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Single-Quantum-Dot Heat Valve
B. Dutta ,1 D. Majidi ,1 N. W. Talarico ,2 N. Lo Gullo ,2 H. Courtois ,1 and C. B. Winkelmann

1

1

2

Univ. Grenoble Alpes, CNRS, Grenoble INP, Institut Néel, 25 Avenue des Martyrs, 38042 Grenoble, France
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We demonstrate gate control of electronic heat flow in a thermally biased single-quantum-dot junction.
Electron temperature maps taken in the immediate vicinity of the junction, as a function of the gate and bias
voltages applied to the device, reveal clearly defined Coulomb diamond patterns that indicate a maximum
heat transfer at the charge degeneracy point. The nontrivial bias and gate dependence of this heat valve
results from the quantum nature of the dot at the heart of device and its strong coupling to leads.
DOI: 10.1103/PhysRevLett.125.237701

In the emerging field of quantum thermodynamics, heat
transport and dissipation in a quantum electronic device is a
fundamentally important topic [1–4]. Gate-tunable, singlequantum-dot junctions [5] are paradigmatic test benches for
quantum transport. Whereas the study of charge transport
therein has already allowed the exploration of a large
palette of physical effects at play, heat transport and
thermoelectric properties have been investigated in a
limited number of cases, e.g., in quantum dots formed in
a two-dimensional electron gas (2DEG) [6–9] and in
semiconducting nanowires [10–12]. As opposed to charge
transport processes, the understanding of electronic heat
transport and generation across a nanoscale object is,
experimentally, still in its infancy [13–15]. Local thermometry has been achieved only in a very limited number
of quantum devices. The temperature dependence of the
critical current of a superconducting weak link was used in
scanning probe experiments to reveal, for instance, the
scattering sites in high-mobility graphene [16,17]. Yet, to
date, these experiments are limited to temperatures above
1 K. At mK temperatures, local thermometry can be
performed in quantum devices formed in a 2DEG by a
variety of methods [18,19] that have recently been pushed
to quantitative accuracy [20–22]. Noise thermometry was
applied to thermoelectric measurements in indium arsenide
nanowires [23]. In metallic devices, electronic thermometry
is usually based on the temperature dependence of charge
transport in superconducting hybrids, either in the tunneling regime for normal metal-insulator-superconductor
(NIS) junctions [24,25] or at higher transparencies allowing
for superconducting correlations [26–28]. This has recently
allowed the realization of a photonic heat valve with a
superconducting qubit coupled to heat reservoirs (probed
by NIS probes) through coplanar waveguide resonators [29].
The single electron transistor (SET) is an essential brick
for the emerging field of quantum caloritronics [30].
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Building on the NIS thermometry technique, the thermal
conductance of a metallic SET was measured [31]. Despite
the continuous density of states in the metallic island,
electron interactions readily led to striking deviations from
the Wiedemann-Franz law [32]. Going beyond this simple
case, two questions arise: (i) how does such a SET behave
thermally beyond equilibrium, that is, at finite voltage bias
and/or at large temperature difference where both Joule
heat and heat transport are to be taken into account, and (ii),
if the central island is replaced by a quantum dot (QD), how
would the discrete nature of its energy spectrum manifest in
the thermal properties of the device? In the weak coupling
regime, the discreteness of the QD energy spectrum makes
electronic transport processes strongly selective in energy.
At zero net particle current, whatever the gate voltage, the
heat flow is zero since electrons tunnel back and forth
exactly at the energy level defined by the QD. The heat
conductance is thus zero at all gate voltages. Heat transfer is
predicted only at nonzero particle current, when the QD
energy level is positioned just above or below the Fermi
level of the hot lead, so that high-energy electrons can
escape through the dot, or low-energy electrons can be
injected there [19,33].
In this Letter, we report on the operation of a singlequantum-dot heat valve. The methodological novelty is to
introduce local thermometry in a metallic single-quantumdot device. When current flows through it, Joule dissipation
results in a temperature increase following the usual
Coulomb diamond pattern. At zero net charge current
and charge degeneracy, the observed electronic heat transfer is the result of energy quantization in the dot combined
with strong tunnel coupling to the leads.
Figures 1(a) and 1(b) displays a colored scanning
electron micrograph of a typical device like the one
reported here, whereas Fig. 1(c) shows a thermal diagram
of the same, with the corresponding color code for each
device element. The device is different from that in
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FIG. 1. A single-quantum-dot transistor integrating a local
thermometer and a heater for heat transport measurement.
(a) False-colored SEM image of a typical device. The source
is colored in red, the drain in green, and the superconducting
leads in blue. The circuit diagram shows the heat transport setup.
The longer (2.5 μm) SNS junction is used as a heater driven by a
constant d.c. battery and the shorter (700 nm) SNS junction is
used as a thermometer. (b) Enlarged view of the nanogap between
the “source” and “drain” created by electromigration and the
nanoparticles made by Au evaporation. (c) Schematic of the
device, with the different heat flows to and from the source.
(d) Differential conductance map of the device measured at
70 mK against the drain-source bias voltage V b and the gate
voltage V g with no additional heating applied.

