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ABSTRACT

Molecular-scale junctions (MS]s) have been considered the ideal testbed for probing physical and chemical processes at the molecular scale.
Due to nanometric confinement, charge and energy transport in MSJs are governed by quantum mechanically dictated energy profiles, which
can be tuned chemically or physically with atomic precision, offering rich possibilities beyond conventional semiconductor devices. While
charge transport in MSJs has been extensively studied over the past two decades, understanding energy conversion and transport in MS]Js has
only become experimentally attainable in recent years. As demonstrated recently, by tuning the quantum interplay between the electrodes,
the molecular core, and the contact interfaces, energy processes can be manipulated to achieve desired functionalities, opening new avenues
for molecular electronics, energy harvesting, and sensing applications. This Review provides a comprehensive overview and critical analysis
of various forms of energy conversion and transport processes in MSJs and their associated applications. We elaborate on energy-related pro-
cesses mediated by the interaction between the core molecular structure in MSJs and different external stimuli, such as light, heat, electric
field, magnetic field, force, and other environmental cues. Key topics covered include photovoltaics, electroluminescence, thermoelectricity,
heat conduction, catalysis, spin-mediated phenomena, and vibrational effects. The review concludes with a discussion of existing challenges
and future opportunities, aiming to facilitate in-depth future investigation of promising experimental platforms, molecular design principles,
control strategies, and new application scenarios.
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I. INTRODUCTION

Downscaling electronic and sensing devices to the molecular scale
represents one of the central missions in modern nanotechnology and
quantum sciences. Beyond their nanometric confinement, molecules
offer unique advantages: structural tunability, self-assembly capabilities,
mechanical flexibility, and fabrication-free nature, all of which expand
device functionality and tunability beyond solid state-based semicon-
ductor devices. Additionally, intriguing quantum effects arise from the
discrete distribution of energy levels (i.e, molecular orbitals) at the
molecular scale, making single molecules ideal designer quantum mate-
rials. In these systems, charge and energy transport are governed by
quantum mechanically dictated energy profiles, which can be tuned
chemically or physically with atomic precision. Catalyzed initially by the
seminal theoretical work of Aviram and Ratner in 1974, and further
propelled by continuous experimental advancements, molecular elec-
tronics (ME) has become a rapidly growing field at the intersection of
physics, chemistry, biology, nanoengineering, and quantum sciences.

To interrogate charge transport and energy conversion processes
at the molecular scale, a straightforward device structure should feature
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an individual molecule or a monolayer of molecules as the main trans-
port backbone that is reliably connected to the source and drain electro-
des. Thanks to the remarkable progress in developing suitable
experimental platforms, such a device structure, now named as
molecular-scale junction (MS]), can be realized using multiple techni-
ques, including scanning tunneling microscope break junction
(STMB)),”” mechanically controlled break junction (MCBJ)),”®
conductive atomic force microscope break junction (CAFMBJ), " elec-
tromigration break junction (EBJ),'' " and graphene-molecule-
graphene junction (GM@GJ).'o '8 Adopting these techniques, research
efforts over the past two decades have primarily focused on under-
standing the structure—property relations of various molecules via prob-
ing charge transport through MSJs. Insights from these recent studies
have enabled the design of molecular-scale diodes,'” transistors,”’ and
switches”' and led to the discovery of emerging quantum phenomena
that have no analogy in conventional semiconductor devices, such as
quantum interference”” and quantum entanglement.”’

Charge transport across an MS] involves multiple sequential
steps: under an applied bias, electron injection occurs first from the
source electrode within a specific energy window,”* followed by physi-
cal or chemical perturbations and scattering on the molecular core.””
Subsequently, electron ejection takes place toward the drain electrode,
leading to equilibration with the electron reservoir at the measurement
temperature. These steps are often accompanied by energy transforma-
tions, especially under external stimuli.”® A MS] typically consists of
three primary segments: the electrodes, the molecular core, and two
molecule-electrode interfaces.””*’ Energy conversion and transport
can occur at one or multiple sites within a MSJ. By manipulating the
characteristics of the electrodes, the molecular core, or the interfaces,
energy conversion processes can be tailored to achieve desired func-
tionalities.”” This flexibility affords possibilities for optimizing the per-
formance and efficiency of future molecular-scale devices.”’ MSJ
therefore serves as an excellent testing ground for understanding
energy conversion and transport for molecular-scale quantum systems.
However, while charge transport properties have been extensively
studied experimentally, energy conversion and transport in MSJs have
only become experimentally attainable in recent years, primarily due
to the previous lack of appropriate experimental tools.

In an MS]J, energy can manifest in various forms, such as optical,
electrical, thermal, magnetic, chemical, and vibrational forms. As dem-
onstrated in recent studies, the importance of examining how one
form of energy is converted to another or transported across a MSJ is
multi-folds. On the one hand, such process can significantly alter the
resulting electrical behavior of the MS], facilitating direct device appli-
cations.”' For instance, the efficient conversion between light and elec-
tricity, as observed in photoelectricity and electroluminescence effects,
makes carefully designed molecules promising photosensor,”” photo
switch,” and light-emitting diode (LED).”* Thermoelectric effects in
MSJs, including the Seebeck effect and the Peltier effect, underpin the
potential of creating efficient thermal management and harvesting
devices, such as molecular Peltier coolers,”” heat engine,”* and energy
filter.””** On the other hand, probing energy conversion and transport
in MSJs enable one to gain deeper insights into the fundamental trans-
port mechanisms. For example, the sign and amplitude of the Seebeck
coefficient of a MSJ inform critical transport information, such as the
nature of charge carriers (electron vs hole) and the transmission profile
at the electrode Fermi energy.”” Thus, it is both fundamentally and
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practically crucial to expand our understanding of and ultimately har- Sec. 11, we discuss light-induced energy conversion in MSJs, including
ness energy conversion and transport processes in MSJs. photoisomerization, exciton formation, photoelectric effect, molecular-

In this Review, we provide a comprehensive overview and critical scale nano-optics, and electroluminescence. Section III delves into
analysis of various forms of energy conversion and transport processes heat-mediated energy conversion and transport processes from both
in MSJs. From an energy perspective, we focus on promising experi- theoretical and experimental perspectives, including thermal transport
mental approaches, key discoveries, and underlying mechanisms in rep- and thermoelectricity in MSJs. In Sec. I'V, we present energy conversion
resentative MS] systems. Figure | provides a schematic summary of the occurring in chemical catalysis driven by different stimuli, including
representative energy conversion processes covered and the correspond- stress, electrostatic, and heat. Section V highlights recent advances of
ing experimental platforms. The article is structured as follows: In spin-mediated effects in MSJs, encompassing spin Seebeck, Kondo,
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FIG. 1. Schematic summary of representative energy conversion processes observed in MSJs. The left (right) panel in each frame displays the schematic of experimental setup
(associated energy diagram).
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chirality-induced spin selectivity (CISS), and magnetoresistance effects.
In Sec. VI, we survey experimental advancements in studying vibration
effects in MSJs, which are induced by electrons, heat, and light. Finally,
in Sec. VII, we conclude the article by discussing existing challenges,
emerging opportunities, and potential future directions of the field.

Il. LIGHT-DRIVEN ENERGY CONVERSION IN MS3Js
A. Light-induced charge transport

The precise modulation of conductance in single molecules is of
fundamental importance for their integration into next-generation
optoelectronic devices,"’ computational components,”’ and sensing
technologies applications.”” Demonstrations of conductance change in
MSJs have been achieved through diverse external stimuli, including
electric fields,”” " mechanical forces,”® "’ chemical interactions,”””’
and light exposure.” >’ This section concentrates on the intricate inter-
play between light and molecular properties, the resulting photo-
induced conductance change, and the associated energy conversion
processes, highlighting their potential for advancing molecular-scale
optoelectronic technologies. Energy conversion in this section mainly
contains the transition from photon energy to chemical energy of dif-
ferent states, finally resulting in the variation of electrical conductance
of MS], i.e,, electrical energy.

1. Photoisomerization

Energy storage based on photo-induced isomerization can be
achieved by rearranging the molecular structure and bonds of
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photosensitive molecules. Under illumination conditions, stable photo-
sensitive molecules absorb energy from incident photons and is subse-
quently transformed to a metastable state, storing energy in chemical
bonds. Under proper environmental cues, molecules in the metastable
state (or excited state) return to its most stable state (or ground state),
releasing the stored energy, typically in the form of heat, thereby
enabling efficient and controllable energy storage and release pro-
cesses. In such process, the cyclic stability is crucial as it lays the foun-
dation for the reliability of energy storage and release processes.
Moreover, at the single-molecule level, the photoisomerization of mol-
ecules with multiple stable states has been utilized not only for energy
storage but also to facilitate conductance switching effects.

As one of the representative photochromic molecules, diaryle-
thene and its derivatives undergo 6 electrocyclization upon ultraviolet
(UV) light, isomerizing from a colorless open-ring form to a colored
close-ring form.”* The energy diagram of the transition process is
shown Fig. 2(a). The open-ring isomer under UV irradiation can be
excited to the S; state (purple arrow) and then decay to the ground
state Sy of the close-ring isomer through the conical intersection indi-
cated by the red arrow. Similarly, under visible (Vis) light, the close-
ring isomer follows the excitation (light blue arrow), transiting to the
open-ring isomer by the same conical intersection. From energy point
of view, the transition between open-ring and closed-ring isomers ena-
bles the conversion of optical energy into chemical energy. Owing to
this isomerization property, diarylethene derivatives have been widely
used in molecular optoelectronics. For instance, at the molecular scale,
Jia et al”” used the GMGJ technique with the molecule containing

Energy (eV)

Open Closed

LUMO
(42+01)ev

FIG. 2. (a) The energy diagram of the transition process of diarylethene isomerization. (b) Experimental setup of GMGJ with diarylethene molecule. (c) Current signal switching
based on UV and Vis light irradiation. (d) Molecular orbitals of open and closed states. Reproduced with permission from Jia et al., Science. 352, 1443 (2016). Copyright 2016

American Association for the Advancement of Science.
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diarylethene as the core, constructing a single-molecule optoelectrical
device [Fig. 2(b)]. Due to the structural change based on the photo-
chromic property of diarylethene, the single-molecule junction (SMJ)
had a switchable conductance under UV and Vis light illumination.
Under 100 mV bias between the two graphene electrodes, the close-
ring form presented a higher tunneling current (“On” state) than the
near-zero current performance of the open-ring form under Vis-light
(“Off” state), as illustrated in Fig. 2(c). The two conduction states were
reversible with a remarkably high On/Off ratio of ~10’. The conduc-
tance change was attributed to the drastic reduction of the energy gap
between the highest occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO) of the closed state
[Fig. 2(d)]. The HOMO, i.e., the frontier molecular orbital (FMO), has
an upward shift toward the electrode Fermi energy (Er) when diaryle-
thene isomerizes from open state to closed state, greatly enhancing
electron transmission through the molecule.

Azobenzene derivatives represent another prominent type of
photochromic molecules with wide availability and chemical resil-
ience.”” *” Similarly to diarylethene, azobenzene has two stable iso-
mers, trans and cis, while the trans isomer is more stable than the cis
isomer in ambient conditions.”’ Azobenzene photoswitches can store
energy by isomerizing from their thermodynamically stable trans iso-
mer to the higher-energy metastable cis isomer.”""* As shown in
Fig. 3(a), the trans conformation is nearly planar, while the cis form
has two twisted phenyl rings angled ~60°."" To switch between two
isomer configurations, photoexcitation of azobenzene to the first
excited state S; is needed, with UV and Vis lights for trans (B to B,)
and cis (A to A,), respectively. Using GMG]J featuring 2'-p-tolyldia-
zenyl-1,1:4,4'-terphenyl-4,4" -dicarboxylic acid (TTDA) containing an
azobenzene side group, Meng et al. developed a reversible photoelec-
tric molecular switch that can be turned “On” and “Off” optically
[Figs. 3(b) and 3(0)].°* The conductance enhancement under the “On”
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state was attributed to a narrowed energy gap between HOMO of cis
isomer and Ep. In addition, by changing the applied bias, the stability
of these two isomer states was altered. As shown in Fig. 3(d), AE is the
transition energy required to switch from trans to cis. When the bias is
below the critical point —0.21 V, the transition energy is negative, indi-
cating that the cis is more stable than trans. The energy diagram for
this phenomenon is illustrated in Fig. 3(e). Due to the fixed spatial ori-
entation of azobenzene side group, the energy levels of trans and cis
are influenced by external applied bias. Therefore, with more
negative bias voltage, the cis form becomes progressively more stable
relative to the trans state. This unique photo-switching property
opens up prospects for the storage and conversion of optical energy. In
the azobenzene system, light stimuli ingeniously facilitate the
conversion of light energy into chemical energy, while electrical
stimuli further convert the stored chemical energy into other forms
of energy, thus enabling efficient energy storage and tunable
conversion.

Additionally, other photoswitching compounds, such as dime-
thyldihydropyrene and spiropyran derivatives, are also adopted as
charge transport mediums in single-molecule optoelectronics. Similar
to diarylethene and azobenzene, these molecules also exhibit conduc-
tance changes under optical stimulation. For instance, the rapid and
reversible switching between low- and high-conductance states in
single-molecule devices was achieved through the photon-induced
isomerization [SP and MC in Fig. 3(f)] of bifunctional spiropyran
derivatives.”” Similarly, employing the MCBJ approach, single-
molecule junctions incorporating dimethyldihydropyrene isomers
[DHP and CPD in Fig. 3(g)] have been successfully constructed, dem-
onstrating a fairly high On/Off conductance ratio (exceeding 10%)
alongside reversibility.”® These investigations underscore the versatile

applicability of these photochromic molecules in the realm of single-
molecular-scale optoelectronics.
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FIG. 3. (a) Energy schematic of azobenzene in between trans and cis. Reproduced with permission from Li et al., Soft. Matter. 10, 8758 (2014). Copyright 2014 Royal Society
of Chemistry. (b) GMGJ setup with azobenzene derivative. (c) Current signal with photoswitching behavior; (d) Energy diagram of isomerization depending on voltage. (e) sche-
matic of Cis and Trans potential under positive and negative bias. (f) SP and MC structures. (g) DHP and CPD structures. Reproduced with permission from Meng et al., Nat.
Commun. 10, 1450 (2019). Copyright 2019 Authors, licensed under a Creative Commons Attribution (CC BY) license.
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2. Exciton formation

The performance and efficiency of organic optoelectronic devices,
such as Organic Light-Emitting Diodes (OLEDs), rely on the light
emission owing to radiative recombination of electron-hole pairs,
known as excitons. In semiconductor materials, the photon excites the
electron from the valence band to the conduction band upon light illu-
mination, creating an electrically neutral quasiparticle whose energy
lies slightly less than the unbound electron and hole. Understanding
the light-matter interaction in atoms, ions, and molecules, as well as
the formation, dynamic, and annihilation of excitons, is of fundamen-
tal importance to modern optoelectronics and display technologies.
Once a molecule absorbs the quantum of energy, it can be excited
from HOMO to LUMO within the same molecular manifold forming
a tightly bound exciton with energy in the range of 0.1-1 eV. Scanning
tunneling microscopy (STM) can resolve light emission and/or trans-
mission changes due to excitons within a short lifetime of nanosec-
onds. In a single-molecule junction, the alignment of excitonic binding
energies with Fermi energies of metal terminals can give rise to photo-
conductance. Different mechanisms have been proposed for photo-
conductance for molecules under illumination. Light absorption can
induce structural change that favors or opposes charge transport. As
an example, under UV irradiation, the azobenzene molecule

REVIEW pubs.aip.org/aip/are

transforms from planar trans to the curved cis conformation with a
higher HOMO-LUMO gap.””"” A large degree of molecular asymme-
try in molecular junctions leads to the opening of an additional con-
duction channel analogous to a semiconducting donor-acceptor
system. Finally, the creation of photoinduced conduction sidebands
upon light absorption is known as adiabatic photo-assisted tunnel-
ing”” """ In perfectly symmetric molecular moiety, and without any
structural change, Zhou et al. showed that the exciton formation would
manipulate the energy alignments, leading to enhanced charge trans-
port at a single-molecule junction.”” To validate this theory, they per-
formed the photoconductance measurement using STMBJ with
perylene tetracarboxylic diamide (PTCDI) attached to the gold elec-
trode, as shown in Fig. 4(a). Electrons in the photoactive PTCDI,
under resonant illumination, are excited from the HOMO level to the
LUMO, making it partially filled. Therefore, HOMO shifts toward the
Fermi energy of the gold due to the Coulombic interaction [Fig. 4(b)].
This implies that the transmission can be progressively enhanced as
the exciton binding energy increases. The results suggest that the pho-
toconductance is mediated by the formation of bound exciton, which
causes a shift in the local energy of frontier orbitals. Consequently, as
depicted in Fig. 4(c), the conductance in the dark mode is lower than
that of the illuminated mode, yielding a photoconductance with an
On/Off ratio of 40%, which is perfectly reversible. This work hinted
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FIG. 4. (a) Schematic representation of molecular junction incorporating NH2-PTCDI-NH2 molecule in an STMBJ setup. (b) Energy diagram of the molecular junction with two
electrodes held at a voltage difference (left). In the dark mode, the charge transport is dominantly through the HOMO energy level, while (right) for molecule under illumination,
the LUMO is half filled leading to a shift in the HOMO level toward Fermi level enhancing the conductance. (c) 1D histogram and representative conductance traces when the
light is off (gray) and on (blue). Reproduced with permission from Zhou et al., J. Am. Chem. Soc. 140, 70 (2018). Copyright 2018 Authors, licensed under a Creative Commons
Attribution (CC BY) license. (d) Schematic of STML measurement. (e) Luminescence spectrum captured from a single PTCDA molecule. The blue and red labeled regions are
where S; -> Sy and Ty -> S transition occurs. The STM image is shown in the 4 nm by 4 nm inset. (f) The photon intensity as a function of bias voltage (blue circles and red
squares represent fluorescence and phosphorescence intensities, respectively). Schematic of exciton generation mechanism at sample voltage of (g) Vs<—2.1 and (h)
Vs < —3.3. Reproduced with permission from Kimura et al., Nature. 570, 210 (2019). Copyright 2019 Springer Nature.
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that if the energy gap between the Frontier molecular orbital (FMO)
and electrode Er is designed to be comparable to the exciton energy, the
photoconductance can be enhanced to several orders of magnitude.

To further enhance the energy conversion in OLEDs, the forma-
tion and recombination of excitons play a crucial role. The advantage of
the spin-triplet (T;) exciton decay was demonstrated in efficient OLED
based on phosphorescence. Owing to the lower energy of T; compared
to spin-singlet (S;), selectively employing the T; exciton decay as the
light emission source enables the device to operate at lower voltages. To
elucidate the physics of exciton in a single molecular system, Kimura
et al”’ employed STM combined with optical spectroscopy. They
proposed a method of selective formation of T, exciton using the
charged molecule of  3,4,9,10-erylenetetracarboxylicdianhydride
(PTCDA), adsorbed on NaCl film over Ag(111). The electron transport
was obtained by measuring the differential conductance spectrum.
Observing the double-lobed structure, similar to the LUMO spatial dis-
tribution, at both voltage polarities indicates that the charge transport is
LUMO-dominated at both polarities. As shown in Figs. 4(d) and 4(e), as
the charge is injected into the specified location of the charged molecule,
immobilized on NaCl, two types of transitions occur upon exciton
decay. The primary peak at 2.45 eV was attributed to the 0-0 transition
between the vibrational ground state S; exciton state and the S, ground
state. The other less prominent peak at 1.33 eV was assigned to the T}-S;
phosphorescence transition. It is worth noting that the coupling of tip-
induced localized plasmon with exciton is responsible for the enhanced
luminescence of the system. To selectively form the T}, they investigated
the correlation of sample voltage and the STM luminescence (STML)
spectra. Figure 4(f) shows that the phosphorescence occurs at the
voltages between —2.1 and —3.3V. The high voltage threshold for
phosphorescence is smaller than 2.45V, which corresponds to the S,
which suggests the direct formation of T; at low voltages. The proposed
mechanism for the selective formation of the T; exciton is depicted in
Figs. 4(g) and 4(h). As the applied bias goes below Vs < —0.5V, the
charged PTCDA transits to the neutral ground state S, under resonant
tunneling conditions. On the basis of exchange interaction, the novel
experimental techniques of monitoring the spin-transition at the single-
atom and single-molecule level pave the way for the development of
more energy-efficient spintronic and optoelectronic devices.

Advancement in tip-enhanced spectrometry techniques, primarily
by means of STM, has provided insights into enhanced light-matter
interaction and dynamics of optical excitations at the single molecule
level, which are crucial in quantum emitters and quantum comput-
ing.m’m For instance, in the realm of nanoscale, STML has enabled
researchers to unmask the underlying mechanisms of generation
and dynamics of singlet, doublet, and triplet molecular Frankel exci-
tons.”””? After the discovery of charged exciton, known as trions,
resolving the ultrafast dynamic of exciton and trion at the molecular
level has remained a challenging task, although the STML time resolu-
tion is comparable to exciton and trion lifetime. Using the STML and
redirecting the charge-induced emitted photons to a picosecond single-
photon counter, Dolezal et al.” resolved the combined dynamics of
exciton and trion of a single ZnPc molecule. The response of the system
in terms of radio frequency phase shift was interpreted from the phase
shift of electrical modulation and delayed optical response, which was
linked to the finite decay rate of the molecular exciton. The experimen-
tal setup is schematically depicted in Fig. 5(a), where the ZnPc single
molecule lies on the three layers of NaCl deposited on Ag (111). Upon
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FIG. 5. () Schematic illustration of the experimental setup. (b) STML spectra
extracted from a lobe and a point close to the center of ZnPc while Vpc and tunnel-
ing current are held at —3.0V and 100 pA, respectively. The insets show the posi-
tion of the charge injection. (c) Radio-frequency phase-shifted waves collected for a
(black) plasmonic reference at Vpc=2.0 and tunneling current of 70pA and
Vac=100mV, (red) neutral exciton at Vpc=2.2 and tunneling current of 70 pA
and Vac=100mV, and (purple) trion X* at Vpc=3.2 and tunneling current of
120 pA and Vac =100 mV. Reproduced with permission from Dolezal et al., ACS.
Nano 15, 7694 (2021). Copyright 2021 Authors, licensed under a Creative
Commons Attribution (CC BY) license.

injection of electrons and holes in the molecule, optical excitation occurs
due to exciton recombination. The peaks on the electroluminescence
spectra, shown in Fig. 5(b), correspond to the emission of neutral exci-
ton (X) at 1.89eV and the charged exciton (X") at 1.52eV. The mea-
sured phase shift associated with the observed peaks is shown in
Fig. 5(c). Images captured from the single molecule elucidated that X
emission is more pronounced at porphyrazine macrocycle at higher
bias voltages, and the X map appears on the periphery of the molecule.
In this study, the high temporal resolution of the STML with high yield
provided useful information about the exciton-trion dynamics and also
the particularly, ultrafast trion lifetime that suggests the potential use of
trions as single photon electro-optical transducers in the GHz regime.
The high spectral and temporal resolution of tip-enhanced scan-
ning probe spectrometers has successfully mapped the eigenstates and
characterized the excitonic state and energy transfer mechanisms of
charged and neutral excitons. Moreover, thanks to the precise local
spectro-microscopy techniques, the coupling between molecular clus-
ters can be controlled, which leads to the generation of a delocalized
excitonic state. Carefully controlling the local entanglement between
molecular excited states can be utilized in quantum computing, where
quantum information is encoded by molecular coupling in an aggre-
gate. Dolezal et al.”' showed that the exciton delocalization across the
small clusters of PTCDA anions. They spatially and temporally
resolved the eigenmodes employing the STML and atomic force
microscope (AFM), which were used to transduce electric current to
the well-defined optical transitions in the dye molecule. For the suffi-
ciently decoupled single molecule, the molecule becomes anion radical
on the surface with a total spin of 1/, (Dy-); therefore, chromophores
have the predominant optical decay from D;- to Dy-., known as
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longitudinal mode. As seen in Figs. 6(a) and 6(b) for the nonlinear par-
allel dimer configuration, the two longitudinal modes are efficiently
coupled, leading to two exited states, T# and TZ. This can be under-
stood by the dominant peak at 1.333 eV, which was assigned to the
two excited states of the assembly T,* and T,>. On the other hand,
the perpendicular mode favors the coupling between longitudinal and
transversal modes, leading to a dominant contribution from higher
energy state T5* (Figs. 6(c) and 6(d)). These results imply that engi-
neering the excitonic properties in organic dye assemblies offers
advanced functionalities and the ability to control photon emission
and energy conversion at the nanoscale precisely.

