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Absorption refrigerators
Ø Refrigerators that use a heat source to drive the cooling 
process - cooling is achieved by heating

 Extract heat from a cold thermal bath using the interaction 
with other two thermal baths at higher temperatures

 Waste heat can be used to achieve cooling without external 
control of the system
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Absorption refrigerators

 Solid state implementations 

 Experiment: trapped atoms

Pekola, Hekking (2007) - NS junctions 
Linden, Popescu, Skrzypczyk  (2010) - qubit & qutrits (smallest heat engine?) 

Mari, Eisert & Cleuren, Rutten, Van den Broeck (2012) - photon bath 
Yi-Xin Chen, Sheng-Wen Li (2012) - rf-SQUID 

… and many others

Maslennikov, Ding, Hablutzel, Gan, Roulet, Nimmrichter, Dai, Scarani, Matsukevich (2017)

role of coherence & entanglement

single-electron systems

Brunner, Huber, Linden, Popescu, Silva, Skrzypczyk  (2014)  
Correa, Palao, Alonso, Adesso (2014) 
Gelbwaser-Klimovsky, Kurizki (2014) 

… 

Venturelli, Fazio, Giovannetti (2013)  
Sánchez, Thierschmann, Molenkamp (2017) 

…



Two capacitively-coupled single-electron 
systems

With QDs, first mentioned in: Benenti, Casati, Saito, Whitney (2017)

 Coulomb-blockade regime

 Electrostatic energy
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FIG. 1. Panel (a): schematic representation of the system.
Panel (b): the Fermi distribution of the leads (red upper left,
gray upper right and blue lower left) is shown vertically. The
black thick lines represent the transition energies �U
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)
and �U
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(n
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) [Eq. (2)] that are measured with respect to
common chemical potential of the leads (black dashed line).
Panel (c): sequence of system states and electron transitions
that provide cooling when conditions (7) and (8), represented
by the red crosses, are satisfied. The black horizontal lines
represent the actual transition energies as determined by the
occupation of the other QD, while the grey horizontal lines
represent the transition energies when the other QD has op-
posite occupation. �Q↵, for ↵=L,R,C, represents the heat
extracted from reservoir ↵ during the corresponding electron
transition.
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. The heat current leaving reser-
voir ↵ = L,R,C is denoted by Ih

↵

, and the charge current
flowing between reservoirs L and R is denoted by I. We
describe the transport in the entire system using a master
equation approach in the sequential tunneling limit. Al-
though we expect higher order tunneling processes, such
as co-tunneling, to decrease the cooling power, these cor-
rections are suppressed if the conductances of the junc-
tions are much smaller than the conductance quantum
and temperature is not too small. The electrostatic en-
ergy of the system is given by
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where n
i

(for i = 1, 2) is the number of electrons in QD
i, n
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/e, and E
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= e2/(2C
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) is its charging
energy. C

i

is the capacitance of QD i to its surround-
ings, and E

I

is the inter-system charging energy which is
controlled by the capacitive coupling between the QDs.
By assuming that E
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� k
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to an appropriate range, we can restrict our

analysis to 4 charge states, described by n
1

, n
2

= 0, 1.
The “transition energy”, i.e. the energy necessary to
add an electron to QD 1 (2), which also depends on
the occupation of QD 2 (1), is given by �U

1

(n
2

) =
U(1, n

2

) � U(0, n
2

) [�U
2

(n
1

) = U(n
1

, 1) � U(n
1

, 0)].
Since �U

i

(1) � �U
i

(0) = E
I

, we can write

�U
i

(n) = ✓
i

E
I

+ (n � 1)E
I

, (2)

where

✓
1

= 1 � n
x2

+
E

C1

E
I

(1 � 2n
x1

), (3)

✓
2

= 1 � n
x1

+
E

C2

E
I

(1 � 2n
x2

), (4)

can be varied using the gate voltages. The transition
energies are schematically represented in Fig. 1(b) and
1(c) as black thick lines. Let �in
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)] be

the rate of electrons tunneling from (to) reservoir L/R
to (from) QD 1, and let �in

C

(n
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) [�out

C

(n
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)] be the rate of
electrons tunneling from (to) reservoir C to (from) QD 2.
Note that the tunneling rates satisfy the detailed balance
conditions
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The currents can be calculated by specifying the tunnel-
ing rates for each process and by determining the proba-
bility P

n1,n2 for the two QDs to have occupation numbers
n
1

and n
2

(see App. A). We also use Eq. (5) to express
�in

↵

(0) in terms of �out
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(0) and �out

↵

(1) in terms of �in

↵

(1).
We emphasize, however, that the results we present in
the next section do not depend on the specific form of
the rates, as long as Eq. (5) is satisfied. Only a quan-
titative description of the cooling power will explicitly
depend on the rates.

III. OPTIMAL RATES FOR COOLING POWER
AND COP

The COP for refrigeration is defined as

⌘ =
Ih
C

Ih
L

, (6)

where Ih
L

> 0 is the input heat and Ih
C

> 0, the cooling
power, is the heat extracted from reservoir C (their ex-
pressions are reported in App. A). Considering generic
rates that are only constrained by satisfying the detailed
balance condition [Eq. (5)], we find that the cooling
power is maximized, at fixed values of E

I
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Capacitively-coupled QDs systems

Ø Experimental setups

Cotunneling Drag Effect in Coulomb-Coupled Quantum Dots
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In Coulomb drag, a current flowing in one conductor can induce a voltage across an adjacent conductor via
the Coulomb interaction. The mechanisms yielding drag effects are not always understood, even though drag
effects are sufficiently general to be seen inmany low-dimensional systems. In thisLetter, we observeCoulomb
drag in a Coulomb-coupled double quantum dot and, through both experimental and theoretical arguments,
identify cotunneling as essential to obtaining a correct qualitative understanding of the drag behavior.

DOI: 10.1103/PhysRevLett.117.066602

Coulomb-coupled quantum dots yield a model system for
Coulomb drag [1], the phenomenon where a current flowing
in a so-called drive conductor induces a voltage across a
nearby drag conductor via the Coulomb interaction [2].
Though charge carriers being dragged along is an evocative
image, as presented in early work on coupled 2D-3D [3] or
2D-2D [4] semiconductor systems, later measurements
in graphene [5,6], quantum wires in semiconductor
2DEGs [7–10], and coupled double quantum dots [11] have
indicated that the microscopic mechanisms leading to
Coulomb drag can vary widely. For example, collective
effects are important in 1D, but less so in other dimensions.
All drag effects require interacting subsystems and vanish
when both subsystems are in local equilibrium.
AperfectCoulombdragwith equal drive and drag currents

has beenobserved in a bilayer 2Delectron system: effectively
a transformer operable at zero frequency [12]. Coulomb-
coupled quantum dots can rectify voltage fluctuations to
unidirectional current, with possible energy harvesting
applications [13,14]. This rectification of nonequilibrium
fluctuations is similar to a ratchet effect, as observed in
charge- [15–18] and spin-based nanoelectronic devices [19],
as well as in rather different contexts such as suspended
colloidal particles in asymmetric periodic potentials [20].
Coulomb-coupled dots have also been proposed as a means
for testing fluctuation relations out of equilibrium [1].
An open question is how higher-order tunneling events in

the quantum coherent limit contribute to Coulomb drag
processes [21]. In this Letter, we present experimental
measurements and theoretical arguments showing that simul-
taneous tunneling of electrons (cotunneling) is crucial to
describe drag effects qualitatively in Coulomb-coupled
double quantumdots (CC-DQDs). Previous theoretical work
has obtained drag effects with sequential tunneling models
[1] (for an exception, see Ref. [22]), and these models have
been invoked inmeasurements of stacked graphene quantum

dots [21]. We demonstrate here that for a DQD, cotunneling
contributes to the drag current at the same order as sequential
tunneling in a perturbation expansion. This has profound
consequences in experiment, notably a measurable drag
current even when the drag dot is far off resonance, and a
gate voltage-dependent vanishing of the Coulomb gap above
which the drag current can be measured. Our experiment
shows that the drag mechanisms considered can be observed
in highly tunable GaAs=AlGaAs QDs, not only in graphene.
We also achieve the unexplored regime kT ≪ ℏΓ, whereT is
temperature and Γ is a tunnel rate, which is outside the scope
of theories to date.
Our device [Fig. 1(a)] consists of a lithographically

patterned AlGaAs/GaAs heterostructure with electron
density 2 × 1011 cm−2 and mobility 2 × 106 cm2=Vs.
All measurements are taken in a dilution refrigerator.
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FIG. 1. Device and model. (a) Top-down SEM image of a
device nominally identical to that measured. Ti=Au gate electro-
des (light gray) are patterned on the substrate surface (dark gray).
Colored circles represent the QDs. Arrows indicate where
electrons can tunnel. (b) Cartoon showing names of gates,
reservoirs, and dots. ΓSi is the tunnel rate between reservoir Si
and dot i. (c) Capacitor and tunnel junction network. Interdot
tunneling is strongly suppressed and not included in the model.
Direct capacitance between gate P1 (2) and dot 2 (1) is omitted
from the diagram for clarity, along with some labels.
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 graphene-based QDs
Volk et al. (2015) 

Bischoff et al. (2016)

 lithographically-patterned QDs
McClure, et al.  (2007) 
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Fig. 1. (a) Energy diagram of a Coulomb-coupled QD system (QD1 and QD2) with three terminals H, L and R with temperatures TH, TL and TR and 
electrochemical potentials V H, V L and V R, respectively. Due to capacitive coupling, the electrochemical potentials µ(1) and µ(2) of the dots (solid lines) 
change by EC when the occupation number of the respective other dot changes by 1. (b) and (c) Experimental realisation of a Coulomb-coupled QD system 
with split gates (yellow) for thermoelectric experiments. QD1 connects to the hot reservoir H (red), while QD2 is coupled with two cold reservoirs L and R 
(blue). The temperature in H is controlled by driving a heating current Ich through the channel between contacts I1 and I2.

of transport in the conductor system by what we call thermal gating. This effect can be used to control charge flow in 
the conductor by means of temperature. Furthermore, we will present a brief discussion based on model calculations in 
order to substantiate that thermal gating may also be useful to design an all-thermal transistor. The second regime will be 
addressed in section 4. Here, heat flow between the reservoirs is essential. We will discuss experiments that demonstrate 
the conversion of heat flow into a directed charge current after the proposal in Ref. [3]. In this new type of heat engine, 
electron–hole and left–right symmetry are broken by asymmetric and energy-dependent tunnelling coefficients in the con-
ductor system. In the experiments, this is achieved by manipulating the potential barriers via external gate voltages. This 
allows for direct tests of the underlying theory and shows how the directions of heat and charge flow become decoupled in 
the device.

