<]
TUDelft

Delft University of Technology

Enhancing thermoelectric output in a molecular heat engine utilizing Yu-Shiba-Rusinov
bound states

Volosheniuk, Serhii; Bouwmeester, Damian; Vogel, David; Wegeberg, Christina; Hsu, Chunwei; Mayor,
Marcel; van der Zant, Herre S.J.; Gehring, Pascal

DOI
10.1038/s41467-025-58645-1

Publication date
2025

Document Version
Final published version

Published in
Nature Communications

Citation (APA)

Volosheniuk, S., Bouwmeester, D., Vogel, D., Wegeberg, C., Hsu, C., Mayor, M., van der Zant, H. S. J., &
Gehring, P. (2025). Enhancing thermoelectric output in a molecular heat engine utilizing Yu-Shiba-Rusinov
bound states. Nature Communications, 16(1), Article 3279. https://doi.org/10.1038/s41467-025-58645-1

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1038/s41467-025-58645-1
https://doi.org/10.1038/s41467-025-58645-1

nature communications

Article

https://doi.org/10.1038/s41467-025-58645-1

Enhancing thermoelectric output in a
molecular heat engine utilizing Yu-Shiba-
Rusinov bound states

Received: 12 August 2024

Accepted: 28 March 2025

Published online: 06 April 2025

M Check for updates

Serhii Volosheniuk ®"', Damian Bouwmeester', David Vogel?,
Christina Wegeberg?3, Chunwei Hsu®", Marcel Mayor ® %45,
Herre S. J. van der Zant®' ' & Pascal Gehring®®

Particle exchange heat engines are a novel class of cyclic heat engines that are
all-electrical, contain no moving parts and can therefore be scaled down to
nanometer size. At the center of their operation is the manipulation of a par-
ticle flow between a hot and a cold reservoir through energy filtering
mechanisms, where their efficiency depends primarily on the sharpness of the
energy filter. In this study, we investigate the efficiency enhancement of such
engines by utilizing ultra-sharp transmission resonances formed by magnetic
impurities interacting with superconductors, known as Yu-Shiba-Rusinov
bound states. To this end, we couple a neutral and stable diradical molecule to
superconducting break-junction electrodes, and study its thermoelectric
properties at ultra-low temperatures. By driving the molecular heat engine
through a phase transition from a Kondo state into the Yu-Shiba-Rusinov
regime, we observe a five fold increase in the thermoelectric power factor. This
observation could pave the way for practical applications such as cryogenic
waste heat recovery and efficient spot-cooling for future quantum computing

architectures.

Conventional cyclic heat engines contain moving parts, making them
prone to failure and render them unpractical for sensing, for wearable
devices or for extraterrestrial applications'. In contrast, particle
exchange heat engines” offer a promising alternative, operating with-
out moving components by exchanging particles, such as photons or
electrons, between two heat reservoirs. Their working principle is
based on energy filtering of particles, where a high engine efficiency
could be achieved if a narrow energy band - compared to the thermal
energy kgT - for particle exchange between reservoirs is maintained to
prevent entropy generation during particle transfer’. For example,
quantum dots (QDs) tunnel-coupled to two electron reservoirs have
been demonstrated to serve as precise energy filters, producing effi-
ciencies close to the lower Curzon-Ahlborn limit*. Quantum systems

coupled to superconductors offer a promising alternative pathway to
achieve energy filtering®. A variety of physical phenomena including
Andreev reflections®, multiple Andreev reflection’, and Cooper pair
splitting®® have been studied under different conditions. Special
emphasis has been placed on the interplay between a superconductor
and a magnetic moment on a quantum dot. This interplay is similar to a
normal metal-impurity connection, where electrons in the metal
actively screen the impurity, thus giving rise to the Kondo effect. In
case of a coupled superconductor-quantum dot system, super-
conducting phenomena compete with Kondo screening. This compe-
tition can be revealed through the formation of sharp Yu-Shiba-
Rusinov (YSR) bound states induced inside the superconductor
gapn—u‘
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So far, studies exploring Yu-Shiba-Rusinov (YSR) states have pri-
marily utilized scanning tunneling spectroscopy (STS)**, focusing on
magnetic atoms and molecules coupled to superconducting sub-
strates. STS has enabled the investigation of YSR state
hybridization%, the identification of various sub-gap excitations, and
the tuning of quantum phase transitions by adjusting the tip-substrate
distance”.