Ref. [34], but it has the same geometry and the fabrication
procedure is similar. The fabrication of the main part of the
device is based on e-beam-lithography, three-angle, Au thin
film evaporation and lift-off. After the lift-off, we deposit a
1–2 nm thin Au layer on top of the whole device. Because
of the surface tension forces, this small amount of deposit
leads to the formation of 5–10 nm diameter Au nanoparticles on the sample. A bow-tie shaped Pt electromigration junction forms the central part of the device
on which the Au nanoparticles form a dense layer of QDs
[see Fig. 1(b)]. Here we have chosen Pt as the electromigrated material in order to ensure the source local density
of states at the QD contact to be free of superconducting
correlations induced by the nearest Al lead [35].
The electromigration junction is connected on one side
to a bulky drain electrode made of Au, in fairly good
contact to the thermal bath at a temperature T b , and on the
other side to a narrow source electrode, again made of Au
[34]. Four Al leads provide contacts to the source through a
transparent interface. At temperatures well below the
Al superconducting critical temperature, these leads are
thermally insulating. The source is therefore fairly
thermally decoupled from its environment. In the standard
hot electron assumption, electron-electron equilibration is
much faster than any other dynamical process. The source
electrons are thus in a quasiequilibrium state described by a
Fermi-Dirac distribution at a temperature T e that can
significantly differ from T b . The pair of closely spaced

Al leads connected to the source forms a superconductornormal metal-superconductor (SNS) junction with a
temperature-dependent critical current that will be used
as an electronic thermometer. Conversely, the widely
spaced pair of Al leads forms instead a junction with a
vanishing critical current, which allows it to be used as an
ohmic heater. In contrast to prior work [31], we have
chosen here transparent rather than tunnel contacts to the
source for two reasons. First, SNS junctions can provide
less invasive thermometers than NIS junctions that are
biased at a voltage of about Δ=e, which in turn can lead to
significant heating and cooling effects [25]. Second,
electromigration requires low access resistances, which
is inherently incompatible with tunnel contacts.
The nanometer-sized gap was created within the Pt
constriction by means of electromigration at a temperature
of 4 K [34,36]. The device was further cooled in situ
down to the cryostat base temperature of about 70 mK.
Figure 1(d) shows a differential conductance map of the
QD junction as a function of bias and gate voltages V b and
V g , respectively, with no additional heating. From the
observed Coulomb diamonds, one finds a charging energy
Ec ¼ 4 meV [37]. Our detailed analysis [38] provides a
tunnel coupling ℏΓ value in the range 0.2–1.5 meV,
depending on the considered single energy level involved
in low-bias electron transport at a given charge degeneracy
point. In spite of the large tunnel coupling ℏΓ ≫ kB T, it is
still not strong enough to induce a Kondo effect.
We now move to the description of the electron
thermometers. The critical current I C of an SNS junction
is highly sensitive to the electronic temperature T e in N. The
relevant energy scale is the Thouless energy ϵth ¼ ℏD=L2,
where D is the diffusion constant in N and L is the junction
length [45]. For T e > ϵth =kB, I C decreases rapidly with
increasing temperature, allowing it to be used as a secondary
electron thermometer [26,27]. In a single IV characteristic,
the switching current is defined as the value of the current at
which the voltage is larger than a threshold voltage chosen
above the measurement noise level. Figure 2(a) shows a
series of such characteristics at different bath temperatures.
Switching current histograms, together with a Gaussian fit of
their envelope, are shown in Fig. 2(c) for a series of bath
temperature values. The histogram width increases with the
temperature, consistent with a Josephson energy fluctuating
by 2kB T. In Fig. 2(b), the variation of the critical current with
the bath temperature fits nicely the theoretical expectation
[45], the latter being used as the thermometer calibration.
The low Thouless energy ϵth ∼ 5 μeV was chosen in order to
avoid a saturation of I C . The thermometer thus remains
sensitive at low temperature, where thermal transport
through the QD gains importance compared to other heat
relaxation processes.
In the experiment, we heat up the source by applying a
_ H ¼ 6 fW to the heater junction.
constant heating power Q
The drain is biased at a potential V b , the source side being
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FIG. 2. Characterization of the SNS thermometer. (a) d.c. IV
characteristics of the SNS thermometer junction at different bath
temperature T b , the current bias value at which the voltage
exceeds a threshold V 0 ≃ 0.5 μV defining the switching current.
(b) The critical current I C as a function of the bath temperature,
the axes being normalized. It is defined as the most probable
switching current extracted from the histograms. The calibration
curve (red solid line) is a fit with the theory [45]. (c) Histogram of
the stochastic switching current of the SNS junction at different
bath temperatures with a fitted Gaussian envelope for each.

