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The study of thermoelectricity in molecular junctions is of 
fundamental interest for the development of various technolo-
gies including cooling (refrigeration) and heat-to-electricity 
conversion1–4. Recent experimental progress in probing the 
thermopower (Seebeck effect) of molecular junctions5–9 has 
enabled studies of the relationship between thermoelec-
tricity and molecular structure10,11. However, observations 
of Peltier cooling in molecular junctions—a critical step for 
establishing molecular-based refrigeration—have remained 
inaccessible. Here, we report direct experimental observa-
tions of Peltier cooling in molecular junctions. By integrating 
conducting-probe atomic force microscopy12,13 with custom-
fabricated picowatt-resolution calorimetric microdevices, we 
created an experimental platform that enables the unified 
characterization of electrical, thermoelectric and energy dis-
sipation characteristics of molecular junctions. Using this plat-
form, we studied gold junctions with prototypical molecules 
(Au–biphenyl-4,4′​-dithiol–Au, Au–terphenyl-4,4′​′​-dithiol–Au 
and Au–4,4′​-bipyridine–Au) and revealed the relationship 
between heating or cooling and charge transmission charac-
teristics. Our experimental conclusions are supported by self-
energy-corrected density functional theory calculations. We 
expect these advances to stimulate studies of both thermal 
and thermoelectric transport in molecular junctions where the 
possibility of extraordinarily efficient energy conversion has 
been theoretically predicted2–4,14.

When an electrical current flows across an isothermal junction of 
two materials, net refrigeration is accomplished when Peltier cool-
ing is larger in magnitude than Joule heating15,16. Experimentally 
probing Peltier cooling and Joule heating in current-carrying 
molecular junctions is crucial for understanding electron transport, 
electron–phonon interactions and energy dissipation mechanisms 
at the atomic and molecular scales. Previous experimental stud-
ies17–19 have explored local ionic and electronic heating in molecular 
junctions and probed the non-equilibrium temperature increase 
due to electron–phonon and electron–electron interactions in the 
junctions. More recently, experimental advancements have enabled 
the measurement of Joule heating in the electrodes of molecular 
junctions20,21. In spite of interesting theoretical predictions and the 
practical significance1,4,22, experimental observations of molecular-
scale refrigeration have not been possible because of technical chal-
lenges in detecting picowatt-level cooling.

We developed an experimental platform that is suitable for creat-
ing and stably maintaining molecular junctions while allowing simul-
taneous measurements of the electrical conductance and Seebeck 
coefficient, as well as the heating or cooling power deposited in the 
electrodes of the molecular junctions. Specifically, we developed 
custom-fabricated calorimetric microdevices (Fig. 1a,b), which have 

integrated into them highly sensitive platinum thermometers with a 
temperature resolution (Δ​Tmin) of <​0.1 mK (see Supplementary Fig. 1 
and Supplementary Section  11). The microdevice is suspended by 
four long, doubly clamped silicon nitride beams to achieve both high 
thermal resistance (RS ≈​ 3.3 ×​ 106 K W–1; Supplementary Fig.  2) and 
stiffness (~3.8 N m–1; Supplementary Fig.  5). These characteristics 
enable detection of heating or cooling power with ~30 pW resolution. 
Moreover, the planar surface of the microdevice (Supplementary 
Fig. 3) is coated with an electrically isolated Au layer, on top of which 
a self-assembled monolayer is created to aid the formation of molec-
ular junctions (see Fig. 1a and Methods).

Our strategy for quantifying the Peltier-effect-based cooling of 
molecular junctions, at room temperature (298 K), is depicted in 
Fig. 1a. A contact-mode atomic force microscope (AFM), equipped 
with a sharp Au-coated cantilevered probe (tip radius ~100 nm and 
stiffness ~0.1 N m–1; see Supplementary Fig. 4), is used to make a 
‘soft’ contact with the monolayer of molecules on the Au-coated 
microdevice such that the contact force is maintained at ~1 nN 
by using feedback control. As established in past work12,13,23,24, this 
nanoscopic contact between an AFM tip and a self-assembled 
monolayer contains approximately 100 metal–molecule–metal 
junctions (see Supplementary Section 8). Next, we applied a volt-
age bias (VP) and recorded the resultant electric current (I) flowing 
through the molecules from which we obtained the electrical con-
ductance (and the I–V characteristics) of the molecular junctions. 
Current flow across the molecular junctions results in heat dissi-
pation and cooling due to Joule heating and Peltier effects, which 
in turn give rise to a temperature change (Δ​T) of the calorimetric 
microdevice that can be quantified by measuring the resistance of 
the Pt thermometer integrated into the device. To monitor the tem-
perature change, we supplied a fixed electric current (Iin =​ 20 μ​A) 
to the Pt thermometer while continuously monitoring the voltage 
drop (Vcal) across the resistor. The total cooling or heating power 
(Qcal) in the calorimeter can be directly determined from Δ​T by 
Qcal =​ Δ​T/RS, where RS ≈​ 3.3 ×​ 106 K W–1 is the thermal resistance of 
the microdevice (see Supplementary Fig. 2).

