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ABSTRACT: Particle-exchange heat engines operate without moving parts or time-
dependent driving, relying solely on static energy-selective transport. Here, we realize a
particle-exchange quantum heat engine based on a single diradical molecule, which is only a
few nanometers in size. We experimentally investigate its operation at low temperatures and
demonstrate that both the power output and efficiency are significantly enhanced by Kondo
correlations, reaching up to 53% of the Curzon—Ahlborn limit. These results establish
molecular-scale particle-exchange engines as promising candidates for low-temperature
applications where extreme miniaturization and energy efficiency are paramount.

KEYWORDS: single-molecule heat engine, Kondo effect, molecular electronics, thermopower, particle-exchange heat engine,

electromigrated break junctions

heat engine converts part of the heat flowing from a hot

to a cold reservoir to work (Figure la). Classical heat
engines exist across a broad range of scales, from macroscopic
systems such as steam engines to microscopic devices,
including micro-electromechanical,’ piezoresistive,2 and sin-
gle-atom engines.” Quantum heat engines exploit discrete
energy levels to perform work while interacting with their
environment via heat or particle exchange (Figure 1b). These
systems must be open and their working medium—analogous
to the gas or liquid in classical engines—can consist of
quantum particles,* spin systems,” harmonic oscillators,® or
single electrons. Furthermore, particle-exchange quantum heat
engines are autonomous and operate continuously without
time-dependent external driving,

A prominent example for particle-exchange quantum heat
engines that relies on single-electron exchange (see Figure 1c)
is the quantum dot (QD) heat engine. Its working principle is
based on energy filtering, where efficiency is maximized if
particle exchange occurs through a narrow energy window—
smaller than the thermal energy, kzyT—to suppress entropy
generation during transport.” Experimentally, quantum dots
formed in nanowires, tunnel-coupled to two electron
reservoirs, have been demonstrated to be precise energy filters,
achieving efficiencies close to the Curzon—Ahlborn limit.*
Therein, key parameters influencing efficiency are the load
resistance’ and tunnel couplin%, which governs charge
transport and energy selectivity.'® Recent studies further
emphasize the role of quantum dot degeneracies, which are
directly linked to entropy generation,'"'” and strong electronic
correlations,* ™" in optimizing heat-to-work conversion.

Extending this concept, single molecules have emerged as
promising candidates for quantum heat engines. Their unique
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advantage lies in the ability to chemically tailor their
functionality at the molecular level, allowing precise control
over the position and width of the effective energy filter, which
facilitates the energy conversion process. Unlike inorganic
quantum dots, molecules offer additional tunability through
their electronic degeneracies, spin ground states, coupling
strengths, and internal interference effects, which can be
engineered to enhance thermoelectric efficiency.'*™"®

In this work, we explore how strong electron correlations,
particularly those giving rise to the Kondo effect, impact the
efficiency of a single-molecule heat engine. By performing
single-molecule thermoelectric experiments under different
load resistors and tuning the intramolecular electron
interactions with a magnetic field, we show that the maximum
power output of the engine is significantly enhanced in the
presence of Kondo correlations. We quantify this enhancement
by introducing an asymmetry parameter, o, which we extract
from fits to the experimental data. We show that o is a reduced
characteristic of the internal dynamics of the QD that is
responsible for its thermoelectric performance. The under-
standing obtained in this study is crucial for optimizing heat-
to-work conversion in molecular-scale thermoelectric devices,
where many-body interactions can significantly alter transport
properties. By leveraging molecular design strategies and
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Figure 1. (a) Working principle of a classical heat engine. (b) Principle of a molecular quantum heat engine. Electrons (green arrows) and heat
(orange/blue/purple wiggly arrows) are exchanged between the molecule and a hot and cold reservoir. The molecule can furthermore thermalize
with its phonon bath. (c) Molecular particle-exchange heat engine. A single molecule (depicted by a ground state in black and (vibrational) excited
states in gray) is tunnel-coupled (green arrows) to a hot (left, red) and a cold (right, blue) particle/heat reservoir characterized by Fermi—Dirac
distributions (with temperatures Tjoy Teoq 2nd electrochemical potentials g4y fcoia)- An electron, driven by the thermal bias, tunneling onto the
molecular ground state removes heat, Qy, from the hot reservoir, converts part of it into useful work eV—which can be optimized by adjusting a
load resistor, Ry,,q—and transfers the remaining heat, Q_g4, to the cold reservoir. (d) Structure of the SMe-20S molecule used in this study. (e)
Schematic of the thermopower device showing the back-gate electrode (pink), heaters (light blue), gold bridge (yellow), and gold contacts (gray).
The accompanying circuit diagram indicates the terminals used to apply the gate voltage, V, dc bias voltage, V, ac bias voltage at frequency w;,
V..(®,), and ac heater current at frequency w,, I;(w,), as well as the terminals for measuring the dc current, Iy, ac current, I, .(®,), and
thermocurrent, I;,(2w,). A load resistor, R4, is connected in series with the molecular heat engine.
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Figure 2. Simultaneously measured stability diagrams of differential conductance (a) and thermocurrent (b). Zero-bias gate traces of differential
conductance (c) and thermocurrent (d) at various magnetic fields, showing a shift of the charge degeneracy point toward less negative gate
voltages. (&) Evolution of the power factor calculated from (c) and (d) as a function of gate voltage for different magnetic fields. (f) Asymmetry
parameter extracted from thermopower measurements as a function of applied magnetic field. Magnetic field strengths are represented by color:
dark blue (0 T) transitioning to yellow (8.8 T). The error bars show the confidence intervals of the value of ¢ from fitting each of the
thermocurrent traces to eq 1.