In this work we explore if sharp features in the density of states
created by YSR bound states can serve as efficient energy filters to
enhance the performance of a molecular heat engine. To this end, we
measured a diradical nitronyl nitroxide compound (NNDR) molecule
in a three-terminal device with proximity-induced superconducting
leads. The subject of study behaves as a spin-1/2 system with a large
charging energy. The induced superconductivity leads to the existence
of in-gap bound states. We were able to tune the system from a mag-
netic doublet ground state to a Kondo singlet by applying an external
magnetic field and to a BCS-like singlet by changing the number of
electrons on the molecule. We find that this phase transition enhances
the thermoelectric power factor - a quantity proportional to the

a I—L I—R b

Fig. 1| A molecular heat engine in the YSR regime. a Sketch of a superconductor-
quantum dot-superconductor (S-QD-S) system. An unpaired spin (orange sphere)
residing on the QD, in our case a single molecule, couples to a Cooper pair (purple
spheres) inside the proximitized gold leads forming YSR bound states. b Energy

filtering via YSR states. A thermoelectric current /y, (red arrow) is flowing from the
left (hot) side to the right (cold) side. The grey dotted lines depict the Fermi-Dirac
distribution functions of the leads. ¢ Schematic of the thermopower device (back
gate electrode (pink), heaters (light blue), golden bridge (yellow), superconducting

efficiency of the molecular particle exchange heat engines - by a fac-
tor of five.

Results
To investigate the performance of the molecular particle exchange
heat engine we measure its electrical and thermoelectric properties at
the same time, and at millikelvin temperatures, by using our recently
developed device architecture?®? whose working principle is shown in
Fig. 1a. To this end, we electrically and thermally bias the junction
simultaneously using an ac bias voltage V,. at frequency w; and an ac
heater current I;, at w,. At the source terminal we then demodulate the
resulting ac current at w; and 2w, to access both the differential con-
ductance df/dV =1I,./V; and the thermocurrent I, (see Methods for
more details). For the molecule, an all-organic NNDR is used (Fig. 1b),
which is a stable diradical (see details in Methods). As will be shown
later, by applying a negative gate voltage V;, one electron can be
removed from the molecule and it then acts as a spin-1/2 system.
The superconducting contacts used in this study serve a dual
purpose as they are used as thermometers” and allow to induce

dlidV (nS)
100

Ve (mV)

contacts (grey)). The circuit diagram indicates which terminals are used to apply a
gate voltage V, a dc bias voltage V3, an ac bias voltage V,. (w;) and an ac heater
current /i, (w,), and which terminals are used to measure the dc /., the ac /, (w;) and
the thermocurrent /iy, (w,). The insert shows the structure of the Nitronyl nitroxide
diradical molecule (NNDR) which posseses two free spins on the oxygen atoms.
d Map of the differential conductance as a function of gate and bias voltage
recorded at 62 mK. The bound states and the superconducting gap are highlighted
by green and white dotted lines, respectively.
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Fig. 2 | Study of quantum phase transitions by magnetic field dependent
electrical and thermoelectric transport. a, b Differential conductance as a
function of bias voltage and magnetic field at V5 =-2.85V (a) and Vg =-2.65V (b),
respectively. ¢, d Differential conductance (c) and thermocurrent (d) measured
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simultaneously as a function of bias voltage and magnetic field. The white dotted
line indicates the Zeeman splitting of the Kondo resonance that occurs at a field of
B, = 049 T (vertical black dotted lines).

proximity superconductivity in the molecular junction (see Fig. S24)
which leads to a competition between Kondo screening (characterized
by the Kondo temperature, Ty) and superconducting pairing (char-
acterized by the gap energy, A = (A; + A,)/2, where A; and A, are source
and drain gap energy respectively). As depicted in Fig. 1c, the coupling
of a spin-1/2 impurity (i.e., the molecule) to the superconducting
electrodes yields the formation of bound states inside the super-
conducting gap as quasi-particles try to screen the spin of the impurity.

