential
single-electron tunneling model. (d) Measured current at ng ¼ 0
is shown as black dots. Black line is calculated assuming a
quasiparticle generation rate of 2 kHz, and the red line is
calculated assuming a vanishing generation rate.
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The quasiparticle excitations describing the microscopic
degrees of freedom in superconductors freeze out at low
temperatures, provided no energy exceeding the supercon-
ductor gap ! is available. Early experiments on these
excitations were performed typically close to the critical
temperature with large structures so that NS, the number of
quasiparticle excitations, was high [1–9]. Later on, as the
fabrication techniques progressed, it became possible to
bringNS close to unity to reveal the parity effect of electrons
on a superconducting island [10–14]. In recent years, the
tunneling and relaxation dynamics of quasiparticles, which
we address in this Letter, have become a topical subject
because of their influence on practically all superconduct-
ing circuits in the low temperature limit [15–22].

We study the quasiparticle excitations on a small alumi-
num island shown in Fig. 1(a). The island is connected
via a thin insulating aluminum oxide layer to two normal
metallic copper leads to form a single-electron transistor
(SET) allowing quasiparticle tunneling. By measuring the
tunnel current against source-drain bias voltage Vb and
offset charge ng of the island, we first show that the island
can be cooled down to have essentially no quasiparticle
excitations. Then we intentionally inject excitations to the
superconductor and probe electron-phonon interaction, the
inherent relaxation mechanism of a superconductor, down
to a single quasiparticle pair.

The current I through the SET is governed by sequential
tunneling of single quasiparticles and it exhibits Coulomb
diamonds which overlap each other because of the super-
conductor energy gap [23,24], observed for our structure
as a region bounded by the red sawtooths in Fig. 1(b).
In the subgap regime, jeVbj< 2!, the current should be

suppressed if there are no quasiparticle excitations present.
Nonetheless, we observe a finite current which has a period
twice as long in ng as compared to the high bias region, a
unique feature of a superconducting island due to Cooper

FIG. 1 (color online). (a) Scanning electron micrograph of the
sample studied. It is biased with voltage Vb and a gate offset
voltage Vg is applied to a gate electrode (not shown) to obtain a
gate offset charge ng ¼ CgVg=e, where Cg is the gate-island
capacitance. (b) Measured source-drain current I as a function of
bias and gate voltages. (c) Calculated current based on sequential
single-electron tunneling model. (d) Measured current at ng ¼ 0
is shown as black dots. Black line is calculated assuming a
quasiparticle generation rate of 2 kHz, and the red line is
calculated assuming a vanishing generation rate.
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Hybrid single-electron transistor as a source of quantized electric current
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The basis of synchronous manipulation of indi-
vidual electrons in solid-state devices was laid by
the rise of single-electronics about two decades
ago [1, 2, 3]. Ultra-small structures in a low tem-
perature environment form an ideal domain of ad-
dressing electrons one by one. A long-standing
challenge in this field has been the realization of
a source of electric current that is accurately re-
lated to the operation frequency f [1]. There is
an urgent call for a quantum standard of elec-
tric current and for the so-called metrological tri-
angle, where voltage from Josephson effect and
resistance from quantum Hall effect are tested
against current via Ohm’s law for a consistency
check of the fundamental constants of Nature, !

and e [4]. Several attempts to create a metrologi-
cal current source that would comply with the de-
manding criteria of extreme accuracy, high yield,
and implementation with not too many control
parameters have been reported. However, no sat-
isfactory solution exists as yet despite many in-
genious achievements that have been witnessed
over the years [5, 6, 7, 8, 9, 10, 11]. Here we pro-
pose and prove the unexpected concept of a hy-
brid metal-superconductor turnstile in the form
of a one-island single-electron transistor with one
gate, which demonstrates robust current plateaus
at multiple levels of ef within the uncertainty of
our current measurement. Our theoretical esti-
mates show that the errors of the present system
can be efficiently suppressed by further optimiza-
tions of design and proper choice of the device
parameters and therefore we expect it to eventu-
ally meet the stringent specifications of quantum
metrology.