correlation effects, it will be possible to refine energy filtering energy levels—specifically, the highest occupied molecular
mechanisms and push the efficiency of nanoscale heat engines orbital (HOMO) at energy £y0mo and the lowest unoccupied
to the limits.

The working principle of the single-molecule particle- molecular orbital (LUMO) at energy épuyo—is tunnel-

exchange heat engine studied in this work is illustrated in coupled to two electron reservoirs with electrochemical

Figure 1b and c. A single molecule, characterized by its discrete potentials i, and p.q on the left (hot) and right (cold)
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sides, respectively. The tunnel coupling strengths to these
reservoirs are denoted as [}, and I"_ 4.

Typically, in molecular devices, the energy gap eyomo —
erumo 1s several eV, allowing transport to be effectively
described as transitions through the single energy level closest
to the Fermi energy (single-level model). The energy required
to add an additional electron to this level is given by & =
Euomo — ELumo — # (where  is the chemical potential of the
electrode), which accounts for both the charging energy and
the quantum level spacings.'”** When a temperature bias, AT
= Thot — Teqa is applied across the molecule, an electronic
energy (heat) current J,—the phononic heat current can
typically be neglected at cryogenic temperatures that are much
lower than the vibrational energies of the single molecule—
flows from the hot to the cold reservoir, filtered by the
molecular level at e. Simultaneously, this thermal gradient
drives a thermoelectric current, I, against the applied voltage,
V = (Ueola — HMpo)/e. Bach transferred electron performs
electrical work, eV, while transporting heat, extracting Q. = €
— Mpot from the hot reservoir and depositing Q4 = € — feod
into the cold reservoir. If a load resistor Ry,,4 is connected in
series with the molecular junction, electrical power,
P = I;R,,.q4 is generated. The efficiency of the heat engine
is then given by 1 = ]E.

Q

, we implement a single-molecule particle-exchange heat
engine by incorporating an all-organic SMe-20S molecule
(Figure 1d)—a stable diradical which was previously
synthesized and studied on surface by scanning tunneling
microscopy (STM)”' (see Methods section in the SI)—into a
nanometer-sized junction between two gold electrodes. Here,
the thioether SMe(—SCH;) end groups are included for
anchoring to the Au electrodes. Radical molecules have
attracted significant attention in diverse research areas—
including synthetic chemistry, spintronics, and nonlinear
optics—and have been demonstrated to enhance thermo-
electric performance.'®*” Notably, in our study the molecule’s
spin ground state can be tuned to S = 1/2 by applying a
negative gate voltage, V,, as we will demonstrate later. This
junction is formed through the electromigration™ of a narrow
gold constriction (see Methods section in the SI). Our recently
developed device architecture” ¢ (Figure le) allows for the
application and precise measurement of a thermal bias across
the junction, even at millikelvin sample temperatures. By
simultaneously applying an AC bias voltage, V,, at frequency
@, and an AC heater current, L, at @, we simultaneously
measure both the electrical differential conductance,
dI/dv = I;C/Vac, at @;, and the thermocurrent, I, at 2w, as
a function of DC bias voltage, V, and Ve (see Methods section
in the SI for details).

Figure 2a and b shows maps of dI/dV and I, as a function of
V and V,. The characteristic hourglass-shaped sequential
tunneling regime is observed, a hallmark of Coulomb blockade,
with a charge degeneracy point (CDP) at Ve = =47V,
marking the transition where one electron is removed from the
molecule, shifting the system from an N + 1 to an N charge
ground state. Excited states appear within the sequential
tunneling regime and extend into the Coulomb-blocked region
of the N + 1 state as horizontal lines, characteristic of second-
order co-tunneling processes. The response of those features to
an external magnetic field indicates that they originate from
spin-excited states rather than vibrational excitations. Magnetic

986

field dependence (see SI) reveals that the two spins in the N +
1 charge state couple antiferromagnetically, with an exchange
coupling strength of ] & 3 meV, confirming that the observed
co-tunneling excitation corresponds to a singlet—triplet
transition. Additionally, the CDP shifts to less negative
energies under an applied magnetic field (see Figure 2c, also
the SI), indicating that the ground state on the left side of the
CDP has a higher spin than that on the right. This implies a
doublet-to-singlet transition upon electron addition with the
neutral state of the molecule on the right-hand side of the
CDP.