grounded via one of the SNS thermometer contacts.
Figure 3(a) shows a map of the source electronic temperature as a function of V b and V g . Its resemblance to the
charge conductance map of Fig. 1(d) is striking. The source
temperature T e increases rapidly with increasing charge
current due to the related Joule power. Right at the charge
degeneracy point, the source temperature is lower than in
the rest of the map. The higher resolution temperature map
of Fig. 4(a) shows a clear cooling region of ellipsoidal
shape with slightly canted axes. This cooling effect is the
result of the enhanced heat transfer between the hot source
and cold drain.
Figure 3(c) shows energy diagrams for three different
cases indicated by circles in the temperature T e ðV g Þ profiles
at two different bias of Fig. 3(b). At zero bias and far away
from charge degeneracy (case 1), there is neither Joule power
nor heat flow through the QD. The source is overheated up to
T e ¼ 163.5 mK due to the balance between the applied
_ H and the main thermal leakage channel, namely the
power Q
_ e-ph . Still at zero bias but near a
electron-phonon coupling Q
_D
charge degeneracy point (case 2), there is a heat flow Q
through the QD but still no charge flow. This shows up [blue
curve in Fig. 3(b)] as a temperature T e drop by several mK at
the charge degeneracy point. The gate-controlled QD junction thus acts as a heat valve. At higher bias (case 3), this
_ J.
cooling contribution is overcome by the Joule heat Q
A temperature maximum is thus observed at values of the
gate potential close to the charge degeneracy point [red curve
in Fig. 3(b)].

FIG. 3. Competition between thermal transport and dissipation
across the QD junction. (a) Experimental map of the source
electronic temperature in the V b − V g plane. (b) Individual gate
traces of the source temperature at two different bias values.
(c) Schematic energy diagram of the heat flows in and out of the
source in various conditions as indicated by labels in (b): (1) away
from charge degeneracy and at zero bias (left), (2) at a charge
degeneracy point V g ¼ V 0g but still at zero bias (middle), or (3) at
nonzero bias in a conducting region (right). The gray profile depicts
the quantum level spectral density. The ratio between the level
broadening ℏΓ, the bias V b , and the thermal energy kB T are in
correspondence with panel (b) conditions. The arrows indicate the
_ H , the Joule power Q
_ J , the electron-phonon
applied heating power Q
_ e-ph and the power flow through the QD Q
_ D.
coupling power Q

The mere observation of cooling at the charge degeneracy
point is in clear contradiction to the theoretical prediction in
the weak coupling, sequential tunneling regime. Indeed the
present experiment deals with a strong tunnel coupling
between the QD and the leads, with a ratio ℏΓ=kB T e ≈ 20,
rendering the weak coupling picture inapplicable.
We now go beyond the sequential tunneling approximation. Thanks to the extremely high charging energy, in
the vicinity of a charge degeneracy point, the device can be
described as a noninteracting single energy level. We are
interested in exploring the properties of the leads at
stationarity and in particular their electronic temperature;
in the nonequilibrium Green’s functions framework, this is
possible via the so-called inbedding technique [38,46,47].
The latter is not based on a full heat balance model
accounting for the heat flow via phonons and the superconducting leads. We instead assume that the electronphonon coupling strength itself does not change appreciably within the temperature range of the map, which is