Synchronized sources, where current I is related to fre-
quency by I = Nef and N is the integer number of elec-
trons injected in one period, are the prime candidates
for the devices to define ampere in quantum metrology.
The accuracy of these devices is based on the discrete-
ness of the electron charge and the high accuracy of fre-
quency determined from atomic clocks. Modern methods
are replacing classical definitions of electrical quantities;
voltage can be derived based on the AC Josephson ef-
fect of superconductivity [12] and resistance by quantum
Hall effect [13, 14], but one ampere still needs to be de-
termined via the mutual force exerted by leads carry-

ing the current. Early proposals of current pumps for
quantum metrology were based on arrays of mesoscopic
metallic tunnel junctions [5, 6], in which small currents
could eventually be pumped at very low error rates [7].
However, these multijunction devices are hard to control
and relatively slow [15]. Thus, the quest for feasible im-
plementation with a possibility of parallel architecture
for higher yield have lead to alternative solutions such
as surface-acoustic wave driven one-dimensional channels
[8], superconducting devices [11, 16, 17, 18, 19, 20, 21],
and semiconducting quantum dots [22]. These do pro-
duce large currents in the nano-ampere range but their
potential accuracy is still limited.

Somewhat surprisingly, a simple hybrid single-electron
transistor, with normal metal (N) leads and a small su-
perconducting (S) island, see Fig. 1, has been overlooked
in this context. As it has turned out in the present work,
an SNS-transistor, or alternatively an NSN-transistor,
presents ideally a robust turnstile for electrons showing
accurately positioned current plateaus. We emphasize
here that a one island turnstile does not work even in
principle without the hybrid design. An important fea-
ture in the present system is that hybrid tunnel junctions
forbid tunnelling in an energy range determined by the
gap ∆ in the density of states of the superconductor, see
Fig. 1d inset; current through a junction vanishes as long
as |VJ | ! ∆/e.

Figure 1a shows the simple electric configuration to op-
erate a hybrid turnstile. A DC bias voltage V is applied
between the source and drain of the transistor and a volt-
age Vg with DC and AC components at the gate. To un-
derstand the operation of the turnstile on a more quanti-
tative level, let us follow a basic operation cycle shown in
Fig. 1c. In general, a sinusoidal AC gate voltage is super-
posed on the DC offset such that the total instantaneous
voltage on the gate, normalized into charge in units of
e, reads ng ≡ CgVg/e = ng0 + Ag sin(2πft) at frequency
f . Here Cg is the capacitance of the gate electrode to
the transistor island. In Fig. 1c we have chosen the gate
offset ng and amplitude Ag to be ng0 = Ag = 0.5, and
the bias voltage across the transistor is set at V = ∆/e
to suppress tunnelling errors, as will be discussed below.
The key point in the operation of the hybrid turnstile is
that the charge state locks to a fixed value in any part of
the operational cycle except at the moment when a de-
sired tunnelling event occurs. This is the key feature of
the device, originating from the interplay of the supercon-
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FIG. 2: Measured characteristics of the NSN turnstile at f =
20 MHz. a, Current plateaus I = Nef as a function of DC
gate offset and AC gate amplitude. The diamond structure
is shown up to N = 10 steps here. b, The plateaus as a
function of the bias voltage V across the transistor up to the
gap threshold of about 400 µV, cf. Fig. 1d. Current is shown
here in a 3D plot at different DC gate offset positions with a
constant gate amplitude Ag = 0.5. c Current at V = 200 µV
measured at various values of DC gate offset and as a function
of gate amplitude Ag (solid lines). d, The N = 1 plateau
measured around the centre of each diamond in directions
of DC gate offset, bias voltage V across the turnstile and AC
gate amplitude, respectively, from top to bottom. The dashed
lines in c and the red solid lines in d show the theoretical
results according to the sequential tunnelling model. Here we
have used the parameter values RT = 350 kΩ and EC/kB = 2
K from the DC IV curves (Fig. 1d), and electron temperature
of 80 mK. We further used ∆ = 185 µeV and sub-gap leakage
of 2.5 · 10−4 of the asymptotic resistance. The dashed line in
the bottom panel of d has a slope of 10 GΩ, suggesting that
the measured slope here and in that of the DC IV curve in
Fig. 1d have the same origin. All the measured currents in the
paper have been multiplied by the same factor 1.004 for the
best consistency with the model: this is well within the ±2 %
calibration accuracy of the gain of the current pre-amplifier
used.

agreement between the prediction and the absolute value
of the measured current to any higher degree than this.