The exciton dynamics and the degree of its delocalization are sig-
nificantly affected by the conjugation length of the molecule. In a
n-conjugated cyclic oligothiophenes, Park et al.” investigated the size-
dependent of the excited-state dynamic planarization processes
employing the femtosecond upconversion technique. In this process,
delocalization of exciton occurs as a consequence of dynamic planari-
zation, which reduces the torsional angles and enhances the 7-orbital
overlap between chromonic units. As schematically shown in Figs. 6(e)
and 6(f) for two extreme cases of dynamic planarization of cyclic oligo-
thiophene composed of six (C-6T) and twelve (C-12T) thiophene
units, the system size increases the higher degree of conformational
disorder of cyclic oligothiophene inhibit the complete delocalization of
exciton over carbon chain. These results suggest that properly designed
molecular materials can be tailored to have controllable delocalization
of exciton for different applications.

B. Photocurrent and photovoltaic effects in MSJs

Photovoltaic effect is a fundamentally critical physical phenome-
non in which electrical energy is generated by a semiconductor or
semiconductor-like material when it absorbs photon energy. It is worth
clarifying the difference between photovoltaic and photoelectric effect

(a) e\gavelenggggl (nm) 925 (b) ] (c)

REVIEW pubs.aip.org/aip/are

here. Photoelectric effect involves the ejection of electrons from a mate-
rial (often metals) when it is exposed to light of energy greater than the
work function of the material. Photovoltaic phenomenon concerns the
generation of electrical power by converting light directly into electric-
ity. In a photovoltaic device, when photons are absorbed by a semicon-
ductor material, they excite electrons from the valence band to the
conduction band, creating electron-hole pairs. Subsequently, electrons
and holes are driven by the built-in electric field toward opposite direc-
tions, generating a flow of electric current (also known as photocurrent)
when an external circuit is connected. In contrast to macroscopic mate-
rials where energy landscape are largely continuous, molecular-scale
materials possess quantized energy levels that are defined by molecular
structures, which can be tuned with atomic precision,” allowing one to
control the resulting photocurrent.”*

Photocurrent from a MS] can inform critical energy information
of the molecule.” To obtain comprehensive details on the charge trans-
port dynamics of molecular materials and devices, the ability to map
out transmission spectrum, namely, transmission as a function of
energy, of MSJs is central.”” To achieve this, several experimental tech-
niques have been developed to quantify the electron transmission at dif-
ferent energies via gauging the alignment of electrode Ep and the
frontier molecular orbital (FMO) at ambient condition, such as transi-
tion voltage spectroscopy,”® thermopower measurements,””* and gating
techniques.”” However, challenge remains in accessing and understand-
ing transmission properties in the regime beyond the HOMO-LUMO
gap. To overcome this challenge, Liu et al.” recently developed a STM-
based single-molecule photoelectron tunneling spectroscopy capable of
accessing the LUMO + 1 and LUMO + 2 molecular orbitals above the
HOMO-LUMO gap. This was achieved through monitoring the exces-
sive electrical current produced by the resonant tunneling of photoex-
cited electrons from one of MSJ electrodes. As shown in Fig. 7(a), a
regular current amplifier was used to measure the static conductance of
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FIG. 6. (a) and (b) STML spectra of parallel and perpendicular dimers and the experimental photon map extracted from the shaded region. Insets show the constant-height tunneling
current image marked by the representative location of where the spectra with the corresponding color are obtained. (c) and (d) Excitations with the primary contributions to the ground
state (weight in percent). Reproduced with permission from Dolezal et al., ACS. Nano. 16, 1082 (2022). Copyright 2022 Authors, licensed under a Creative Commons Attribution
(CC BY) license. Planarization process of (e) C-6T, and (f) C-12T. Reproduced with permission from Park et al., Angew. Chem., Int. Ed. 54, 12711 (2015). Copyright 2015 Wiley.
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FIG. 7. (a) Schematic of STMBJ setup and DPP molecular structure. (b) Photocurrent spectrum indicating the molecular orbital for charge transport. (c) Energy diagram of
molecular orbitals with light irradiation. Reproduced with permission from Liu et al., Nat. Mater. 22, 1007 (2023). Copyright 2023 Springer Nature. (d) Schematic of MMS setup
and molecular structures 1Ph1. (e) IV curves with and without the laser. (f) Energy diagram of the charge transport through the junction. Reproduced with permission from
Vezzoli et al., Nano. Lett. 17, 6702 (2017). Copyright 2017 Authors, licensed under a Creative Commons Aftribution (CC BY) license.

a single diketopyrrolopyrrole (DPP) molecule using STMB] technique.
Upon creating a mechanically stabilized DPP junction, a 1 kHz ultrafast
laser pulse irradiation was applied, and the resulting photocurrent was
measured with a lock-in amplifier. During laser irradiation, the external
bias across the tip and substrate was zeroed to suppress static current.
To avoid light absorption by the molecule, the laser energy smaller than
the HOMO-LUMO gap of the molecule was chosen. By measuring the
photocurrent under different laser energies, the transmission profile at
higher energies can be directly accessed and mapped out. In Fig. 7(b),
the two photocurrent peaks indicate the resonant transport of photo-
induced electrons tunneling through two distinct transmission resonan-
ces LUMO + 1 and LUMO + 2. During the process of photo-induced
tunneling, electrons on the source electrode are first excited to higher
energies due to laser illumination. Then, these photoexcited electrons
migrate through perfectly aligned molecular orbitals via coherent reso-
nant tunneling, facilitating the energy conversion from light to electric-
ity. In this case, the light-electric energy conversion is leveraged as a tool
to gain insights into MSJ energy landscape, which is essential for under-
standing the transport properties of MSJs.

In addition to widely used noble-metal electrodes (e.g, Au, Pt, and
Ag) in MSJs, utilization of semiconductors as electrode materials offers
opportunities to introduce photovoltaic effect in the junction. In this
regard, Vezzoli et al.”' adopted GaAs as one of the electrodes to form a
metal-molecule-semiconductor (MMS) junction in a STMB]J setup. The
MMS junction comprised of conjugated molecule 1,4-Phenylene(dimetha-
nethiol) (1Ph1) yields a higher photocurrent [Figs. 7(d) and 6(¢)] attributed
to a smaller HOMO-LUMO gap. As shown in Fig. 7(f), when the GaAs
electrode is illuminated, electron-hole pairs are first generated on GaAs
and then swept into the molecular junction by the electric field in the space
charge region. Thus, the HOMO level of 1Phl opens the transmission

channel for holes, resulting in the observed photocurrent. Despite that the
photovoltaic effect originates from the semiconductor electrode rather
than the molecular core, the molecular structure plays a deterministic role
in engineering the alignment between and excited charge carriers and, in
this case, leads to a strong current rectification effect.

C. Nano-optics in MS3Js

Metallic MSJs allow strong spatial confinement of electromagnetic
fields to dimensions much smaller than the free-space wavelength of
light, resulting in localized surface plasmon resonances (LSPR) at wave-
lengths determined by the junction material, shape, and size.””
Specifically, LSPRs refer to the collective and coherent oscillations of
conduction electrons confined to the surface of the metallic nanostruc-
tures and are typically excited upon optical illumination or electrical
excitations such as inelastic electron tunneling through the molecular
junctions. Through the manipulation of size, shape, and material com-
position of the nanostructure, LSPR can be finely tuned across a broad
spectral range, spanning from the infrared to ultraviolet wavelengths,
and thus opens up a wide array of potential applications across various
fields.”” " The extremely small effective volume of MSJ has provided a
means for significantly amplified interactions between light and elec-
tronic excitations, as well as phonons, facilitating efficient energy trans-
fer and conversion.'"’ " In this section, advances in plasmon-induced
processes at the molecular scale are reviewed, including quantum plas-
monics, molecular-scale photon emission, strong coupling-enabled
molecular nanophotonics, and optomechanics.

1. Quantum plasmonics

Classical electrodynamics are commonly applied to understand
the plasmonic behavior of metal nanostructures. These methods
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predict a monotonic increase in electric field enhancements as the gap
distance decreases, achieved through a frequency- and position-
dependent linear dielectric function.'” ' However, when the two nano-
structures are coupled to form an ultrathin gap structure, which could
contain a molecular junction, such coupled nanosystems, described by
the single-digit nanometer or sub-nanometer-sized gaps, can support
quantum plasmonic effects due to non-local screening and electron
tunneling, for which classical electrodynamics is no longer valid
[Fig. 8(2)]."% "% The spatial localization of surface charges can be quanti-
fied by the frequency-dependent distance parameter called the Feibelman
parameter, defined as the position of the centroid of the induced surface
charge density relative to the geometrical boundaries and is typically
within the sub-nanometer range.'”” Due to the shift of the surface charges
with respect to the geometrical boundaries induced by the nonlocal
screening, the Feibelman parameter can be modified accordingly and
thus lead to an “effective” nano-gap size. The non-local screening leads to
deviations of quantum plasmon resonances from the classical description.
Furthermore, electron tunneling at optical frequencies represents another
major quantum feature that cannot be captured by classical theories. The
electron densities associated with the two metal surfaces begin to overlap
when the gap distance is comparable to the length scale of the electron
spill-out, resulting in the tunneling of electrons through the potential bar-
rier. Electron tunneling is crucial for elucidating the observed quantum
plasmonic responses when the nanostructure geometry varies at the sub-
nanometer scale, corresponding to the length scale of a typical molecular
junction. Typically, it has been reported that the plasmon resonance asso-
ciated with a tunneling gap undergoes significant influence from the elec-
trons tunneling across the junction, leading to a gradual emergence of the
blue-shifted charge-transfer plasmon (CTP) mode [Fig. 8(b)].""

a. Non-local effects. Savage et al.''' investigated the quantum
regime of plasmonics by concurrently measuring the electrical and
optical properties of two coupled gold nanostructures with controllable
sub-nanometer separation [Fig. 8(c)]. Dark-field scattering spectra
were recorded for two gold-nanoparticle-terminated AFM tips in a
tip-to-tip configuration. When the distance is 0.3nm, tunneling-
induced quantum plasmonics start to dominate, leading to the forma-
tion of CTP modes, which limits the optical field confinement in the
gap due to non-local screening. Similar experiments were performed
by Scholl et al,''” in which coupled metallic nanoparticles with varying
gap sizes were employed for electron energy-loss spectroscopy. It was
found that when the gap size reduced to < 0.5 nm, the bonding dipolar
mode vanished and was replaced by a dipolar CTP mode.

When a molecular dielectric layer is applied inside the gap, the
peak wavelength of the plasmonic resonance was observed to diverge
from the predictions of the local classical plasmonic model for gap dis-
tances of approximately < 3 nm, which agrees well with the hydrody-
namic model [Fig. 8(d)].""” Zhu et al.'"* performed surface-enhanced
Raman scattering on molecules embedded in plasmonic dimers with a
gap size of 0.2nm to probe the quantum mechanical effects on the
plasmonic enhancement. By correlating the structural characterization
of each individual dimer with its SERS spectra, they illustrated that the
maximum achievable plasmonic enhancement is constrained by elec-
tron tunneling effects at optical frequencies.

b. Inelastic electron tunneling: Below- and above-threshold light
emission. When a tunneling junction is electrically biased, electrons can

REVIEW pubs.aip.org/aip/are

tunnel through the barrier. As the gap distance approaches the nanome-
ter and sub-nanometer scale, inelastically tunneled electrons can go
through radiative decay channels and generate photons mediated by the
plasmons. In this section, inelastic tunneling-induced photon conversion
will be presented, with an emphasis on how different mechanisms are
affected by the gap size (tunneling regime) and plasmonic characteristics.

The phenomenon of light emission from electrically biased tunnel
junctions has been well-known since the seminal work by Lambe and
McCarthy.'"” The underlying mechanism involves the excitation of
LSPR near the tunneling junction through inelastic interaction with
tunneling electrons, followed by rapid radiative decay, resulting in far-
field photon emission. One important characteristic of this photon
emission is the energy cutoff of the emitted photon (i < Vj, also
called below-threshold photon emission), where Vj, is the electrical
bias. The emission spectrum of electrically driven tunnel junctions and
ultra-thin plasmonic gaps is determined by considering the detailed
atomic-scale local geometry and the specific conditions of inelastic
electron tunneling. In general, it can be understood as an antenna
effect, where the surface plasmon mode of the tunnel junction is scat-
tered by the fluctuating tunneling current, which can be described by
the shot noise spectra, into the far-field photons.''® The energy cutoff
is therefore imposed by the current noise spectral density. This below-
threshold light emission is often observed in STM-based tunnel junc-
tions at relatively small tunneling current (~100nA).""""**

Above-threshold light emission occurs when the tunneling cur-
rent is increased to the point that the higher-order electron tunneling
events become possible. Briefly, instead of tunneling individually
through the barrier, two or more electrons can coherently tunnel
through the junction, resulting in the excitation of a higher energy
plasmon. This phenomenon leads to the emission of so-called “2e”
and “3e” emissions, which surpass the energy cutoff mentioned above.
Several theoretical models have been developed to explain multielec-
tron coherent tunneling, each offering variations in the detailed depic-
tion of the tunneling process.''” '’

More recently, Peters et al. conducted a measurement of light
emission from an STM-based junction structure, revealing kink-like
features at respective energies corresponding to 1e, 2e, and 3e, indicat-
ing the emission resulting from the quantized multielectron tunneling
process.'”>'** This emission pattern agrees well with their developed
multielectron coherent scattering model. This model was later general-
ized to a finite temperature scenario [Fig. 8(e)].'”

Plasmonic processes, such as the generation of hot carriers, can
play an important role in the emission of above-threshold photons.
Under this scenario, the LSPR excited by the inelastic tunneling elec-
trons initially undergo a nonradiative damping process, generating hot
electrons and hot holes above and below the Fermi surface. A steady-
state distribution of hot carriers can be sustained if the rate of tunneling
electrons surpasses the rate of hot carrier relaxation, with its specific
form influenced by the time interval between successive electron tunnel-
ing events and the lifetime of hot carriers. These hot carrier pairs subse-
quently undergo radiative decay via plasmon-mediated recombination.
This process results in broadband photon emission that can exceed the
energy threshold limited by the voltage bias [Fig. 8(f)]."**'*

2. Molecular-scale strong-coupling effect

Molecular quantum emitters positioned within the intensified
fields of these metallic plasmonic junctions undergo alterations in

Appl. Phys. Rev. 11, 041312 (2024); doi: 10.1063/5.0225756
Published under an exclusive license by AIP Publishing

11, 041312-10

¥¥:6%:20 G20T UYdo1eN 20


pubs.aip.org/aip/are

Applied Physics Reviews REVIEW pubs.aip.org/aip/are

) ce,y
(a) Tunnelling o, ~—= Non-local Local (b) &
! i
! /
Quantum regime Classical regime T(I)
1
1
s \: _______ &(l,w)
\q."r /—:—"
> i
2 9,
Q g F 1 10*
5 J(u V. d. & L
5 i " 2
£ . S g 10
8 3 — Shift c: the = =
a screening charges = =
First-principles response (TDDFT, atomistic...) Empirical or model
model descriptions (QCM, hydrodynamical,..) dielectric constant 0 10~
: : - 0 2 4 6 8 0 2 4 6 8
0 dj<1nm dy =100 =2 -5nm
Gap distance d Separation (A) Separation (A)
(€ e (d) A

©

Hy NH; NH, NH, NH, NH, NH; NHj

- N

Glass Substrate

N
o
@

= 3 Spacer {/

AFM tip 1 AFM tip 2 SG 60 nm //////J
g g :}: Au film
E« I N
= u Film [ 30 nm
£
S
]
©
o
n

> &
kY

o
-
N

1 T
600 800 1,000

Wavelength (nm)

600 700 800 900

Wavelength (nm)

Normalized scattering

(e)

Tip Surface - hv=3eV

-- hv=2eV Pw>eV,

hv ev -- hv=eV E
E
>0 —500 K
® L —0K
5 — total
- -2 b
£ o le
° 3t o 2e
= -4 F 3e
8 ;
©5¢ : o
= el Multi-step electromigration
o6k
S 7t ; N ] -
0.0 05 1.0 15 20 25 Large tunneling gap Small tunneling gap

hv (eV)

FIG. 8. (a) Different regimes for the plasmon resonances of a sphere-dimer in a vacuum identified as a function of the gap distance d. Reproduced with permission from Zhu
et al., Nat. Commun. 7, 11495 (2016). Copyright 2016 Authors, licensed under a Creative Commons Attribution (CC BY) license. (b) Geometries and parameters involved in
the quantum-corrected model as well as calculated optical response. Reproduced with permission from Esteban et al., Nat. Commun. 3, 825 (2012). Copyright 2012 Authors,
licensed under a Creative Commons Attribution (CC BY) license. (c) Formation and characterization of a nanoscale plasmonic cavity, with measured dark-field scattering spec-
tra from one inter-tip cavity at different cavity widths. Reproduced with permission from Savage et al., Nature 491, 574 (2012). Copyright 2012 Springer Nature. (d) Geometry of
the film-coupled nanoparticle and normalized dark-field measured spectra of ensembles of film-coupled nanoparticles for SAM spacer layers of different numbers of carbon
atoms. Reproduced with permission from Ciraci et al., Science. 337, 1072 (2012). Copyright 2012 American Association for the Advancement of Science. (e) Energy diagrams
for single- and multielectron photon emission processes from an STM junction comprising a tip and a surface as well as Calculated emission intensity of multielectron processes
at T=0and 500 K. Reproduced with permission from Peters et al., Phys. Rev. Lett. 119, 066803 (2017). Copyright 2017 American Physical Society. (f) Schematics for various
light emission mechanisms and electromigration process. Reproduced with permission from Zhu et al., Nano. Lett. 22, 8068 (2022). Copyright 2022 Authors, licensed under a
Creative Commons Attribution (CC BY) license.

¥¥:6%:20 G20T UYdo1eN 20

Appl. Phys. Rev. 11, 041312 (2024); doi: 10.1063/5.0225756 11, 041312-11
Published under an exclusive license by AIP Publishing


pubs.aip.org/aip/are

Applied Physics Reviews

absorption and emission rates, quantum efficiencies, and radiation
patterns, resulting in strong light-matter interaction and thus strong
coupling effects. A wide variety of materials incorporating well-defined
energy transition levels can be employed, including quantum
dots, **'? few layer transition metal dichalcogenides (TMD),#*128130
and fluorescent dyes.'”"'*” The precise nanoscale positioning of the
molecular quantum emitter and the orientation of its dipole moment
play a crucial role, as the local fields of nanogap structures can vary sig-
nificantly over a few nanometers and preferentially align to specific
orientations.

In the weak coupling regime, the modification of the molecular
fluorescence rate becomes significant. Emitters in close proximity to a
plasmonic gap or tunnel junction can either improve the fluorescence
through the high local field intensity'** or quench the fluorescence via
non-radiative decay channels from the metal. Fluorescence changes
stem from several factors, including altered radiative quantum vyields,
excitation efficiency, collection efficiency, and spontaneous emission
rate due to the presence of the plasmonic gap. The intrinsic dipole
moment of an emitter, along with its controllable electromagnetic
environment, determines its spontaneous emission rate [Figs. 9(a) and
9(b)],"**"** which can be substantially enhanced through the Purcell
effect by employing plasmonic nanogaps characterized by high-quality
factors and ultra-small effective mode volumes. The radiative decay
rate, on the other hand, can also be improved."”® Appropriately bal-
ancing between high-field enhancements and non-radiative decay rate
enables significant radiative-rate enhancements, reaching approxi-
mately three orders of magnitude for dye molecules positioned within
a 10-nm gap between a metal film and silver nanocubes or nanowires,
or in a nanoparticle on mirror structure (NPoM) encapsulated with
DNA origami."””'* The ability to tune the spontaneous emission rate
of emitters by combining them within cavities holds the potential for
realizing ultrafast, low-power light sources, modulators, and single-
photon sources.