2. Coulomb-coupled quantum dots with three terminals

A three-terminal geometry permits the spatial separation of the electronic conductor and the heat source. Two terminals, 
which we label L and R, support the electronic response to voltage or longitudinal temperature gradients: !V = V L − V R, 
!TL, !TR. The third terminal is not invasive from the electronic point of view. Being coupled with the external heat source, 
at a temperature TH, it injects a heat current JH, but no electron into the conductor.

The thermoelectric response relies on the properties of the mesoscopic region which connects the three terminals. On 
the one hand, it is required that the symmetries of the charge-conducting part can be tuned, in particular left–right and 
particle–hole symmetries. On the other hand, it determines what kind of interaction couples it with the heat source. For 
both reasons, coupled quantum dot interfaces are beneficial. Among their peculiar electronic properties, they have a discrete 
spectrum, with the position of the energy levels and their coupling with the lead being tunable by means of gate voltages. 
Also, due to their reduced dimensions, Coulomb interactions are strong. One then accesses the Coulomb blockade regime 
where the dynamics is governed by single-electron tunnelling [106].

Let us consider an interface consisting of two dots: one is connected to the two conducting terminals, the other one 
tunnel-coupled with the heat source, cf. Fig. 1. The capacitive coupling between them introduces a mechanism for no 
particle but energy exchange between the conductor and the heat source. Fluctuations of the charge in one of the quantum 
dots translates into voltage fluctuations in the other one, δQ = CδV . Two tunnelling events occurring in the same quantum 
dot just before and just after one of such fluctuations hence occur at different electrochemical potentials, their difference 
being carried by the tunnelling electron. The resulting energy transfer mediates the injection of heat from the source, which 
can be thus controlled at the level of single-electron processes.

Due to the discretisation of energy levels in quantum dots, the amount of transferred energy in each of these processes 
is fixed and determined by the geometrical capacitance of the total system: EC. This quantity serves as the quantum of 
transferred heat. It permits the mapping of charge fluctuations into energy exchange in full-counting statistics measure-
ments [107]. This way, not only the flow of heat but also its fluctuations can be measured [108].

Voltage Fluctuation to Current Converter with Coulomb-Coupled Quantum Dots

F. Hartmann,1,* P. Pfeffer,1 S. Höfling,1,2 M. Kamp,1 and L. Worschech1
1Technische Physik, Universität Würzburg, Physikalisches Institut and Wilhelm Conrad Röntgen Research Center for Complex

Material Systems, Am Hubland, D-97074 Würzburg, Germany
2SUPA, School of Physics and Astronomy, University of St. Andrews, St. Andrews, KY16 9SS, United Kingdom

(Received 10 December 2014; published 10 April 2015)

We study the rectification of voltage fluctuations in a system consisting of two Coulomb-coupled
quantum dots. The first quantum dot is connected to a reservoir where voltage fluctuations are supplied and
the second one is attached to two separate leads via asymmetric and energy-dependent transport barriers.
We observe a rectified output current through the second quantum dot depending quadratically on the noise
amplitude supplied to the other Coulomb-coupled quantum dot. The current magnitude and direction can
be switched by external gates, and maximum output currents are found in the nA region. The rectification
delivers output powers in the pW region. Future devices derived from our sample may be applied for energy
harvesting on the nanoscale beneficial for autonomous and energy-efficient electronic applications.

DOI: 10.1103/PhysRevLett.114.146805 PACS numbers: 73.23.-b, 73.50.Td, 73.61.Ey, 85.30.-z

Extracting work from random fluctuations by energy
conversion to a unidirectional particle flow is a key
enabling technology and has consequently triggered sub-
stantial experimental and theoretical work [1–4]. The
exploitation of temperature and fluctuation gradients for
energy harvesting has led to new concepts such as
Brownian and Büttiker-Landauer motors [5–8], phonon
rectifiers [9,10], and piezoelectric nanogenerators [11–13].
Challenging factors in miniaturizing heat engines are an
efficient energy conversion and the maintenance of well-
defined hot and cold spots [14]. Quantum dot structures are
among the smallest possible heat engines conceived thus
far. Pioneering work in this field was conducted by, among
others, Molenkamp et al., who measured the Seebeck
voltage of single quantum dots (QDs) and quantum point
contacts (QPCs) [15–17]. In recent years, research con-
cerning heat engines based on QDs and QPCs followed
[18–22]. Furthermore, Coulomb-coupled systems attracted
attention due to their ability to generate currents in
unbiased wires via the Coulomb drag [23–25]. A striking
proposal combining rectifying effects with QDs was
recently made by Sánchez et al., who showed that two
capacitively coupled QDs connected to electron reservoirs
operated in the Coulomb-blockade regime can act as a
rectifier that transfers each energy quantum that passes
from one to the other QD to the motion of single electrons
(i.e., to charge quanta) [26]. Notably, the heat and charge
current directions are decoupled in the proposed system.
Later, Sothmann et al. investigated a similar design based
on open QD systems (with conductances higher than the
conductance quantum) exhibiting higher output currents,
which makes this proposal more accessible to experimental
realization [27,28]. Furthermore, it combines maximum
output power as well as maximum efficiency at the
same electrostatic configuration, which is in contrast to

Coulomb-blockade systems, where maximum efficiency
theoretically occurs at zero output power [26].
In this Letter, we present a system that converts voltage

fluctuations into a directed current depending on the
fluctuation’s amplitude and whose direction and magnitude
can be manipulated via external gates.
The operation principle of the device is illustrated in

Fig. 1(a) where the upper QDt is represented as the cavity
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FIG. 1 (color online). (a) Schematic operating principle. Top:
Designation of system components. Center: Asymmetric con-
figuration with charge current flow to the right. Bottom: Asym-
metric configuration with charge current flow to the left. For
details see main text. (b) Electron microscopy image of the
sample. The top, current carrying part of the system is shaded in
blue, the bottom part, where the voltage fluctuations are supplied,
in red. The respective QDs QDt and QDb are highlighted in dark
blue and dark red. (c) Equivalent circuit with corresponding
capacitances. The current through the upper part is measured via a
picoamperemeter. The two upper side gates and their voltages Vgl

and Vgr control the conductances of the left and right channel,
whereas Vgb influences both channels almost equally and shifts
the QD’s energy levels. Vnoise can be added to Vgb and provides
the fluctuations which the device is able to rectify.
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 metallic islandsIm ¼ lnðPn;NÞ − lnðPnÞ − lnðPNÞ, where Pn and PN are
the occupation probabilities of n and N, respectively. As
Pn¼0 ¼ Pn¼1 ¼ PN¼0 ¼ PN¼1 ¼ 0.5, mutual information
changes in a tunneling event from g to c as ΔIm;g→c ¼
lnðPc=PgÞ, and for c → g as ΔIm;c→g ¼ −ΔIm;g→c
[6,33,34]. Tunneling events in the demon change mutual
information at the rate

_Im;d ¼ ln
!
Pc

Pg

"
ΓdðJÞPg þ ln

!
Pg

Pc

"
Γdð−JÞPc: ð5Þ

The majority of the tunneling events in the demon are
c → g transitions, and since Pg > Pc, _Im;d is positive. The
rate of mutual information change by the system tunneling
events is _Im;s ¼ −_Im;d. As discussed in Ref. [34], the
system heat generation satisfies _Qs ≥ −kBTs _Im;d, implying
that the maximum amount of cooling is bound by the
amount of mutual information generated by the demon.
Correspondingly, generating mutual information has a
thermodynamic cost for the demon as _Qd ≥ kBTd