Next we discuss the choice of the operating conditions
of a hybrid turnstile and the potential accuracy of this
device. Within the classical model of sequential single-
electron tunnelling, the bias voltage V across the turn-
stile is a trade-off: small bias leads to tunnelling events
in the backward direction and large V to errors due to
replacement of the tunnelled charge by another one tun-
nelling in the forward direction through the other junc-
tion. Unwanted events of the first type occur at the rel-
ative rate of ≃ exp(− eV

kBTN
), where TN is the tempera-

ture of the normal metal electrodes. Errors of the second
type occur at the relative rate of ∼ exp(− 2∆−eV

kBTN
). The

FIG. 3: The frequency dependence of the NSN turnstile oper-
ation. a, IV curves measured at different frequencies ranging
from 0 to 20 MHz, at gate settings corresponding to the cen-
tre of the first (N = 1) current plateau. b, The measured
current at the centre of the N = 1 plateau at the fixed bias of
V = 200 µV. Linear dependence up to 80 MHz corresponding
to I ≃ 13 pA can be seen.

prefactor of this expression is of the order of unity in
relevant cases of interest. Minimizing these errors thus
yields eV ≃ ∆, which is chosen as the operation point
in the experiments. At this bias point the two errors are
of order exp(− ∆

kBTN
). For ∆ ≃ 200 µeV (aluminium)

and TN < 100 mK that is a standard range of operation
temperature, we obtain an error rate of ∼ 10−10, which
is sufficiently small as compared to the requested ∼ 10−8

accuracy of the metrological source [4].

The analysis above neglects several types of errors.
High operation frequency is one source of error: it leads
to missed tunnelling events and to enhanced tunnelling in
the wrong direction. These errors are suppressed approx-
imately as exp(− ∆

2πfe2RT
). For typical parameters, ∆ for

aluminium and RT = 50 kΩ, we then request f ≪ 4 GHz
for accurate operation. Such a small value of RT seems
acceptable because of sufficiently strong suppression of
co-tunnelling effects in this system as will be discussed
below. With exponential suppression of errors in f , the
metrological accuracy limits then the frequency to ∼ 100
MHz for turnstiles with aluminium as the superconduc-
tor. A possible way to increase the speed of the device is
to use niobium as the superconductor, with almost an or-
der of magnitude larger gap. With ultrasmall junctions,
to keep EC ∼ ∆, which is another criterion to satisfy
in order not to miss any tunnelling events at the chosen
bias point, one would be able to increase the frequency,
and the synchronized current, by the same order of mag-
nitude. This is an attractive yet unexplored possibility.
Additional improvement, about factor of 3 increase in
current, could possibly be achieved by shaping the ac
gate voltage to have rectangular waveform.

Another source of potential errors is the co-tunnelling
[24], i.e., higher order quantum tunnelling processes,
which are limiting the use of short arrays in normal-
metal-based devices [25]. In a hybrid turnstile, the low-
est order quasiparticle co-tunnelling errors are, however,
suppressed ideally to zero within the superconducting
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FIG. 1: The hybrid turnstile and its basic characteristics. a,
An electron micrograph of the measured NSN turnstile. It
is a single-electron transistor fabricated by standard electron
beam lithography. The leads are made of copper metal (N)
and the island, the small grain in the centre, is superconduct-
ing aluminium (S). The measurement configuration is added
to this image: DC bias voltage V is applied across the tran-
sistor, and a voltage composing of DC and AC components
acts on the gate electrode. b, A magnified image of the is-
land, indicating notation in c. c, A basic pumping cycle of
the turnstile. The normalized gate voltage ng ≡ CgVg/e, and
the instantaneous charge number n on the island are shown
in the top panel against time over one period. In the bot-
tom frame we show the relevant tunnelling rates, in units of
Γ0 ≡ ∆/(e2RT ) through junctions J1 (left one) and J2 (right
one), respectively. Besides the dominant forward processes,
the two most important backward rates are shown. The tun-
nelling occurs when Γ is of order frequency f . Note that
when it takes place for instance through junction J2 in the
charge state n = 0, the island transits into n = −1 state,
and the system stays in this state for a while because all the
tunnelling rates for n = −1 state are vanishingly small right
after this event. In one full cycle one electron is transferred
through the turnstile from left to right. d, Current-voltage
(IV ) characteristics measured at various values of DC gate
voltage with no AC voltage applied. The separation of the
extreme IV curves is a signature of the charging energy of the
device. The arrow marks the working point in the turnstile
experiments unless otherwise stated. The top inset shows a
magnification of the IV within the gap region demonstrating
high sub-gap resistance of above 10 GΩ. The lower inset de-
picts the energy diagram for one junction biased at a voltage
VJ . Normal metal is to the left of the barrier in the centre,
and the superconductor to the right, with forbidden states
within the energy interval 2∆ around the Fermi level.