When molecules with significant oscillator strengths are utilized,
where the radiative decay rate is comparable to the plasmon decay
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rate, it results in efficient energy exchange between the emitter and the
cavity mode, leading to the formation of hybridized states. This can be
realized for ensembles of many molecular emitters, such as molecular
aggregates. J-aggregates constitute a class of fluorophore aggregates
that arise from the structured assembly of organic dyes, representing
narrowly confined and red-shifted absorption and emission bands.
Strong plexciton coupling and giant Rabi splitting are observed for
J-aggregates when embedded in single plasmonic gold dimers, which is
also the first experimental observation of strong coupling in individual
nanostructures.””” Similar single-emitter level strong coupling had also
been realized by using host-guest chemistry to align one to ten protec-
tively isolated methylene-blue molecules into the NPoM structure with
an effective mode volume of less than 40 cubic nanometers.'*’ Strong
plasmonic coupling with molecules has also been observed in nanohole
arrays, grating structures, nanovoids, and nanorods.' %

3. Surface/tip-enhanced Raman spectroscopy
and optomechanics

Plasmonic nanojunctions can locate enhanced optical field distri-
butions in an ultra-small mode volume and anchor molecules or layers
of interest in predetermined positions and orientations. Such charac-
teristics hold significant promise for applications such as real-time
chemical interrogation of small quantities of molecules or ultrathin
materials. The significant field enhancements facilitate surface or tip-
enhanced Raman spectroscopy (SERS or TERS) signals from samples
situated within the gap, enabling localized detection and fingerprinting
for chemical information down to the single molecule level. SERS or
TERS involves the inelastic scattering of light with nanoconstrictions
or nanogaps. An excitation photon induces a dipole in the molecule,
followed by inelastic light scattering. Stokes scattering occurs when the
scattered photon has lower energy than the incident photon by one or
more quanta of characteristic vibrational energy (positive Raman shift
relative to excitation), retaining the molecule in its first vibrational
state. Conversely, anti-Stokes scattering happens when the scattered
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FIG. 9. (a) Sketch of the experimental arrangement, where a gold particle is attached to the end of a pointed optical fiber and fluorescence rate as a function of particle-surface
distance z for a vertically oriented molecule. Reproduced with permission from Anger et al., Phys. Rev. Lett. 96, 113002 (2006). Copyright 2006 American Physical Society. (b)
Fluorescence rate of an emitter with transition wavelength 650 nm placed at distance z from an isolated nanoparticle and a nanoparticle on mirror (NPoM) structure.
Reproduced with permission from Kongsuwan et al., ACS. Photonics. 5, 186 (2018). Copyright 2018 Authors, licensed under a Creative Commons Attribution (CC BY) license.

Appl. Phys. Rev. 11, 041312 (2024); doi: 10.1063/5.0225756
Published under an exclusive license by AIP Publishing

11, 041312-12

¥¥:6%:20 G20T UYdo1eN 20


pubs.aip.org/aip/are

Applied Physics Reviews

photon has higher energy than the incident photon (negative Raman
shift relative to excitation), resulting in the molecule returning to its
ground state. In contrast to previous nanostructures that often exhibit
numerous SERS blinking events, which have been utilized to demon-
strate single molecule signatures but are frequently irreproducible, thus
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constraining their practicality,** more reliable and robust SERS fea-
tures can be achieved by utilizing gaps precisely defined by crystalline
inorganics'"” or self-assembled monolayers of short alkyl chains or
aromatic thiols [Fig. 10(2)]."*° In the latter scenario, the biphenyl-4-
thiol (BPT) spacers establishing a thickness of 1.1 nm gap using NPoM

o
m

= 5=
= > LUMO
= o Elastic
g ‘s
ch e ‘?»,:/,,*%
3~ d ~ Inelastic
2e_
X
—
1S HOMO
0 .
Metal Molecule + e~ Metal

Spectrometer

Notch filter ==

Ultrafast
laser source

(d)
. | — 1430 cm? = e &= E
= 307 — 1280 cm 2 e e AT!‘ P
€ |— 6%0cm' | 2 2 o 1 i
~o0b 631 cm! «© «© «© —_
P ® -
o —_ % 16 r;g
210- Y 1 2
w = 1 3

- - w
Q0 g - i 2!
5 ® i - R
® =1
= | bt i ] L CENGS " PO I 1 1 1 N

0
offjasEa e ; == 10 10' 10
0 100 200 300 400 Laser intensity (WW/um?)

FIG. 10. (a) Schematic of nanoparticle on mirror geometry: a gold nanoparticle is placed on a gold film, separated by a thin molecular spacer layer. Below are dark field images
of 60 nm gold nanoparticles and the normalized scattered intensity from individual 60 nm gold nanoparticles on BPT and BPDT are also shown. Reproduced with permission
from Benz et al., Nano. Lett. 15, 669 (2015). Copyright 2015 Authors, licensed under a Creative Commons Attribution (CC BY) license. (b) FDTD-calculated electric field
enhancement for NPoM structure (left) and schematic representation, which depicts the plasmon-induced hot electron transfer between Au nanoparticles and unoccupied
molecular orbitals of adsorbed molecules and the consequent reduction process (right). Reproduced with permission from Nijs et al., Nat. Commun. 8, 994 (2017). Copyright
2017 Authors, licensed under a Creative Commons Attribution (CC BY) license. (c) Schematic of nanoparticle-on-mirror (NPoM) geometry for molecules in picocavities. (d)
Anti-Stokes intensities as the laser (bottom) is switched on and off demonstrate the picocavity stability, which persists (arrows) without the laser. Reproduced with permission
from Benz et al., Science 354, 726 (2016). Copyright 2016 American Association for the Advancement of Science. (e) Energy diagram for ground and excited molecular vibra-
tional states and SERS setup for single nanoparticle studies, using continuous (CW) or ps pulsed excitation (right). (f) Stokes SERS intensity of 1585cm " mode for a single
NPoM vs peak laser intensity for (red circles) ps-pulsed and (black squares) CW excitation. Reproduced with permission from Lombardi et al., Phys. Rev. X 8, 011016 (2018).
Copyright 2018 Authors, licensed under a Creative Commons Attribution (CC BY) license.
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showed a robust Raman spectrum over time that matched well to the
DFT calculations. The greatest advantage of this geometry is the high
reproducibility and relative ease of assembly. On the other hand, nano-
cavities facilitate the observation of single-molecule SERS signatures
that evolve on millisecond to second timescales. For example, the
high-speed single-molecule investigations of the molecules positioned
within lipid bio-membranes'"’ and the information on adsorbate-
adsorbate and absorbate-substrate interactions."** Observations of
single-molecule chemistry can also be achieved. Nijs et al.'*’ demon-
strated that the hot carriers generated in the sub-nanometer cavities
can facilitate the redox processes through hopping electron transport,
which can be subsequently recorded using Raman spectroscopy
[Fig. 10(b)].

Another remarkable property of plasmonic nanojunctions is the
correlation between the coupling of molecular vibrations to light and
the optomechanical Hamiltonian. In molecular optomechanics, stron-
ger and nonlinear Raman emission can be achieved, along with the
capability to vibrate molecules to the extent of breaking chemical
bonds.””"*' Hence, optomechanical effects can significantly influence
Raman emission, even under ambient conditions. By localizing light to
volumes well below 1 cubic nanometer (so-called “picocavities”), laser
irradiation can dynamically form and disassemble the embedded mol-
ecule, yielding a factor of 10° enhancement of optomechanical cou-
pling and individual molecular bonds’ vibration [Figs. 10(c) and 10
(d)]."% More recently, the same group leveraged through pulsed
Raman scattering, showing that stimulated vibrational pumping of
molecular bonds can be achieved, revealing superlinear Stokes emis-
sion, which agreed well with pulsed optomechanical theory. They pro-
posed that optically driven chemistry can be accessible in this scenario
[Figs. 10(e) and 10(f)].""* Furthermore, under the simultaneous electri-
cal excitation,'” additional vibrational heating can be triggered, with
improved device stability when excited remotely.' ™

In addition, IR nanospectroscopy can also provide simultaneous
spectroscopic access to both the chemical identity and morphology of
molecular matter, offering molecular-level spectroscopic specificity and
spatial resolution.”” With sufficient spatial and spectral resolution, scat-
tering scanning near-field optical microscopy (s-SNOM) can enable the
exploration of heterogeneity in intra- and intermolecular coupling
within a single chemically uniform nanoscale domain or crystallite.
Vibrational resonances may experience frequency shifts or alterations in
linewidth owing to changes in their local chemical environment.
Therefore, specific marker resonances act as a sensitive tool to probe
highly heterogeneous and coupled molecular systems, offering insights
within individual nanoscale domains and at interfaces. In particular,
through vibrational scattering—scanning near-field optical microscopy
with high spectral precision, the structure-function relationship in
nanophase-separated block copolymers is explored.”® Local variations
in electric fields between nano-domains can be discriminated, yielding
quantitative agreement with dielectric continuum models.

4. Plasmon-induced hot carriers

The excitation of an energetic carrier within a plasmonic tunnel
junction contains two parts: an electron and a hole. The term “hot”
applies when their energies significantly exceed ambient temperature
thermal excitations, with their energetic distribution determined by
the intricate electronic structure and the excitation mechanism.'”” For
example, in optical illumination, only the bright plasmon modes are
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excited, while tunneling currents have the capability to excite optically
dark modes during electrical excitation [Figs. 11(a)-11 (c)].1o8 o0

One major research front in the field of plasmon-induced hot
carriers is the study of the hot carrier dynamics. When photons possess
sufficient energy for interband transitions, direct absorption can occur,
facilitated by the momentum conservation selection rule applicable to
both the initial and final electronic states. The predominant direct
interband absorption for Cu and Au arises from the d-bands situated
well below the Fermi level to the conduction band, resulting in the gen-
eration of high-energy holes and lower-energy electrons. The situation
is reversed for Ag, and a continuous hot carrier energy distribution is
expected for Al due to the different electronic structures.*"' > Within
the metallic nanojunction, electronic states become spatially localized,
leading to the absence of exact eigenstates for crystal momentum,
making it possible for momentum conservation prohibited transition
during plasmon decay, which is known as intraband absorption.
Different from interband transition, intraband absorption can be ana-
lyzed by employing the free-electron-like model and incorporating the
local geometry effects within the nanostructure [Fig. 11(d)].'”’
Furthermore, phonons can also participate in the transition process,
facilitating phonon-assisted optical absorption, which results in the
generation of hot electron and hole pairs carrying net crystal momen-
tum [Fig. 11(e)].'"" In addition to intraband transitions, another
method to preserve momentum conservation during the transition
between two states with different wavevectors is through surface colli-
sion relaxation. The damping caused by surface scattering is linked to
Landau damping of electrons, which also facilitates the energy transfer
between electrons and photons due to field confinement.'*>'*

Hot electrons generated from plasmon decay will quickly
undergo multiple relaxations by redistributing their energy into
numerous lower-energy electrons via electron—electron scattering and
electron—phonon scattering. Various damping mechanisms may mani-
fest at different time stages. Following the initial excitation of hot car-
riers (occurring within 100 fs to 1 ps), rapid electron-electron
scattering leads to prompt thermalization and the establishment of a
Fermi-Dirac-like hot carrier distribution characterized by an effective
electronic temperature.'””'® Subsequently, electron-phonon scatter-
ing occurs over several picoseconds to transfer energy to the lattice, a
process that can be effectively described by a two-temperature
model.™'” Afterward, the heat gradually dissipates into the environ-
ment over a timescale of several nanoseconds. In the electrical excita-
tion scenario, relaxation is also closely related to the photon emission
process. A plasmon resonance can undergo radiative damping and
emit far-field photons mediated by the hot carriers,'**'”" which will be
discussed below, with its efficiency determined by two factors: whether
the nanostructure supports dark (sub-radiant) plasmon modes and
how high effective temperature that the hot carriers can attain.'”>'”

From a practical perspective, plasmon-induced hot carriers hold
great potential to improve a wide range of applications, such as light
harvesting, sensing, and catalysis. These hot carriers offer the advan-
tage of overcoming the challenges inherent in semiconductor-based
devices by surpassing the limitations imposed by the energy bandgap.
Furthermore, they enable the collection of selective wavelength or
polarization modes at a narrow bandwidth.

In metal semiconductor plasmonic nanodiodes, hot carrier flow
and generation can be boosted through engineering the LSPR by geo-
metrical design.””>'”" In addition to complex semiconductor
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FIG. 11. (a) Photon excitation induced electrical field enhancement inside a nanoparticle (Purcell effect). (b) Photon excitation induced hot carrier generation in plasmonic nano-
structures. (c) Plasmon-exciton coupling probed through optical excitation. Reproduced with permission from Zhu et al., Nanophotonics 13, 2281 (2024). Copyright 2024
Authors, licensed under a Creative Commons Attribution (CC BY) license. (d) Number of hot electrons (red lines) and hot holes (blue lines) generated per unit of time and vol-
ume as a function of their energy for a nanoparticle with diameters D = 15 nm. Reproduced with permission from Manjavacas et al., ACS. Nano 8, 7630 (2014). Copyright 2014
Authors, licensed under a Creative Commons Attribution (CC BY) license. (e) Hot carrier lifetimes as a function of energy, accounting for electron—electron and electron—pho-
non contributions for Al, Ag, Au, and Cu. Reproduced with permission from Brown et al., ACS. Nano 10, 957 (2016). Copyright 2016 Authors, licensed under a Creative
Commons Attribution (CC BY) license. (f) SEM image of a typical bowtie device before electromigration. (g) Photothermoelectric voltage maps for the Au/Ti device recorded dur-
ing the formation of the nanogap by electromigration. Reproduced with permission from Zolotavin et al., J. Phys. Chem. Lett. 8, 1739 (2017). Copyright 2017 Authors, licensed
under a Creative Commons Attribution (CC BY) license. (h) Schematic diagram of the memristive light-emitting tunnel junction, which is an optoelectronic analogue to a biological
synapse (EGaln and PLH denote eutectic gallium indium and poly-L histidine, respectively). (i) Schematic diagram of the plasmonic nanorod array used to realize multiple tunnel
junctions as well as cross-sectional SEM view of a nanorod array shown below. (j) Measured emission spectra of the tunneling device as a function of the applied forward bias.
Reproduced with permission from Wang et al., Nano Lett. 20, 1536 (2020). Copyright 2020 Authors, licensed under a Creative Commons Attribution (CC BY) license.

plasmonic nanodevices, simple plasmonic metallic tunnel junctions

generation can be further improved by eliminating the adhesion layer
have also demonstrated potential applications in hot carrier photovol-

and adjusting the width of the nanowire.'”” Abbasi et al.'”” designed
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taics. Zolotavin et al.'”” explored the photo response of nanowires
incorporating a plasmonically active nanogap created via electromigra-
tion [Figs. 11(f) and 11(g)]. The voltage generated in short, unbroken
nanowires was consistent with the photothermoelectric behavior
observed in single-metal thermocouples,'’® whereas they consistently
detected large photovoltages ranging in the tens of millivolts and a pro-
nounced polarization dependency under optical illumination, which
can be attributed to the excited hot carriers. The rate of hot carrier

plasmonic tunneling junction with asymmetric plasmonic characteris-
tics utilizing Au and Pt electrodes, showing that the directionality of
optically excited hot carriers within the junction can be deliberately
adjusted, resulting in the desired polarity of the photothermoelectric
response. This straightforward structure for hot carrier generation also
demonstrates the potential for applications such as detecting lattice
distortions,”””  identifying impurities, ™ and functioning as
photodetectors."*’
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In addition to hot carrier photovoltaics, hot carriers possess the
ability to enhance chemical reaction rates. However, the precise role
and mechanism by which hot carriers, as well as other potential mech-
anisms such as local heating, influence chemical reactions, remain sub-
jects of ongoing debate.*”'** Hot carriers with high energies have the
capacity to migrate into unoccupied energy levels of acceptor mole-
cules situated near a plasmonic nanostructure, thereby initiating
diverse chemical processes. However, it is important to note that these
capabilities may be constrained by the rapid hot carrier relaxation
dynamics. In addition, the strong confinement of thermal processes,
inherent in the large absorption cross section of plasmonic tunnel
junctions, can naturally generate highly localized lattice heating, which
can also contribute to enhancing chemical reactions.

Beyond plasmon-resonant noble metal nanoparticles and
antenna-reactor complexes,'””'" nanoscale plasmonic tunnel junc-
tions can also facilitate chemical reactions. Wang et al."*” demonstrated
that nanoscale tunnel junctions can achieve high reactivity under the
generation of hot electrons. Utilizing high-density arrays of gold nano-
rods, concentrated stimulation of hot electrons, surface plasmons, and
light emission across a macroscopic surface area (up to approximately
1 cm?) can be achieved, enabling tightly confined oxidation and reduc-
tion reactions involving oxygen and hydrogen. These reactions are
monitored either optically, observing changes in the intensity of light
emission from the radiative decay of tunneling-generated surface plas-
mons, or electrically, through changes in tunneling current. Employing
a similar strategy, the same research group achieved the development
of a novel class of memristive devices functioning as artificial synapses,
operating based on a general principle applicable to non-spiking artifi-
cial neural networks [Figs. 11(h)-1 1(j)].189 Simultaneous multistate
switching of resistance and inherent light emission in the junctions is
achieved electronically and optically by programming them through
hot-electron-mediated chemical reactions. The proposed approach ena-
bles the independent and interchangeable operation of the same device
by utilizing distinct hot electron generation characteristics. The STM-
based junction had also been employed for real-space and real-time
observation of a plasmon-induced chemical reaction at the single-
molecule level, where the dissociation of a single dimethyldisulfide mol-
ecule on silver and copper surfaces can be realized due to the optically
excited plasmon within the STM junction.'”’

185,186

D. Electroluminescence in MSJs

Electroluminescence, an effect where materials emit light in
response to an electric current or a strong electric field, has long been a
cornerstone of optoelectronic devices, from macroscopic applications
like LEDs to more refined scales such as OLEDs.”"'"* Traditionally,
these devices have harnessed electroluminescence by utilizing bulk
materials or thin films to convert electrical energy directly into light,
enabling a wide array of technologies, including display screens'”"'”
and lighting solutions.'” In macroscopic materials, the study of electro-
luminescence primarily involves aggregates of particles, resulting in the
observed effect being an average of numerous individual effects. This
not only imposes limitations on various advanced applications but also
often leads to energy quenching between molecules, reducing the effi-
ciency and duration of the device."””"*” Shifting the focus to the molec-
ular scale opens avenues for addressing these by exploiting the unique
quantum properties of individual molecules.””” *"* For example, differ-
ent excited states of single molecules can be captured, enabling in-
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depth research into the dynamics of exciton transfer between molecular
energy levels and the electric-light energy conversion in electrolumines-
cence.””**"* Therefore, single-molecule investigation is highly desired
from both fundamental and practical perspectives.

1. Electroluminescence in nanocavity

In an STM setup, individual molecule on the substrate can be
excited by electron tunneling or plasmon formed in the nanocavity
between the STM tip and the substrate, leading to single-molecule elec-
troluminescence.””” However, such molecular fluorescence can be
quenched due to the strong coupling between the molecules and the
metal electrodes if the excited molecule is very close to or in contact
with the metal electrodes. In this regard, the nanocavity of STM pro-
vides a suitable condition for molecular electroluminescence with a
non-contact tip hovering above the molecule and a thin film of salt
(e.g., NaCl multilayers) deposited on the metal surface as a separation
layer.”” Thus, when combined with an optical spectroscopy, STM-
based methods have been widely adopted for single-molecule electro-
luminescence studies, as known as STML spectroscopy.

a. Intermolecular energy transfer. When multiple molecules are
present on the substrate, the intermolecular energy transfer between
adjacent molecules can generate electroluminescence without direct
excitation from electrodes. For instance, Imada et al. employed STML
to investigate energy transfer in individual molecular dimer consisting
of a magnesium phthalocyanine (MgPc) and a free-base phthalocya-
nine (H,Pc).”"” Figure 12(a) illustrates their setup, where the dimer
and Ag (111) substrate are separated by three monolayers of NaCl
When the tip is positioned above the MgPc (donor), the holes are
injected from the tip to the HOMO of MgPc, as shown in Fig. 12(b).
While these injected holes are likely to be filled by electrons from the
substrate, exciton formation can occur due to electron injection from
the substrate to the LUMO of MgPc. This effect arises because the elec-
tron injection barrier to LUMO is reduced by the hole injection to
HOMO and the decreasing NaCl potential. Once the Q state (exciton)
of MgPc is generated, the energy transfer is inhibited due to the energy
barrier between MgPc and H,Pc. The Q state of MgPc has an energy
of 1.89 eV, which is higher than the energy of the Q, state (1.81eV) of
H,Pc but lower than the energy of the Q, state (1.92eV) of H,Pc.
Therefore, the only feasible energy transfer mechanism is the resonant
energy transfer (RET) from the Q state of MgPc to the Q, state of
H,Pc. Consequently, photon emission occurs from the excited H,Pc
following RET from the MgPc exciton.

Understanding and manipulating electroluminescence in single
molecules is essential for elucidating the energy transfer mechanisms
within molecular systems. Additionally, electroluminescence behavior
can characterize intermolecular coupling in real space, providing
insight into energy transfer dynamics. Zhang et al. utilized the STML
technique to visualize coherent intermolecular dipole-dipole cou-
pling.” When two zinc phthalocyanine (ZnPc) molecules form a
dimer, different dipole-dipole coupling modes produce distinct energy
states. As shown in Fig. 12(c), by applying external bias to the connec-
tion region between the two molecules, the resulting luminescence
spectrum displays multiple peaks corresponding to various dipole-
dipole coupling configurations. Mapping the emitted photon energy
allows determination of the coupling modes [Fig. 12(d)]. Thus, the
electroluminescence serves as an indicator of dipole-dipole coupling,
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corresponding to different emission modes. (d) Exciton energy diagram of five distinct dipole-dipole coupling modes. Reproduced with permission from Zhang et al., Nature

531, 623 (2016). Copyright 2016 Springer Nature.

facilitating further investigation of energy transfer and optical pro-
cesses across chromophores in both biological and artificial systems.

b. Energy transfer between molecule and nanocavity. The coherent
coupling between molecules and the STM photonic nanocavity reveals
photon-based quantum information,””” which are widely used in
molecular sensors and spectroscopy.'””'*****?'? The discrete states of
a molecule within the resonant plasmonic nanocavity can coherently
couple with the continuous states of the cavity, resulting in distinctive
spectral features known as Fano resonances.”' ' *'” Precise control of
the localized plasmonic nanocavity position allows STML to unveil the
molecule-cavity coupling with sub-nanometer spatial resolu-
tion.”””"1* For instance, when a ZnPc molecule is within the plas-
monic nanocavity of STM, the spectrum displays a sharp molecular
fluorescence peak at ~651 nm due to direct electron injection.”"”
When the molecule is far from the cavity, the spectrum only shows a
broad peak from the radiative decay of the excited plasmonic nanocav-
ity. Notably, when the molecule is outside but close to the cavity, the
emission spectrum exhibits a superposition of molecular and plas-
monic spectra, indicating a distinct Fano resonance. The energy trans-
fers from the excited plasmonic nanocavity to the molecule via
coherent coupling, leading to photon emission from the molecular dis-
crete excited state decay. This Fano resonance is also observed in poly-
cyclic aromatics using the same STML technique.”'®

c. Upconversion electroluminescence. Beyond conventional electro-
luminescence, upconversion electroluminescence (UCEL) is a pivotal
nonlinear optoelectronic phenomenon where the emitted photon
energy exceeds the excitation electron energy. UCEL is particularly

advantageous for a wide array of optoelectronic applications, such as
excitonic electronics,”’” molecular spectroscopy,”'® and organic light-
emitting diodes.”"” Despite its importance, the fundamental microscopic
mechanisms driving UCEL remain complex and not fully understood.
For upconversion to occur, either an intermediary energy relay state or
a higher-order excitation process is necessary, facilitating the sequential
absorption of two or more energy quanta from the excitation source.
The primary UCEL mechanisms include intermolecular triplet-triplet
annihilation (TTA), thermally assisted effects, and Auger processes.
These mechanisms have been predominantly observed in bulk materials
or molecular multilayers, which complicates the clear distinction and
identification of the principal mechanism due to overlapping effect and
intermolecular interaction. Therefore, controlled experimental studies at
the single-molecule level is necessary to deepen our understanding of
UCEL and eventually leverage it for energy harvesting.