In the N charge ground state—with doublet spin ground
state—a horizontal feature at zero bias is visible, which we
attribute to the Kondo effect, a many-body phenomenon
where a localized spin on the molecule interacts with the
conduction electrons of the reservoirs, forming an antiferro-
magnetically ordered bound state with a binding energy
characterized by the Kondo temperature, Ty. Magnetic field
dependent measurements of I, can be used to estimate Ty:'*
A universal scaling relation exists between the magnetic field
B,, where the Kondo resonance splits, and By, where the slope
of Iy at zero bias changes sign, with By &~ B, = 0.75kgTy/
(gup), where g is the gfactor and kg is the Boltzmann
constant."* We find (see the SI) By, = 2.4 T, yielding a Kondo
temperature of Ty = 4.3 K. Furthermore, magnetic field sweeps
at V, = —5.6 V indicate that the system behaves as a spin-1/2
with a g-factor of 2.

In Figure 2c—e, we present the gate-dependent dI/dV, I,
and the thermoelectric power factor
PF = §°G = I /AT?/(dI/dV) at various magnetic field
strengths, measured with a series resistor of Rj,,q4 = 100 kQ
at zero bias voltage. We observe that all three quantities are
suppressed as the magnetic field increases: G and S decrease
from 363 nS and 336 uV K™ at zero magnetic field to 272 nS
and 284 uVK™' at 8.8 T, respectively, resulting in an overall
35% decrease of PF. Additionally, the ratio between the
maximum (I;,) and minimum (I,;,_) thermocurrent decreases
from 1.66 at zero field to 1.3 at 8.8 T. This reduction enhances
the symmetry of the gate-dependent PF with respect to the
CDP.

To quantify the asymmetry of the thermoelectric response
around the CDP, we introduce an asymmetry parameter, o,
extracted by fitting the gate-voltage dependence of the
thermocurrent I;(V,) to the form derived in ref 11 (see
Section 7.2 in the SI):

() = AeS5f(e = To)(1 - £(&) "

In the regime of weak electron—electron interactions, where
the Onsager symmetry (eq 1, SI) applies, o can be interpreted
as the entropy change associated with adding an electron to the
system. In the Kondo regime, the situation changes:
conductance develops a plateau only on one side of the
CDP, signaling breakdown of Onsager symmetry. Moreover,
charge transport no longer occurs through sequential tunneling
via the level at & but through higher-order co-tunneling
processes. In this regime, o no longer reflects a thermodynamic
entropy difference but instead serves as a phenomenological
measure of the asymmetry in the thermoelectric signal.

However, despite its lack of an immediate physical
interpretation, ¢ remains an appropriate parameter for
characterizing the performance of the device as a heat engine,
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Figure 3. (a) Experimental and theoretical parametric plot of power output as a function of extracted efficiency at different magnetic fields. Here,
each point is taken at a different gate voltage. (b) Maximum power output and (c) efficiency at maximum power as a function of asymmetry
parameter. (d) Power output as a function of efficiency for different load resistors. The error bars originate from fitting uncertainties, in the

determination of either o or AT, which, in turn, affects heat flow and 7.

as the form of conductance and thermocurrent in ref 11 gives
an adequate description of G and I in the gate voltage range
of nonzero thermocurrent, where the heat engine operates.
The Kondo effect-induced deviation in conductance is most
prominent where the thermocurrent is close to zero (see
Figure 2b,c). We display the asymmetry parameter as a
function of the magnetic field in Figure 2f. The data indicate
that ¢ remains approximately constant for magnetic fields
below B = By,. For B > By, o exhibits a decrease with B.

In the following, we calculate the power output, P, and
efficiency, 7, of the molecular heat engine from measurements
performed with different R4 values and under different
magnetic fields. While it is possible to estimate the thermal
conductivity of quantum dots experimentally,”’ our device
design does not permit direct measurements. Therefore, we
estimate the heat flow, ], using the phenomenological model,
valid for small energy level spacings (see the SI). All required
input parameters (tunnel couplings to reservoirs, I'y,,, and I g,
AT) were obtained from fits to the experimental conductance
and thermocurrent data (see the SI).