237701-3

PHYSICAL REVIEW LETTERS 125, 237701 (2020)

FIG. 4. Quantum dot heat valve. (a) A highly resolved map of
the source electronic temperature at the same experimental
condition as in Fig. 3 and around a charge degeneracy point
defined by V g ¼ V 0g. (b) Calculated temperature map obtained
with the inbedding technique with Γ ¼ 0.25 meV,
ΓL =ΓR ¼ 3=17, and T d ¼ 85 mK. (c) Experimental and (d) theoretical variation of the temperature in the region where crossing
from cooling to heating is observed; each curve refers to a given
applied bias V b : (blue) 20 μV, (orange) 22 μV, (red) 24 μV.
(e) Schematics describing the crossover between the heat flow
_ J as a function of the gate at a fixed bias,
_ D and the Joule heat Q
Q
resulting in temperature decrease at V g − V 0g ¼ −0.12 mV (case
1, left) or increase at 0.46 mV (3, right). At 0.16 mV (2, middle),
_ e-ph as
the two flows are equilibrated. The electron-phonon heat Q
_
well as the injected heat QH are omitted for clarity. The widths of
the arrows indicate their relative strengths.

equivalent to assuming that the main particle and energy
redistribution processes in the lead are dominated by
electron-electron interactions. By including in the theory
the measured temperature (163.5 mK) of the source when
decoupled from the QD, we effectively take into account its
thermal coupling to the bath.
The theoretical temperature map around a charge degeneracy point is shown in Fig. 4(b) and reveals a nice
agreement with the experimental data in Fig. 4(a). Here,
the temperature of the drain T d is set to 85 mK and the
coupling of the QD to the drain is asymmetric with a
coupling ratio ΓL =ΓR ¼ 3=17 between left and right leads
and Γ ¼ 0.25 meV. These best fit values allow us to
reproduce semiquantitatively the temperature profiles of
the crossing region [see Figs. 4(c) and 4(d)]. The width of
the cooling region along the gate potential axis is independent of the bath temperature and increases with the

coupling Γ [38]. Conversely, its extension in bias depends
weakly on Γ and increases with the temperature difference
across the junction.
The present case actually has some similarities with the
regime of a metallic SET where cooling at the charge
degeneracy point was also found [32,34]. Nevertheless, an
asymmetry in gate voltage is clearly observed in the
experimental and theoretical temperature map. For a bias
voltage V b around 22 μV, the source temperature can be
tuned either below or above the reference temperature of
163.5 mK by acting on the gate voltage [see Fig. 4(c)]. This
behavior is not to be expected in the case of a metallic
island where electron-hole symmetry in the density of
states makes transport properties symmetric across the
charge degeneracy point. Therefore, it is an unambiguous
signature of the QD discrete energy spectrum. At a given
bias, the value of the gate potential determines the position
of the broadened energy level in the QD [see the gray
profile in Fig. 4(e)] and thus the mean energy of the
tunneling electrons. This in turn affects the heat balance in
the source and modifies the boundary of the cooling region
in the temperature map. The extension in bias of this
crossover zone, where one can switch from cooling to
heating by adjusting the gate, depends on both the coupling
Γ and the temperature difference across the QD [38].
This work shows that electronic heat transport through a
QD junction can be modulated by a gate potential, making
it act as a gate-tunable heat valve. This behavior can have
important consequences in the practical thermoelectric
efficiency of such a single-quantum-dot junction [48].
The Coulomb diamond patterns in the temperature maps
reveal the intimate relation between charge conductance on
one hand and heat transport and dissipation on the other.
Further experiments may allow a quantitative comparison
of thermal effects to the charge transport properties in a
wide range of tunnel couplings. The ability of precision
electron thermometry at the heart of a QD-based device
demonstrated here opens wide perspectives in the field of
heat transport and dissipation in quantum electronic devices, paving the way for quantitative tests of the Landauer
principle in the quantum information regime [49].
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