To date, using STML, researchers have demonstrated UCEL at a
single-molecule level at low temperatures. Very recently, Luo et al.””’
reported anomalously bright UCEL in a single phthalocyanine (H,Pc)
molecule isolated by electrical decoupling between electrodes [Fig. 13(a)].
Two sharp emission peaks at ~1.81 and ~1.92 eV were observed, corre-
sponding to plasmon-enhanced fluorescence at different biases
[Fig. 13(b)]. These peaks were attributed to the emission from the two
lowest excited singlets states, Qy (S;) and Qy (S), respectively. Figure 13
(c) shows the bias-independent photon intensity integrated over the Qx
peak, revealing three distinct electroluminescence regions based on differ-
ent UCEL mechanisms. In Region I (Vb < 1.6 V), UCEL involves an
inefficient inelastic electron-molecule scattering (IES) process that excites
the molecule to an intermediate triplet state, followed by a carrier injec-
tion (CI) process creating a singlet state. In Region II, without inefficient
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FIG. 13. (a) Schematic of STML setup. (b) Photon emission spectra under positive and negative bias. (c) Three different regions of voltage-dependent photon intensity.
(d) UCEL mechanism of IES and CI processes. (e) UCEL mechanism of pure multiple CI processes. Reproduced with permission from Luo et al., Nat. Commun. 15, 1677
(2024). Copyright 2024 Authors, licensed under a Creative Commons Attribution (CC BY) license.

IES, sequential CI steps provide a new spin-triplet-mediated UCEL
mechanism with anomalously enhanced photon intensity, surpassing
normal electroluminescence by exciting the molecule above its optical
gap in Region III. In the IES+CI upconversion mechanism [Fig. 13(d)],
one tunneling electron can exchange with the HOMO electron with
opposite spin and excite the molecule to the intermediate triplet state T,
from the ground state Sy (step 1). This transient state leads to electron
tunneling to the substrate, leaving a cation (step 2). Another electron
from the tip is then injected into neutral singlet state S; and finally decays
to HOMO, emitting a photon with energy hv higher than the driven
electric energy eV,. Due to the rather short electron-molecule collision
time, IES is inefficient, resulting in low UCEL intensity in region L. In
Region II, a mechanism based on sequential CI processes occurs without
IES. when the Fermi level of the tip is lifted above the LUMO because of
higher applied bias [Fig. 13(e)]. With higher bias, the Fermi level of the
tip rises above the LUMO, enabling electron injection into the LUMO,
transitioning to T; and creating a transient anion. Due to Coulombic
interaction, the electron at HOMO gains energy and tunnel to the sub-
strate (step 2). As T} is above the substrate Ep, the electron tunnels to the
substrate, leaving a transient cation D, ", which can be neutralized by sec-
ondary CI from the tip, exciting the molecule from T to S; state (steps 3
and 4). In this process, photon is emitted due to electron transition from
S; to HOMO, similar to the first mechanism. This pure CI-driven mech-
anism results in high-photon emission intensity in the regions of 1.6 and
1.8 V. By engineering single-molecule energy alignment with interfaces,
bright single-molecule UCEL can be achieved via a spin-triplet-mediated
mechanism. This work provides critical insights into electro-optic con-
version at the single-molecule scale and is expected to enhance single-
molecule-based optoelectronic devices.

d. Single-molecule electrofluorochromism. Electrofluorochromism
molecules can switch their fluorescence based on different charge

states induced by external stimuli. The optical properties of these mol-
ecules can often be detected via spectroelectrochemistry in an electro-
chemical cell if the majority of molecules change their redox state.
However, STML technique allows detection of both electron and
vibronic signals at the single-molecule level. Doppagne et al.”*' used
ZnPc molecule in an STM nanocavity to reveal two oxidation states.
At +2.5V bias, the emission spectrum shows a ZnPc luminesce char-
acter peak at 1.89eV (XO). However, at —2.5 V, the spectrum was dom-
inated by another peak at 1.52¢eV (X"), corresponding to the ZnPc
radical cations (ZnPc*). In the energy diagram [process 1 in
Fig. 14(a)], the Fermi level of the tip at high negative bias is resonant
with the HOMO of ZnPc, allowing electrons to tunnel directly to the
tip, forming the radical cations ZnPc". Due to decoupling from the
substrate by the NaCl layer, these radical cations are stable enough to
enable inelastic electron tunneling [process 2 in Fig. 14(a)]. The energy
lost by the inelastic tunneling electron excites the single electron in the
HOMO, resulting in photon emission with an energy fingerprint cor-
responding to ZnPc*.

2. Electroluminescence in MSJs

Despite the quenching effect limiting contact between molecules
and electrodes, electroluminescence has also been successfully
observed in single-molecule junctions where the molecule bridges the
electrodes. For instance, Chong et al.”*” explored a soft graphene nano-
ribbons (GNRs) with one terminal attached to an STM tip and part of
the GNR lying flat on the substrate, minimizing the coupling with elec-
trodes and reducing the quenching effect. The observed electrolumi-
nescence effect was attributed to the energy transfer between the
tunneling electron and the GNR at the tip-sample junction. Using a
similar setup, the wavelength of electroluminescence can be controlled
precisely within the 750-1000 nm range with by employing different
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FIG. 14. (a) Energy diagram of electrofluorochromism mechanism. Reproduced with permission from Doppagne et al., Science 361, 251 (2018). Copyright 2018 American
Association for the Advancement of Science. (b) and (c) Electroluminescence mechanism of different color emissions from single-molecule junction. Reproduced with permis-
sion from Chong et al., Nano Lett. 16, 6480 (2016). Copyright 2016 Authors, licensed under a Creative Commons Attribution (CC BY) license. (d) NT-M-NT structure with a rod-
like molecule. (e) Charge transport and electroluminescence mechanism of NT-M-NT rod-like molecular junction. Reproduced with permission from Marquardt et al., Nat.

Nanotechnol. 5, 863 (2010). Copyright 2010 Springer Nature.

emitting chromophore units (porphyrin derivatives) in the single-
molecule junction.225 As shown in Figs. 14(b) and 14(c), the electrolu-
minescence mechanism for different emission colors can be explained
by distinct paths of excitation and de-excitation processes. Green
arrows indicate the normal path with high efficiency, red shows show
decay to the vibrational excited levels of the SO state, and blue arrows
indicate the excitation to the vibrational excited levels of the SI state.
Furthermore, electroluminescence was also developed using a horizon-
tal nanotube-molecule-nanotube junction (NT-M-NT).”** In this
setup, a special rod-like luminescent molecule, with oligo(phenylene
ethynylene) (OPE) and naphthalenediimide (NDI) components, brid-
ges two nanotube electrodes [Fig. 14(d)]. By aligning the
molecular orbitals with Ep, an exciton is generated at the NDI part,
eventually resulting in photon emission from the decay of excited elec-
tron from LUMO to HOME [Fig. 14(e)]. Although investigations into
electroluminescence at the single-molecule level are still limited, recent
studies have yielded exciting results and opened opportunities for future
development and applications of molecular-scale photon sources.

I1l. HEAT-DRIVEN ENERGY CONVERSION AND
TRANSPORT IN MSJs

A. Molecular thermoelectrics

Thermoelectrics concern the conversion of thermal energy into
electricity via the Seebeck effect or, conversely, generating heating or
cooling energy from electricity via the Peltier effect. They are solid state
in nature (no moving parts) and more environmentally friendly than
conventional thermal harvesting and recovery systems.””” However, the

field of thermoelectrics is currently limited by the achievable energy
conversion efficiency (typically characterized by the figure of merit ZT).
The research focuses on novel thermoelectric material to achieve a ZT
value greater than three, which has been mostly on inorganic materi-
als.””® However, organic thermoelectrics possess high potential to enable
high-performance thermoelectric applications due to the ample chemi-
cal space and organic synthesis methods.””” Molecular junctions stand
out as excellent experimental platforms in studying organic thermoelec-
trics as they can achieve distinctive and intriguing charge and heat
transport characteristics.””* **'  Fundamental physical mechanisms
about electron transmission, inter-molecular charge transport, and elec-
tron mobility across and within molecular junctions can be extracted by
studying the relation between the Seebeck coefficient and electrical con-
ductance. These studies are crucial for applications of MJs in nanoelec-
tronic and thermoelectric devices.’******** In this section, we mainly
focus on thermoelectricity and thermal conductivity, which are related
to heat-electricity conversion and heat transport, respectively.

1. Strategies for enhancing thermoelectric performance
at the molecular scale

A fascinating aspect of nanomaterials and nanostructures in
leveraging them to enhance thermoelectric performance is that the
electrical and thermal properties, x,o,and S in ZT can be addressed
independently to a larger extent compared to macroscopic materi-
als.”" Datta theoretically suggested that the thermopower of a single-
molecule junction is measurable and can offer valuable insights into
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the relative alignment of HOMO and LUMO levels with the Fermi
level.”” Afterward, other research groups conducted theoretical studies
on the thermoelectric properties of molecular junctions (MJs) to inves-
tigate different methods and their potential for achieving high
ZT.%7%27225 2% A promising method includes introducing Fano
resonances near the Fermi level(133). For instance, Finch ef al.”® dem-
onstrated that by adjusting the orientation of a side group of CSW-
479-bipyridine, the thermopower could be significantly increased. This
was attributed to the Fano resonances caused by the degenerate energy
level in the molecular backbone and side groups. For this approach, it
is essential to have control over the energy spectrum of the molecule to
optimize the Seebeck coefficients.

Another thermopower-enhancing method includes modifying
the electron transmission function to increase the slope at the Fermi
level, which could be achieved by electron quantum interference
(EQI).”****> " Several computational studies showed that EQI can
dramatically improve the Seebeck coefficient.”””*****" Bergfield
et al”” investigated polyphenyl ether (PPE) molecules bridged
between gold electrodes and demonstrated that a sharp peak in the
transmission function near the Fermi energy, attributed to EQI effects,
could result in very high value of ZT (>4). Similarly, Karlstrom
et al.””" showed that achieving the irreversible energy conversion limit
was possible by modifying the transmission function using EQL

Furthermore, it has also been found that utilizing spin-cross-
over””"”*” or applying mechanical stretching or compression””” could
also modify electron transport. The spin-dependent transport and
thermoelectric spin-crossover molecule (iron complex of 2-(1H-pyra-
zol-1-yl)-6-(1H-tetrazole5-yl)pyridine)-based junction was explored
by Ghosh et al.,”” showing extremely efficient spin-crossover magneto
thermopower generation with four orders of magnitude change of the
thermocurrent from a low-spin state to a high-spin state.

Additional methods to modify the electronic transmission func-
tion also include redox control in phase coherent molecular wires””
and generation of efficient 7-n overlap between anchor group and
electrodes,””” and modification of the transition metal center of metal-
loporphyrin connected by thiol anchor groups to gold electrodes.”””
Rivera Mateus et al.””® performed tight-binding Hamiltonian modeling
and proposed a semiconductor-like molecular device with improved
ZT. Increasing the Seebeck coefficient or electrical conductance is nec-
essary; however, the thermal conductance of the MJs needs to be con-
sidered to get an estimate of ZT. One potential approach could involve
substituents that, theoretically, induce destructive interference, thereby
suppressing thermal conductance in benzene and oligo (phenylene
ethynylene) derivatives.””” Although destructive interference in mole-
cules has been observed before,””” substituting single atoms within a
molecule presents significant challenges.

2. Experimental techniques for molecular
thermoelectric characterization

The research on molecular thermoelectrics has benefited from
progress in nanotechnologies, particularly the advances in nanofabri-
cation techniques. Fabricating electrode-molecule-electrode junction
had long posed a significant challenge in molecular electronics.
However, this challenge has been partially addressed by several pio-
neering studies conducted in the 1990s, which paved the way for
molecular thermoelectrics. Variances in electrode materials, organic—
electrode interfaces, and the number of active molecules within a

REVIEW pubs.aip.org/aip/are

junction create diverse junction configurations, each with distinct ther-
moelectric performance. Compared to junctions for electrical conduc-
tance studies, the connections between various junction structures (as
well as measurement methods) and the functioning of thermoelectric
junctions remain relatively unexplored. The early experimental plat-
forms are based on MCBJ,”””*°* STMBJ,”***** EMBJ,”***** and con-
ductive atomic force microscopy (CAFM). MCBJ and STMB]J are used
to study single molecules,” *®" whereas EMBJ and CAFM methods
are used for few molecules or ensembles of monolayers.

a. Mechanically controlled break junction. This technique forms
junctions through mechanical rupture using piezo actuators. The key
concept behind achieving stable sub-picometer gap size control relies
on the small fraction of electrode movement compared to the displace-
ment of the piezo actuator, which operates like a leverage principle.
Since the MCBJ technique exhibited superior mechanical stability
compared to other break-junction techniques, it has been widely used
in studying the transport properties of MJs and atomic junctions.””’
However, obtaining sufficient statistical data was challenging due to
difficulties in junction fabrication.

b. Scanning tunneling microscopy break junction. In STM-BJs,
repetitively, a metallic tip moves toward and away from the substrate
surface with a molecular monolayer. This allows the molecules to
bridge the nanoscale gap between the substrate and the STM tip”"*""
with a high junction formation probability (~70%-95%).”"* An elec-
trical bias is applied between the sharp tip (usually made of gold) and a
substrate with a monolayer of molecules chemically bound via end
groups like thiols. The electrical current between the tip and the sam-
ple is monitored simultaneously until an electrical contact with low
resistance is reached. Subsequently, the tip is retracted, leaving a few
molecules bridging the tip and the substrate due to a stochastic pro-
cess, resulting in only one molecule bridging before the junction rup-
tures [Fig. 15(a)]. To study the thermoelectric effects of MJs, a
temperature difference across the junctions is applied either with a hot
tip and cold sample or a hot sample and cold tip.””***">*"°

Thermopower can be measured by circuit switching,”
thermocurrent,”*”** and current-voltage curve methods.”’*””” Circuit
switching relies on changing the circuit from measuring the electrical
current (current amplifier) to measuring open circuit thermoelectric
voltage (voltage amplifier). This method is less robust as it cannot simul-
taneously measure thermopower and electrical conductance
[Fig. 15(b)]. Conversely, the thermocurrent measurement technique can
simultaneously measure conductance and thermopower in the same
junction.SS Finally, the current-voltage (I-V) curve methods apply a
bias voltage sweep to the junction, while the distance between the STM
tip and substrate is fixed. The temperature-dependent voltage offset in
the I-V sweep curve can be used to obtain the Seebeck coefficient.””

7,263,273,276

c. Conductive atomic force microscopy break junction. The forma-
tion of single-molecule junctions does not result in junctions with the
desired atomic configuration upon contact.”’” Here, the molecule junc-
tion consists of several molecules (~100) by having an electrically con-
ductive AFM probe in soft mechanical contact (~InN) with a
molecular monolayer [Fig. 15(c)].””” Like investigations with single-
molecule junctions, determining whether the Fermi level of the
electrode is close to the HOMO or the LUMO can be achieved by
experimentally evaluating the sign of the thermopower.”*"**'
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FIG. 15. (a) Schematics describing transport in molecular junctions and experimental approaches showing geometry of Au—(para-OPE3)—Au junctions with STMBJ.
Reproduced with permission from Miao et al., Nano Lett. 18, 5666 (2018). Copyright 2018 Authors, licensed under a Creative Commons Attribution (CC BY) license. (b)
Schematic representation of the setup. The tip is heated to a temperature above ambient temperature, while the substrate is maintained at ambient temperature. Reproduced
with permission from Evangeli et al., Nano Lett. 13, 2141 (2013). Copyright 2013 Authors, licensed under a Creative Commons Attribution (CC BY) license. (c) Schematics
showing geometry of Au—(meta-OPE3)—Au junctions with CAFM. Reproduced with permission from Miao et al., Nano Lett. 18, 5666 (2018). Copyright 2018 Authors, licensed

under a Creative Commons Attribution (CC BY) license.

3. Effects of molecular length

Electrically increasing the length of the molecule indicates a
decrease in electrical conductance and a transition from electron hop-
ping to tunneling regimes [Fig. 16(2)]."”” When molecules are short
(<3 nm), the electrons move by tunneling, and as the length increases,
the charge is transferred from electrode to molecule, interacts with the
molecular vibration and the environment, gets relaxed and trapped tem-
porarily on the molecule, and then hops to the next site initiated by the
thermal excitation until finally to the other electrode. In the tunneling
regime, the resistance and thermopower of the molecule change loga-
rithmically with length, whereas in the hopping regime, they change lin-
early with length. The thermopower tunneling to hopping transition is
observed experimentally for two ONI/OPI molecular systems and for
the DNA oligomer systems. For length-dependent studies, several
molecular backbones have been investigated, includjng phenylene [Figs.
16(b) and 16(c)],5427>2%! thlophene 1,1'-dioxide,”* n-alkane,”*** DNA
[Fig. 16(b)],"***% Cgp [Fig. 16(d)],””” and 3,3'-biphenyl and polyphenyl
ether [Figs. 16(e) and 16(f)]. 32 For alkane chains, a decrease or near-
constant Seebeck coefficient is observed with increasing length
[Fig. 6(2)],"*"” while an increasing trend is observed for phenylenedi-
amine and phenylenedithiols.””*"” Such an opposite trend in alkane
chains can be largely attributed to gold-sulfur metal-induced gap states
residing between the HOMO and the LUMO. For phenylene back-
boned molecules, the HOMO shifts closer to the Fermi energy but
becomes more decoupled from the contacts as the molecular length
increases, leading to the observed conductance reduction and thermo-
power increase. Similar results are found for other molecular backbones
(alkanes and ohgophenyls) terminated with trimethyltin end groups.”
Evangeli et al.”’” reported an experimental study in which the Seebeck
coefficient for a C-60 dimer was twice when compared to a monomer.
They computationally showed that it could be doubled with a C tri-
mer. This was the first demonstration of the Seebeck coefficient for a
non-covalent bonded dimer. In addition, transport fluctuations and var-
iations were quantified for thiol-bound aromatic molecules of various
lengths and degrees of freedom [Fig. 16(h)].>”®

The length dependence of thermopower was also investigated in
junctions constructed from DNA molecules of varying sequences. Li
et al. theoretically studied the thermoelectric performance of PolyG-
PolyC and PolyA-PolyT double-stranded chains connected between

organic contacts at different temperatures based on an effective model
Hamiltonian, showing that significant enhancement of the Seebeck
coefficient can be achieved if resonance effects occur at the Fermi
level.™® Li et al.”® [Fig. 16(i)] reported on charge transport and ther-
moelectric effects in single dSSDNA molecules with different sequences
and lengths. The dominant hole-hopping transport mechanism in CG
sequences results in a weakly length-dependent Seebeck coefficient,
which can be tuned substantially by inserting a block of AT base pairs
in the middle of the CG sequence. More recently, Guo et al.”* per-
formed first-principle calculation for thermoelectric properties of four
kinds of DNA bases sandwiched between two zigzag-edge graphene
nanoribbon electrodes, revealing that the thermopower and efficiency
can be significantly enhanced in the guanine and electrode coupling
configuration showing EQI

4. Effects of mechanically induced changes in
molecular conformation

Researchers have also investigated the impact of mechanical
deformations on the thermoelectric properties of molecular junc-
tions.”*”**" Rincén-Garcia et al.””' found that the sign and magnitude
of the Seebeck coefficient of Sc;N@Cg, bridged between gold electro-
des depended strongly on the molecule orientation and applied pres-
sure. This observation is consistent with calculations indicating that
applied pressure can adjust the energy position of the sharp resonance
near the Fermi level induced by Sc3N, thereby modifying the thermo-
power. Lee et al”” studied the thermoelectric properties of MJs cre-
ated from fullerene-based molecules, finding an enhanced
thermopower for fullerene derivatives [Figs. 17(a) and 17(b)]. Malen
et al.”’" performed statistical analysis on the thermopower measure-
ments, showing that thermopower variations arose during junction
formation, increase with molecular length, and are primarily influ-
enced by variations in contact geometry, orbital hybridization, and
intermolecular interactions. Several research groups have also studied
the impact of molecular conformation on electrical conductance.”*”*
Using a combination of DFT and tight-binding calculations, Vacek
et al.””” demonstrated that by mechanically stretching or compressing
to modify the length of the MJ, electronic properties could be signifi-
cantly changed, leading to a switching behavior of the thermopower
with several orders of magnitude on/off ratio [Figs. 17(c) and 17(d)].
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FIG. 16. (a) Length dependence of the Seebeck coefficient (S, 1V/K) for the junctions. The gray dotted line indicates the S values of oligophenylenethiolates (SPhm, m =1, 2,
3) as standards for comparison. Reproduced with permission from Park et al., Nano Lett. 22, 7682 (2022). Copyright 2022 Authors, licensed under a Creative Commons
Attribution (CC BY) license. (b) Plots of the Seebeck coefficients of the dithiol and monothiol junctions along with the computed values for the Seebeck coefficient of the dithiol
junctions. Reproduced with permission from Tan et al., J. Am. Chem. Soc. 133, 8838 (2011). Copyright 2011 Authors, licensed under a Creative Commons Attribution (CC BY)
license. (c) Plot of measured junction Seebeck coefficient as a function of molecular length for BDT, DBDT, and TBDT. Reproduced with permission from Reddy et al., Science
315, 1568 (2007). Copyright 2007 American Association for the Advancement of Science. (d) Experimental (square, left axis) and computational (circle, right axis) results of
Cgo monomer, dimer, and trimer (only computational data shown for trimers). Reproduced with permission from Evangeli et al., Nano Lett. 13, 2141 (2013). Copyright 2013
Authors, licensed under a Creative Commons Attribution (CC BY) license. Reproduced with permission from Cui et al., J. Chem. Phys. 146, 092201 (2017). Copyright 2017
AIP Publishing. (e) Supernode enhancement of ZT, thermopower S, and Lorenz number L for polyphenyl ether (PPE) SMJs with n repeated phenyl groups, with schematic
shown above. (f) Near a second-order supernode in a device’s transmission spectrum, where an order-dependent enhancement of the electronic thermoelectric response,
which is limited only by the electronic coherence length, can be found. Reproduced with permission from Bergfield et al., ACS. Nano 4, 5314 (2010). Copyright 2010 Authors,
licensed under a Creative Commons Attribution (CC BY) license. (g) Seebeck coefficient vs molecular length. The Seebeck coefficient is plotted as a function of molecular
length for N-unit phenylenedithiols (N) 1, 2, 3), phenylenediamines (N) 1, 2, 3), and alkanedithiols (N) 2, 3, 4, 5, 6, 8). Reproduced with permission from Malen et al., Nano Lett.
9, 1164 (2009). Copyright 2009 Authors, licensed under a Creative Commons Attribution (CC BY) license. (h) AS/S plotted as a function of molecular length and separated into
fluctuations during a given junction’s evolution and fluctuations from junction-to-junction. Reproduced with permission from Malen et al., Nano Lett. 9, 3406 (2009). Copyright
2009 Authors, licensed under a Creative Commons Attribution (CC BY) license. (i) Seebeck coefficients of DNA with different molecular lengths and sequences. Reproduced
with permission from Li et al., Nat. Commun. 7, 11294 (2016). Copyright 2016 Authors, licensed under a Creative Commons Attribution (CC BY) license.