Figure 1d shows a detailed Vg and Vg map of di/dV around the
charge degeneracy point (CDP) recorded at a temperature of 62 mK.
Two horizontal lines (highlighted by white dotted guidelines for the
eye in Fig. 1d) indicate the voltage at which the coherence peaks of the
source and the drain overlap, with their respective gap energies A; and
A, (where A; + A, =130 ueV). When 1 is decreased below -2.8V, the
charge ground state changes from N to N — 1 and the molecule is in the
spin-1/2 state (see also Fig. S21). As we find only one CDP in the
accessible gate range, the charging energy, Ec, is much larger than the
other relevant energy scales (A, Ty, ). Furthermore, two excited state
lines at V=90 uV in the N —1and at V=120 uV in the N charge state,
respectively, merge near the charge degeneracy point. We attribute
the bound state to a YSR state since the electronic coupling to the
leads in our device is highly asymmetric and A = Ty (see discussion of
Fig. 2 below). The bound state undergoes a phase transition and
changes its ground and excited state when increasing V; and changing
the charge state to N (see discussion below). When going through this
transition, the gap between bound states at positive and negative bias
voltage decreases to 100 eV - without a complete closing - which is
the typical behaviour of a superconductor-quantum dot-super-
conductor system.

An external out-of-plane magnetic field is expected to suppress
Cooper pairing while favouring Kondo screening. In Fig. 2a the dif-
ferential conductance as a function of bias voltage and magnetic field,
at constant Vg = - 2.85V (left hand side of CDP, N - 1) is depicted.
Around zero magnetic field two differential conductance peaks which
we attribute to the YSR states are visible: one at positive and one at
negative bias. The voltage difference between the two peak positions
stays almost constant up to a field of 10 mT and decreases - due to a
change of the exchange coupling / and A with magnetic field - in the
range between 10 mT and 30 mT, where the two peaks merge and form
a single zero-bias peak. We attribute this zero-bias peak to a Kondo
resonance. The continuous evolution between the two competing
ground states of the system, which can be triggered at nearly zero
temperature, is a hallmark for quantum criticality®’. For our molecular
junction we observe that the quantum phase transition, driven by the
external magnetic field, has a quantum critical point at = 30 mT. Such
quantum phase transition of the molecular quantum dot is absent in
the N charge state (Vg = -2.65V, see Fig. 2b): the in-gap bound states
are closing with the magnetic field and disappear completely, indi-
cating the transition of the proximitized gold electrodes to their nor-
mal state. Furthermore, the presence/absence of a Kondo resonance
on the left/right hand side of the CDP, respectively, allows us to con-
clude that an unpaired electron resides on the molecule in the N - 1
charge state.

In Fig. 2¢, d we show the Vg and high B-field dependence of the
differential conductance and thermocurrent measured simultaneously
at Vg = -2.85V. The Kondo resonance starts to Zeeman split at a
magnetic field of By, = 0.49 T. At the same time, the slope d/;,/dV of the
thermocurrent at zero bias changes sign. We have shown recently”
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Fig. 3 | Enhancement of thermoelectric output of a molecular heat engine by
YSR states. a-d Maps of differential conductance and (e-h), thermocurrent
measured simultaneously as a function of bias and back gate voltage at different
magpnetic fields (0, 10, 20, and 60 mT, respectively). i Thermoelectric power factor

S3G as a function of magnetic field. The error bars were calculated using

APF=PF\/2 %, where A(Ty - Tc) is the uncertainty of the temperature bias

that results from thermometry measurements.

that the magnetic field By, at which this sign-change occurs, can be
used to accurately extract the Kondo temperature Ty = 4"‘;<B‘h where kg
is the Boltzmann constant and pg is the Bohr magneton We find
Tk = 0.8 + 0.1K, which agrees well with the value estimated from the
width of the Kondo peak (0.73 + 0.04 K, see Fig. S20). Furthermore,
from the Zeeman splitting at high magnetic fields (dotted line in
Fig. 2¢c) we conclude that the junction is a spin-1/2 system with a g
factor of 2 (see more details and Kondo analysis in supplementary
materials).