One may ask whether it is reasonable to expect cooling in the 
electrodes of molecular junctions and under which conditions. 
Within Landauer theory, when a voltage bias VP is applied to the 
probe relative to the grounded calorimeter electrode, the power 
input into the calorimeter (Qcal) is24
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where μcal is the chemical potential of the calorimeter electrode, fP 
and fcal are the Fermi–Dirac distributions of the probe and calo-
rimeter electrodes, respectively, τ(E,VP), is the energy- (E) and 
voltage-bias-dependent transmission of the junction, T is absolute 
temperature, G and S are the low-bias electrical conductance and 
the Seebeck coefficient of the molecular junctions, respectively, 
and VO( )P

3  represents the higher-order terms. Note that G and S 
are related to τ(E,VP) (see Methods). Thus, for small biases, when 
|VP| <​ 2|ST| and the first-order term GTSVP dominates, cooling is 
expected when SVP , the product of the Seebeck coefficient and the 
applied bias, is negative. The physical picture behind the expected 
cooling mechanism is shown in the schematics in Fig. 1d,e and is 
discussed below.

We first investigated cooling in Au–biphenyl-4,4′​-dithiol 
(BPDT)–Au junctions. Towards this goal, we applied a peri-
odic, three-level voltage sequence, +​VP (from t =​ 0 to 1.66 s), –VP 
(1.66 s to 3.33 s) and 0 volts (3.33 s to 5 s), across Au–BPDT–Au 
junctions, and simultaneously measured both the current flow 
through the junctions and Qcal (note that the calorimeter elec-
trode is always grounded in these experiments). The time period 
of each of the voltage pulses (1.66 s) is chosen to be significantly 
larger than the thermal time constant (~40 ms) of the microdevice  