They proposed that mechanically manipulating electric conductance 5. Effects of anchor and side groups
and thermopower could be extended to other non-planar molecules

such as cycloparaphenylenes, cyclacenes, sphe.:rica] molecul.es, and orbitals (FMOs) during the forming of molecular junctions, signifi-
short DNA molecules. Recently, by mechanically coy‘grollmg the cantly impacting both charge transport and thermoelectric proper-
tip-electrode separation distance in an STMBJ, Fuji et al.””” shifted the ties***** Thiol-terminated and trimethyl tin-terminated MJs exhibit

Anchoring groups are essential in reorganizing frontier molecular
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conduction orbital energies and tuned the thermopower for single- a positive thermal power, with the latter having higher values,”**

molecule junctions of Cg 4,4'-bipyridine (BPY) and p- whereas a negative thermopower is observed for isocyanide-

phenylenediamine (PPD) [Figs. 17(e)-17(g)]. terminated junctionsZSI In particular, Balachandran et al”” showed
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FIG. 17. (a) Potential sources of transport fluctuations are illustrated as deviations from an ideal junction. Each of these sources has increased variability with molecular length.
Reproduced with permission from Rincdn-Garcia et al., Chem. Soc. Rev. 45, 4285 (2016). Copyright 2016 Royal Society of Chemistry. Reproduced with permission Malen
et al., Nano Lett. 9, 3406 (2009). Copyright 2009 Authors, licensed under a Creative Commons Attribution (CC BY) license. (b) Seebeck coefficient of Cg, derivative based junc-
tions: Cg, (blue circle), Gd@C82 (green triangle), and Gd@Cg, (magenta square). Reproduced with permission from Lee et al., Nanoscale 7, 20497 (2015). Copyright 2015
Royal Society of Chemistry. Reproduced with permission from Cui et al., J. Chem. Phys. 146, 092201 (2017). Copyright 2017 AIP Publishing. (c) Thermopower (absolute value)
|S| as a function of inter-electrode distance. (d) The Lorentz number «/o T as a function of inter-electrode distance. Reproduced with permission from Vacek et al., Nanoscale
7, 8793 (2015). Copyright 2015 Authors, licensed under a Creative Commons Attribution (CC BY) license. (e)—(g) Calculated thermopower as a function of the electrode sepa-
ration for () Ceo, (f) BPY, and (g) PPD junctions. Reproduced with permission from Fuijii et al., Adv. Electron. Mater. 8, 2200700 (2022). Copyright 2022 Authors, licensed under

a Creative Commons Attribution (CC BY) license.

that MJs with isocyanide, nitrile, and amine end groups demonstrate a
notable overall downward shift in the energies of FMOS and place the
HOMO peak closer to the Fermi level. On the other hand, thiol and
hydroxyl end-group molecular junctions, with charge transfer into the
molecule, exhibit a smaller overall downward shift, placing the LUMO
peak closer to the Fermi energy. Furthermore, Baheti et al.”’' found
that cyanide end groups can change transport relative to BDT in a way
that transport was dominated by the LUMO in 1,4-benzenedicyanide,

whereas substituents on BDT created small and predictable changes in
transmission [Figs. 18(a)-18(c)].

Thermal power for molecules with N-heterocyclic carbene
(NHC) had also been studied [Fig. 18(d)],**" where the replacement
of thiol with NHC addresses the instability issue observed in
thiol-based MJs, leading to a linearly increased Seebeck coefficient with
molecule length. More recently, Park et al.””" showed that the robust
NHC-based MJs could withstand temperatures up to 573 K, maintaining
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Table 1. Measured Values of Sjyction and Calculated Values for Er — Enomos Gjunction (using Equations 2, 3, and 4) and Calculated

Energy of HOMO (DFT)

measured calculated calculated calculated
molecule type Sjunction (1V/K) Er — Enomo (eV) Gijunction (x1073 Go)® HOMO (eV)
2,5-dimethyl-1,4-benzenedithiol 83+0.3 1.07 £ 0.01 119+ 0.3 6.27
1,4-benzenedithiol 7.2+0.2 1.16 + 0.02 10.5 + 0.2 6.42
tetraflouro-1,4,benzenedithiol 54+04 1.32 +0.02 8.7+0.2 6.47
tetrachloro-1,4-benzenedithiol 4.0+06 1.47 £ 0.05 7.6+0.3 6.57
@ Calculation based on eqs 2, 3, and 4, where 7(E) for Au—BDT—Au is assumed for all molecules. ? Calculated using DFT (see Supporting Information).
b c d
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FIG. 18. (a) Table for measured Sjyncion for BDT4CI, BDT4F, BDT, BDT2Me, and BDCN between gold contacts. (b) Normalized histograms for each AT plotted on a common
axis and obtained by analyzing approximately 1000 consecutive thermoelectric voltage curves for BDT4CI, BDT4F, BDT, BDT2Me, and BDCN. (c) Histogram peaks as a function
of the temperature differential for BDT4CI, BDT4F, BDT, BDT2Me, and BDCN. Reproduced with permission from Baheti et al., Nano. Lett. 8, 715 (2008). Copyright 2008
Authors, licensed under a Creative Commons Attribution (CC BY) license. (d). Mean thermovoltage Vy, and standard deviation values from Gaussian fits applied to each experi-
mental run performed. Reproduced with permission from Hurtado-Gallego et al., Nano. Lett. 22, 948 (2022). Copyright 2022 Authors, licensed under a Creative Commons
Attribution (CC BY) license. () Plots of AV as a function of heating temperature and temperature differential. Black and red dots correspond to the thiol and NHC SAMs, respec-
tively. Reproduced with permission from ark et al., Nano. Lett. 22, 3953 (2022). Copyright 2022 Authors, licensed under a Creative Commons Attribution (CC BY) license.

a consistent and reliable thermoelectric performance. In contrast, the
thiol-based molecular junctions quickly undergo thermal degradation,
typically around 323 K [Fig. 18(e)]. More recently, Ismael et al”" tuned
the thermoelectrical properties of anthracene-based self-assembled
monolayers by employing synthetic methodologies to alter the terminal
anchor groups around aromatic anthracene cores. This approach led to
a remarkable enhancement in thermopower by more than an order of
magnitude.

Side group modification can shift the transmission function peak
relative to the Fermi energy, affecting the thermopower of the mole-
cule. For example, leveraging DFT and non-equilibrium Green’s func-
tion (NEGF) formalism, it is shown that the thermopower can be
either suppressed or enhanced by varying combinations of side groups

at different positions, depending on how the charge-donating or
charge-accepting nature of the side group functions interact.”” In
addition to shifting the transmission peak, electron mobility can also
be affected, as investigated experimentally for 2,7-dipyridylfluorene”””
and oligo(phenylene-ethylene) derivatives.”*""”

6. Effects of electrode-molecule coupling

Different electrode materials can show unique thermoelectric
properties in MJs”**'%*'" as the Fermi energy of the electrodes closer
to the dominant molecular orbital is responsible for the charge trans-
port. Kim et al.”'” investigated the impact of various electrodes on the
thermopower of single-molecule junctions, where the MJs were created
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using silver (Ag) or Au electrodes, with Au electrodes showing a larger
thermopower (~1.4x) compared to the Ag electrodes. The lower
work function of Ag can explain this change due to the alignment of
HOMO relative to the Fermi energy. When Pt replaces the Au, the
Seebeck coefficient is also found to be suppressed for fullerene-based
molecules.””’

In contrast, for carbon nanotubes,” " graphene nanoribbons,”'* a
high thermopower can be obtained due to the reduction of electron-
like contributions to the thermopower and the blocking of the HOMO
transmission tails within the semiconductor bandgap. BDT MJs with
Au and Ni electrodes using the STMB] technique have been studied,
where the Ni-BDT-Ni junctions exhibit a negative thermopower, con-
trasting with the positive thermopower observed in the Au-BDT-Au
junction.””® Despite the work function of Ni being similar to that of
Au, first-principles calculations reveal that the HOMO of BDT can

Heater
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interact with both s- and d-states of the Ni electrode. This interaction
leads to spin-split hybridized states, resulting in two peaks in the trans-
mission function for up and down spins and, thus, a negative thermo-
power value. The impact of electrode, doping, electrochemical gating,
and electrostatic control on the thermoelectric performance of the
weakly coupled system was also examined, indicating that achieving
outstanding thermopower is possible in proximity to the Fermi level
(Fig. 19) 3157320

Other than the electrode material, the effects on the variation of
the electrode size have been investigated.””” Three variations of elec-
trode size, STMBJ] (<5nm), SAM (<100nm), and bulk (>1nm),
using MCBJ have been explored.”””" The study revealed that the
thermopower of diketopyrrolopyrrole (DPP) molecules could increase
by up to one order of magnitude with rising packing density, indicat-
ing that thermopower rises with greater neighboring intermolecular
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FIG. 19. (a) Schematic of the electromigrated break junctions with integrated heater (left) and the molecular junctions studied in this work (right). (b) and (c) Seebeck coefficient
of the molecular junction as a function of gate voltage with (b) Au-BPDT-Au junction. (c) Au-Cgo—Au junction. (d) Top: thermal map of a nanogap junction obtained using
SThM at 100 K. Dashed lines: outline of the sample. Bottom: normalized temperature profile in the vicinity of the nanogap junction measured using SThM (circles) and calcu-
lated by thermal modeling (dotted line). Reproduced with permission from Kim et al., Nat. Nanotechnol. 9, 881 (2014). Copyright 2014 Springer Nature. (e) Conceptual illustra-
tion of the three terminal thermal devices. (f) The measured thermal conductance as a function of gate voltage. Red and blue curves represent device structures with and
without graphene, respectively. (g) Reversibility test of electrical gating between == 2.5 VV on cycling measurements of the thermal device with graphene up to 1 million times.
Reproduced with permission from Li et al., Science 382, 585 (2023). Copyright 2023 American Association for the Advancement of Science.
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interactions and reduced HOMO-LUMO gap, which agrees with the
combined DFT calculations.

Contact geometry can also be significant, and the molecule can
be changed from an n-type to a p-type and vice versa.’'’
Computationally, it has been shown that the thermoelectric perfor-
mance of benzothiophene derivatives (Cn-BTBT) bridged between
graphene nanoribbon electrodes can be significantly changed by alter-
nating the connection position between the molecule and electrodes.
When the electrode is connected to the lumbar region of the central
molecule, both the electrical conductance and thermopower can be
greatly enhanced.

REVIEW pubs.aip.org/aip/are

7. Effect of electron quantum interference on molecular
thermoelectricity

The effect of electron quantum interference (EQI) originates from
the interference of quantum wave functions of electrons that coherently
propagate through different discrete molecular orbitals (MOs) in
single-molecule junctions. Following computational investigations
[Fig. 20(a)],/ #7447 248270322 experimental studies have also demon-
strated that EQI affects the thermoelectric power in thiophene™”’
biphenyl** and benzenedithiol.””” Miao et al.”’” examined the thermo-

electric properties of oligo (phenylene ethynylene) derivatives featuring
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FIG. 20. (a) Schematic illustration of constructive and destructive EQI. Reproduced with permission from Liu et al., Acc. Chem. Res. 52, 151 (2019). Copyright 2019 Authors,
licensed under a Creative Commons Attribution (CC BY) license. (b) and (c) Thermoelectric voltage as a function of AT for single-molecule junction experiments with Au—
(para-OPE3)—Au (left column) and Au—(meta-OPE3)—Au (right column). Red dashed lines are linear fits. Reproduced with permission from Miao et al., Nano. Lett. 18, 5666
(2018). Copyright 2018 Authors, licensed under a Creative Commons Attribution (CC BY) license. (d) Landauer transmission plotted semi-logarithmically against energy relative
to Fermi energy, with the structure of the molecules plotted above. (e) Logarithmically binned 1D conductance histograms for Si222, Si4, and Si2-Si222-Si2 (100 bins per
decade). (f) Histogram of thermopower determined from the zero-bias thermoelectric current and junction conductance for each Si2-Si222-Si2 junction measured at a tempera-
ture difference of 37 K (approximately 700 junctions). Reproduced with permission from Garner et al., Nature 558, 415 (2018). Copyright 2018 Springer Nature.
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a meta- or para-substituted central phenyl ring and dithiolate end
groups, demonstrating experimental evidence of the quantum interfer-
ence effect in STMB]J [Figs. 20(b) and 20(c)]. Such interference arises
from the distinct phase difference between the HOMO and LUMO
channels, resulting in a distinct peak in the electron transmission curve.
Zhang et al.””” showed that destructive interference can suppress the
conductance of small saturated heterocyclic alkanes, which could be
explained by computed ballistic current density analysis. However, the
destructive interference in 7-conjugated molecular building blocks can-
not achieve ultralow conductance levels due to the presence of cova-
lently bonded o-transport channels. Therefore, suppressing the
a-contribution through o-destructive interference is essential to obtain
ultralow conductance and an increase in their Seebeck coefficients due
to the existence of the gauche configuration [Figs. 20(d)-20(f)].”" By
selectively suppressing the constructive interference and enhancing the
destructive interference between the HOMO and strongly coupled
occupied orbitals of the opposite phase, Greenwald et al.”*® created
highly nonlinear single-molecule circuits based on a series of fluorene
oligomers. More recently, in stable Blatter radical molecules, a counter-
intuitive quantum interference effect was observed, where constructive
interference took place for a meta-connected radical, resulting in addi-
tional enhancement of thermoelectric properties.””” Constructive
interference-boosted thermoelectricity has also been found for
anthracene-based molecular films.”*” **’

B. Thermal transport in MSJs

In MJs, thermal energy is primarily carried by phonons due to
the high electrical resistance of most organic molecules. Single MJs, the
smallest test bed possible, can reveal fundamental thermal phonon
characteristics, such as interference, bond stiffness dependence, and
electron-phonon interactions. Beyond fundamental insight, under-
standing thermal transport in MJs is crucial for designing the ZT of
molecular thermoelectrics through phonon filtering and confine-
ment,””’ improving heat dissipation in molecular electronics by
enhancing phonon transport,””' and developing thermally conductive
polymers by reducing phonon scattering.””’ In macroscopic systems,
the thermal energy conduction transport is well described by Fourier’s
law, ] = —kAT, where J is the heat flux density. However, Fourier law
fails as the characteristic length of a system becomes closer to the
mean free path of an energy carrier.

Under the linear response regime, the heat current transport
through MJs by electrons can be described with Landauer formalism,
which is given by’

00
=3 ) - R - wyeeds (3.1)
—00
fi and fr are the Fermi functions of left and right electrodes
(fu/r(e) = 1/{exp((e — p;)r) /kpTr/r) + 1}. Here, the chemical
potential (1) can be approximated as the Fermi energy of ¢r electrodes.
Ty g are the temperatures of electrodes. 7(¢) is the energy dependent
electron transmission that can be split into elastic and inelastic contri-
butions, t(g) = ta(¢) + >, 14, (¢). This transmission function can
include the effects of electron-phonon interactions, electron—electron
interactions, and inelastic scattering processes.” "
For a full harmonic approximation of atomic displacements,””
the Landauer type expression that gives elastic steady-state heat cur-
rent through MJs by phonons is
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00
I = L (np(v) — ng(v))tp(v)hvdv, (3.2)
where v is the phonon frequency, and n; and ng represent the
Bose-Einstein ~ distributions of left and right electrodes
(nyr = 1/[exp(hv/kpTy/r) — 1]). 7p(v) is the phonon transmission
function, that is given as 7,(v) = ﬁ klzkfpf(u)pf,\(u)!Dlr(z/)yz.zs7
pr/r corresponds to the phonon density of states for left and right elec-
trodes. k,/, are the coupling constants to the electrodes, where Lr
indexes denote the corresponding atom of the molecule coupled to left
and right electrodes, respectively. Dy, (v) is the eigenvalue matrix ele-
ment of Green’s function for frequency of v.

To evaluate the non-linear forces, anharmonicities and
accounting many-body effects in energy transport non-equilibrium
Green function (NEGF) formulation can be used,””® which describes
the response of a system to external perturbations. It is also shown
that the NEGF method can incorporate electron-phonon coupling
corresponding to inelastic scattering into a unified framework in
contrast to Landauer formulation.™” However, a more promising
method to evaluate large systems and high temperatures is molecular
dynamics.””

Based on the Landauer formalism, when a voltage V is applied
across the junction, both tunneling current and heat dissipation are
presented. If the heat dissipation within the molecule is negligible
(considering only the heat dissipation from the electrodes due to the
chemical potential difference), the heat dissipated by left and right elec-

trodes is expressed by’

Q= %J: Ui —fr) (e — &)t(e)de, (3.3)
Q= %Ji (fo = fr) (e — np)t(e)de, (3.4)

where Q;, and Qg are the heat dissipation flux from the left and right
electrodes, respectively, and fi; /p represents the chemical potential for
left and right electrodes.

The Landauer approach can be effectively used to simulate
phononic conduction in extended systems, provided that the molec-
ular normal modes and their hybridization with the contacts are
known. However, the Landauer-elastic scattering model becomes
inadequate when interactions, such as anharmonicities, are intro-
duced. Various techniques have been developed to account for these
anharmonic effects, such as the self-consistent reservoir (SCR)
model simulating the inelastic scattering of phonons by incorporat-
ing temperature probes,”*’ nonequilibrium density-matrix descrip-
tion,”*' and the NEFG technique mentioned above for capturing
many-body effects.

In Sec. 111 B, we present the theoretical and experimental develop-
ment over the past decade on the understanding of thermal effects in
molecular junctions.

1. Experimental methods

Experimentally measuring thermal conductance and temperature
distributions across molecular junctions is very challenging, given the
difficulty in precisely measuring and manipulating small temperature
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gradients across molecular-scale objects’** The signal-to-noise ratio is
another concern, given the typical low thermal conductance value in
these molecular junctions compared to the background thermal noise.
Sections 111 B 1 will discuss experimental techniques of thermal mea-
surements for ensembled systems and single molecules.

a. Thermal measurement techniques for ensembled systems. Three
techniques based on laser spectroscopy have been widely used for ther-
mophysical characterization: time-domain, frequency-domain ther-
moreflectometry (TDTR and FDTR), and sum frequency generation
vibrational spectroscopy (SFG-VS). Both TDTR and FDTR operate
based on a similar mechanism™***** [Figs. 21(a)-21(c)]: a pump laser
pulse excites electrons within the transducer film in a matter of pico-
seconds, causing a temperature rise and afterward leading to heat con-
duction into the SAM. For TDTR, following the heating from the
pump laser pulse, the probe laser pulse records the thermoreflectance
decay over time. For FDTR, a range of pulsed or continuous wave laser
pulses are employed to gauge the phase shift in the thermoreflectance
signals based on frequency. The thermal conductance can then be
obtained by fitting the experimental data to the theoretical Fourier’s
diffusion model. The SFG-VS technique can be employed to investi-
gate the thermal disordering of self-assembled monolayers of mole-
cules after flash heating by a femtosecond laser pulse directed toward
the metal film beneath the molecular layer [Fig. 21(d)].”* The laser
spectroscopy methods have a significant disadvantage as the theoreti-
cal model to obtain thermal conductivity is based on classical physics
and any sort of quantum size effects are overlooked. In addition to
them, a vacuum-operated scanning thermal microscope has also been
employed to study the thermal conductance of monolayers of nine dif-
ferent alkane thiols self-assembled on Au(111) surfaces with a tunable
contact area [Fig. 21(e)].”*

The 3 » method is another experimental tool to characterize the
thermal transport of nanomaterials. Briefly, it employs a thin metallic
strip, typically made of platinum or another metal, serving both as a
heater and a resistive temperature sensor.”*” This metallic strip is usu-
ally mounted on the surface of the material to measure its thermal con-
ductivity. In brief, an alternating current with frequency w is passed
through the metallic strip, causing Joule heating and generating a tem-
perature oscillation in the material at 2@ (AT,,). This temperature
oscillation alters the resistance (R) of the metallic strip depending on
its temperature coefficient (o) of resistance also at 2 frequency.
Because of the nonlinearity inherent in the temperature-dependent
resistance, a third harmonic voltage signal at 3 o arises in the strip
(V3 = ATy0l,R/2), which can be detected to determine the tem-
perature. The heat conductance of the material is then obtained
through AT, and the electrical power that is dumped into the strip.
Operating in an AC regime substantially diminishes shot noise and
other instrumental noises compared to DC methods, facilitating the
reliable measurement of materials with exceptionally low thermal con-
ductivity [Fig. 21(f) and 21(g)].”*

b. Scanning thermal microscopy for thermal transport and dissipa-
tion characterization at the single-molecule level. Studying heat trans-
port in single-molecule junctions presents unique opportunities to
unveil the fundamental mechanisms of vibrational (phonon) energy
transport. Even at room temperature, thermal phonons exhibit coher-
ent transport in short molecule junctions, resulting in particular

REVIEW pubs.aip.org/aip/are

phenomena such as the quantum interference of thermal transport.”””
However, performing thermal transport measurements at the atomic
scale presents several challenges. First, atomic-scale structures, given
their nanoscale nature, cannot be visually accessed using optical
microscopy tools, thus hindering efforts to conduct in situ observations
and manipulations of the studied objects while simultaneously per-
forming transport measurements. Second, the magnitude of heat flow
in such structures is extremely small, necessitating high-resolution
thermal sensing techniques to reliably capture the desired signals. To
surmount these challenges, researchers have devised approaches based
on scanning thermal microscopy (SThM),”* " which typically
involves integrating custom-fabricated high-resolution thermal sensors
into the scanning probes to achieve nanowatt or even picowatt heat
flux resolution.