_Im;d.
This can also be understood in terms of the configurational
entropy Sconf ¼ − ln ½Pðn;NÞ& as follows [34]: tunneling
events in the demon bring the circuit from unlikely state c
to the more probable state g, decreasing Sconf . At least an
equivalent of heat must be dissipated to satisfy the second
law. On the other hand, most of the tunneling events in the
system bring the setup to a more improbable state c,
increasing configurational entropy. The second law then
allows cooling by at most the amount of configurational
entropy decreased; i.e., −ΔSs ≤ ΔSconf . We note that in the
limit Rd ≪ Rs, Pðn;NÞ follows the thermal equilibrium
distribution of the demon. Then lnðPg=PcÞ ¼ J=kBTd such
that _Im;d ¼ _Qd=kBTd by Eqs. (4) and (5). This implies that
measurement of heat generated in the demon is also a direct
measurement of information extracted by the demon.
Figure 2(a) shows a scanning electron micrograph of

the experimental realization of Maxwell’s demon. It was
fabricated by standard electron beam lithography combined
with shadow evaporation [35] of copper (normal metal) and
aluminum (superconductor) metal films. Our device has the
following parameters: Es=kB ≃ 1.7 K, Ed=kB ≃ 810 mK,
J=kB ≃ 350 mK, Rs ≃ 580 kΩ, and Rd ≃ 43 kΩ (two
parallel junctions each with ≃85 kΩ tunneling resistance).
The fully normal system and demon junctions are
realized with the laterally proximized aluminum dot tech-
nique [36]. We determine the heat generated in the left (L)
and right (R) lead of the system as well as the lead of the
demon by measuring the respective temperatures TL, TR,
and Td, as indicated in Fig. 2(a). This is achieved by
reading the voltage of current-biased normal metal-
insulator-superconductor junctions; see, e.g., Ref. [37].
Finally, the leads of the system and the demon are
interrupted with direct contacts to superconducting leads,
which permit charge transport by Andreev processes [38]
but block heat transport at low temperatures. The structure
is measured in a 3He=4He dilution refrigerator at the bath

temperature of 40 mK. Details on the device fabrication and
measurement configuration are given in the Supplemental
Material [32].
The continuous heat generation is mediated primarily by

lattice phonons that couple with the conduction electron
heat bath at temperature TL=R=d, contributing _Qm;ph ¼
ΣVmðT5

0;m − T5
mÞ, m ¼ L, R or d, where Σ is a material-

specific constant, Vm is the volume of the circuit element,
and T0;m is the base temperature [39]. For the left and right
electrodes of the system, VL=R≈2.8 μm×70 nm×20 nm.
Its island is approximately twice as large in volume. The
demon has the total volume Vd ≈ 4 × 3.2 μm × 150 nm×
20 nm. We use Σ ≈ 4 × 109 Wm−3K−5 for Cu. The rate
of electron tunneling (106 Hz) in our device is faster than
the phonon relaxation rate (104 Hz); however, it is small
compared to the inelastic electron-electron relaxation rate,

(b) I  (pA)

1 µm

∆Td

∆TR
∆TL(a)

(c) ∆T   (mK)d

FIG. 2 (color online). Experimental realization. (a) A scanning
electron micrograph of the structure. False color identifies the
system island (light blue), its left lead (dark blue), and right lead
(dark green), as well as the demon island (orange) and its leads
(red). The system temperature deviations from their base value,
ΔTL, ΔTR, and ΔTd, are measured at the indicated locations (see
Supplemental Material for details of measurement setup [32]).
(b) I at V ¼ 120 μV. When Ng is an integer, I is modulated by ng
as in a standard SET. When Ng ∼ 0.5, I is smaller due to demon
interaction. (c) ΔTd at V ¼ 120 μV. When ng, Ng ∼ 0.5, ΔTd

elevates due to the information flow between the system and the
demon. Measured data in (b) and (c) are shown on the left and
numerically obtained predictions on the right.
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Capacitively-coupled QDs systems

 Consider single occupation (4 charge states) with

 “Transition energies”

�U1(n2) = U(1, n2)� U(0, n2)
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QD1 ⟹

depends on the charge state in QD 2

QD2 ⟹ �U2(n1) = U(n1, 1)� U(n1, 0)
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depends on the charge state in QD 1

n1, n2 = 0, 1
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 Transition energies can be written as
2

(a) (b)

(c)

FIG. 1. Panel (a): schematic representation of the system.
Panel (b): the Fermi distribution of the leads (red upper left,
gray upper right and blue lower left) is shown vertically. The
black thick lines represent the transition energies �U

1

(n
2

)
and �U

2

(n
1

) [Eq. (2)] that are measured with respect to
common chemical potential of the leads (black dashed line).
Panel (c): sequence of system states and electron transitions
that provide cooling when conditions (7) and (8), represented
by the red crosses, are satisfied. The black horizontal lines
represent the actual transition energies as determined by the
occupation of the other QD, while the grey horizontal lines
represent the transition energies when the other QD has op-
posite occupation. �Q↵, for ↵=L,R,C, represents the heat
extracted from reservoir ↵ during the corresponding electron
transition.

and T
C

= T � �T
C

. The heat current leaving reser-
voir ↵ = L,R,C is denoted by Ih

↵

, and the charge current
flowing between reservoirs L and R is denoted by I. We
describe the transport in the entire system using a master
equation approach in the sequential tunneling limit. Al-
though we expect higher order tunneling processes, such
as co-tunneling, to decrease the cooling power, these cor-
rections are suppressed if the conductances of the junc-
tions are much smaller than the conductance quantum
and temperature is not too small. The electrostatic en-
ergy of the system is given by

U(n
1

, n
2

) = E
C1

(n
1

� n
x1

)2 + E
C2

(n
2

� n
x2

)2

+ E
I

(n
1

� n
x1

)(n
2

� n
x2

), (1)

where n
i

(for i = 1, 2) is the number of electrons in QD
i, n

xi

= V
gi

C
gi

/e, and E
Ci

= e2/(2C
i

) is its charging
energy. C

i

is the capacitance of QD i to its surround-
ings, and E

I

is the inter-system charging energy which is
controlled by the capacitive coupling between the QDs.
By assuming that E

Ci

� k
B

T and constraining the val-
ues of n

xi

to an appropriate range, we can restrict our

analysis to 4 charge states, described by n
1

, n
2

= 0, 1.
The “transition energy”, i.e. the energy necessary to
add an electron to QD 1 (2), which also depends on
the occupation of QD 2 (1), is given by �U

1

(n
2

) =
U(1, n

2

) � U(0, n
2

) [�U
2

(n
1

) = U(n
1

, 1) � U(n
1

, 0)].
Since �U

i

(1) � �U
i

(0) = E
I

, we can write

�U
i

(n) = ✓
i

E
I

+ (n � 1)E
I

, (2)

where

✓
1

= 1 � n
x2

+
E

C1

E
I

(1 � 2n
x1

), (3)

✓
2

= 1 � n
x1

+
E

C2

E
I

(1 � 2n
x2

), (4)

can be varied using the gate voltages. The transition
energies are schematically represented in Fig. 1(b) and
1(c) as black thick lines. Let �in

L/R

(n
2

) [�out

L/R

(n
2

)] be

the rate of electrons tunneling from (to) reservoir L/R
to (from) QD 1, and let �in

C

(n
1

) [�out

C

(n
1

)] be the rate of
electrons tunneling from (to) reservoir C to (from) QD 2.
Note that the tunneling rates satisfy the detailed balance
conditions

�out

↵

(n) = exp


�
↵

(n)

k
B

T
↵

�
�in

↵

(n), (5)

where �
L

(n) = �
R

(n) = �U
1

(n) and �
C

(n) = �U
2

(n).
The currents can be calculated by specifying the tunnel-
ing rates for each process and by determining the proba-
bility P

n1,n2 for the two QDs to have occupation numbers
n
1

and n
2

(see App. A). We also use Eq. (5) to express
�in

↵

(0) in terms of �out

↵

(0) and �out

↵

(1) in terms of �in

↵

(1).
We emphasize, however, that the results we present in
the next section do not depend on the specific form of
the rates, as long as Eq. (5) is satisfied. Only a quan-
titative description of the cooling power will explicitly
depend on the rates.

III. OPTIMAL RATES FOR COOLING POWER
AND COP

The COP for refrigeration is defined as

⌘ =
Ih
C

Ih
L

, (6)

where Ih
L

> 0 is the input heat and Ih
C

> 0, the cooling
power, is the heat extracted from reservoir C (their ex-
pressions are reported in App. A). Considering generic
rates that are only constrained by satisfying the detailed
balance condition [Eq. (5)], we find that the cooling
power is maximized, at fixed values of E

I

, ✓
1

and ✓
2

,
when

�in

L

(1) = 0, (7)

�out

R

(0) = 0, (8)

Capacitively-coupled QDs systems
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Capacitively-coupled QDs systems

Ø Heat currents

occupation probability

tunneling rates

�in/out
L

(n
2

)
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Capacitively-coupled QDs systems

 Example, sequential tunneling rates for QD 1 (and electrode L)
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~fL[�U1(n2)]
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 Cooling power is maximized under the conditions
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Finally, when the COP is given by Eq. (11), we find that
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Since the coupling between the upper and lower systems
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is a measurable system parameter, Eq. (14) allows

an indirect measurement of the cooling power simply by
measuring the charge current in the upper system.