To further study how the quantum phase transition between the
YSR and the Kondo regime impacts the thermoelectric properties of
the single-molecule particle exchange heat engine, we simultaneously
recorded maps of the bias and gate voltage dependent differential
conductance and thermocurrent at a temperature of 150 mK for dif-
ferent applied magnetic fields between 0 and 60 mT (Fig. 3 and
Figs. S25-S34). For zero magpnetic field, the differential conductance
map (see Fig. 3a) resembles that shown in Fig. 1d; YSR bound states can
be observed on the left/right hand side of the CDP, respectively. There
is a small asymmetry between the differential conductance at positive
and negative bias voltage with peak heights in the range of 2 to 62 nS
for the upper arc and 2 to 108 nS for the lower one, which do not
exceed the upper bound (22) of the theoretical expectations for YSR*.
We note that the asymmetry in intensity of the in-gap excitations at
positive/negative bias is changing as the gate voltage is increased (i.e.,
when changing the exchange coupling). Furthermore, the gate voltage

can also be used to tune the phase transition from a doublet ground
state on the left to an BCS-like singlet ground state on the right hand
side. By applying a small perpendicular magnetic field, the proximity
effect in the gold leads is suppressed. This leads to a broadening of the
in-gap states (Fig. 3b) and to a quantum phase transition to the Kondo
regime (Fig. 3d) at higher magnetic fields.

The thermocurrent measured simultaneously with the differential
conductance is shown in Fig. 3e-h (for more details on thermopower
measurements see supporting information). We observe that the bias-
dependent /, changes sign at bias voltages where the slope of the
differential conductance, d*/dV?, changes. The magnitude of /y, is
proportional to d*/dV? and exhibits an enhancement near sharp fea-
tures of the differential conductance (see Fig. 3e-h). At zero magnetic
field, the maximum/minimum values of /;, are around 1 pA / -250 fA,
respectively, and are at negative bias (bound state with negative
energy with respect to the Fermi level). When a magnetic field is
applied, the /;, maps change in shape and magnitude: while the bias
dependent /;, changes sign 3 times in the YSR regime at B = O (Fig. 3e),
it changes once in the Kondo regime (left-hand side of Fig. 3h). Fur-
thermore, the maximum value of /y, at zero-bias in the stability dia-
grams shown in Fig. 3e-h decreases with increasing B and is reduced by
a factor of =2.8 when going from O to 60 mT.

Using our cryogenic superconducting on-chip thermometers, we
extract a temperature drop of AT = 105+15mK across the molecule
and calculate the differential thermoelectric conductivity (differential
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Fig. 4 | Synthesis of the nitronyl nitroxide di-radical (NNDR). Reagents and conditions: (a) NBS, BPO, DCE, reflux, 16 h, 98%; (b) AgNO3, H,0, EtOH, reflux, 1 h, 55%; (c)
Pd(PPh3),Cl,, K,CO3, dioxane, MeOH, 80 °C, 15 h, 66%; (d) MeOH, reflux, 5h, 75%; (e) NalO,, CHCI; (H,0), room temperature, 1h, 51%.

Seebeck coefficient) dS = dVy/dT = Iy/(dl/dV)/AT. We find a high
dS = 470 uVK™* at Vg=-2.71V, V = -135uV and B = 0. The quantum
phase transition at finite magnetic fields reduces this maximum value
by almost 50% to dS = 255uVK™ at Vi = -2.74V, V=-200puV at
B =60 mT. A similar enhancement by a factor of two originating from
the presence of YSR states was found for the Seebeck coefficient,
So = dVi/dT)-0, defined at zero bias voltage. We find So = 154 uVK™ at
B =0 and Sy = 45 uVK™* at 60 mT (i.e., in the Kondo regime). Further-
more, the corresponding power factor, S(Z)G, at zero bias can be cal-
culated (see Fig. 3i and Fig. S35). This value serves as a valuable
indicator for assessing the efficiency of heat-to-energy conversion®.
Our calculation reveals a five-fold enhancement by the YSR states to
$2G=136x10"*"2, compared to S$3G=0.27x10"**2 in the Kondo
regime.