A calorimetric scanning thermal microscopy (C-SThM) was
developed by Cui et al. to simultaneously enable the creation of atomic
junctions and resolve heat flow among them [Figs. 22(a) and 22(b)].>*!
The micro-fabricated probes incorporate a suspended island isolated
by two long “T”-shaped supporting beams with a significant thermal
resistance (~1.3 x 10° K/W). A high-resolution Pt thermometer with
a temperature resolution of <1 mK and a bandwidth of 10Hz is
embedded in the island, enabling the measurement of a thermal con-
ductance variation of approximately 25 pW/K when applying a tem-
perature difference of around 20 K across the molecular junction. The
purpose of the supporting beam here is to supply a high stiffness value
(>10* N/m) to reduce thermal fluctuation as well as strengthen the
stability of the junction. A voltage bias and temperature differential are
applied across the tip and the substrate to concurrently quantify both
electrical conductance and thermal conductance. In brief, the heat cur-
rent flowing into or out of the C-SThM probe is assessed by measuring
the slight temperature shift (typically ~1 mK or smaller) of the sus-
pended island using the integrated Pt thermometer. The thermal con-
ductance of the atomic junctions can then be correlated with the
temperature variation. It can be seen that, as the separation between
the tip and substrate is increased, the electrical and thermal conduc-
tance of the junction decreases in steps. It can be seen that the electrical
and thermal conductance of the junction decrease in steps, aligning
with values corresponding to multiples of the quantized conductance
for electrical and thermal, respectively. This serves as compelling evi-
dence of thermal transport quantization in single-atom junctions.
Mosso et al. also investigated heat transport across Au atomic-scale
junctions using a different experimental setup [Figs. 22(c) and
22(d)].”” In summary, they utilized a similar suspended device
embedded with an integrated thermal sensor to quantify the tempera-
ture alteration upon the rupture of an atomic junction between an Au
STM tip and an Au-coated region of the suspended device. A robust
correlation between the measured thermal and electrical conductance
traces is evident, although some disparities are noted, possibly due to
the presence of absorbed contaminant molecules (such as CO or H,0)
on the Au membranes. More recently, the same technique has been
pushed forward by Cui et al. to measure the thermal conductance of a
series of single alkanedithiol molecule junctions revealing the
dependence of thermal transport on the molecular length [Figs.
22(6)—22(g)].1’S “ To enhance the signal-to-noise ratio of thermal mea-
surements, they employed a time-averaging approach involving con-
ducting numerous electrical and thermal measurements as a function
of time and subsequently utilizing the electrical conductance vs time
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FIG. 21. Characteristic excitations and
corresponding responses for (a) TDTR,
(b) FDTR, and (c) SSTR techniques.
Reproduced with permission from Olson
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traces to pinpoint the moment of junction rupture. The results of ther-
mal conductance averaged over 20, 50, 100, and 300 traces are
depicted, revealing a distinct thermal conductance drop corresponding
to the rupture of the single-molecule junction, which is completely
merged into the thermal noise for a single trace.

To investigate the dissipation of heat (the Joule effect) in atomic-
sized junctions, Lee et al. devised an experimental method employing
nanoscale thermocouple-integrated scanning thermal microscope
probes’ ™ Unlike the C-SThM probes, these probes incorporate a highly
sensitive nanoscale thermal sensor comprising an Au-Cr junction, situ-
ated in close proximity to the tip apex. To investigate heat dissipation, a
voltage bias is applied across the formed atomic or single-molecule
junction, with the energy dissipation-induced temperature increase
(AT) readout by the nanoscale thermocouple. Subsequently, the heat
dissipation (Q) in the Au electrode of the SThM probe can be quanti-
fied using Q = AT/R,, where R, denotes the thermal resistance of the
SThM probe. For single-molecule junctions exhibiting strongly energy-
dependent transmission characteristics, asymmetric heat dissipation
was observed in the two electrodes where the junction forms.

Au (111)

' silicon substrate.
oo A

from Meier et al, Phys. Rev. Lett. 113,
—_ 060801 (2014). Copyright 2014 American
Physical Society. (f) Spatially resolved
thermoreflectance techniques for thermal
conductivity measurements using 3
technique. (g) SEM showing the silicon
nitride freestanding thin film microdevice.
Reproduced with permission from Jain
and Goodson, J. Heat Transfer 130,
102402 (2008). Copyright 2008 The
American  Society of  Mechanical
Engineers.

Nitride membr:

Furthermore, the dominant carriers (electron or hole) as well as the
bias polarity, will also strongly influence the heat dissipation. For Au
atomic junctions, the measured heat dissipation exhibits no significant
asymmetry due to the weak energy-dependent electronic transmission
spectra. This work is the first experimental evidence validating the use
of the Landauer formalism to comprehend heat dissipation in elastic
electron transport-dominated systems.

The current passing through molecular junctions leads to both
heat dissipation through the Joule effect and cooling through the
Peltier effect. The observation of Peltier cooling in molecular junctions,
a crucial milestone for the development of molecular-based refrigera-
tion, has remained elusive. Net refrigeration becomes apparent only
when the magnitude of Peltier cooling power exceeds that of Joule
heating. Cui et al”” developed an experimental platform where
custom-fabricated calorimetric microdevices with embedded high-
resolution Pt thermometers enabled a temperature resolution as small
as 0.1mK [Figs. 23(a) and 23(b)]. Excellent thermal isolation is
achieved through four lengthy and doubly clamped SiN, beams, facili-
tating precise measurements of heating and cooling with a resolution
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FIG. 22. (a) Schematic of a calorimetric scanning thermal microscopy (C-SThM) probe, which is used to make atomic junctions with a heated metallic substrate. The tip and
substrate coatings can be either Au or Pt. The electrical conductance of the tip—substrate junction is monitored by applying a small sinusoidal voltage bias and measuring the
resultant current. The resistance of the Pt resistance thermometer is monitored by applying a sinusoidal current and recording the voltage output. (b) Representative traces of
thermal and electrical conductances measured while reducing the transverse constriction of Au atomic junctions by displacing the Au tip of the C-SThM probe away from the
Au substrate. Reproduced with permission from Cui et al., Science 355, 1192 (2017). Copyright 2017 American Association for the Advancement of Science. (c) and (d)
Schematic diagram and SEM image of the MEMS structure. Reproduced with permission from Mosso et al., Nat. Nanotechnol. 12, 430 (2017). Copyright 2017 Springer
Nature. (e) Schematics of the alkanedithiol molecules (C,,) studied; n =2, 4, 6, 8, and 10 denotes the number of carbon atoms in the molecules (red, carbon atom; gray, hydro-
gen atom; blue, sulfur atom). (f) An improved signal to-noise ratio is obtained upon aligning via electrical conductance jump and averaging multiple thermal conductance traces.
(9) Measured electrical (blue diamonds, right axis) and thermal conductance (red triangles, left axis) as a function of the molecular length. Reproduced with permission from

Cui et al., Nature 572, 628 (2019). Copyright 2019 Springer Nature.

as fine as 30 pW. A soft contact is established with a monolayer of self-
assembled organic molecules on top of the Au layer of the microdevice
using a sharp Au-coated contact-mode AFM tip, embedding approxi-
mately 100 molecules within the nanoscopic volume between the AFM

tip and the substrate. An embedded Pt thermometer was used to
record the heating and cooling applied by a small voltage bias of less
than 20 mV, with the electrical conductance simultaneously measured
by monitoring the electrical current. Peltier cooling in molecular
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junctions embedding biphenyl-4,4’-dithiol (BPDT), terphenyl-4,4”
(TPDT)-dithiol, and 4,4'-bipyridine (BP) can be observed in a narrow
voltage interval at small biases, with a maximum cooling power around
300 pW for nearly 100 individual molecules. The parabolic form of the
heating or cooling power as a function of the applied voltage can be
understood as the total cooling and heating power resulting from the
summation of the Peltier effect and Joule effect under the condition of a
small bias limit. This developed platform opens new avenues for char-
acterizing multiple transport parameters including electrical conduc-
tance and the Seebeck coefficient at the single molecular level.

2. Thermal transport in single-molecule junction:
Computational results

a. Phonon interference effect. Akin to EQI discussed in Sec. 111,
phonons can also interfere depending on the molecular configuration.
Markussen.”” first calculated phonon interference (PI) using DFT that
the phonon transmission function will have nodes like EQI for meta
and para structures of the molecule, resulting in a thermal conductance
difference between two and five times. This observed suppression of
phonon transport could play a key role in designing a High ZT ther-
moelectric molecule. Klockner et al.””” conducted ab initio studies for
the influence of interference effects on the thermal conductance of
single-molecule junctions composed of various benzene and oligo
(phenylene ethynylene) derivatives [Figs. 24(a) and 24(b)]. Their study
revealed that interference effects exhibit as antiresonances in the pho-
non transmission, with the energy positions of these antiresonances
being adjustable by altering the mass of the substituents. Zeng et al.””
theoretically analyzed the phonon transport properties in intermedi-
ately coupled molecular junctions, demonstrating that the twist angle
can function as an independent degree of freedom to control phonon
interference and, thus, more precisely regulate the thermal conduc-
tance of molecular junctions. In this regard, the conduction of in-plane
phonon modes can be effectively suppressed, permitting only out-of-
plane transport through the molecular junction, thereby enabling fur-
ther suppression of thermal conductance. Markussen.””’ theoretically
studied the coherent phonon transport through organic, n-conjugated

O Jp—

Heating

N 3
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molecules, showing that the destructive interference features observed
in four distinct cross-conjugated molecules led to a substantial reduc-
tion in thermal conductance compared to their linearly conjugated
counterparts. Similarly, Li et al.”*° found that the thermal conductance
of m-stacked systems could be decreased by approximately 95% when
compared with that of a covalently bonded molecular junction.
Further theoretical works have also demonstrated that phonon inter-
ference is crucial in suppressing phonon transport.”””"** In particular,
Sadeghi demonstrated a systematic enhancement of the room-
temperature ZT in molecular junctions accomplished through sup-
pressed thermal conductance due to phonon interference and
enhanced electrical conductance as well as Seebeck coefficient resulting
from quantum interference [Figs. 24(c)-24(f)].””

To sum up, phonon confinement and suppression in single MJs
is currently limited as a theoretical field, even though it is of great fun-
damental interest, due to the experimental difficulty in distinguishing
the small difference in the absolute thermal conductance values of
individual molecules.

b. Anchor group and side group. An anchor group of a molecule
interacts directly with the electrode, and the bond strength/bonding
force determines the interfacial thermal resistance. Stronger bonds like
covalent have lower thermal resistance than weaker bonds like hydro-
gen and van der Waals.”””

Zhang et al. summarized the interfacial thermal conductance
between Au and multiple materials as a function of bonding force.”’
Famili et al.”®' showed that side groups forming Christmas tree-like
structures exhibited Fano resonances and suppressed phonon trans-
port along the trunk of Christmas tree-like molecules constructed
from alkane or acene trunks with various pendant branches [Figs.
25(a) and 25(b)]. Noori et al.”*” found that the thermal conductance of
OPE3 with a thiol anchor was higher than those with methyl sulfide
but lower than the OPE3 with a pyridyl anchor group [Fig. 25(c)].
Klockner et al.”” calculated through ab initio method for phonon
transmission as a function of energy for Au-benzenediamine-Au
junctions with different halogen atom substitution, revealing that
introduction of substituents effectively alters phonon transport across

(b)
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FIG. 23. (a) Schematic of the experimental platform. Molecular junctions are formed by placing an Au-coated AFM tip in gentle contact with a self-assembled monolayer created
on a Au-coated calorimetric microdevice. (b) Measured voltage-dependent thermal power for BPDT junctions. The solid red line indicates the fitted curve, the measured
Seebeck coefficient, and the electrical conductance. The shaded blue region indicates the voltage region where net cooling (refrigeration) is observed. Reproduced with permis-

sion from Cui et al., Nat. Nanotechnol. 13, 122 (2018). Copyright 2017 Springer Nature.
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Attribution (CC BY) license.

all energy levels, but the alteration is notably significant at the energies
corresponding to the antiresonances [Figs. 25(d) and 25(¢)].

c. Length dependence. Many computational studies have proposed
that Fourier’s law is inadequate for modeling thermal transport in
single-molecule chains and junctions. This fundamental characteristic
was historically recognized in the pioneering work of Fermi, Pasta, and

Ulam (the FPU problem).363 In 1955, Fermi developed a diffusive
model when investigating the dynamics of a 1D lattice chain with N
monatomic particles. They observed a divergence in thermal conduc-
tivity when a small nonlinearity is presented in the 1D chain of par-
ticles. This model has been further employed to explore the thermal
transport in 1D chain-based systems,”*"”*” including MJs. For alkane
chains, Segal et al’® presented a comprehensive theory based on
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molecular dynamics for heat conduction through three-dimensional
harmonic chains, resulting in a generalized quantum Langevin equa-
tion for a system coupled to a harmonic heat bath. Sadeghi et al.”®’
employed ab initio methods for alkanes and oligoynes, showing differ-
ent length-dependent thermal conductance behavior, which can be
attributed to phonon filtering by the gold electrodes that diminishes
when higher-Debye-frequency electrodes are used. Furthermore, first-
principles calculations and molecular dynamics simulations have also
been performed for PTFE [Fig. 25(1)],"*" both linear-/cross-conjugated
molecules™” as well as self-assembled monolayers of molecules.”” "
Observing unusual phonon transport phenomena in MJs has

REVIEW pubs.aip.org/aip/are

stimulated several proposals for controlling and tuning interesting
thermal properties on the molecular scale. For instance, there have
been theoretical proposals suggesting that MJs could be utilized to cre-
ate thermal rectifiers,’””” *”° field-effect phononic thermal transis-
tors,”’® tunable thermal modulators,””” and quantum heat pumps.’”*

d. Local heating and cooling. Current flowing through the electri-
cally biased MJ typically results in heat dissipation, with the total dissi-
pated power given by Q = IV. During the inelastic process, power can
be dissipated directly into the MJ through electron-phonon interac-
tions. Even a minor heat input can drive the molecule out of thermal
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FIG. 25. (a) and (b) Transmission coefficient for N=1, 3 side branches, respectively. Reproduced with permission from Famili et al., ChemPhysChem 18, 1234 (2017).
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(2007). Copyright 2007 American Association for the Advancement of Science.
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equilibrium because of its limited heat capacity, necessitating the intro-
duction of the concept of “effective temperature.”””* Several computa-
tional studies have explored heat dissipation and local heating effects
in MJs, either based on the Landauer picture™ or the non-Landauer
picture.””***° Pecchia et al. conducted first-principle calculations to
determine the power emitted in a molecule as a result of scattering
with localized vibrations, demonstrating that how electron-phonon
coupling, incoherent transmission, and phonon dissipation rate signifi-
cantly influence the local temperature™’ Apart from investigating the
contribution of electron-phonon scatterings to local heating, D’Agosta
et al. have also examined the effect of electron—electron scatterings.”'
In addition to exploring local heating effects, local cooling phenomena
have also been investigated in the MJ,”**"** showing that under voltage
biases across the MJs, the local temperature can reach values below the
ambient temperature.

3. Thermal transport in single-molecule junction:
Experimental results

Experimentally, Cui et al.,”” for the first time, measured the ther-
mal conductance of a single molecule junction using the SThM-BJ tech-
nique in conjunction with a time-averaging scheme. This approach
allowed them to achieve an ultrahigh resolution of 80 picoWatt (pW) at
room temperature, facilitating the quantitation of thermal conductance
for single molecules. They used a custom scanning thermal probe, as
discussed in the experimental technique section above. For Au-alkane-
dithiol-Au junctions with two to ten carbon units. They measured that
thermal conductance is independent of molecular length to a first
approximation, which agreed with detailed ab initio simulations.”””
However, due to the short length of carbon units, FPU cannot be deter-
ministically evaluated. Nevertheless, the possibility of an experiment
evaluating the thermal conductance of a single-molecule junction opens
a prospect for future work to study different effects like phonon interfer-
ence and Fano resonance, as well as topics discussed in the above sec-
tions. In addition, Mosso et al. measured the thermal conductance of
octane-di-thiol and Para OPE3 using a sample as a sensor and an aver-
aging scheme.”” Nevertheless, a deterministic measurement of a single
molecule without an averaging scheme is yet to be realized.

In addition, some experimental studies have been conducted to
quantify heat dissipation in MJs and gain insights into the inelastic pro-
cesses occurring within the molecular region and the electrodes. By ana-
lyzing the conductance fluctuation, effective temperature was found to
scale with the square root of electrical bias in Au atom-sized contacts.”"
Tsutsui et al”* also evaluated current-induced local heating in Au/
BDT/Au MJs through a self-breaking technique, yielding an effective
temperature of 463K at 1V bias. Huang et al.”*® found that in an
STMB], the effective local temperature of the MJ (6-, 8-, and 10-alkane-
dithiol) initially rose with applied bias, reaching a maximum before sub-
sequently decreasing, with a decreasing trend when increasing the
molecular length at a fixed bias. In addition, inelastic electron tunneling
spectroscopy (IETS)’” and surface-enhanced Raman spectroscopy
(SERS) have been used to evaluate the local effective temperature.w’m

4. Thermal transport in ensemble systems: Theory and
experiment

Unlike single-molecule length dependence studies, there has been
numerous experimental progress in ensemble systems, including large

REVIEW pubs.aip.org/aip/are

contact area junctions and nanoscale oligomer/polymer fibers. In this
section, both computational and experimental results will be reviewed,
with emphasis on different topics.

a. Length dependence. A recent study by Yang et al.””’ measured
length-dependent thermal conductance at room temperature for van
der Waals crystal NbSe; nanowires. These nanowires exhibit superdif-
fusive phonon transport, which is contrary to the classical size effect
based on phonon-boundary scattering. They also observe thermal
transport transitions from 1D to 3D model-like at a specified charac-
teristic length indicating a glimpse into the FPU divergence phenome-
non. Wang et al.”" investigated heat transport through self-assembled
monolayers of long-chain hydrocarbon molecules anchored to a gold
substrate by rapidly heating the gold with a femtosecond laser pulse
[Figs. 25(g) and 25(h)]. They performed measurements using TDTR
for carbon chains up to 24 and observed no thermal conductance dif-
ference with increasing length.

In polymer nanofiber systems, it was experimentally observed
that for polyethylene with an extrusion ratio of 25, the thermal con-
ductivity along the extrusion direction can achieve an extremely high
value that is close to that of stainless steel.”’" Such high value inspired
various computational and experimental works on single polymer
chains of various lengths [Figs. 26(a)-26(c)].*7#792% Shrestha
et al”” developed crystalline polymer nanofibers with ultrahigh
strength and thermal conductivity, surpassing any existing soft materi-
als [Fig. 26(d)]. Yang et al.””® observed that the competition between
ballistic and diffusive phonons was identified as the underlying cause
for aromatic monomers to possess a thermal conductivity approxi-
mately five times greater than that of a polyethylene (PE) chain.
Furthermore, the divergent thermal conductivity in individual polyeth-
ylene chains was attributed to the cross-correlations for midfrequency
longitudinal-acoustic phonons.””” Additionally, the simulations sug-
gest an additive relationship in total thermal conductance as the num-
ber of linking polymers in the dimer increases from 1 to 3.

b. Interfacial thermal resistance. Interfacial thermal resistance
(ITR) is a principal barrier to heat transfer between different materials
and is a significant concern for ensemble thermal measurements. For
example, the thermal conductance between hydrophilic surfaces and
water was observed to be several times greater than that between
hydrophobic surfaces and water for solid-SAM-water junctions,
highlighting the significant role of the self-assembled monolayer in
modulating interface thermal transport. This was confirmed later by
introducing thiolated alkane molecules between the water-solid inter-
face, which can enhance thermal conductance several times.””” On the
other hand, Wang et al.”” performed thermal conductance measure-
ments on an MJ in a solid-SAM-liquid configuration (Au-ADT-
GaAs), which is fabricated by transferring a thin gold film deposited
on a silicon stamp to SAM-coated GaAs substrate, showing
robust thermal conductance with insensitive length dependence
[Fig. 26(e)]. In another study, it was shown that phonon transport in
the alkane chains is ballistic and can be restricted by the Au-SAM
interface for long-chain alkanethiols.”*’ Furthermore, Ota ef al.””’ dis-
covered that the ITR was directly proportional to the surface coverage
of covalently bonded triazine linkers [Fig. 26(f)]. They observed that
the proportionality constant for the increment rates was approximately
unity.
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The interfacial thermal conductance can be elucidated through
two theoretical models that have proven effective in predicting the
behavior of phonons: the acoustic mismatch model (AMM) and the
diffuse mismatch model (DMM). In AMM, a straightforward simplifi-
cation involves treating both materials as continuous media separated
by an ideal plane, neglecting the details of lattice structures, and allow-
ing phonons to be treated as elastic waves. The AMM effectively
describes the observed temperature dependence of ITR at low temper-
atures, whereas the model typically yields predictions that are higher
than the measured values.””” Unlike AMM, the DMM assumes com-
plete diffusive scattering of incident phonons, whereas outgoing

REVIEW pubs.aip.org/aip/are

phonons in the DMM have no recollection of their previous trajec-
tory."”! The most common and straightforward approach to model
diffusive phonon scattering across solid interfaces and the consequent
thermal boundary conductance is by implementing the DMM, where
electrons and phonons scatter diffusively across the interface.””” It was
found that an increase in roughness typically results in a decrease in
I'TR at solid-solid interfaces."”” Similar findings were also reported for
solid-SAM-solid interfaces.""* """

The structural disorder of molecules within the SAM can induce
phonon transport scattering or result in poorer effective contact
between the SAM surface and substrates. In large-area junctions, when
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Reproduced with permission from Yang et al., J. Phys. Chem. B 127, 6804 (2023). Copyright 2023 Authors, licensed under a Creative Commons Attribution (CC BY) license.
(d) Thermal characterization of PENF, with k(T) of all reported samples after adjusted for 2R.. Reproduced with permission from Shrestha et al., Nat. Commun. 9, 1664 (2018).
Copyright 2023 Authors, licensed under a Creative Commons Attribution (CC BY) license. (e) Thermal conductance of Au-alkanedithol (n =8, 9, 10)-GaAs junctions at room

temperature. Inset: schematic of the sample. Reproduced with permission from Cui et al.

