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A model of a superconducting tunnel junction which refrigerates a nearby metallic island without any particle
exchange is presented. Heat extraction is mediated by charge fluctuations in the coupling capacitance of
the two systems. The interplay of Coulomb interaction and the superconducting gap reduces the power
consumption of the refrigerator. The island is predicted to be cooled from lattice temperatures of 200 mK
down to close to 50 mK, for realistic parameters. The results emphasize the role of non-equilibrium correlations
in bipartite mesoscopic conductors. This mechanism can be applied to create local temperature gradients in
tunnel junction arrays or explore the role of interactions in the thermalization of non-equilibrium systems.

Quantum coherent processes relevant to quantum in-
formation or quantum thermodynamics1 are usually
damaged by temperature. Solid state quantum simula-
tors2 or heat engines3,4 have recently been proposed that
operate at very low temperatures. Finding ways to cool
nanoscale systems5,6, or introduce local temperature gra-
dients well below 100 mK without injecting charge into
them is hence a demanding task. This way they are min-
imally perturbed and not affected by Joule heating.

Thermoelectric refrigeration is traditionally based on
the Peltier effect. Driving a current through a conduc-
tor with broken electron-hole symmetry converts ther-
mal excitations into transport. Mesoscopic refrigerators
based on this effect make use of semiconductor quantum
dots7,8, superconducting-insulator-normal metal (SIN)
junctions9–12, or single-electron transistors (SET)13,14.
Cooling mediated by the coupling to cavity photons has
also been proposed in Josephson junctions 15–17 and im-
plemented for the refrigeration of metallic islands18–22.

Here an alternative approach is proposed based on the
capacitive coupling of a two-terminal SINIS SET to the
system to be cooled, see Fig. 1. We consider cooling
of a single-electron box (SEB)23,24: a Coulomb blockade
island which exchanges electrons with a third terminal.
The extraction of energy is mediated by the Coulomb
repulsion of electrons in different islands, J . The super-
conducting gap, ∆, acts as an energy filter: At subgap
voltages, only transitions that take energy from from the
capacitor contribute to transport. A normal metal SET
would unavoidably emit Joule heat at all voltages into the
island. The manipulation of electrical and thermal flows
in capacitively coupled normal metal or semiconductor
systems has been recently demonstrated, including ef-
fects such as quantum dot heat engines25–32, autonomous
Maxwell’s demon operations33,34, thermal rectifiers35–37,
memristors38, or single-electron current switches39–41.

The interplay of the two relevant energy scales, J and
∆, in the cooling mechanism is investigated. Subgap
transport in the SET is assisted by the Coulomb interac-
tion, hence increasing the voltage window where cooling
takes place. Hot electrons in the SET island are thus
pumped over the gap of the superconductor drain due to

the charging of the SEB, and replaced by cold electrons
from the other contact, see Fig. 1(b). As a result, both
islands get cooled. While the refrigeration of the SET
improves for smaller J , optimal values can be found for
each configuration of the SEB.

Due to strong Coulomb interactions, the number of
electrons in each island is quantized. The electrostatics
of the coupled system is described by the model34

H = ET(n−ng)2+EB(N−Ng)2+J(n−ng)(N−Ng), (1)

where Ei is the charging energy of SINIS SET (i=T,
for transistor) and the SEB islands (i=B, for box), J
is the interdot charging energy. The charge of the SET
and SEB islands, containing n and N extra electrons, is
controlled by ng and Ng, respectively. These can be ex-
ternally tuned via plunger gates. We restrict ourselves
to a strong Coulomb blockade configuration with up to
one extra electron in each island, i.e. n,N = 0, 1. Tun-
neling in rates through terminal l into island i are quite
generally described by:

γ+nN,l[ξ]=
1

e2Rl

∫
dEξNl(E)fl(E)[1−fi(E−U l

nN )] (2)
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FIG. 1. Refrigeration by coupled fluctuations. (a) The elec-
tric current through a SINIS SET is coupled to the charge of a
SEB. (b) Electrons tunneling into the SET can only overcome
the superconducting gap, ∆, by absorbing an energy J from
the charging of the SEB. As a result the SEB gets cooled.
The temperature of each part of the circuit, Ti is determined
by the thermalization with a phonon bath at temperature Tp.
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with the associated resistances Rl, and the Fermi func-

tions fi(E) =
(
1 + eE/kBTi

)−1
. For tunneling out rates,

γ−nN,l(ξ), one needs to replace fi(E) → 1 − fi(E) in

Eq. (2). We have introduced the parameter ξ which will
be different for the different charge or heat processes, see
below. The chemical potential of each island is increased
by J upon the occupation of the other one:

U l
0N = 2ET

(
1

2
− ng

)
+ J(N −Ng)− (−1)l

2
eV, (3)

for tunneling between l=1,2 and the SET island, and

U3
n0 = 2EB

(
1

2
−Ng

)
+ J(n− ng), (4)

for the SEB. In order to take into account the presence of
subgap states in the superconducting leads, one considers
the Dynes density of states:42

N1,2(E) =

∣∣∣∣∣Re

(
E + iγ√

(E + iγ)2 −∆2

)∣∣∣∣∣ , (5)

with a phenomenological inverse quasiparticle lifetime,
γ. ∆ is the superconducting gap. For the normal metal
lead, N3(E) = 1.