Discussion

At small magnetic fields B >60mT, in the absence of super-
conductivity, gold is in its normal state and the system reveals the
Kondo effect on the left-hand side of the CDP. From the Zeeman
splitting (Fig. 2c), the temperature dependence of the width of the zero
bias peak, and the shift of the CDP with magnetic field to more negative
energies (see more details in the SI), we deduce that the molecule hosts
an unpaired electron (S = 1/2). The extracted Kondo temperature
ksTx = 70 ueV is greater than the typical values observed in GaAs
quantum dots, yet aligns with the lower range associated with
molecules®. Simultaneously, the tunnel coupling to the contacts
exhibits notable asymmetry (from the Kondo analysis we extract a
value of =1.2x10% that is frequently observed in electromigrated
molecular junctions. Subsequently, the introduction of an additional
electron to the system results in the disappearance of the zero-bias
peak and changes the total spin of the molecule to zero (right-hand
side of CDP).

When reducing B to zero, the gold undergoes a transition to
proximity-induced superconductivity, resulting in a substantial
reduction of the current within the bias window of the order of
+ (A; + Ay)/e. However, in-gap excited states remain which originate
from the interaction between proximity-induced quasi-particles on the
contacts and the spin on the molecule. The high asymmetrical tunnel
coupling to the contacts excludes the possibility that the peaks origi-
nate from Andreev multiple reflections because tunnel coupling
asymmetries >1x10* are typically sufficient to completely suppress
them?”. These arguments together with the large addition energy
found in our sample (large-U regime, see Fig. S19), allows us to attri-
bute the excitations to YSR states.

To further qualitatively describe the experimental data, we
performed numerical simulations using the single impurity Anderson
model”® with one spin degenerate pair of quasi particles at energy
A =100 peV, derived from a zero-bandwidth approximation (ZBW)
fit?”. The results of this calculation are shown in Fig. 1d as dotted
green lines (see also Fig. S23). We find that the model describes the
system’s behavior with high fidelity and provides a comprehensive
explanation for both the ground state and the observed excitations
in the stability diagram: On the left side of the CDP, the system isin a
doublet ground state, with its first excited state being the YSR

singlet. By adding an electron to the molecule, a phase transition
from a doublet ground state to a BCS-like singlet is induced (right-
hand side of the CDP). Here, the excited states take the form of a
doublet. Since the system experiences weak coupling (kgT < A) it
can be tuned from the YSR to a Kondo-like singlet via a doublet-
singlet quantum phase transition by applying an external out-of-
plane magnetic field, which predominately suppresses the super-
conducting gap and the exchange coupling (see Fig. 2a). According
to numerical renormalization group theory (NRG) calculations® and
experimental studies®** this phase transition happens at kgTy/
A = 0.3 - 1, in agreement with the results presented here.

The quantum phase transition from YSR to Kondo physics has a
strong impact on the thermoelectric response of the system. As
observed earlier for single-molecule junctions in the Kondo regime?,
there is a correlation between the derivative (with respect to bias
voltage) of the differential conductance and the thermocurrent, where
sharp conductance features yield high thermoelectric response. Thus,
since the sharpness of the conductance resonances depends on the
magnetic field and temperature, we observe lower thermocurrent
values as these parameters increase (Figs. 2d, 3). This ultimately results
in a two fold increase of the Seebeck coefficient and a five-fold increase
of the power factor when going through the quantum phase transition
from Kondo to YSR.