, J. Chem. Phys. 146, 092201 (2017). Copyright 2017 American Institute of Physics.

Reproduced with permission from Wang et al., Appl. Phys. Lett. 89, 173113 (2006). Copyright 2006 American Institute of Physics. (f) Time-domain thermoreflectance (TDTR)
measurement results of obtained TBC of graphite/Al interfaces. Reproduced with permission from Ota et al., Appl. Mater. Interfaces 11, 37295 (2019). Copyright 2019 Authors,
licensed under a Creative Commons Attribution (CC BY) license. (g) ITCs of PS/SAM/Si with different packing densities and chain lengths, and the right graphs are the relaxed
configuration of C12-SAMs with different densities. Reproduced with permission from Lu et al., ACS. Appl. Mater. Interfaces 11, 42708 (2019). Copyright 2019 Authors, licensed
under a Creative Commons Attribution (CC BY) license. (h) Measured thermal conductance of SAM junctions for various end groups. Reproduced with permission from Losego
et al., Nat. Mater. 11, 502 (2012). Copyright 2012 Springer Nature. (i) The interfacial thermal conductance between Au and multiple materials. Reproduced with permission from

Zhang et al., Adv. Mater. Interfaces 9, 2200078 (2022). Copyright 2022 Wiley.
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the packing density of a SAM is insufficient to maintain a well-defined
lateral structure, the supramolecular assembly can experience back
folding, thereby inducing conformational disorder. It was experimen-
tally reported that such structural disorder could result in a decrease in
the ITR for amorphous polyethylene with various alkyl chains
[Flg 26(g)].4()(w,4()7

c. Electron-phonon interactions at molecule/electrode
interface. Heat transfer across a metal-molecule interface is governed
by the interplay among various heat carriers. Within metal, both elec-
trons and phonons play a role in heat conduction, whereas in mole-
cules, phonons are the primary heat carriers. These interactions
among the carriers can be categorized into three channels, each corre-
sponding to a distinct heat transfer mechanism: phonon(metal)-
phonon(molecule), electron(metal)-phonon(molecule), and electron
(metal)-phonon (molecule) direct interactions. Distinguishing the
contributions from these channels is challenging both experimentally
and theoretically due to limitations in the resolution and sensitivity of
experimental systems as well as the difficulty in accurately determining
the interfacial states at the nanoscopic level and the local temperature.

For the first channel on the phonon(metal)-phonon(molecule)
channel, Khalatnikov’s AMM theory serves as a foundational point for
subsequent theories concerning ITR, as it relies solely on the mass den-
sities and phonon velocities in both materials without any fitting
parameter.””* However, it was found that the observed ITR was always
underestimated”*'” even when additional channels from multi-
phonon scattering caused by anharmonicity are considered,”' " *'” sug-
gesting that contributions from other channels cannot be neglected.
Singh et al."'* showed that the thermal resistance due to electron-pho-
non coupling could be calculated using the Fermi golden rule under a
deformed potential. Furthermore, investigations revealed that the elec-
tron—phonon coupling constant can be altered by the chemistry of the
interface."”” Li et al.*'* introduced a third channel of electron-phonon
direct interaction through a modification to the two-temperature (TT)
model. They showed that the above-mentioned three channels could
be represented by an equivalent series-parallel thermal resistor net-
work, where an analytical expression for the thermal boundary con-
ductance can be derived. Medrano Sandonas et al.*'” computationally
discovered that heterogeneous molecular junctions, comprising molec-
ular wires connecting two distinct nanocontacts, could function as a
selective phonon filter, generating a gap in the transmittance
spectrum.

d. Molecule-electrode bonding. Bonding forces between the mole-
cule and the electrode can be categorized into van der Waals force,
hydrogen bond, and covalent bond, with their bonding strength vary-
ing from weak to strong. It was shown that the ITR increases with the
bonding strength [Fig. 26(h)].”***'**** The bonding strength is crucial
in determining whether a Debye temperature mismatch or the overlap
between the vibrational density of states (VDOS) contributes to the
MJ’s thermal conductance. For stronger bond strength between SAM
and the electrode, a large Debye temperature mismatch can result in
lower thermal conductance, whereas for van der Waals bonded con-
tacts, the Debye temperature mismatch effect is comparatively
weak.”” When two materials are in contact, van der Waals force usu-
ally occurs, and a modified AMM that captures the effects of interface
bonding parameters can include it in the phonon transport.*”"

REVIEW pubs.aip.org/aip/are

Hydrogen bonds are typically stronger than van der Waals inter-
actions and are predominantly found in water and organic materials.
The range of ITR can be widely adjusted by varying the degree of func-
tionalization. Molecular dynamics simulations demonstrated that
stronger hydrogen bonds induce closer proximity of organic molecules
to the interface. This proximity enhances interatomic forces across the
interfaces, consequently yielding greater interfacial heat flux and
higher thermal conductance.””” Ge et al.**" utilized TDTR to measure
thermal conductance values across interfaces between water and self-
assembled monolayers with hydrophobic (CH3-terminated) and
hydrophilic (OCH3- and OH-terminated) properties, revealing a 2-3
times Kapitza length at hydrophobic interfaces. More recently, Zhang
et al."”’" showed that a remarkable 273% enhancement of ITR can be
achieved across the interfaces between graphene and poly(methyl
methacrylate) (PMMA) through the introduction of hydrogen-bond-
capable hydroxyl groups to the interfaces.

A covalent bond denotes a relatively stable chemical structure
where two or more atoms share electrons to achieve electron satura-
tion. Losego et al.*'® employed TDTR and laser spallation measure-
ments to experimentally correlate bonding strength with heat flow at
the gold-SAM interface. Their findings revealed an 80% increase in
the ITR when transitioning from van der Waals to covalent bonding,
which can be further tuned by adjusting the density of covalent bonds.

e. Intermolecular interactions in large-area junctions. For large-
area junctions, unlike single-molecule junctions, it is essential to con-
sider intermolecular interactions within monolayers [Fig. 26(i)].""
Monolayers exhibit a certain degree of structural disorder and nonco-
valent lateral interactions between adjacent molecules, resulting in
vibrational energy states with low frequencies. Lu et al."”* conducted
FDTR cross-plane heat conductance measurements on a range of
polarized  phosphonate-functionalized azastibazolium 7-electron
(PAE) films and high-k dielectric metal oxide (ZrO, or HfO,) films
with varying thicknesses. Their findings revealed a linear correlation
with the mole fraction of the chromophores, suggesting that chromo-
phores operated as independent channels with minimal interfacial
interaction. On the contrary, a combination of strong cross-interface
intermolecular interactions and good thermal coupling via soft vibra-
tion modes at liquid—liquid interfaces can be used to explain high
Kapitza resistance across water—organic liquid, water—surfactant, and
surfactant—organic liquid surfaces.””*"

IV. CHEMICAL REACTION IN MS3Js

The induction effects of external stimuli on chemical reactions
play a critical role in energy storage and conversion processes. They
enhance efficiency by lowering the activation energy of reactions, opti-
mize energy utilization by reducing by-product formation, improve
system stability, extend equipment lifespan, and support the efficient
conversion of renewable energy. For instance, stress-induced effects
convert mechanical energy to chemical energy, while electric and light-
induced effects transform electrical and light energy into stored chemi-
cal energy. Thermocatalysis effects maximize energy conversion
efficiency by controlling reaction conditions, facilitating efficient and
sustainable energy management. In single-molecule junctions, the
study of induction effects encompasses stress-induced, electric-
induced, and thermocatalysis effects to optimize chemical reactions
and energy conversion processes. Stress-induced effects regulate
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molecular and electronic structures through mechanical stress,
electric-induced effects promote redox reactions and charge injection
via applied electrical energy, and thermocatalysis effects optimize reac-
tion conditions through thermal energy. Collectively, these effects sig-
nificantly enhance reaction rates, selectivity, and energy conversion
efficiency.

A. Stress-induced effects

The stress-induced effect refers to the phenomenon where the
application of stress to a system causes a change in the molecular struc-
ture, thereby altering the reaction rate of molecules. This phenomenon
typically occurs in solid materials, especially in metals and alloys.”"""'
In the case of solid materials, external stress can lead to deformation of
the atomic structure, potentially increasing lattice defects and disloca-
tion density, affecting the interactions between atoms within the mate-
rial, and thereby influencing the reaction rate. At the molecular level,
stress can induce changes in molecular structure, thereby affecting
chemical properties and reactivity. A typical example of this is the
alteration of redox potential before and after stress induction.

Li et al”’” used STMBJ technology to apply external stress to
molecules, adjust the distance between the source and drain electrodes,
and alter the molecular structure, thereby successfully achieving pre-
cise control of the redox potential. To accurately capture the differ-
ences in redox potential, Li ef al. chose molecules with a ferrocene
core, as shown in the Fig. 27(a). Ferrocene is not only an ideal system
for testing redox potentials but also undergoes structural changes
under stress. As shown in Figs. 27(b)-27(f), the cyclic voltammetry
plot demonstrates a clear and reversible redox peak at 0.4 V, serving as
a baseline for subsequent stress application experiments. At lower
potentials, when Fe ions are in the +2 oxidation state (reduced state),
the molecular conductance was measured at 0.011 = 0.002 G,. At
higher potentials, when Fe ions are oxidized to the +3 oxidation state,
the conductance increases fivefold, reaching 0.053 = 0.007 G,. At a
stretching force of 1.5 nN, the molecule is stretched by 0.01 nm, corre-
sponding to an approximate 65mV shift in the adiabatic ionization
potential. Assuming that the thermodynamic and entropy contribu-
tions remain unchanged during the stretching process, this corre-
sponds to a reduction in the redox potential by approximately 65mV,
which is in excellent agreement with the experimental results. The
DFT calculations demonstrate the correlation between stretching and
the redox potential. During the stretching process, the molecule under-
goes various conformational changes. Initially, the length of the molec-
ular junction increases, which can be accommodated by slight
deformations in the alkyl side chains. With further stretching, the fer-
rocene ring begins to twist until the dihedral angle reaches 180°. As
shown in Figs. 27(g)-27(i), the energy changes for the reduction and
oxidation states as a function of stretching length can be fitted to a
quadratic function. The calculations indicate that stretching occurs
across multiple bonds but predominantly within the ferrocene ring.
This research demonstrates that the stretching of molecular junctions
induces an effect on molecular redox reactions. Stretching can alter the
bond lengths within the molecule and drive the reaction toward a final
state that favors bond length changes, thereby achieving an induced
effect of mechanical stress on chemical reactions at the molecular level.

In MSJs, the conversion between mechanical energy and chemical
energy can occur not only through the redox reaction of ferrocene, but
also in the spiropyran system. In 2019, Walkey et al."” achieved a

REVIEW pubs.aip.org/aip/are

delicate conversion from mechanical energy to chemical energy in the
spiropyran molecular system using the STMBJ technology. This energy
conversion is prominently characterized in the conductance platform
curve by a sudden and dramatic current jump occurring just as the
current plateau ends. Due to the short lifespan of this conductance
jump, and its occurrence only at the end of the current curve, they
attributed this phenomenon to the energy conversion effect resulting
from the in situ rupture of the C-O bond in the spiral structure.
Overall, the conversion between chemical and mechanical energy in
MSJ involves microscopic processes such as conformational changes
within the molecule, and the breaking and forming of chemical bonds.
Studying these processes not only deepens the understanding of micro-
scopic phenomena like molecular dynamics and chemical reaction
mechanisms, but also helps to discover new pathways for energy con-
version, thereby improving energy conversion efficiency.

B. Electrostatic field effects

Chemical reactions fundamentally involve electron transfer, and
any form of electron transfer can potentially be influenced by an elec-
trostatic field."** Therefore, theoretically, electrostatic induction can be
considered as a potential method to promote any chemical reac-
tion.””"” Depending on the mechanism of action in reactions, elec-
trostatic induction can be divided into electrostatic field induction and
charge injection induction.

The electrostatic field induction is a method that utilizes an exter-
nally applied static electric field to enhance chemical reactions. This
approach can increase reaction rates, improve reaction selectivity, and
reduce the required energy input. In terms of energy storage, electro-
static field induction can optimize chemical reactions in batteries,
thereby increasing their energy density and efficiency. Additionally, it
can effectively convert and store energy in fuel cells and other energy
storage devices. The principle behind electrostatic field induction is
that an external electric field can alter the electron distribution of reac-
tants and the energy barriers of reaction transition states, thus facilitat-
ing the progress of chemical reactions. When an external electric field
interacts with reactant molecules, it triggers a rearrangement of elec-
trons within the molecules, leading to changes in the electron distribu-
tion of the reactants. This electron rearrangement can lower the energy
barrier for the reactants, make the reaction more favorable, and enable
more efficient energy conversion.

Therefore, electrostatic field induction offers a promising
approach to accelerate and control chemical reactions, providing new
avenues for green and efficient chemical synthesis. Research in the
electrostatic field induction will contribute to the development of more
sustainable chemical processes. Aragones et al.””’ proposed a novel
concept: using an electric field to control reactant orientation can
manipulate non-redox reaction kinetics and thermodynamics. To
prove this, they combined surface reactions with STMB] technology,
studying the Diels-Alder reaction at a single-molecule level in
Fig. 28(a).

To investigate the promoting effect of the electric field on the D-
A reaction, they first conducted a detailed theoretical analysis. Figure
28(b) clearly shows the potential resonance structure in the reaction
transition state, while Fig. 28(c) elaborates on the two enantiomers of
furan, with its substituents located on either side of the molecule.
Subsequently, the calculations in Fig. 28(d) clearly reveal the impact of
the external electric field strength and direction on the reaction barrier
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FIG. 27. (a) Experimental setup showing a redox molecule bridged between a gold STM tip and gold substrate. (b) Structures of Fc-Lip and cyclic voltammogram of Fc-Lip on
a gold surface showing well-defined oxidation and reduction peaks at ~0.4V vs Ag/AgCl. (c) Cyclic voltammogram of Fe-Lip, where the colored dots mark the potentials at
which the mechanical stretching and conductance measurements in (d)—(f) are carried out. (g) The logarithmic ratio of the conductance histogram peak area for the oxidized
state to that of the reduced state of unstretched (black dots) and stretched (red dots) Fc-Lip vs potential. Schematic free energy surfaces of the reduced (blue) and oxidized
(red) species (h) without mechanical stretching and (i) with mechanical stretching. Reproduced with permission from Li et al., J. Am. Chem. Soc. 139, 14699 (2017). Copyright

2017 Authors, licensed under a Creative Commons Attribution (CC BY) license.

height, highlighting the significant promoting effect of the electric field
on the D-A reaction. Notably, the blue structure shows almost no
response within the experimental range of the electric field, whereas
the red structure exhibits high sensitivity to the electric field.
Theoretical findings ultimately require experimental validation.
Under the condition of maintaining a constant preset current,
Aragones et al. carefully adjusted the bias voltage, allowing it to fluctu-
ate between +0.75 and —0.75 V, thereby ensuring a constant distance
between the surface and the tip. They meticulously recorded the cur-
rent response data during this process, as shown in Fig. 28(e).
Furthermore, the data in Fig. 28(f) show that when the bias voltage
was gradually increased from —0.05 to —0.75V, the frequency of
product formation increased by 4.4 times. This finding not only aligns
with the theoretical predictions in Fig. 28(d) but also directly

demonstrates that the red structure dominated the reaction. It also
fully validates that the catalytic effect of the electric field occurs only in
a specific direction, effectively accelerating the reaction.

Research into the effects of directed external electric fields on
chemical reactions has made initial progress, but the extent of accelera-
tion of chemical reactions by electric fields and the effects of electric
fields in more complex study systems still require further exploration
when compared to non-electric field environments.

Huang et al."** collaborated to control both the electric field and
the direction of reactants using MCBJ technology [shown in
Fig. 29(a)]. They successfully investigated the selective induced effects
of OEEFs (orientation-enhanced electric fields) on a two-step cascade
Diels—-Alder addition reaction and an aromaticity reaction. Under the
same reaction conditions as macroscopic in situ NMR and
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conductance testing, in situ electrical property measurements were gradually decreases. Separate tests confirmed that this was the conduc-
conducted for better comparison. For conductance testing, a bias volt- tance peak of product “c.” In Fig. 29(c), for NMR tests in macroscopic
age of 100 mV was applied in the experiments, and the electrical sig- reactions, the conversion of product “b” to product “c” takes more

nals were then recorded at 5-min intervals [shown in Fig. 29(b)]. By than 26 h, while under single-molecule electrical testing conditions, it
fitting the peak positions, the conductance values at different time only takes 280 min. This suggests that the second step, the aromatiza-

points were obtained. As the reaction progresses, a gradual decrease tion reaction, is selectively accelerated under single-molecule electrical
appears in the conductance peak area for “a” and the appearance of a measurement conditions [shown in Figs. 29(d) and 29(e)].

conductance peak at 107" Gy, indicating the gradual formation of Through DFT calculations, the spatial distance for direct proton
product “b.” When the reaction reaches 110 min, the conductance transfer to the next site decreases under the influence of the electric
peak of “a” disappears, indicating the complete conversion to product field, resulting in a reduction in the energy of the transition state and
“b.” Over time, a new peak appears at 10~*% Gy, while the peak for “b” a lower reaction barrier. As the reaction axis for this process is
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this reaction. In the blue diastereomer, the substituents of the furan are located on the left of the molecule; in the red diastereomer, these substituents are located on the right.
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non-orthogonal to the electric field, the component of the external
electric field in the reaction axis direction promotes the reaction, while
the Diels-Alder reaction axis is nearly perpendicular to the electric
field direction, explaining the minimal effect of the electric field on the
Diels-Alder reaction.

The above-mentioned literature has demonstrated that although
there has been preliminary progress in studying the effects of directed
external electric fields on chemical reactions, the investigation of the
extent to which each step of the D-A reaction process responds to
electric fields remains a challenging task. D-A reactions typically
involve a concerted pericyclic mechanism with a six-membered ring
transition state, leading to the formation of two new bonds simulta-
neously. Some theoretical work has predicted that external electric
fields can promote D-A reactions and induce the crossing of potential
energy surfaces between concerted pathways and pathways involving
zwitterionic intermediates. However, experimentally detecting the
minuscule, short-lived reaction trajectories and proving the existence
of different pathways under such stringent conditions remains a signif-
icant challenge.
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For this purpose, Yang et al."’’ made a significant break-

through by directly observing the precise time trajectory and
detailed reaction pathway of the D-A reaction through precise
single-molecule detection on an in situ unlabeled single-molecule
electrical detection platform [in Figs. 30(a) and 30(b)], confirming
the concerted mechanism and elucidating the role of charge trans-
fer complexes in the reaction. They employed electron beam-
exposed polymethyl methacrylate (PMMA) templates and oxygen
plasma technology to prepare graphene dot electrodes with car-
boxylic acid terminals and realized the connection between the
molecule and the electrodes. According to the theory of molecular
electronics, the conductance of a molecule is closely related to its
structure, so changes in the conductive states can reflect the chemi-
cal reaction process. The experiment recorded nanoampere-level
currents under biases ranging from 100 to 600 mV at 393 K, which
are shown in Fig. 30(c). At the low bias of 100 mV, five conductive
states appear, and with the increase in bias to 200 mV, the sixth
conductive state also emerges. Moreover, as the bias continues to
increase, the appearance frequency of the sixth conductive state
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FIG. 29. (a) Schematic of the MCBJ technique for in situ single-molecule conductance measurement. (b) The Diels—Alder reaction between 3,6-di(4-pyridyl)-1,2,4 5-tetrazine
and 2,3-dihydrofuran to form compound b, which goes through an aromatization process to form compound c. The single-molecule conductance of each compound was charac-

terized in the right column Monitoring the complete transformation from a to ¢ through conductance for 4.7 h. Monitoring the complete transformation from a to ¢ through
"H NMR (C) for 26 h. The dashed lines represent the conductance value of each compound. The relative proportion between different components was analyzed using in situ
single-molecule conductance measurement and NMR analysis for (d) the Diels—Alder addition process and (e) the aromatization process in this cascade reaction. The hollow
circles and solid circles represent the results analyzed from NMR and conductance histograms, respectively. The data points were fitted with dashed and solid lines, respec-
tively. Reproduced with permission from Huang et al., Sci. Adv. 5, eaaw3072 (2019). Copyright 2019 Authors, licensed under a Creative Commons Atftribution (CC BY) license.
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FIG. 30. (a) Schematic diagram of the single-molecule electrical monitoring platform. (b) Reaction mechanism under 100 mV and the corresponding attribution of the six con-
ductance states obtained from Gaussian fittings of I-t measurements. (c) Bias voltage-dependent experiments under 100-600 mV at 393 K. The right side is the zoom-in picture
of the concerted reaction process. The left side is the statistical histogram of the highest conductivity state [zwitterionic intermediate (ZI)] under 300-600 mV. (d) Time sequence
of the transitions among different species during the Diels-Alder reaction. (e) Transmission spectra of six species, where the dominated transmission orbitals (p-HOMOs) are
displayed. (f) Gibbs free energies for the concerted and stepwise pathways at —2.57 V/nm. Reproduced with permission from Yang et al., Sci. Adv. 7, eabf0689 (2021).
Copyright 2021 Authors, licensed under a Creative Commons Attribution (CC BY) license.
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FIG. 31. (a) Schematic illustration showing the electron-catalyzed DPA?* to DPE”* dehydrogenation at an STM junction. (b) The structural formula for 1—S-2PFg and

2—8-2PFg employing a non-conjugated DPA%* backbone. 1D and 2D conductance—

—displacement histograms for 1—S-2PFg and 2—S-2PFs. (c) Cyclic voltammograms (CVs)

show evidence for DPA%* to DPE transformation. (top) is a reductive CV of dimethy! dipyridinium ethene (DPE-Me?™). (middle) illustrates a first-cycle wide-range CV scan of
dimethyl dipyridinium ethane (DPA-Me?*) (bottom) shows the second-cycle CV scan at a narrow range (0 to —1 V). (d) Change of the color of 2—S-2PFy (left) and 1—S- 2PFg

(right) solutions under different reduction potentials. (e) and (f) A proposed reaction

cycle of the electron-catalyzed dehydrogenation in solution. Reproduced with permission

from Chen et al., J. Am. Chem. Soc. 143, 8476 (2021). Copyright 2021 Authors, licensed under a Creative Commons Attribution (CC BY) license.

also increases. A series of tests related to liquid-phase concentra-
tions and temperature were conducted to determine the nature of
these six conductive states. According to theoretically calculated
and the experimental results in Figs. 30(d) and 30(e), the

transitions between the five lower conductive states with a fixed
time sequence display a typical Diels-Alder reaction mechanism:
the substrate RS (red) and furan first form charge-transfer com-
plexes of the endo- (CT-endo, orange) or exo- (CT-exo, green)

Appl. Phys. Rev. 11, 041312 (2024); doi: 10.1063/5.0225756
Published under an exclusive license by AIP Publishing

11, 041312-42

¥¥:6%:20 G20T UYdo1eN 20


pubs.aip.org/aip/are

Applied Physics Reviews

configurations, followed by the formation of the respective prod-
ucts PS (light blue, PS-endo, and dark blue, PS-exo) through a six-
membered ring addition reaction.