A simple picture of these results can be given using the
energy scheme of Fig. 1(b) and the conditions (7) and (8)
[represented by red crosses in Fig. 1(c)]. The sequence
of electron transitions that leads to the removal of heat
from reservoir C is shown in Fig. 1(c) and represented
by blue arrows. For each step the heat exchanged in the
corresponding transition is indicated as �Q

↵

(for exam-
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of input heat is provided by L. Com-
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L

yields pre-
cisely Eq. (10). Eqs. (7) and (8) guarantee that the sys-
tem can only evolve along the cycle represented in blue
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 COP takes simple form

combination of two two-terminal reversible machines each operating 
at Carnot’s efficiency

⌘hC = 1� T

TL
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⌘rC =
TC

T � TC
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 COP is maximum when ✓1 = ✓⇤1
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and �out

L

(0), �in

R

(1), �out

C

(0), �in

C

(1), are as large as possi-
ble (see App. B for details). In this situation [i. e. when
Eqs. (7) and (8) hold and when ✓

i

> 1/2, see App. A for
details] the condition for the positivity of Ih

C

reduces to
the simple inequality

✓
1

> ✓⇤
1

⌘ 1 +
1

⌘h
C

⌘r
C

, (9)

where ⌘h
C

= 1 � T/T
L

and ⌘r
C

= T
C

/(T � T
C

). Remark-
ably, in this situation the COP is also maximized (at
least for �T

C

= 0), and takes a particularly simple (i. e.
independent of temperatures) form

⌘ =
1

✓
1

� 1
, (10)

that only depends on ✓
1

(which is determined by both
gate voltages V

g1

and V
g2

). Note that Eq. (9) implies
that �U

1

(1) > 0 and �U
1

(0) > 0, i. e. both transi-
tion energies are above the common chemical potential of
the reservoirs? , as shown in Fig. 1(b). This observation
holds also for generic rates that do not satisfy Eqs. (7)
and (8), see App. B for details.

Eq. (10) implies that the input heat is always smaller
than the cooling power for ✓

1

< 2, and ⌘ is a decreasing
function of ✓

1

. The COP ⌘ takes its maximum value
when ✓

1

= ✓⇤
1

[see Eq. (9)], the smallest value of ✓
1

for
which the system behaves as a refrigerator, giving

⌘
max

⌘ ⌘h
C

⌘r
C

, (11)

as expected for absorption refrigerators. Indeed, Eq. (11)
states that ⌘

max

can be interpreted as the combina-
tion of two two-terminal reversible machines each op-
erating at Carnot’s e�ciency. The first one is a re-
versible Carnot heat engine that produces work by us-
ing the temperature di↵erence between reservoirs L and
R, with ⌘h

C

= 1 � T/T
L

, while the second one is a re-
versible Carnot refrigerator operating between reservoirs
C and R that is powered by the work of the heat en-
gine, with ⌘r

C

= T
C

/(T � T
C

). ⌘
max

is the highest COP
allowed by the second principle of thermodynamics, as
can be proven by imposing energy conservation and zero
entropy production, which read

Ih
L

+ Ih
R

+ Ih
C

= 0, (12)

Ih
L

T
L

+
Ih
R

T
R

+
Ih
C

T
C

= 0. (13)

Finally, when the COP is given by Eq. (11), we find that
the cooling power vanishes.

Another remarkable consequence of conditions (7) and
(8), also noted in Refs. 25 and 48, is that

Ih
C

=
E

I

e
I. (14)

Since the coupling between the upper and lower systems
E

I

is a measurable system parameter, Eq. (14) allows

an indirect measurement of the cooling power simply by
measuring the charge current in the upper system.

A simple picture of these results can be given using the
energy scheme of Fig. 1(b) and the conditions (7) and (8)
[represented by red crosses in Fig. 1(c)]. The sequence
of electron transitions that leads to the removal of heat
from reservoir C is shown in Fig. 1(c) and represented
by blue arrows. For each step the heat exchanged in the
corresponding transition is indicated as �Q

↵

(for exam-
ple, in the first step �Q

L

= �U
1

(0) = (✓
1

� 1)E
I

is the
input heat provided by L and associated to an electron
tunneling from L to QD 1, event which can only occur
when QD 2 is unoccupied). In one cycle, an electron
is transferred from L to R, and an amount �Qtot

C

= E
I

of heat is extracted from C: this statement is equiva-
lent to Eq. (14). Moreover, we notice that an amount
�Qtot

L

= (✓
1

� 1)E
I

of input heat is provided by L. Com-
puting the COP over one cycle as �Qtot

C

/�Qtot

L

yields pre-
cisely Eq. (10). Eqs. (7) and (8) guarantee that the sys-
tem can only evolve along the cycle represented in blue

FIG. 2. The coe�cient of performance, COP, [panel (a)] and
the heat currents in units of �kBT [panels (b) and (c)] are
plotted as a function of ✓

1

, when Eqs. (7) and (8) are satisfied.
Panel (b) refers to �T

C

= 0, while panel (c) refers to �T
C

=
�T/5. The parameters are �out

C

(0) = �in

C

(1) = �out

L

(0) =
�in

R

(1) ⌘ �, ✓
2

= 1, E
I

= 6kBT and �T/T = 1/10. Since all
rates are proportional to �, the heat currents depend linearly
on the rate, so the plots in panel (b) and (c) do not depend
on the value of �.

)
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Capacitively-coupled QDs systems

 Simple picture (sequence of electron transitions that 
leads to the removal of heat from reservoir C)

2

(a) (b)

𝛿𝑄𝐿 = (𝜃1−1)𝐸I 𝛿𝑄𝐶 = 𝜃2𝐸I 𝛿𝑄𝑅 = −𝜃1𝐸I 𝛿𝑄𝐶 = (1− 𝜃2)𝐸I

(c)

FIG. 1. Panel (a): schematic representation of the system.
Panel (b): the Fermi distribution of the leads (red upper left,
gray upper right and blue lower left) is shown vertically. The
black thick lines represent the transition energies �U

1

(n
2

)
and �U

2

(n
1

) [Eq. (2)] that are measured with respect to
common chemical potential of the leads (black dashed line).
Panel (c): sequence of system states and electron transitions
that provide cooling when conditions (7) and (8), represented
by the red crosses, are satisfied. The black horizontal lines
represent the actual transition energies as determined by the
occupation of the other QD, while the grey horizontal lines
represent the transition energies when the other QD has op-
posite occupation. �Q↵, for ↵=L,R,C, represents the heat
extracted from reservoir ↵ during the corresponding electron
transition.

and T
C

= T � �T
C

. The heat current leaving reser-
voir ↵ = L,R,C is denoted by Ih

↵

, and the charge current
flowing between reservoirs L and R is denoted by I. We
describe the transport in the entire system using a master
equation approach in the sequential tunneling limit. Al-
though we expect higher order tunneling processes, such
as co-tunneling, to decrease the cooling power, these cor-
rections are suppressed if the conductances of the junc-
tions are much smaller than the conductance quantum
and temperature is not too small. The electrostatic en-
ergy of the system is given by

U(n
1

, n
2

) = E
C1

(n
1

� n
x1

)2 + E
C2

(n
2

� n
x2

)2

+ E
I

(n
1

� n
x1

)(n
2

� n
x2

), (1)

where n
i

(for i = 1, 2) is the number of electrons in QD
i, n

xi

= V
gi

C
gi

/e, and E
Ci

= e2/(2C
i

) is its charging
energy. C

i

is the capacitance of QD i to its surround-
ings, and E

I

is the inter-system charging energy which is
controlled by the capacitive coupling between the QDs.
By assuming that E

Ci

� k
B

T and constraining the val-
ues of n

xi

to an appropriate range, we can restrict our

analysis to 4 charge states, described by n
1

, n
2

= 0, 1.
The “transition energy”, i.e. the energy necessary to
add an electron to QD 1 (2), which also depends on
the occupation of QD 2 (1), is given by �U

1

(n
2

) =
U(1, n

2

) � U(0, n
2

) [�U
2

(n
1

) = U(n
1

, 1) � U(n
1

, 0)].
Since �U

i

(1) � �U
i

(0) = E
I

, we can write

�U
i

(n) = ✓
i

E
I
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can be varied using the gate voltages. The transition
energies are schematically represented in Fig. 1(b) and
1(c) as black thick lines. Let �in

L/R

(n
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) [�out

L/R

(n
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)] be

the rate of electrons tunneling from (to) reservoir L/R
to (from) QD 1, and let �in

C

(n
1

) [�out

C

(n
1

)] be the rate of
electrons tunneling from (to) reservoir C to (from) QD 2.
Note that the tunneling rates satisfy the detailed balance
conditions
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The currents can be calculated by specifying the tunnel-
ing rates for each process and by determining the proba-
bility P

n1,n2 for the two QDs to have occupation numbers
n
1

and n
2

(see App. A). We also use Eq. (5) to express
�in

↵

(0) in terms of �out

↵

(0) and �out

↵

(1) in terms of �in

↵

(1).
We emphasize, however, that the results we present in
the next section do not depend on the specific form of
the rates, as long as Eq. (5) is satisfied. Only a quan-
titative description of the cooling power will explicitly
depend on the rates.