ducting gap in the energy spectrum and Coulomb block-
ade of single-electron tunnelling. It renders this struc-
ture to work as an accurate turnstile where errors can
be suppressed efficiently by decreasing temperature and
by choosing the bias point properly within the supercon-
ducting gap. This locking mechanism is illustrated and

explained in Fig. 1c for one operational cycle. On the
contrary, in the biased NNN transistor with Coulomb
blockade alone, non-synchronized almost frequency inde-
pendent DC current through the device is observed [2].
Likewise, a corresponding fully superconducting SSS de-
vice is not favourable either, because inevitable super-
current of Cooper pairs induces significant leakage er-
rors [23].

Several hybrid turnstiles with aluminium as the super-
conductor, copper as the normal metal, and aluminium
oxide as the tunnel barrier in between were fabricated by
standard electron beam lithography. Both the aluminium
and the copper films were 50 nm thick. Figure 1a shows
the NSN sample whose data we present here. The charg-
ing energy of the aluminium island, EC = e2/(2CΣ), is
EC/kB ≃ 2 K, where CΣ is the total capacitance. The
sum of the tunnel resistances of the two junctions is 700
kΩ, i.e., 350 kΩ per junction on the average. The current-
voltage (IV ) characteristics of the transistor are shown
in Fig. 1d at various values of the DC gate voltage and
with no AC gate voltage applied. The superconducting
gap suppresses the current strongly in the bias region
|V | ! 0.4 mV. Outside this region the typical gate mod-
ulation pattern shows up [2]. The charging energy of the
device was determined based on the envelopes of these
IV curves.

The turnstile experiments were carried out by volt-
age biasing the transistor at V ≃ ∆/e, highlighted by
an arrow in Fig. 1d. Figure 2 shows the current through
the NSN turnstile under varying parameters ng0, Ag, and
V at a fixed frequency f = 20 MHz. Figure 2c shows
cross-sections of the 3D plot in Fig. 2a along different
constant values of ng0 against the gate amplitude Ag.
The corresponding prediction based on sequential tun-
nelling theory [1] is shown by the dashed lines in the
same plot. The experimental data follow the theoretical
prediction very closely. Moreover, the wide flat plateaus
at I = Nef seem indeed promising for metrological pur-
poses. The magnitude of the pumped current is robust
against fluctuations in relevant parameters. It is not sen-
sitive to exact dimensions or symmetry of the device,
operational temperature, gate offset or its amplitude, or
the exact form of the driving signal in general. Some of
these dependencies are demonstrated in Fig. 2d based on
our present measurements.

Figure 3 illustrates the frequency dependence of the
NSN turnstile. In Fig. 3a we show the IV curves mea-
sured for ng0 ≃ Ag ≃ 0.5 at various frequencies. The
frequency dependence of the current corresponding to
the first plateau in measurements of the type that were
shown in Fig. 2b is plotted in Fig. 3b against ef in the
frequency regime up to 80 MHz. The predicted I = ef
relation is followed closely within smaller than 1% de-
viations in absolute current throughout this range. We
stress here that in the present measurement, using just a
room temperature current amplifier, we cannot test the
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