(Supplementary Fig. 2) so that there is sufficient time for steady-state 
conditions to be established in the calorimeter. Representative traces 
of the recorded electrical current (I) and heating or cooling power 
(Qcal), corresponding to one period of the three-level voltage sequence 
(+​VP , –VP and 0, where VP was chosen to be 3 mV), are shown in 
Fig. 2a. It can be clearly seen that when the voltage is changed from  
+​VP to –VP , the current direction switches sign as expected. However, 
the expected heating or cooling of the calorimeter (represented by 
a temperature change of the calorimeter) remains unresolvable 
owing to the considerable noise in the signal. To resolve the desired  
signal, we used an averaging scheme that improves the thermal  
resolution and hence the calorimetric resolution (see Supplementary 
Section 11 for details). Briefly, in this approach the thermal signals 
from many (500 to 2,000) equivalent phases of three-level volt-
age sequence (+​VP , –VP and 0) are aligned and averaged, and Qcal 
is determined. Figure  2a depicts the results obtained after aver-
aging 10, 100 and 1,500 period traces, clearly demonstrating that 
such averaging reduces noise to a level where heating and cooling 
can be resolved. Specifically, for Au–BPDT–Au junctions we find 
a net cooling power ~300 pW when a negative bias of –3 mV is 
applied. The corresponding heating power when reversing the bias  
polarity is ~600 pW.
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Fig. 1 | Probing cooling in molecular junctions. a, Schematic of the experimental platform. Molecular junctions are formed by placing a Au-coated AFM tip 
in gentle contact with a self-assembled monolayer created on a Au-coated calorimetric microdevice. The electrical conductance of the molecular junctions 
is measured by supplying a small voltage bias (VP) and recording the resultant current. The temperature change of the microdevice is induced by the heating 
or cooling effect in the current-carrying molecular junctions. The resistance of the Pt thermometer is continuously monitored by applying an electric current 
(Iin) into the resistor and measuring the voltage output (Vcal). PSD, position-sensitive detector. b, Scanning electron microscope image of the custom-
fabricated microdevice. c, Chemical structures of the molecules studied in this experiment. d, Schematic description of the origin of the Peltier effect in a 
molecular junction in which transport is dominated by the HOMO. The transmission function is depicted as a Lorentzian around the HOMO and LUMO 
levels. The terms μcal, Qheat and Qcool denote chemical potential, heating and cooling power, respectively. e, Same as d, but for the LUMO-dominated case.
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Figure  2b presents the time-averaged thermal signal for vary-
ing VP from 1 mV and 9 mV for the same Au–BPDT–Au molecular 
junctions. It can be seen that, under positive biases, Qcal is always 
positive. In contrast, net cooling (Qcal <​ 0) is observed in a narrow 
range of negative biases, ∈ −  V [ 8 mV, 0 mV]P . We plot the measured 
Qcal as a function of the voltage bias applied to the probe (VP) in 
Fig.  2c. The measured power dissipation is roughly parabolic as 
expected from equation (1). To obtain a quantitative comparison 
with the predictions of equation (1), we independently measured 
the electrical conductance and the Seebeck coefficient of molecu-
lar junctions. These measurements are accomplished with the same 
experimental platform (see Methods) by directly recording the 
I–V characteristics and S. From these measurements (Fig. 2d), we 
determined that the low-bias conductance is ~37 μ​S (note that this 
relatively large conductance is due to the fact that we trapped mul-
tiple molecules in the molecular junction) and the Seebeck coef-
ficient is +​13.0 ±​ 0.6 μ​V K–1 (indicating that transport is dominated 
by the highest occupied molecular orbital, HOMO), in good agree-
ment with past work12 for Au–BPDT–Au molecular junctions. By 
putting these independently measured transport parameters into 
equation (1) (neglecting higher-order VO( )P

3  terms), we obtained 
the solid line shown in Fig. 2c. The resulting agreement between the 
calculated thermoelectric cooling of Au–BPDT–Au junctions and 
the experimental values confirms the applicability of the Landauer 
approach for modelling cooling.

The physical processes that result in molecular-junction-based 
cooling can be understood by considering the schematic of a 
HOMO junction shown in Fig. 1d. The left electrode is grounded 
and represents the electrode integrated into the calorimeter while 

the right electrode signifies the probe. When the probe is negatively 
biased as shown, electrons are injected into the probe electrode at 
an energy of μcal +​ e|VP| and leave the calorimeter electrode at an 
energy μcal. Under these conditions, charge transfer occurs not only 
at energies between μcal +​ e|VP| and μcal but also at energies within a 
few kBT (kB is the Boltzmann constant) of the chemical potentials 
owing to the thermal broadening of the Fermi–Dirac functions. 
Charge transfer at energies between the chemical potentials leads 
to Joule heating in the calorimeter (see Supplementary Fig.  10). 
However, charge transfer through the junction at energies below the 
chemical potential of the calorimeter electrode leads to cooling in 
the calorimeter, while charge transfer at energies above the chemical 
potential of the probe leads to heating. Thus, in HOMO-dominated 
junctions, when the probe is negatively biased and the voltage mag-
nitude is appropriately chosen, net cooling (that is, Peltier cool-
ing dominates over Joule heating) occurs in the calorimeter, as 
the transmission probabilities (see Fig. 1d) are larger at μcal than at 
μcal +​ e|VP| (see Supplementary Section  12 for more details of the 
physical mechanism). The situation is reversed when the probe is 
positively biased, resulting in only net heating in the calorimeter for 
HOMO-dominated junctions. Similar arguments can be presented 
to understand cooling in LUMO-dominated junctions (Fig. 1e).