The particle tunneling rates γ±nN,l[ξ=1] define the

charge occupation of the system, p(n,N), via a set of
four rate equations25,43. We are interested in the sta-
tionary regime described by the solution of ṗ(n,N) = 0.
With this the different currents are written in terms of
the following expressions:

Il[ξ] =
∑
N

[
γ+0N,l[ξ]p(0, N)− γ−1N,l[ξ]p(1, N)

]
(6)

I3[ξ] =
∑
n

[
γ+n0,1[ξ]p(n, 0)− γ−n1,3[ξ]p(n, 1)

]
. (7)

With this notation, the charge current through the SET
is I1 = −I2 = eI1[ξ=1]. In the SEB, I3 = 0. The
heat currents injected from terminals l=1,2,3 are then
Q̇l = Il[ξ=E]. The heat flowing out of the two islands,
T and B, reads:

Q̇T =− I1[ξ=E−U1
nN ]− I2[ξ=E−U2

nN ] (8)

Q̇B =− I3[ξ=E−U3
nN ]. (9)

One also needs to assume that the different parts of
the system exchange heat, Q̇ip, with a thermal bath
(phonons) at temperature Tp, as sketched in Fig. 1(a).
The final piecewise temperature distribution achieved by
the refrigerator is obtained by solving the system of cou-
pled balance equations:

Q̇i(V, Ti) = νiΣ(T 5
p − T 5

i ), (10)

for the normal metal parts, i=T,B,3. The coupling de-
pends on the volume of the metal parts, taken here as
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FIG. 2. Heat currents through (a) terminal 1 and (b) terminal
3 as functions of the gating ng and Ng. Here T=200 mK,
V=0.35 mV, J=0.08 meV, ∆=0.2 meV and Ri = R0=10 kΩ.
(c) Heat extracted from the SEB by tuning the applied voltage
V and the interaction J . (d) Cooling of the SEB is robust up
to quasiparticle lifetimes of the order γ > 10−3.

νi = 30×50×300 nm3, and the material-dependent con-
stant, Σ = 2 × 109 Wm−3K−5. This set of equations is
highly nonlinear and need to be solved numerically. The
results below show the solutions {TT, TB, T3} obtained for
some experimentally relevant configurations. We assume
that the superconducting leads are coupled to quasipar-
ticle traps such that they do not overheat44. In order
to proceed, an effective temperature T1 = T2 = Tqp =
300 mK is considered, independently of the applied volt-
age V .

The refrigeration is assisted by the correlation of
charge fluctuations in both islands, which are maximal
around the configuration with ng = Ng = 1/234,45. Se-
quences of the type (0, 0) → (1, 0) → (1, 1) → (0, 1) →
(0, 0) involve two tunneling processes in the SET is-
land which occur at different occupations of the SEB, cf.
Fig. 1(b). The tunneling in and out events in both island
occur at potentials that differ by the charging energy. An
energy U3

10 − U3
00 = J is extracted from the SEB25, see

Eqs. (3) and (4). This is visible in Fig. 2(a) and (b). Far
from the working condition, the superconductor works
as a usual SINIS refrigerator9,10 around ng = 1/2. This

behaviour is distorted close to Ng = 1/2, where Q̇3 is
maximal.

The interplay of the different energy scales, eV , ∆, and
J is shown in Fig. 2(c). The refrigerator works around
the condition eV ≈ 2∆ − J , where subgap current is
enabled in the SINIS via the absorption of energy from
the SEB. However, there is an optimal value for the in-
teraction: if J � kBT , the transition (1, 0) → (1, 1) is
suppressed and the two systems do no longer exchange
energy40. The superconductor gaps act as filters that
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FIG. 3. Temperature in the islands as a function of the ap-
plied voltage, for different interactions J . The superconduct-
ing leads are at Tqp = 300 mK, whereas the phonon bath
is at: (a),(b) Tp = 200 mK and (c),(d) Tp = 300 mK. The
rest of parameters are as in Fig. 2, with ng = Ng = 1/2 and
γ = 10−5.

.

avoid electrons from tunneling through the SET with-
out exchanging energy with the SEB. This property is
limited by subgap states. However the refrigeration is
robust up to values of γ larger than those typically found
in experiments (γ ∼ 10−5), cf. Fig. 2(d).

The temperature of the SEB is not affected by a
small applied voltage, but drops abruptly in the region
2∆− J < eV < 2∆, as expected, see Fig. 3. Apart from
increasing the size of the voltage window at which cool-
ing takes place, the interaction affects the lowest achiev-
able temperature, TB,m. As Q̇3 is proportional to J25,
for small interaction, the extracted current is small and
cooling is not effective. The optimal J is found to de-
pend non-trivially on the bath temperature. As shown
in Figs. 3(b),(d), the minimal temperature is obtained for
J ≈ 0.01 meV at Tp = 200 mK, and for J ≈ 0.03 meV
at Tp = 300 mK, for otherwise similar configurations.
Remarkably in the former case, the SEB is cooled from
TB = 200 mK down to TB,m ≈ 50 mK, for realistic pa-
rameters. For larger voltages, transport is open in the SI-
NIS for processes that inject energy into the SEB, which
is then heated up.