III. OPTIMAL RATES FOR COOLING POWER
AND COP

The COP for refrigeration is defined as

⌘ =
Ih
C

Ih
L

, (6)

where Ih
L

> 0 is the input heat and Ih
C

> 0, the cooling
power, is the heat extracted from reservoir C (their ex-
pressions are reported in App. A). Considering generic
rates that are only constrained by satisfying the detailed
balance condition [Eq. (5)], we find that the cooling
power is maximized, at fixed values of E

I

, ✓
1

and ✓
2

,
when
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Capacitively-coupled QDs systems

 In one cycle: 
the amount of heat extracted from C 

the amount of input heat provided by L 
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Capacitively-coupled QDs systems

 Cooling power is zero and 
efficiency is max when
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(1), are as large as possi-
ble (see App. B for details). In this situation [i. e. when
Eqs. (7) and (8) hold and when ✓

i

> 1/2, see App. A for
details] the condition for the positivity of Ih

C

reduces to
the simple inequality

✓
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> ✓⇤
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⌘ 1 +
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C

, (9)

where ⌘h
C

= 1 � T/T
L

and ⌘r
C

= T
C

/(T � T
C

). Remark-
ably, in this situation the COP is also maximized (at
least for �T

C

= 0), and takes a particularly simple (i. e.
independent of temperatures) form

⌘ =
1

✓
1

� 1
, (10)

that only depends on ✓
1

(which is determined by both
gate voltages V

g1

and V
g2

). Note that Eq. (9) implies
that �U

1

(1) > 0 and �U
1

(0) > 0, i. e. both transi-
tion energies are above the common chemical potential of
the reservoirs? , as shown in Fig. 1(b). This observation
holds also for generic rates that do not satisfy Eqs. (7)
and (8), see App. B for details.

Eq. (10) implies that the input heat is always smaller
than the cooling power for ✓

1

< 2, and ⌘ is a decreasing
function of ✓

1

. The COP ⌘ takes its maximum value
when ✓

1

= ✓⇤
1

[see Eq. (9)], the smallest value of ✓
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for
which the system behaves as a refrigerator, giving

⌘
max

⌘ ⌘h
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⌘r
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as expected for absorption refrigerators. Indeed, Eq. (11)
states that ⌘

max

can be interpreted as the combina-
tion of two two-terminal reversible machines each op-
erating at Carnot’s e�ciency. The first one is a re-
versible Carnot heat engine that produces work by us-
ing the temperature di↵erence between reservoirs L and
R, with ⌘h

C

= 1 � T/T
L

, while the second one is a re-
versible Carnot refrigerator operating between reservoirs
C and R that is powered by the work of the heat en-
gine, with ⌘r

C

= T
C

/(T � T
C

). ⌘
max

is the highest COP
allowed by the second principle of thermodynamics, as
can be proven by imposing energy conservation and zero
entropy production, which read
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C
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Finally, when the COP is given by Eq. (11), we find that
the cooling power vanishes.

Another remarkable consequence of conditions (7) and
(8), also noted in Refs. 25 and 48, is that

Ih
C

=
E

I

e
I. (14)

Since the coupling between the upper and lower systems
E

I

is a measurable system parameter, Eq. (14) allows

an indirect measurement of the cooling power simply by
measuring the charge current in the upper system.

A simple picture of these results can be given using the
energy scheme of Fig. 1(b) and the conditions (7) and (8)
[represented by red crosses in Fig. 1(c)]. The sequence
of electron transitions that leads to the removal of heat
from reservoir C is shown in Fig. 1(c) and represented
by blue arrows. For each step the heat exchanged in the
corresponding transition is indicated as �Q

↵

(for exam-
ple, in the first step �Q
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= �U
1

(0) = (✓
1

� 1)E
I

is the
input heat provided by L and associated to an electron
tunneling from L to QD 1, event which can only occur
when QD 2 is unoccupied). In one cycle, an electron
is transferred from L to R, and an amount �Qtot

C

= E
I

of heat is extracted from C: this statement is equiva-
lent to Eq. (14). Moreover, we notice that an amount
�Qtot

L

= (✓
1

� 1)E
I

of input heat is provided by L. Com-
puting the COP over one cycle as �Qtot

C

/�Qtot

L

yields pre-
cisely Eq. (10). Eqs. (7) and (8) guarantee that the sys-
tem can only evolve along the cycle represented in blue
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FIG. 2. The coe�cient of performance, COP, [panel (a)] and
the heat currents in units of �kBT [panels (b) and (c)] are
plotted as a function of ✓

1

, when Eqs. (7) and (8) are satisfied.
Panel (b) refers to �T

C

= 0, while panel (c) refers to �T
C

=
�T/5. The parameters are �out

C

(0) = �in

C

(1) = �out

L

(0) =
�in

R

(1) ⌘ �, ✓
2
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= 6kBT and �T/T = 1/10. Since all
rates are proportional to �, the heat currents depend linearly
on the rate, so the plots in panel (b) and (c) do not depend
on the value of �.
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 Cooling power weakly 
depends on ✓2
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Experimental proposal 1: 
quantum dots

 Two capacitively-coupled QDs + one additional QD
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$ − Δ$;

 “Energy filtering” effect used to suppress 
               by aligning
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Experimental proposal 1

 Assume that:  QD3 and QD1 are weakly coupled 
           each QD can be only singly-occupied 
           sequential tunneling regime

 Master equation to calculate probabilities for different occupations

 Electrostatic energy
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arrows in Fig. 1(c), or in the opposite direction, which
leads to heating of reservoir C. Cooling is obtained when
the system evolution along the blue arrows prevails over
the opposite direction, and this happens when Eq. (9) is
satisfied.

In Fig. 2 we plot the cooling power Ih
C

and input heat
Ih
L

, as functions of ✓
1

, for the case �T
C

= 0 [panel (b)]
and �T

C

= �T/5 [panel (c)] by imposing that Eqs. (7)
and (8) are satisfied. The COP, given by a particularly
simple law [Eq. (10)], is plotted in Fig. 2(a). The grey
region in Fig. 2(b) and 2(c) denotes the values of ✓

1

where
the system does not act as a refrigerator for reservoir C
[according to Eq. (9), ✓⇤

1

= 1 for �T
C

= 0 and ✓⇤
1

' 1.2
for �T

C

= �T/5 and �T/T = 1/10]. Fig. 2(b) shows
that the cooling power is zero when ✓

1

= ✓⇤
1

= 1 [where
the COP diverges, see panel (a)] and it is maximum when
✓
1

' 1.2, where ⌘ ⇡ 5 [see panel (a)]. Fig. 2(c), relative
to �T

C

= �T/5, shows that both the maximum cooling
power and the corresponding COP decrease, with respect
to the �T

C

= 0 case, since we are refrigerating a colder
system. The value of the cooling power weakly depends
on ✓

2

in the range between 0 and 1.

IV. EXPERIMENTAL PROPOSALS

The experimental realization of the proposed absorp-
tion refrigerator relies on the ability of implementing the
crucial conditions (7) and (8). Such conditions could be,
in principle, implemented by properly engineering the
tunneling barrier which couple QD 1 to its reservoirs,
in order to obtain tunneling rates for QD 1 that depend
on the occupation of QD 2. In this section, we make use
of an additional QD48 to implement the crucial condi-
tion (7) that is found to be su�cient for obtaining heat
extraction.

In the setup, schematically pictured in Fig. 3, we in-
troduce an additional QD (3), tunnel-coupled to 1, and
we require that its transition energy �U

3

is aligned with
�U

1

(0) [see Fig. 3(b)]. This way, the “energy filtering”
e↵ect of QD 3 is used to suppress �in

L

(1) with respect to
�out

L

(0). To perform a quantitative analysis, we study
the dynamics of the system of the three QDs altogether
under the assumption that the coupling between QDs 1
and 3 is much weaker than the coupling between such
QDs are their reservoirs. The electrostatic energy of the
system [see Eq. (1) for two QDs] now takes the form
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3
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� n
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)(n
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� n
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), (15)

where we have added the third term, relative to the ad-
ditional QD (3). Analogously to the two-QD case, we
define �U

1

(n
2

) = U(1, n
2

, n
3

)�U(0, n
2

, n
3

), �U
2
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) � U(n
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3

) and �U
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= U(n
1

, n
2

, 1) �

FIG. 3. Left: schematic representation of the system, where 1,
2 and 3 represents either QDs or MIs. Right: representation
of the transition energies in the case of the system with QDs.
See Fig. 1 for details.
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, 0), which can be written as
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where we have defined the following 3 independent di-
mensionless parameters
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(17)

If we assume that each QD can be only singly-occupied,
we can restrict our analysis to the following 8 states:
|0, 0, 0i, |0, 0, 1i, |0, 1, 0i, |1, 0, 0i, |1, 0, 1i, |0, 1, 1i, |1, 1, 0i
and |1, 1, 1i, where |n

1

, n
2

, n
3

i is the state associated to
the set of occupation numbers (n

1

, n
2

, n
3

). The probabil-
ity p

↵

for the system to be in the state |↵i = |n
1

, n
2

, n
3

i
is calculated by solving the master equation in the sta-
tionary case (see App. C for details)

ṗ
↵

=
X

⌫

(��
↵⌫

p
↵

+ �
⌫↵

p
⌫

) , (18)

where �
↵⌫

is the rate for the transition from state |↵i to
state |⌫i. The rates �

↵⌫

which account for the transfer of
electrons between a QD and a reservoir can be expressed
as49

�
↵⌫

= ~�1�
�

f
�

(�Ũ
↵⌫

), (19)

where �
�

is the coupling energy between the reservoir
� = �(↵, ⌫) and a QD, where � = L, R, C depends
on the initial state |↵i and final state |⌫i. In Eq. (19),
f
�

(✏) = [1 + e✏/(kBT�)]�1 is the reservoir Fermi distribu-
tion function, while �Ũ

↵⌫

= Ũ(⌫)�Ũ(↵) is the transition
energy, where Ũ(↵) = U(n

1

, n
2

, n
3

) [see Eq. (15)] with
the set of occupation numbers corresponding to the state
|↵i. The inter-dot transition rates, which account for
the transfer of electrons between QD 1 and 3 [namely,
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FIG. 4. Cooling power Ih
C

, relative to the system containing
three QDs and represented in Fig. 3, under resonant condition
[�U

3

= �U
1

(0)]. Ih
C

is plotted as a function of ✓
1

for the case
�T

C

= 0 (solid black curve) and the case �T
C

= �T/10
(dashed red curve), setting ✓

2

= 1/2 and imposing ✓
3

= ✓
1

.
The parameters are of the order of the experimental ones
reported in Ref. 44 and read: E

I

= 0.72 meV, �
L

= �
R

=
�
C

= 0.036 meV, t = 0.016 meV, and T = �T = 4.17 K.