Corresponding measurements were also performed on Au–ter-
phenyl-4,4′​′​-dithiol (TPDT)–Au junctions and Au–Au nanocon-
tacts. The measured thermal power, I–V characteristics and Seebeck 
coefficient are summarized in Fig. 3. In contrast to the BPDT case, 
TPDT molecular junctions exhibit significantly smaller cooling 
owing to their low electrical conductance, in spite of a slightly higher 
Seebeck coefficient of +​15.7 ±​ 1.1 μ​V K–1. In Au–Au nanocontacts  
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Fig. 2 | Observation of Peltier cooling in Au–BPDT–Au junctions. a, Experimental protocol for quantifying the heating and cooling power in molecular 
junctions. A periodic three-level voltage (blue line) is supplied into the junctions, while electrical current (purple line) and thermal signal (black lines)  
are simultaneously recorded. Improved thermal resolution is obtained by averaging the thermal signal over a large number of periods to reduce noise 
level. b, Time-averaged heating and cooling signal traces (red lines) under different voltage bias. c, Measured voltage-dependent thermal power for BPDT 
junctions. The solid red line indicates the fitted curve using equation (1) and the measured Seebeck coefficient and electrical conductance. The shaded blue 
region indicates the voltage region where net cooling (refrigeration) is observed. Inset shows the measured data and the fitted curve for voltage bias from 
–9 mV to +​9 mV. The red arrow points to the voltage that leads to the maximum cooling effect. Error bars represent the standard deviation of data obtained 
from the time-averaging scheme. d, Measured Seebeck coefficient (S) of BPDT junctions. The red solid line is the best linear fit to the measured data, with 
the slope indicating the Seebeck coefficient. Inset shows the I–V characteristics of the junctions obtained by averaging ten individual I–V curves. The green 
shaded region represents the standard deviation. Error bars represent the standard deviation of data obtained from five independent measurements.
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without molecules between the Au electrodes, there was no detect-
able cooling effect (Fig. 3c) because of the extremely small Seebeck 
coefficient—a result in excellent agreement with the prediction of 
equation (1). This control experiment confirms that the molecules 
play a critical role in the observed cooling.

Finally, we performed measurements using Au−​4,4′​-bipyridine 
(BP)–Au molecular junctions, in which transport is expected to be 

dominated by the LUMO level9 (as also confirmed by our measure-
ments of the Seebeck coefficients; see Fig. 3f). In these experiments, 
in contrast to the measurements in HOMO-dominated junctions, 
we observed net cooling in the calorimeter for a positive bias 
applied to the probe (Fig. 3e). The observed heat dissipation charac-
teristics of Au–BP–Au junctions are consistent with the predictions 
of equation (1) using independent measurements of the electrical 
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conductance and the Seebeck coefficient, as reflected by the excel-
lent agreement between the experimental data and the result from 
equation (1). The physical picture for the observed cooling behav-
iour in LUMO-dominated junctions is shown in Fig. 1e.

To identify the microscopic origin of the observed heating and 
cooling effects in our molecular junctions, we used an ab initio 
transport model based on density functional theory25 (DFT) to 
compute the transmission function (τ(E)). To investigate whether 
our experimental observations are directly determined by the struc-
ture and properties of the molecules incorporated into the junction, 
we focus our computational analysis on single-molecule junc-
tions. In Fig. 4a, we summarize the results for the zero-bias trans-
mission function for three junctions where the molecules under 
study (BPDT, TPDT and BP) are attached to Au electrodes via 
atop positions (insets in Fig. 4b–d). For these calculations, we used 
the DFT +​ Σ​ method to attenuate known self-interaction errors in 
DFT and account for image charge effects21,26 (see Methods). Then, 
using τ(E), we computed within the Landauer theory (see Methods) 
the electrical conductance, the Seebeck coefficient and the power 
released in the calorimeter (equation (1)). As we are interested  
in the low-bias regime, the bias-dependence of the transmission 
was ignored.

For the Au–BPDT–Au and Au–TPDT–Au junctions, the trans-
port at the Fermi energy (EF) is dominated by the HOMO of the 
molecules (Fig. 4a), which results in a negative slope of the trans-
mission at EF and a positive Seebeck coefficient. In this example, 
the conductance of the BPDT junction is 1.1 ×​ 10−3G0, where 
G0 =​ 2e2/h =​ 12.9 kΩ​−1 is the conductance quantum, while for 
TPDT the conductance is 1.5 ×​ 10−4G0, almost an order of mag-
nitude lower as expected from the exponential decay of the con-
ductance with molecular length. The corresponding Seebeck 
coefficients at room temperature are +​10.5 μ​V K–1 for BPDT 

and +​11.1 μ​V K–1 for TPDT, which are in good accord with our  
experimental observations. The results for the computed cooling 
power in single-molecule junctions (Fig.  4b and c) predict that 
these junctions exhibit cooling for negative bias in a voltage range of  