One might not be interested in finding the lowest pos-
sible temperature, but rather in cooling the system down
to a target temperature, say T ∗

B. In this case, the effect
of larger J reduces the required power consumption, for
achieving T ∗

B at lower voltages.
On the other hand, the coupling to the SEB is

always detrimental for cooling the SINIS island, see
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FIG. 4. Temperature of the two islands for the same con-
figuration of Fig. 3(a),(b), with J = 0.06 meV, and different
bath temperatures. The dashed lines show the temperature
T th
i measured by temperature probes coupled to the islands

(with resistances Rth = 100R0).

Figs. 3(a),(c). The onset of transport assisted by fluctu-
ations in the SEB injects energy in the conductor. This
is visible as a secondary feature in the dip whose position
moves to lower voltages for larger J . This feature mani-
fests as a shoulder for Tp = 200 mK and as a second dip
for Tp = 300 mK.

Due to the opposite J-dependence in the two subsys-
tems, it is found that TB,m < TT,m for large enough in-
teraction. This would be surprising if the SEB island
was a passive system which is cooled down just by being
in thermal contact with the refrigerator. In that case,
its temperature should always be min(TT, Tp) < TB <
max(TT, Tp). However, SEB cannot be considered as a
separate system. The two islands form a bipartite con-
figuration whose fluctuations are strongly correlated, and
maintained out of equilibrium by the voltage bias. This
way heat can actively be extracted from the SEB even if
the SINIS island to which it is coupled is hotter.

To further explore this effect, Fig. 4 shows the two is-
land temperatures, for an increasing temperature of the
phonon bath. Recall that the superconductor is assumed
to be fixed at Tqp = 300 mK. Clearly, for large enough
temperatures of the thermal bath, the contribution of
transport-induced fluctuations is suppressed, and one al-
ways finds TT,m < TB,m, as expected for systems in ther-
mal equilibrium locally.

The temperature inversion discussed above might be
attributed to the question of what is the temperature
of a system which is subject to strong (voltage) fluctua-
tions46. This is a fundamental question out of the scope
of this letter. However, as a first attempt to clarify this
issue, a model for temperature probes is introduced ex-
plicitly. This is done by assuming fictitious terminals
weakly coupled to the two islands whose temperature
and voltage, T th

i and V th
i , adapt to the conditions that

the probes inject no charge and no energy into the sys-
tem46,47. The system of equations, Ithi = 0 and Q̇th

i = 0,
for i=T,B, is solved using the temperatures obtained by
Eq. (10) as input. Note that under these conditions, heat
currents are balanced in the islands, i.e. they absorb no
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net heat. Any difference Ti − T th
i is hence only due to

non-equilibrium fluctuations. As shown in Fig. 4, the
measured temperature is indeed different from that ob-
tained from the thermalization with the phonon bath.
In all cases, it is obtained V th

T = V th
B = 0. However,

the measured T th
B can still be lower than T th

T . One can
therefore rule this interpretation out.

Note also that for some intermediate voltages, cooling
the SINIS island is improved by having hotter phonons,
as shown in the inset of Fig. 4(a). This is due to the
behaviour of the J-dependent secondary feature, which
develops as a dip at larger temperatures. This feature is
smeared in the probe response, such that T th

T increases
monotonically with Tp for a given V .

Finally, the effect of the tunneling resistances is con-
sidered in Fig. 5. The temperature of the SINIS island
is almost independent of the resistance of the SEB bar-
rier, R3. Differently, the minimal temperature achieved
in the SEB is strongly affected by all barriers, as it de-
pends on the correlation of tunneling events in the two
systems. Increasing the resistance of the SINIS barriers
RT one order of magnitude reduces the temperature gra-
dient in around 1/3, while still obtaining temperatures
around TB ≈ 0.1 mK.

To conclude, a mechanism for cooling a nanoscale sys-
tem is proposed which requires no electric exchange. The
system and a nanostructured refrigerator are capacitively
coupled and form a bipartite system whose fluctuations
are strongly cross-correlated. A model based on a cou-
pled SINIS-SEB is considered. Transport at subgap volt-
ages is enabled by charge fluctuations in the SEB involv-
ing the transfer of energy via electron-electron interac-
tions. As a consequence, both islands are cooled from
lattice temperatures of 200 mK down to around 50 mK.
This way, local temperature gradients can be maintained
in nanostructured conductors showing peculiar transport
phenomena48. The effect of the Coulomb interactions is
investigated, leading to unexpected configurations where
the system is colder than the refrigerator island. These
findings suggest the impact of non-equilibrium correla-

tions on the thermodynamic properties of mesoscopic
configurations which are under nowadays experimental
reach14,34,39.
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