�
(0,0,1),(1,0,0)

and �
(0,1,1),(1,1,0)

], are obtained using the
procedure outlined in App. C under the assumption that
the hopping element t is much smaller than the coupling
energy between QDs and reservoirs50–54.

The relevant heat currents can now be written as

Ih
C,L

=
X

↵⌫

�Ũ
↵⌫

(�
↵⌫

p
↵

� �
⌫↵

p
⌫

) , (20)

where the sum runs over the states specified in App. C.
In Fig. 4 we plot the cooling power Ih

C

, as a function of ✓
1

,
for realistic parameters and setting ✓

3

= ✓
1

in order to
obtain the resonant condition [i. e. �U

3

= �U
1

(0)] which
approximately implements condition (7). The solid black
curve is relative to the case �T

C

= 0, while the dashed
red curve refers to �T

C

= �T/10. Fig. 4 shows that in
both cases heat extraction is obtained and that Ih

C

takes
a maximum value of the order of 10�2 pW. We notice
that, as in the ideal case, the cooling power is weakly
dependent on ✓

2

in the range between 0 and 1, and that
in this case Ih

C

is maximized for ✓
2

' 1/2. Moreover, we
check that when the di↵erence between �U

3

and �U
1

(0)
is not much larger than the coupling energies �

L/R/C

, the
condition ✓

3

= ✓
1

is essentially fulfilled and the curves
in Fig. 4 do not change appreciably. We have demon-
strated that the implementation of the crucial condition
(7) alone is su�cient to obtain heat extraction. Cooling
power, as seen above, is expected to be maximal when
the additional condition (8) is also satisfied. This could
be implemented by adding another filtering QD in series
with 1, between R and 1, and aligning its transition en-
ergy to �U

1

(1). For experimental purposes, however, a
simpler system is desirable, especially because the tran-
sition energies of the di↵erent QDs need to be tuned by
individual gates (not shown in Fig. 3), operation that

is further complicated by possible cross-couplings arising
between them.

A. Metallic islands

We will now explore the possibility of replacing the
QDs in the setup depicted in Fig. 3 with MIs. These
are systems still characterized by a large charging en-
ergy but, as opposed to QDs, they present a continuous
distribution of energy levels (the level spacing is much
smaller than k

B

T ) so that electrons within the island
are thermalized and distributed according to the Fermi
distribution. Due to the absence of discrete levels, the
sharp “filtering e↵ect” discussed above in the QD sys-
tem and exploited to satisfy the crucial conditions (7)
and (8) is not possible. As we will show below, however,
heat extraction can nonetheless be obtained in the setup
depicted in Fig. 3, where 1, 2 and 3 are now usual met-
als and reservoir R (grey element) is superconducting.
Our aim is to approximately satisfy Eq. (7) by properly
tuning the chemical potential of MI 3. Conversely, by ex-
ploiting the superconducting gap of reservoir R, we aim
at approximately satisfying Eq. (8) in order to suppress
the electron transfer with energy near �U

1

(0). Unlike
the case with QDs, here the detailed balance condition
[Eq. (5)] is not satisfied by the rates between islands at
di↵erent temperatures. As we shall see, however, this has
only minor consequences.

The electrostatic energy of the system is equal to the
one relative to the system of three QDs, Eq. (15). Also
in this case we assume that each MI can only be singly-
occupied so that our analysis can be restricted to the 8
states defined in the QD case. In the sequential tunneling
regime, the stationary probability p

↵

that the system is
in the state ↵ is computed by solving the master equa-
tion (18), where, unlike in the QDs case, the rate for the
transition from state ↵ to state ⌫ is given by

�
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=
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e2R
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Z
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h
1 � f

µ

(✏ � �Ũ
⌫↵

)
i
. (21)

Here, R
↵⌫

is the resistance of the tunneling barrier in-
volved in the tunneling process, while � = �(↵, ⌫) and
µ = µ(↵, ⌫) identify the indices of the MIs or reservoirs
involved in the tunneling process. In Eq. (21), N

�

denote
the normalized density of states, which takes the value
N

�

= 1 for � = 1,2,3,L,C, and

N
R

(✏) =

�����Re

 
✏ + i�p

(✏ + i�)2 � �2

!����� , (22)

for the superconducting reservoir55,56. Here � is a phe-
nomenological inverse quasi-particle lifetime, and � is
the superconducting gap. As before, the heat currents Ih

L

and Ih
C

are defined as the heat currents extracted from
reservoirs L and C, and are computed in App. D.

 Cooling power, using realistic parameters
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 Heat extraction obtained 
even with one condition 
only: 
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 Cooling power weakly dependent on 
 Cooling power could be increased with an additional QD which 
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 Assume that: each MI can be only singly-occupied 
 Superconductor normalised DOS
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FIG. 4. Cooling power Ih
C

, relative to the system containing
three QDs and represented in Fig. 3, under resonant condition
[�U

3

= �U
1

(0)]. Ih
C

is plotted as a function of ✓
1

for the case
�T

C

= 0 (solid black curve) and the case �T
C

= �T/10
(dashed red curve), setting ✓

2

= 1/2 and imposing ✓
3

= ✓
1

.
The parameters are of the order of the experimental ones
reported in Ref. 44 and read: E

I

= 0.72 meV, �
L

= �
R

=
�
C

= 0.036 meV, t = 0.016 meV, and T = �T = 4.17 K.

�
(0,0,1),(1,0,0)

and �
(0,1,1),(1,1,0)

], are obtained using the
procedure outlined in App. C under the assumption that
the hopping element t is much smaller than the coupling
energy between QDs and reservoirs50–54.

The relevant heat currents can now be written as

Ih
C,L

=
X

↵⌫

�Ũ
↵⌫

(�
↵⌫

p
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⌫↵
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⌫

) , (20)

where the sum runs over the states specified in App. C.
In Fig. 4 we plot the cooling power Ih

C

, as a function of ✓
1

,
for realistic parameters and setting ✓

3

= ✓
1

in order to
obtain the resonant condition [i. e. �U

3

= �U
1

(0)] which
approximately implements condition (7). The solid black
curve is relative to the case �T

C

= 0, while the dashed
red curve refers to �T

C

= �T/10. Fig. 4 shows that in
both cases heat extraction is obtained and that Ih

C

takes
a maximum value of the order of 10�2 pW. We notice
that, as in the ideal case, the cooling power is weakly
dependent on ✓

2

in the range between 0 and 1, and that
in this case Ih

C

is maximized for ✓
2

' 1/2. Moreover, we
check that when the di↵erence between �U

3

and �U
1

(0)
is not much larger than the coupling energies �

L/R/C

, the
condition ✓

3

= ✓
1

is essentially fulfilled and the curves
in Fig. 4 do not change appreciably. We have demon-
strated that the implementation of the crucial condition
(7) alone is su�cient to obtain heat extraction. Cooling
power, as seen above, is expected to be maximal when
the additional condition (8) is also satisfied. This could
be implemented by adding another filtering QD in series
with 1, between R and 1, and aligning its transition en-
ergy to �U

1

(1). For experimental purposes, however, a
simpler system is desirable, especially because the tran-
sition energies of the di↵erent QDs need to be tuned by
individual gates (not shown in Fig. 3), operation that

is further complicated by possible cross-couplings arising
between them.

A. Metallic islands

We will now explore the possibility of replacing the
QDs in the setup depicted in Fig. 3 with MIs. These
are systems still characterized by a large charging en-
ergy but, as opposed to QDs, they present a continuous
distribution of energy levels (the level spacing is much
smaller than k

B

T ) so that electrons within the island
are thermalized and distributed according to the Fermi
distribution. Due to the absence of discrete levels, the
sharp “filtering e↵ect” discussed above in the QD sys-
tem and exploited to satisfy the crucial conditions (7)
and (8) is not possible. As we will show below, however,
heat extraction can nonetheless be obtained in the setup
depicted in Fig. 3, where 1, 2 and 3 are now usual met-
als and reservoir R (grey element) is superconducting.
Our aim is to approximately satisfy Eq. (7) by properly
tuning the chemical potential of MI 3. Conversely, by ex-
ploiting the superconducting gap of reservoir R, we aim
at approximately satisfying Eq. (8) in order to suppress
the electron transfer with energy near �U

1

(0). Unlike
the case with QDs, here the detailed balance condition
[Eq. (5)] is not satisfied by the rates between islands at
di↵erent temperatures. As we shall see, however, this has
only minor consequences.