∈ −V [ 7 mV, 0 mV]P , in excellent agreement with the voltage range  
for which cooling is observed in the experiments. The lower cool-
ing power of TPDT is simply due to its lower conductance. Note 
that the difference in power values with respect to the experiments 
arises because we are simulating single-molecule junctions instead 
of the many-molecule junctions used in the work. Finally, the  
BP junction exhibits a conductance of 8.8 ×​ 10−5G0, consistent with 
previous experimental and theoretical work9, transport is dominated  
by the LUMO (Fig.  4a), with a negative Seebeck coefficient of  
−​14.4 μ​V K–1, and the cooling effect occurs at positive bias (Fig. 4d) in a  
range ∈  +  V [0 mV, 9 mV]P , again in qualitative agreement with our  
observations. A direct quantitative comparison between theory and 
experiments is primarily limited by the uncertainty in the number 
of molecules in the junction (note, however, that the Seebeck coef-
ficient is independent of the number of molecules). These results 
strongly indicate that the observed cooling and heating are deter-
mined by the intrinsic properties of individual molecules.

In conclusion, we have experimentally observed cooling in 
molecular junctions. Our experimental results also link the charge 
transmission characteristics of a molecule to the Peltier effects 
measured in molecular junctions. Furthermore, the experimental 
platform reported here allows the seamless characterization of elec-
trical, thermal and thermoelectric transport properties on the same 
molecular junction in a unified manner. This work should stimu-
late further systematic exploration of atomic- and molecular-scale 
thermal transport11,27–29 and quantification of the thermoelectric 
figure of merit2–4,14 in a variety of interesting molecules, nanostruc-
tures and materials.
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Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41565-017-0020-z.
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Methods
Preparation and characterization of microdevices. The microdevices were 
custom-fabricated using standard nanofabrication techniques (Supplementary 
Fig. 1). The suspended regions (80 μ​m ×​ 60 μ​m) are connected to the surrounding 
substrate via thin and long beams that result in a thermal resistance of  
∼​3.3 ×​ 106 K W–1 and a stiffness of ~3.85 N m–1 (see Supplementary Fig. 2 and 
Supplementary Fig. 6 for details of device characterization and finite element 
analysis). The planar surface of the microdevice was coated by a thin Au film 
of ~50 nm (electron-beam evaporation), on which a self-assembled monolayer 
of molecules was formed (see Supplementary Fig. 5 for details of surface 
characterization).

Molecular monolayer preparation and junction formation. To obtain the desired 
monolayers of molecules, we first prepared dilute ethanol or toluene solutions 
of BPDT, TPDT and BP molecules (purity >​95%, Sigma Aldrich). Immediately 
after the deposition of Au layers on the device surfaces, we immersed the devices 
in 500 μ​M solutions to initiate self-assembly of molecules on Au surface. The 
microdevices were incubated for ~12 hours in a nitrogen-filled glove box and, 
following monolayer formation, they were rinsed thoroughly in ethanol or toluene 
to remove unbound molecules. Devices were dried in a nitrogen environment. 
Experiments were performed with commercially available AFM cantilevers from 
NanoAndMore (ARROW-CONTR, nominal force constant ~0.1 N m–1). Before 
the experimental measurements, the AFM tips were coated with a thin layer of 
sputtered Au (~100 nm) and cleaned by oxygen-plasma to eliminate possible 
contamination. Measurements were initiated by making a gentle contact with 
the monolayer of molecules using a contact force of about 1 nN, which prevented 
penetration of the AFM tip into the monolayer and ensured stable and repeatable 
molecular junctions with ~100 molecules (see Supplementary Section 8 for 
details of ellipsometry and X-ray photoelectron spectroscopy measurements). 
This estimate of the number of molecules in the junction (~100) was obtained by 
comparing the measured electrical conductance with previously reported values 
of the single-molecule electrical conductance. Similar values were also obtained by 
using a simple, contact-mechanics model based on Hertzian theory12,13,23,24.

Thermoelectric voltage measurement. The Seebeck coefficients of the molecular 
junctions were measured using an alternating current scheme (Supplementary 
Fig. 8). Briefly, a sinusoidal electric current at frequency f (0.5 Hz) was supplied to 
the Pt resistor, which induced sinusoidal perturbation of the temperature of the 
suspended microdevice with an amplitude Δ​T2f and frequency 2f. Subsequently, 
we used a lock-in amplifier (Stanford Research Systems, SR830) to measure the 
thermoelectric voltage (Δ​V2f) at 2f = 1 Hz arising from the applied Δ​T2f. The 
Seebeck coefficient of the junction (S) was found from S =​ SAu – Δ​V2f/Δ​T2f, where 
SAu is the Seebeck coefficient of the Au thin film deposited on our calorimeter, 
which was assumed to be ~1.76 μ​V K–1 (ref. 30).