In this work we performed thermoelectric transport measure-
ments in an all organic diradical molecule coupled to proximity
induced superconducting electrodes. The molecule plays the role of a
spin-1/2 system with a high addition energy that, by interacting with
the superconducting electrodes, leads to the presence of in-gap Yu-
Shiba-Rusinov excitations. By applying a gate voltage, the charge on
the molecule can be reproducibly changed from N - 1 to N, thereby
inducing a phase transition from a doublet to singlet ground state.
Applying an external magnetic field destroys the induced super-
conducting gap and drives a quantum phase transition from the YSR to
the Kondo regime. This leads to a drastic decrease in the thermo-
electric efficiency of the system. Thus, our work demonstrates that the
efficiency of heat-to-energy conversion can be amplified by the pre-
sence of YSR states which act as sharp energy filters. While follow-up
studies are required to investigate heat flow in such junctions, this
work already provides information on how the power factor values can
be boosted by in-gap states. By further optimizing parameters like the
tunnel coupling strength, such molecular heat engines might posses
thermoelectric efficiencies close to the theoretical limit.

Methods

Synthesis of NNDR

The 5-step synthesis of NNDR is displayed in Fig. 4. Synthetic protocols
and analytical data are provided in the supporting information (Sec-
tion 1, Supporting Figs. S1-S18). Starting with commercially available
2,5-dibromo-para-xylene (1), 2,5-dibromoterephthalaldehyde 3 was
prepared in 54% yield over two steps by a fourfold bromination with
N-bromosuccinimide (NBS) and benzoyl peroxide (BPO) in 1,2
dichloroethane (DCE) to provide 2, which was transformed to 3 by
silver nitrate promoted hydrolysis****. Twofold Suzuki cross coupling
of dibromoterephthalaldehyde 3 with 4-pyridine boronic acid (4) gave
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the dipyridyl rod 5 in moderate yield of 36%. The very limited solubility
of 5 was not only challenging for its isolation, but also for its further
processing. Following a literature procedure®, the hydroxylamine 6
was prepared by reduction of the corresponding nitro derivative. For
the condensation between 5 and 6, the dipyridyl rod 5 was dissolved in
boiling methanol before the hydroxylamine 6 was added. The diradical
precursor 7 was obtained as insoluble white solid in a yield of 75%. The
limited solubility of 7 compared to NNDR was particular challenging,
as overoxidation of nitronyl nitroxide radicals to imino nitroxide
derivatives is well known®" After extensive screening for suitable
reaction conditions, a biphasic chloroform (CHCIl;) water system
provided the desired NDDR in moderate yields. The precursor 7 was
dispersed at 0 °C in degassed chloroform (CHCI3) and after warm up to
room temperature, aqueous sodium periodate (NalO,) was added
dropwise. After stirring under protection gas atmosphere for one hour
at room temperature, the crude reaction product was obtained by
filtration through a silica plug. From the crude the target structure
NNDR was obtained in 51% isolated yield as purple solid by reverse
phase HPLC.

The diradical nature of NNDR was corroborated by its EPR spec-
trum, which shows 9 lines as expected for two delocalised unpaired
electrons interacting with four equivalent N nuclei in an isotropic
manner. Temperature dependent EPR studies of NNDR and analytical
data fully characterizing the target structure and all intermediates are
provided in the supporting information.

Sample fabrication

The device is assembled on a Si wafer with a 285 nm layer of SiO, on
top. All lithography steps are performed with electron beam litho-
graphy (Raith EBPG 5000+). Before each step, the sample is pretreated
with acetone and isopropanol for one min. and spincoated with two
layers of resist (8.5 MMA, 11% in Ethyl Lactate; 6000 rpm for 1 min.;
baking at 180 °C for 5min, and PMMA Solid 2% in Anisole, 950.0
molecular weight; 4000 rpm for 1 min.; baking at 180 °C for 3 min.).
After lithography and development in MIBK : IPA = 1: 3 for 90s, the
metals (Ti, Pd and Au) are deposited onto the structure by means of an
e-beam evaporator (high vacuum around 108 mbar, evaporation rate
of 0.5 A/s) and molybdenum rhenium (MoRe, Tc = 8.7 K, A = 1.3 meV)
superconducting contacts are sputtered with an AC450 Allience sys-
tem (RF generator power 100 W, process pressure 20 mbar, Ar flow
15 sccm).