Figure 3a shows P as a function of # normalized by the
Carnot efficiency 5 = 1 — T/ Ty with a series resistor of R4
= 100 k2 recorded at different B-fields. Each data point in the
plot corresponds to a specific configuration of the molecular
level relative to the electrochemical potentials y4, and p. of the
leads (ie., different gate voltage). By adjusting ¢ through
changing the gate voltage, it is possible to favor either
maximum thermoelectric efficiency, #, or maximum output
power, P_... From these data, we extract the maximum power
output, P, ., and the efficiency at maximum power, Mp which

are plotted in Figures 3b,c as a function of the asymmetry
parameter 6. We observe that 77, reaches approximately 2.3%

- JTI./T,, a bench-

mark for endoreversible heat engines. Importantly, 7,

of the Curzon—Ahlborn limit, 7., =1

987

exhibits a clear increase with increasing o (decreasing magnetic
field strength), indicating an impact of Kondo correlations on
thermodynamic performance, as will be discussed below. In
addition, we find that 7, can be further optimized by tuning

‘max

the external load resistance, Ry,,q, as shown in Figure 3d. A
maximum of 77, & 0.537], is achieved for Ry,,q = 2M£2. For

larger Ry,,q values, the efficiency decreases again.

Our measurements show that the application of a magnetic
field reduces the output power of the molecular heat engine by
approximately 50%. Magnetic field-induced changes in thermo-
electric performance have previously been reported for radical
molecules,"" where they were attributed to variations in the
spin entropy of different charge states. However, this model
does not account for our observations. Based on the observed
asymmetry in the thermocurrent, one would expect a higher
entropy in the N + 1 charge state than in the N state. Yet, our
transport data indicate a doublet-to-singlet transition upon
adding an electron, i.e., a transition from an N-electron doublet
to an (N + 1)-electron singlet ground state, implying the
opposite entropy trend. We therefore attribute the observed
thermocurrent asymmetry—and its magnetic field depend-
ence—to Kondo correlations.

Asymmetric thermoelectric line shapes arising from spin-
correlated transport have been reported in quantum dots
formed in two-dimensional electron gases,28 semiconductor
nanowires,”” and gold nanoparticle junctions.”” In the weak
electronic coupling regime, where the magnetic field exceeds
the Kondo temperature (B > By,) and spin correlations are
suppressed, the thermovoltage exhibits both positive and
negative contributions near the conductance peaks. This
behavior arises from two distinct transport mechanisms: (1)
a linear increase in thermovoltage at the center of a
conductance peak due to sequential tunneling and (2) a
rapid decrease between peaks associated with co-tunneling
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processes. In this regime, our data qualitatively follow the
negative parametric derivative of the conductance, as described
by Mott’s relation (see SI). In contrast, in the presence of
strong spin correlations, our data—consistent with earlier
studies”*—show clear deviations from Mott’s prediction.
These deviations lead to an enhanced thermocurrent I, and,
consequently, an increased output power of the molecular heat
engine for B < By,.

The enhanced thermoelectric output observed in our single-
molecule heat engine in the Kondo regime likely originates
from the sharp many-body resonance that forms near the
Fermi level due to strong electron correlations. This resonance
significantly modifies the transmission function, acting as a
narrow energy filter for charge carriers. The thermoelectric
response is enhanced when the resonance is slightly
asymmetric, with respect to the chemical potential, and
tuned to minimize entropy production by charge transport.
Such asymmetry and tuning can arise from gate voltage control
or asymmetric coupling to the electrodes and are known to
amplify the Seebeck coefficient and thermoelectric power
output, as shown in theoretical studies based on the Anderson
impurity model.*>*’

We further analyze the performance of the molecular heat
engine in the Kondo regime by comparing numerical
simulations (see Section 7.3 in the SI), which incorporate
the asymmetry parameter o, to experimental data. The
comparison reveals that increasing ¢ enhances heat engine
performance: it leads to higher maximum power output,
improved power generation in nonoptimized regimes, nearly
constant efficiency at maximum power, and a slight increase in
the maximum achievable efficiency.

We have demonstrated a single-molecule particle-exchange
heat engine based on a diradical molecule operating at
cryogenic temperatures in which energy filtering is governed by
a discrete molecular orbital strongly renormalized by many-
body interactions. By combining electrical and thermoelectric
measurements under tunable magnetic fields, we revealed that
Kondo correlations, a hallmark of strong electron—electron
interactions, significantly enhance the power output of the heat
engine. Strikingly, we find that in the presence of Kondo
correlations, the molecular engine achieves an efficiency of
approximately 53% of the Curzon—Ahlborn limit, a perform-
ance close to the best quantum dot heat engines reported to
date. Our findings show that quantum many-body effects, often
regarded as detrimental to coherent transport, can be
harnessed to boost thermoelectric performance at the
nanoscale. Looking forward, our work opens new pathways
to engineer high-performance molecular heat engines by
tuning spin states, electronic degeneracies, and correlation
effects via chemical design and external fields.
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