The electrostatic energy of the system is equal to the
one relative to the system of three QDs, Eq. (15). Also
in this case we assume that each MI can only be singly-
occupied so that our analysis can be restricted to the 8
states defined in the QD case. In the sequential tunneling
regime, the stationary probability p

↵

that the system is
in the state ↵ is computed by solving the master equa-
tion (18), where, unlike in the QDs case, the rate for the
transition from state ↵ to state ⌫ is given by
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Here, R
↵⌫

is the resistance of the tunneling barrier in-
volved in the tunneling process, while � = �(↵, ⌫) and
µ = µ(↵, ⌫) identify the indices of the MIs or reservoirs
involved in the tunneling process. In Eq. (21), N

�

denote
the normalized density of states, which takes the value
N
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= 1 for � = 1,2,3,L,C, and

N
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(✏) =
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✏ + i�p

(✏ + i�)2 � �2

!����� , (22)

for the superconducting reservoir55,56. Here � is a phe-
nomenological inverse quasi-particle lifetime, and � is
the superconducting gap. As before, the heat currents Ih

L

and Ih
C

are defined as the heat currents extracted from
reservoirs L and C, and are computed in App. D.

5

FIG. 4. Cooling power Ih
C

, relative to the system containing
three QDs and represented in Fig. 3, under resonant condition
[�U

3

= �U
1

(0)]. Ih
C

is plotted as a function of ✓
1

for the case
�T

C

= 0 (solid black curve) and the case �T
C

= �T/10
(dashed red curve), setting ✓

2

= 1/2 and imposing ✓
3

= ✓
1

.
The parameters are of the order of the experimental ones
reported in Ref. 44 and read: E

I

= 0.72 meV, �
L

= �
R

=
�
C

= 0.036 meV, t = 0.016 meV, and T = �T = 4.17 K.

�
(0,0,1),(1,0,0)

and �
(0,1,1),(1,1,0)

], are obtained using the
procedure outlined in App. C under the assumption that
the hopping element t is much smaller than the coupling
energy between QDs and reservoirs50–54.

The relevant heat currents can now be written as

Ih
C,L

=
X

↵⌫

�Ũ
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only minor consequences.

The electrostatic energy of the system is equal to the
one relative to the system of three QDs, Eq. (15). Also
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in the state ↵ is computed by solving the master equa-
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for the superconducting reservoir55,56. Here � is a phe-
nomenological inverse quasi-particle lifetime, and � is
the superconducting gap. As before, the heat currents Ih
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FIG. 5. Cooling power, relative to the setup depicted in Fig. 3
for MIs, as a function of ✓

1

for two di↵erent values of �T
C

,
and setting ✓

2

= 1/2 and ✓
3

= ✓
1

+1/2. The parameters used
are experimentally relevant, see for example Refs. 28 and 57,
and read: E

I

= 25 µeV, � = 35 µeV, � = 10�3 µeV, T = 100
mK, �T = 200 mK and R↵⌫ = 10 k⌦ for all barriers.

In Fig. 5 the cooling power is plotted, using realistic
parameters, as a function of ✓

1

, for �T
C

= 0 (solid black
curve) and for �T

C

= 5 mK (dashed red curve) and set-
ting ✓

2

= 1/2. We assume that MIs 1 and 3 are at tem-
perature T , while MI 2 is at temperature T ��T

C

. Aim-
ing at implementing the condition (7), we place the elec-
trochemical potential �U

3

half way between �U
1

(0) and
�U

1

(1), i. e. we set ✓
3

= ✓
1

+1/2. In fact, this guarantees
that (if k

B

T . E
I

) the electron energy distribution in MI
3 is such that electron transfer to MI 1 is suppressed in
the case where MI 2 is occupied. Note, however, that
the opposite process (electron transfer from 1 to 3) is not
suppressed. Indeed, to obtain heat extraction we need
to further assume that electrode R is superconducting.
Figure 5 shows that cooling is achieved in both cases,
�T

C

= 0 and �T
C

= 5 mK. In the former case, the max-
imum cooling power is of the order 10�2 fW, while in the
latter heat extraction is still possible, but the maximum
cooling power decreases roughly by a factor 4. Interest-
ingly, heat extraction occurs even for ✓

1

< 1, contrary to
the prediction of Eq. (9). This can be attributed to the
fact that the detailed balance condition (5) is not sat-
isfied for the tunneling rates coupling MIs or reservoirs
having di↵erent temperatures. An amount of heat equal
to Ih

C

is also extracted from MI 2 (see App. D for de-
tails). Naturally no heat is extracted when reservoir R is
in the normal state. We find that Ih

C

is maximized when
✓
2

' 1/2 and ✓
3

' ✓
1

+ 1/2, and that its increase with
�T is at most linear. Nevertheless, we wish to point out
that there is no simple condition to identify the optimal
values of E

I

and �. Yet by scaling all energies and tem-
peratures of a given factor, the cooling power scales as
the square of such factor.

V. MAXWELL DEMON: MUTUAL
INFORMATION FLOW

Recent experimental advancements have turned the in-
triguing MD thought experiment58,59 into real experi-
ments, spurring a vast experimental and theoretical re-
search. A profound relation between information and
thermodynamics was found30,60–65 and various manifes-
tation of MDs have been theoretically29,32,34–36,47,66–72

and experimentally28,31,33,73–85 studied. In autonomous
MDs, where the demon is part of the analyzed system,
cooling has been studied from various standpoints, but,
as far as we know, in all cases a voltage bias was used
to “power” the demon. Conversely, our system does not
require work, but it can be viewed as an autonomous MD
since there is no direct heat transfer between the driving
(D) and the cooled (C) system associated with electron
tunneling; the cooling e↵ect can thus be interpreted as
due to information transfer.

According to the theoretical framework developed in
Ref. 30, one can write the following inequalities

Ṡ(r)

D

� İ � 0, (23)

Ṡ(r)

C

+ İ � 0, (24)

where Ṡ(r)

D

= �Ih
L

/T
L

� Ih
R

/T
R

and Ṡ(r)

C

= �Ih
C

/T
C

rep-
resent, respectively, the entropy variation in the driving
and cooled reservoirs, while İ (�İ) represents the vari-
ation of mutual information between system D and C
due to tunneling events in D (C). The system behaves as
a refrigerator, by extracting heat from reservoir C, when

Ṡ(r)

C

< 0, which implies İ > 0 in order to satisfy Eq. (24).
We can thus interpret system D as a MD which acquires
information by monitoring system C. In turn, system C
uses this information as a resource to decrease its tem-
perature. Eq. (24) shows that the cooling of reservoir C is

bounded by Ṡ(r)

C

� �İ, while Eq. (23) shows that reser-

voirs L and R are bound to dissipate at least Ṡ(r)

D

� İ.
This observation motivates the definition of the following
thermodynamic e�ciencies30

⌘
D

=
İ

Ṡ(r)

D

 1, ⌘
C

=
|Ṡ(r)

C

|
İ

 1, (25)

where ⌘
D

represents the “information generation” e�-
ciency, and ⌘

C

the “information consumption” e�ciency.
Notice that by definition 0  ⌘

D

, ⌘
C

 1, and they are
equal to 1 when, respectively, Eqs. (23) and (24) are strict
equalities. While ⌘ is a quantity assigned to the entire
system, ⌘

D

and ⌘
C

characterize the two subsystems, so
that they can be viewed as a refinement to ⌘30. By com-
bining Eqs. (6), (12) and (25), the COP ⌘ can be written
in terms of the product ⌘

D

⌘
C

and of ⌘r
C

as

⌘ = ⌘
max

⌘
D

⌘
C

1 + ⌘r
C

(1 � ⌘
D

⌘
C

)
. (26)

This is consistent with the fact that, in general, ⌘
D

and
⌘
C

individually provide more information than ⌘, which

Koski, Kutvonen, Khaymovich, Ala-Nissila, Pekola (2015) 
Dutta, Peltonen, Antonenko, Meschke, Skvortsov, Kubala, 

König, Winkelmann, Courtois, Pekola  (2017) 
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 Cooling power increases ~ linearly with !T