A schematic design of the sample is depicted in Fig. 1a. It consists
of a local gate (pink color) that is made by depositing a 1 nm thick
adhesion layer of Ti and a 7 nm thick layer of Pd; two heaters (blue
color) that are put together by evaporation 3 nm of Ti and 27 nm of Pd;
13 nm thick Au bridge (yellow color); and contacts (grey color) that are
assembled by sputtering 100 nm MoRe. An insulating layer of 10 nm
aluminum oxide, Al,O;, is deposited by atomic layer deposition in an
Oxford Instruments FlexALD system (300 °C) right after the gate and
heater deposition steps to form a dielectric for the gate and to prevent
leakage from the heaters to the contacts.

Electromigration of the junction

Electromigration of golden junctions is performed by means of an
active breaking scheme®®. The idea behind the method is to increase
the voltage across the junction via an ADwin GOLD box while simul-
taneously monitoring the resistance in an active feedback loop. The
application of a high current density through the narrowest constric-
tion induces electron momentum, which is sufficient to move the gold
atoms, resulting in junction resistance modifications. Once the change
of resistance reaches a specific value (cut-off parameter), the voltage is
automatically reduced to zero and the ramping process is repeated. In
such way the junction resistance is increased to 4 kQ and then the
junction is allowed to undergo self breaking® for approximately

10 min with further breaking during the subsequent molecular
deposition and vacuum steps.

Molecular deposition

The molecule is dissolved in dichloromethane (DCM) with a 0.1 mM
concentration and deposited on the chip right after electromigration
via the drop-cast method. The molecule solution is freshly prepared
and exposed to air only for a short amount of time while drop-casting it
on the sample. To avoid self-breaking of the gold junctions to sizes that
would exceed the molecular size (1-2 nm), the sample is thereafter
immediately pumped to a low pressure and cooled down to low
temperatures.

Simultaneous conductance and thermopower measurements
The measurements of conductance and thermocurrent are done
simultaneously with a lock-in double-modulation technique® that is
schematically illustrated in Fig. 1a. The differential conductance G,
thermal current /iy, and /Ipc are measured by adding a small ac com-
ponent (V,c =5 uV) at a frequency w; = 13 Hz to bias voltage Vg, while an
ac current through the heater at a frequency w, = 3 Hz is applied that
creates an ac temperature bias proportional to Joule heating ~ /7. The
G is extracted from (,i where the /,. current is measured with a lock-in
at w;, and the /y, is measured at 2w,. To determine the value of ther-
mocurrent it is important to apply a correction factor of -2v/2 to
Y-component of the lock-in, recording the thermocurrent signal. This
adjustment parameter arises from two factors: firstly, +/2 from the fact
that lock-in measures the root-mean-square voltage value and, sec-
ondly, -2 is attributed to the physical relationship between measured
signal and AT that is proportional to ~ /7. The ac measurements were
conducted with 1uA current passing through the heater (440 Q),
which was the default setting employed through all stability mea-
surements at 150 mK.

Thermometry

The temperature difference across the molecule is measured by means
of SNS-thermometry?. First, both of the thermometers in the device
are calibrated to the base temperature of the dilution refrigerator.
Subsequently, the temperature on the different sides of the gold
bridge is measured while a constant current is applied through the
heater and the temperature gradient over the molecule is calculated.
The calibration is done by collecting the distribution of 3000 switch-
ing currents and extracting the mean switching current value for dif-
ferent base temperatures (see Fig. S22). In order to decrease the
amplitude of switching current, an AC triangular current signal at a
frequency rate of 300 Hz is applied through the MoRe-Au-MoRe con-
tact and the voltage response is recorded while the system is in equi-
librium at base temperature in the presence of an 30 mT external
magnetic field (see also calibration of thermometers and the more
detailed discussion in the SI).

Data availability
The data that support the findings of this study are available under
https://doi.org/10.4121/89ef5a5f-04c7-4e00-811e-541f3bddfel9.
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