Computational techniques. The transmission functions and the different 
transport properties of the single-molecule junctions used in this work were 
obtained with our previously published first-principles transport method25. Briefly, 
this method is based on the combination of DFT and non-equilibrium Green’s 
function (NEGF) techniques, and it is implemented in the quantum-chemistry 
code TURBOMOLE31. The first step in this method is the description of the 
electronic structure of the junctions within DFT. In our DFT calculations, we 
used the BP86 exchange-correlation functional32 and the Gaussian basis set def-
SVP33. We made sure that the total energies were converged to a precision better 
than 10−6 atomic units, while in the geometry optimizations we ensured that the 
maximum norm of the Cartesian gradient reached values below 10−4 atomic units. 
The practical construction of the geometries of the molecular junctions considered 
in the main text was done as follows. First, the molecules were fully relaxed. Then, 
they were incorporated in a junction where the electrodes were initially simulated 
with Au pyramids with 20 atoms each. To be precise, the molecules were bonded 
in atop positions: that is, they were directly coupled to the apex atoms of the Au 
electrodes. Subsequently, we did one more geometry optimization by relaxing the 

positions of the molecule’s atoms and those of the four last atoms in the Au clusters. 
Next, we increased the size of both Au clusters up to 63 atoms to make sure that 
the metal–molecule level alignment was correctly described. Finally, the whole 
central region consisting of the molecule plus the two Au clusters was coupled to 
semi-infinite Au surfaces, which simulate the metallic leads. These surfaces were 
described with the same level of DFT (same basis set and same functional) as the 
Au atoms in the central part of the junction25.

To address the known problems of DFT-based methods in accurately 
describing the energy gap and metal–molecule level alignment, we used the self-
energy-corrected DFT +​ Σ​ method that partially cures the self-interaction errors 
in the standard exchange-correlation functional and, in turn, takes into account 
image charge effects26. We have described in detail the implementation of this 
method in past work21. Briefly, there are two key steps in this method. First, we 
shift the HOMO and LUMO of the molecules such that they correspond to the 
negative ionization potential and to the negative electron affinity, respectively. 
These two latter energies are computed in separate calculations of the molecule in 
gas phase. Then, to account for the renormalization of the levels when the molecule 
is brought into the junction, we shift the energy of the occupied states up in energy 
and the unoccupied states down in energy. These shifts are calculated by describing 
the screening of the metallic electrodes in a classical way as the interaction of 
point charges in the molecule with two perfectly conductive infinite surfaces, as 
described in detail elsewhere21.

The last step in our transport method is the use of the information about 
the electronic structure of the junctions to determine the zero-bias transmission 
function. This is done with the help of NEGF techniques, as explained in our past 
work21. Finally, the transmission function was used, in the spirit of the Landauer 
theory, to compute the different transport properties. In particular, the linear 
conductance G and Seebeck coefficients S are given by:

= = −G G K T S
K T

eTK T
( ) and

( )
( )

(2)0 0
1

0

where T is the absolute temperature, e is the electron charge and the coefficients 
Kn(T) are given by 

∫ τ= − −∂ .
−∞

∞
K T E E E f E T E( ) ( ) ( )[ ( , )]dn

n
EF

Here, EF is the Fermi energy, f E T( , ) is the Fermi–Dirac function and τ E( ) is 
the zero-bias transmission function. In our junctions, we have verified that it is 
sufficient to use the low-temperature expansion of these formulae, which reduce to 

τ=G G E( )0 F  and 

π τ τ= − ∕ ∂ ∕ =S k T e E E( 3 )[ ( ) ( )] ,E E E
2

B
2
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where kB is the Boltzmann constant and G0  =2e2/h is the electrical conductance 
quantum. Finally, the power released in the calorimeter was calculated with 
the help of equation (1) in the text. In particular, we verified that the low-bias 
expansion of that equation applies in the voltage range investigated in this work.

Data availability. The data that support the findings of this study are available 
from the corresponding author upon reasonable request.
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