✓1 < 1
<latexit sha1_base64="/eLNreYNMrtaQ6cVO+cryTv6kJ0=">AAACDnicbVDLSgNBEJz1GeMr6tHLYhA8hR1R9OAh6MVjBPPAbAizk04yZHZ2melVw5J/8OBVP8ObePUX/Ap/wUmyB00saCiquunuCmIpDHrel7OwuLS8sppby69vbG5tF3Z2ayZKNIcqj2SkGwEzIIWCKgqU0Ig1sDCQUA8GV2O/fg/aiEjd4jCGVsh6SnQFZ2ilOx/7gKxNL2i7UPRK3gTuPKEZKZIMlXbh2+9EPAlBIZfMmCb1YmylTKPgEkZ5PzEQMz5gPWhaqlgIppVOLh65h1bpuN1I21LoTtTfEykLjRmGge0MGfbNrDcW//OaCXbPW6lQcYKg+HRRN5EuRu74fbcjNHCUQ0sY18Le6vI+04yjDSnvG7AJqh72Ux/hER9Ex+5J6SkPR3mbEJ3NY57UjkvUK9Gbk2L5MssqR/bJATkilJyRMrkmFVIlnCjyTF7Iq/PkvDnvzse0dcHJZvbIHzifP83LnJY=</latexit><latexit sha1_base64="/eLNreYNMrtaQ6cVO+cryTv6kJ0=">AAACDnicbVDLSgNBEJz1GeMr6tHLYhA8hR1R9OAh6MVjBPPAbAizk04yZHZ2melVw5J/8OBVP8ObePUX/Ap/wUmyB00saCiquunuCmIpDHrel7OwuLS8sppby69vbG5tF3Z2ayZKNIcqj2SkGwEzIIWCKgqU0Ig1sDCQUA8GV2O/fg/aiEjd4jCGVsh6SnQFZ2ilOx/7gKxNL2i7UPRK3gTuPKEZKZIMlXbh2+9EPAlBIZfMmCb1YmylTKPgEkZ5PzEQMz5gPWhaqlgIppVOLh65h1bpuN1I21LoTtTfEykLjRmGge0MGfbNrDcW//OaCXbPW6lQcYKg+HRRN5EuRu74fbcjNHCUQ0sY18Le6vI+04yjDSnvG7AJqh72Ux/hER9Ex+5J6SkPR3mbEJ3NY57UjkvUK9Gbk2L5MssqR/bJATkilJyRMrkmFVIlnCjyTF7Iq/PkvDnvzse0dcHJZvbIHzifP83LnJY=</latexit><latexit sha1_base64="/eLNreYNMrtaQ6cVO+cryTv6kJ0=">AAACDnicbVDLSgNBEJz1GeMr6tHLYhA8hR1R9OAh6MVjBPPAbAizk04yZHZ2melVw5J/8OBVP8ObePUX/Ap/wUmyB00saCiquunuCmIpDHrel7OwuLS8sppby69vbG5tF3Z2ayZKNIcqj2SkGwEzIIWCKgqU0Ig1sDCQUA8GV2O/fg/aiEjd4jCGVsh6SnQFZ2ilOx/7gKxNL2i7UPRK3gTuPKEZKZIMlXbh2+9EPAlBIZfMmCb1YmylTKPgEkZ5PzEQMz5gPWhaqlgIppVOLh65h1bpuN1I21LoTtTfEykLjRmGge0MGfbNrDcW//OaCXbPW6lQcYKg+HRRN5EuRu74fbcjNHCUQ0sY18Le6vI+04yjDSnvG7AJqh72Ux/hER9Ex+5J6SkPR3mbEJ3NY57UjkvUK9Gbk2L5MssqR/bJATkilJyRMrkmFVIlnCjyTF7Iq/PkvDnvzse0dcHJZvbIHzifP83LnJY=</latexit><latexit sha1_base64="/eLNreYNMrtaQ6cVO+cryTv6kJ0=">AAACDnicbVDLSgNBEJz1GeMr6tHLYhA8hR1R9OAh6MVjBPPAbAizk04yZHZ2melVw5J/8OBVP8ObePUX/Ap/wUmyB00saCiquunuCmIpDHrel7OwuLS8sppby69vbG5tF3Z2ayZKNIcqj2SkGwEzIIWCKgqU0Ig1sDCQUA8GV2O/fg/aiEjd4jCGVsh6SnQFZ2ilOx/7gKxNL2i7UPRK3gTuPKEZKZIMlXbh2+9EPAlBIZfMmCb1YmylTKPgEkZ5PzEQMz5gPWhaqlgIppVOLh65h1bpuN1I21LoTtTfEykLjRmGge0MGfbNrDcW//OaCXbPW6lQcYKg+HRRN5EuRu74fbcjNHCUQ0sY18Le6vI+04yjDSnvG7AJqh72Ux/hER9Ex+5J6SkPR3mbEJ3NY57UjkvUK9Gbk2L5MssqR/bJATkilJyRMrkmFVIlnCjyTF7Iq/PkvDnvzse0dcHJZvbIHzifP83LnJY=</latexit>

T = 100 mK;�T = 200 mK
<latexit sha1_base64="DclXo4lPXf5S7gOsEEAv4 d2Cz34=">AAACK3icbZDLSgMxFIYz3q23qks3wSK4KjOiKEhB1IXgpkKrQqeUTHraBpPMkJxRy1BfwGdx4VYfw5Xi1rWvYHpZePsh8POfczgnX5RIYdH3X72x8YnJqemZ2dzc/MLiUn555dzGqeFQ5bGMzWXELEihoYoCJVwmBpiKJFxEV0f9+sU1GCtiXcFuAnXF2lq0BGfookZ+o1IKfP8uC42i6rS3T8NjkMhopbT1LW7kC37RH4j+NcHIFMhI5Ub+M2zGPFWgkUtmbS3wE6xnzKDgEnq5MLWQMH7F2lBzVjMFtp4NvtOjGy5p0lZs3NNIB+n3iYwpa7sqcp2 KYcf+rvXD/2q1FFt79UzoJEXQfLiolUqKMe2zoU1hgKPsOsO4Ee5WyjvMMI6OYC604PDqNnayEOEWb0TT7cmCHa56OUco+M3jrznfKgZ+MTjbLhwcjljNkDWyTjZJQHbJATkhZVIlnNyTR/JEnr0H78V7896HrWPeaGaV/JD38QUV/aZ+</latexit><latexit sha1_base64="DclXo4lPXf5S7gOsEEAv4 d2Cz34=">AAACK3icbZDLSgMxFIYz3q23qks3wSK4KjOiKEhB1IXgpkKrQqeUTHraBpPMkJxRy1BfwGdx4VYfw5Xi1rWvYHpZePsh8POfczgnX5RIYdH3X72x8YnJqemZ2dzc/MLiUn555dzGqeFQ5bGMzWXELEihoYoCJVwmBpiKJFxEV0f9+sU1GCtiXcFuAnXF2lq0BGfookZ+o1IKfP8uC42i6rS3T8NjkMhopbT1LW7kC37RH4j+NcHIFMhI5Ub+M2zGPFWgkUtmbS3wE6xnzKDgEnq5MLWQMH7F2lBzVjMFtp4NvtOjGy5p0lZs3NNIB+n3iYwpa7sqcp2 KYcf+rvXD/2q1FFt79UzoJEXQfLiolUqKMe2zoU1hgKPsOsO4Ee5WyjvMMI6OYC604PDqNnayEOEWb0TT7cmCHa56OUco+M3jrznfKgZ+MTjbLhwcjljNkDWyTjZJQHbJATkhZVIlnNyTR/JEnr0H78V7896HrWPeaGaV/JD38QUV/aZ+</latexit><latexit sha1_base64="DclXo4lPXf5S7gOsEEAv4 d2Cz34=">AAACK3icbZDLSgMxFIYz3q23qks3wSK4KjOiKEhB1IXgpkKrQqeUTHraBpPMkJxRy1BfwGdx4VYfw5Xi1rWvYHpZePsh8POfczgnX5RIYdH3X72x8YnJqemZ2dzc/MLiUn555dzGqeFQ5bGMzWXELEihoYoCJVwmBpiKJFxEV0f9+sU1GCtiXcFuAnXF2lq0BGfookZ+o1IKfP8uC42i6rS3T8NjkMhopbT1LW7kC37RH4j+NcHIFMhI5Ub+M2zGPFWgkUtmbS3wE6xnzKDgEnq5MLWQMH7F2lBzVjMFtp4NvtOjGy5p0lZs3NNIB+n3iYwpa7sqcp2 KYcf+rvXD/2q1FFt79UzoJEXQfLiolUqKMe2zoU1hgKPsOsO4Ee5WyjvMMI6OYC604PDqNnayEOEWb0TT7cmCHa56OUco+M3jrznfKgZ+MTjbLhwcjljNkDWyTjZJQHbJATkhZVIlnNyTR/JEnr0H78V7896HrWPeaGaV/JD38QUV/aZ+</latexit><latexit sha1_base64="DclXo4lPXf5S7gOsEEAv4 d2Cz34=">AAACK3icbZDLSgMxFIYz3q23qks3wSK4KjOiKEhB1IXgpkKrQqeUTHraBpPMkJxRy1BfwGdx4VYfw5Xi1rWvYHpZePsh8POfczgnX5RIYdH3X72x8YnJqemZ2dzc/MLiUn555dzGqeFQ5bGMzWXELEihoYoCJVwmBpiKJFxEV0f9+sU1GCtiXcFuAnXF2lq0BGfookZ+o1IKfP8uC42i6rS3T8NjkMhopbT1LW7kC37RH4j+NcHIFMhI5Ub+M2zGPFWgkUtmbS3wE6xnzKDgEnq5MLWQMH7F2lBzVjMFtp4NvtOjGy5p0lZs3NNIB+n3iYwpa7sqcp2 KYcf+rvXD/2q1FFt79UzoJEXQfLiolUqKMe2zoU1hgKPsOsO4Ee5WyjvMMI6OYC604PDqNnayEOEWb0TT7cmCHa56OUco+M3jrznfKgZ+MTjbLhwcjljNkDWyTjZJQHbJATkhZVIlnNyTR/JEnr0H78V7896HrWPeaGaV/JD38QUV/aZ+</latexit>

EI = 25 µeV;� = 35 µeV; � = 10�3 µeV
<latexit sha1_base64="F+46QMd4WA1tQWrImzvuxOWDqrM="></latexit><latexit sha1_base64="F+46QMd4WA1tQWrImzvuxOWDqrM="></latexit><latexit sha1_base64="F+46QMd4WA1tQWrImzvuxOWDqrM="></latexit><latexit sha1_base64="F+46QMd4WA1tQWrImzvuxOWDqrM="></latexit>



Conclusions

Ø Absorption refrigerator with two capacitively-coupled QDs

 Derived optimal condition (which maximize cooling 
power and COP) 

 Implementation with an additional QD 

 Implementation with metallic islands
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