To further investigate the effect of the electric field on the D-A
reaction, they considered the electric field for two specific orientations
of the reactants. Specifically, the external electric field (EEF) in path-
way A (indicated by the gray line) is oriented along the bonding axis,
whereas the EEF in pathway B (indicated by the purple line) is oriented
along the dipole moment vector connecting the negative and positive
charges. According to the theoretical calculation data shown in
Fig. 30(f), the AG* value for pathway B is significantly lower than that
for pathway A. This result reveals that the electric field orientation
along the bonding axis provides more stability to the transition state
structure compared to the reaction axis orientation. Additionally, both
theoretical and experimental data consistently indicate that a strong
external electric field can significantly reduce the energy barriers for
both concerted and stepwise reactions. However, it is noteworthy that
the extent of its effect varies depending on the direction of the electric
field.

This study has utilized a single-molecule detection approach to
comprehensively analyze the Diels-Alder reaction process. Through
an ultrahigh-resolution integrated monitoring method, it has clarified
the process that substrates like maleimides and furans must undergo
to form charge transfer complexes during the cycloaddition, and it has
explored the extent to which these processes respond to the electric
field. Among them, at the same temperature, with the application of
an electric field, the concerted kinetic pathway, concerted thermody-
namic pathway, and stepwise reaction pathway can gradually be
opened. This research lays the foundation for future universal catalysis,
lowering reaction barriers, saving reaction costs, and regulating chemi-
cal reactions and processes in life sciences.

C. Charge injection-induced effect

Unlike the electrostatic field induction effect, the charge
injection-induced effect refers to the phenomenon or method of alter-
ing the electron structure or energy state of reactants in a chemical
reaction system by injecting external charges. This method can utilize
an external electric field or electrodes to introduce additional charges
during the reaction process, thereby influencing the electron distribu-
tion of reactants, lowering the activation energy of reactions, or
improving reaction rates and selectivity. In the STMB] process, the
electron transfer process is generally divided into the following steps:
1. electrons are injected into molecules from one end of the electrode;
2. electrons participate in the intramolecular redox catalytic cycle; and
3. the electron is captured by the other electrode, and the cycle ends.

Chen et al. """ used STMBJ technology to test the single-molecule
conductance of a series of molecules, as shown in Fig. 31(a). The main
chains of these molecules contain nonconjugated 1,2-bis (4-pyridine)
ethane (DPA®") and conjugated 1,2-bis (4-pyridine) ethylene
(DPE*") units, respectively. In the conductance test [Fig. 31(b)],
although there are significant differences in the conjugation degree of
the two main chains, and the torsion angle of the two pyridine rings
also changes greatly, the test results show that their conductance val-
ues are almost the same. Therefore, researchers have proposed a
hypothesis that, in the nanogap of STMBJ, the main chain of DPA**
undergoes in situ dehydrogenation reaction, converting ethane to eth-
ylene so that it has a completely conjugated skeleton similar to DPE.

REVIEW pubs.aip.org/aip/are

To test this hypothesis, as shown in Fig. 31(c), the researchers con-
ducted cyclic voltammetry (CV) tests on DPE-Me-2PFs and DPA-
Me-2PFq, using CH;3CN solution containing 0.5 mm target compound
and 0.1 M TBAPF; as supporting electrolyte. It should be noted that
all potentials in CV measurement are based on Ag/AgCl and cannot
be simply balanced with the bias voltage of STM. DPE-Me-2PF¢
shows two reversible redox peaks, corresponding to two continuous
redox processes related to DPE: DPE*"/DPE"*(—0.50 V) and DPE"*/
DPE""(—0.71 V). However, the situation of DPA-Me-2PF; is differ-
ent. First, the extensive scan in the first cycle is irreversible, and there
is no reduction peak between 0 and —1.0 V. Second, the scanning in
the second cycle became reversible again, showing two reversible
redox peaks, and their potentials are exactly the same as DPE-
Me-2PFq. The color of the solution also changes significantly during
CV scanning [Fig. 31(d)]. The formation of pyridine radical is the key
step to trigger the dehydrogenation of DPA-Me-2PFq [Fig. 31(e)]. In
order to clarify the mechanism between electric field and dehydroge-
nation, the reaction pathway was theoretically studied based on DFT.
Charge injection induction is carried out in three steps: (I) reduction
(DPA*"+2¢- — DPA™) (1) dehydrogenation (DPA™—
DPE™+H,), and (III) oxidation (DPE™ — 2e~ — DPE’"). The ori-
ented externally electric field (OEEFs) is set along the direction of the
main chain (z direction), and the energy of all molecules under the
electric field is reduced by 2.06 V/nm. It is worth noting that in the
dehydrogenation step, the dehydrogenation energy decreases from
—7.11 to -8.86 kcal/mol, indicating that OEEFs can promote the ther-
modynamic process of dehydrogenation. In addition to the thermody-
namic promotion of dehydrogenation energy, a stronger electric field
will lead to a smaller dehydrogenation activation energy barrier,
revealing the role of OEEFs in promoting the kinetic process.

This study clearly shows that electron-catalyzed dehydrogenation
can be achieved in solution and fracture junctions based on a scanning
tunneling microscope. Researchers explained the conductance similar-
ity between molecules with different bipyridyl ethane or bipyridyl eth-
ylene skeletons through the conversion of ethane to ethylene. Using
DFT calculation, it was found that electron-triggered redox catalysis
and electric field promoted dehydrogenation. The findings reported in
this paper prove the importance of electronic catalysis in explaining
the results of single-molecule conductance and provide some basic
understanding of electrocatalytic hydrogen production at the single-
molecule level, realizing the conversion of electrical energy to chemical
energy at the molecular level.

In the field of molecular electronics, the electrostatic field can be
applied not only at both ends of the source and drain electrodes but also
at the gate to form a field effect transistor at the molecular level. Different
from the traditional field effect transistor, the applied gate voltage in the
single molecule heterojunction can regulate the electrostatic potential of
the molecule, thus changing the energy level of the molecule. This regula-
tion can not only affect the conductance properties of molecules but also
provide the vibrational modes, excited states, and vibration-related infor-
mation of molecules. In addition, for molecular systems with redox activ-
ity, the conductance characteristics of molecules in different oxidation
states can be studied by applying gate voltage.

D. Thermal activation effect

The core purpose of applying mechanical stress and electric fields
is to inject additional energy into the system, thereby promoting the

Appl. Phys. Rev. 11, 041312 (2024); doi: 10.1063/5.0225756
Published under an exclusive license by AIP Publishing

11, 041312-43

¥¥:6%:20 G20T UYdo1eN 20


pubs.aip.org/aip/are

Applied Physics Reviews

REVIEW pubs.aip.org/aip/are

(a) <= [Weak-binding intermediate] <= MTA -

tBu

/©\o/\/ DBA
tBu

QD™
st kﬁ-q 5nm—>|

MTA/\/\O/@
/\/\<\ N tBu

je~1.0 nm—>|PFS

@@7

[
- b e

=N

(b) 100
90
, YossfO
70 MTA-1-SMJ
=z 60
£ 50 300 600 1
< 40
P
—-9{ )
20 ) ' -
DBA-1-SMJ
0 1 1 1 1
0 5 10 15 20 O 30,000 60,000 90,000 120,000
Time (s) Counts
(c) 12 (d) -45 -
@ Eyg, =8.39 keal/mol AHyrampea = 6.09 kcal/mol
o Eypa = 2.32 keal/mol 50 AShrapsa= 8.55 cal/(mol-K)
sk — Linear fitting ’ — Linear fitting
2-s5[
4r -6.0 |
“\‘\‘ -65 |
ok
1 " 1 M 1 M _70 L M 1 " 1 "
3.0 3.2 34 3.6 3.0 3.2 3.4 3.6
1000/T 1000/T

FIG. 32. (a) Chemical structure of 1-SMJ. Molecular shuttle 1 contains DBA and MTA units as the principal binding sites, bridged by a spacer containing two triazole rings (TA1
and TA2) and a 1,3-phenyl! diether group. (b) /-t curve of 1-SMJ immersed in CH3CN at 298 K for 20 s with a sampling rate of 57.6 kSals. (c) Arrhenius plots of activation energy
of both sites (EDBA = 8.39 kcal/mol, EMTA = 2.32 kcal/mol). (d) Plots of the thermodynamics parameters (In Ka vs 1000/T). Reproduced with permission from Chen et al.,

Chem 8, 243 (2022). Copyright 2021 Elsevier.

progression of chemical reactions. Heat, as a form of energy, can also
catalyze chemical reactions.”"' **° Among them, the most direct ther-
mal activation method is to adjust the temperature. Excluding the
interference of catalysts, the thermal catalytic effect mainly regulates
reaction rates by changing the activation energy. The advancement of
chemical reactions often requires passing through one or more ener-
getically higher intermediate states, which are called activated states.
Increasing the temperature can provide more energy to the reaction
system and lower the activation energy of reactants, making it easier

for molecules to reach the required energy threshold for the reaction,
thereby accelerating the reaction rate.

To the conformational changes in aggregation-induced emission
systems, the thermal catalytic effect also plays an important role in
promoting the movement of rotaxane molecular motors. Chen et al.**’
utilized graphene-molecule-graphene single-molecule junction tech-
nology to extensively study the shuttle dynamics of individual rotaxane
molecules and explore the kinetics and thermodynamic parameters at
different temperatures [as shown in Fig. 32(a)]. They selected the
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crown ether-dibenzylammonium-triazole system as the research
object, which has two crown ether binding sites, namely, the dibenzy-
lammonium moiety (DBA) and the methyl triazole group (MTA).
Due to the higher binding affinity of the DBA unit to dibenzo-24-
crown-8 (DB24C8) crown ether than the MTA group, the probabilities
of the existence of the two conformations DBA-1-SMJ and MTA-1-
SMJ may differ. In acetonitrile solvent at 298 K, after performing 20 s
of electrical testing on the 1-SMJ device, they found, based on the I-t
curve and current distribution histogram, a clear bimodal distribution
of current values at 32 and 69nA in Fig. 32(b). Among these, the
Gaussian peak area corresponding to the low-conductance state is
much larger than that of the high-conductance state, indicating that
the low-conductance state corresponds to the main conformation dur-
ing molecular shuttling, while the high-conductance state corresponds
to a minor conformation. Each transition between high- and low-
conductance states represents the shuttle process of the molecular axis
within the crown ether ring. Through combined potential energy sur-
face calculations and transmission spectrum calculations in Figs. 32(c)
and 32(d), they confirmed that the low-conductance state corresponds
to MTA-1-SMJ, and the high-conductance state corresponds to DBA-
1-SMJ, which is fully consistent with previous speculations.

They recorded the current-time curves of the 1-SJM device at
five different temperatures ranging from 288 to 328 K to explore the
influence of temperature on the shuttle process. Experimental results
indicate that, at each temperature, the current signals exhibit a bimodal
distribution, with the low-conductance state consistently dominating.
As the temperature increases, the transition speed between high- and
low-conductance states accelerates, and the proportion of the high-
conductance state gradually increases. Based on the previous assign-
ment of conductance states, they found that the elevated temperature
not only enhances the shuttle rate of the molecule but also increases
the proportion of MTA-1-SMJ while the proportion of DBA-1-SMJ
slowly decreases. At higher temperatures, the transition between the
two states occurs more rapidly, indicating an increased shuttle rate of
the DB24C8 macrocycle between the DBA and MTA binding sites. In
terms of thermodynamics, the equilibrium constant Ka of the reaction
can be represented by the ratio of the concentrations of the high- and
low-conductance states.

Temperature not only significantly promotes the motion of
molecular motors, but also exhibits a notable activation effect in many
classical chemical reactions, such as the Claisen rearrangement and the
isomerization of azobenzene. In 2021, Guo et al."* successfully cap-
tured the intermediate state of the Claisen rearrangement reaction at
the experimental level and convincingly confirmed the positive effect
of temperature on the Claisen rearrangement within the temperature
range of 353-373 K. Furthermore, in 2022, Meng et al®* focused on
the isomerization process of azobenzene in MSJs. They thoroughly
investigated the close relationship between temperature and the isom-
erization rate within the temperature range of 115-250 K, revealing
that the isomerization rate of the azobenzene components significantly
increases with rising temperature. Notably, temperature also plays a
critical role in promoting the transition from a closed-shell singlet state
to an open-shell triplet state structure. In 2024, Yang et al. used a com-
bination of advanced techniques such as variable-temperature proton
nuclear magnetic resonance, electron spin resonance (ESR) spectros-
copy, multi-temperature real-time current monitoring, and theoretical
simulations, systematically demonstrated that as the temperature

REVIEW pubs.aip.org/aip/are

gradually increases, the transition from singlet to triplet state not only
becomes more probable, but also occurs at a significantly faster rate.*"

V. SPIN-MEDIATED EFFECT IN MSJs

Spin, as an inherent property of electrons, exhibits two states:
spin-up and spin-down. In the absence of a magnetic field, these two
spin states are degenerate, meaning they possess the same energy.
However, when placed in a magnetic field, the degeneracy is broken,
resulting in a splitting of the spin states and a difference in the energies
of different spin states. Given the crucial role of spin in determining
the symmetry of molecular/atomic wave functions, it profoundly influ-
ences the structure and functionality of matter. Utilizing single-
molecule devices, we can more easily manipulate the spin states
of individual molecules, thereby revealing inherent molecular proper-
ties, including molecular vibrations and electronic transitions.
Moreover, such devices enable us to investigate a range of molecular-
scale physical effects such as the spin Seebeck effect,”” *** the Kondo
effect,”” ™ the CISS,*" " and the spin MR effect,***%° thereby
facilitating the conversion and control of electrical, magnetic field, and
thermal energy at the single-molecule scale. In addition to the afore-
mentioned, given the inherent energy difference between spin degener-
ate states and their mutual convertibility, future technological
explorations may well concentrate on harnessing the transition
between these two states to realize the conversion of spin energy into
optical energy, thereby broadening the application prospects of light
waves across a wider range of wavelengths.

A. Spin Seebeck effect

The spin thermoelectric effect is a phenomenon that utilizes tem-
perature differences to regulate heat flow, charge flow, and spin flow.
Among its key parameters is the spin Seebeck effect.””**® Specifically,
the spin Seebeck effect describes the unique process of generating spin
voltage in a material under the action of a temperature gradient, which
can further be converted into an observable electric potential under the
influence of the inverse spin Hall effect.*””*** Compared to traditional
thermoelectric effects, the spin Seebeck effect excels in material sim-
plicity and exhibits significant advantages in thermally induced spin
voltage generation.”*”"”" Therefore, it has shown broad application
prospects in various fields such as energy conversion and storage, sens-
ing technology, and information processing.

At the single-molecule scale, in-depth research on the spin
Seebeck effect can help us further understand the thermoelectric con-
version mechanism and reveal unique phenomena exhibited by indi-
vidual molecules during the process of thermoelectric conversion,
which provides a solid theoretical foundation and technical guidance
for the development of more efficient and environmentally friendly
thermoelectric materials and technologies.””" Single-molecule magnets
(SMMs), with their remarkable local spin and intrinsic anisotropy
characteristics, serve as an ideal platform for studying spin Seebeck
effects at the molecular scale under low-temperature conditions.

As early as 2010, Wang et al.*”* conducted a thorough study on
the thermoelectric effect of SMM junctions in the sequential tunneling
region through theoretical methods of formula derivation and parame-
ter. They successfully applied the SMM model to investigate the linear
response thermoelectric effect of magnetic molecules in the sequential
tunneling region. The research found that, under low-temperature
conditions, the intrinsic magnetic anisotropy of SMMs leads to
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FIG. 33. (a) Schematic representations of the Co(tpySH), and Cgo molecular junctions. (b) Spin Seebeck coefficient Ss and spin current /s for an isotropic molecule (D = 0);
Ss=S; — S, as a function of the magnetic field for different temperatures. (c) Spin current as a function of gugB in the zero-charge current condition (I, = 0). Reproduced
with permission from Cornaglia et al., Phys. Rev. B 86, 041107 (2012). Copyright 2012 American Physical Society. (d) a schematic representation of a BMM-based spin thermo-
electric device under a gate voltage. The corresponding spin current (€) and charge current (f) vs T, for different AT under gate voltages Vi =0.15 V. Reproduced with permis-
sion from Hu et al., Nano. Lett. 23, 7890 (2023). Copyright 2023 Authors, licensed under a Creative Commons Attribution (CC BY) license.

changes in charge thermopower with the oscillation of gate voltage,
which significantly violates the Wiedemann-Franz law (WF law) and
exhibits characteristics similar to the Coulomb blockade effect. Even
more remarkable is the fact that the spin Seebeck coefficient in SMMs
can even exceed its charge Seebeck coefficient, and pure spin thermo-
power can still be obtained even when the charge thermoelectric effect
disappears. This unique spin Seebeck effect is mainly attributed to

spin-dependent transitions controlled by spin selection rules closely
related to the intrinsic magnetic state. Amazingly, even without an
external magnetic field and ferromagnetic electrodes, pure spin ther-
mopower and pure spin current can still be thermally generated by
adjusting the gate voltage, opening up new possibilities for spin-
thermoelectric conversion technology. In 2012, Cornaglia et al.*”” con-
ducted a thorough investigation using gold as the electrode material,
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exploring the relationships between charge/spin Seebeck effects and
temperature, applied magnetic fields, and magnetic anisotropies [as
shown in Figs. 33(a)-33(c)]. Utilizing Wilson’s numerical renormaliza-
tion group method, the researchers systematically studied charge and
spin Seebeck effects in spin-1 molecular junctions, paying special atten-
tion to the interactions of these effects with temperature, applied mag-
netic fields, and magnetic anisotropies (D). The results shows that the
hard-axis magnetic anisotropy significantly enhances the charge
Seebeck coefficient Sc (~kB/lel), whose value is mainly determined by
the residual interactions between quasiparticles in the low-temperature
Fermi-liquid state. In the unprotected spin-1 Kondo system, the high
sensitivity of the system to magnetic fields allows for the observation of
significant spin Seebeck coefficient values even when the magnetic field
is much smaller than the Kondo temperature. Similar effects have also
been observed in Cg, junctions, where the controlling parameter is no
longer magnetic anisotropy (D) but the energy level difference between
the singlet and triplet molecular states. By 2023, Hu et al.*”* innovatively
proposed a design for single-molecule devices based on bipolar mag-
netic molecules (BMMs), combining density functional theory calcula-
tions with non-equilibrium Green’s function techniques [as shown in
Figs. 33(d)-33(f)]. Due to the unique energy level structure of BMMs,
where HOMO and LUMO originate from two different spin channels,
thermally induced spin-up and spin-down currents flow in opposite
directions. By finely adjusting the gate voltage, the researchers achieved
nearly balanced spin-up and spin-down current magnitudes.

Currently, research on single-molecule Seebeck effects is still in
its infancy, and there are many technical challenges that need to be
overcome. For example, how to stably fabricate single-molecule devices
with excellent thermoelectric performance and how to achieve efficient
conversion of thermal energy into electrical energy are currently hot
and difficult topics in research. Therefore, substantial research efforts
are still needed to promote further development and breakthroughs in
the practical applications of single-molecule Seebeck effects.

B. Kondo effect

The Kondo effect manifests macroscopically as the emergence of
extremely low resistance at low temperatures when a small amount of
magnetic impurities exist in crystalline metals.””>*’® In microscale
devices, the Kondo effect serves not only as a crucial criterion for
determining the presence of spin in devices, such as identifying
unpaired electrons in radicals and metal complexes, but also as a pri-
mary means to optimize the performance of spin devices. In single-
molecule devices exhibiting the Kondo effect, the spin electrons within
the molecule strongly couple with the conduction electrons in the
device, resulting in a significant increase in electrical conductivity. This
anomalous increase is more pronounced in molecules with stronger
Kondo effects, where the energy difference between high and low spin
states is greater, providing an important basis for screening the perfor-
mance of subsequent spin devices. The prominence of the Kondo
effect can, to a certain extent, reflect the energy differences between
spin states, thereby providing a clear direction for material optimiza-
tion in the processes of energy conversion and storage resulting from
spin state transitions. Furthermore, this can be controlled by adjusting
external magnetic fields and ambient temperatures to find the optimal
operating conditions for spin devices, thereby exploring their potential
applications in nanoelectronics and quantum information processing.

REVIEW pubs.aip.org/aip/are

The idealized version of the Kondo effect model is the Anderson
single-level impurity model. In this model, electrons with a nonzero
net spin are placed on a specific energy level, labeled as £0."”” The
model assumes that orbitals below this energy level are completely
filled with electrons, while orbitals above it remain empty. When &0 is
below the Fermi level of the electrodes, an unpaired electron is cap-
tured and hops from the molecule to the electrode, while an electron
from the other electrode fills the vacancy left on the molecule. This
newly hopped electron can have either spin-up or spin-down. The
superposition of multiple such tunneling events leads to the screening
of the local spin, resulting in the Kondo effect. In single-molecule devi-
ces, the tunneling phenomenon of a single magnetic site dominates the
transport properties of the device. At this point, the enhanced scatter-
ing is primarily manifested as forward scattering, which effectively
connects the state densities of the source and drain electrodes, thereby
increasing the conductance accordingly.

There are two main methods to introduce electrons with a nonzero
net spin: one is through the inherent net spin characteristics of the mole-
cule itself, and the other is to introduce additional electrons using electro-
chemical means. The properties of the molecule itself, especially the
carried radicals and spin electrons, play a crucial role in this process. In
2015, as shown in Fig. 34(a), Frisenda et al'”® studied the perchlorotri-
phenylmethyl radical molecule under low-temperature conditions con-
firmed the insensitivity of the Kondo anomaly effect in solid-state devices
to mechanical stress and static conditions. Both experimental data and
theoretical calculations indicate that the Kondo effect originates from the
local orbitals in the radicals. Building on this foundation, in Fig. 34(b),
Mitra et al.”’” further studied the interaction between the charge trans-
port properties and magnetic field of the perchlorotriphenylmethyl radi-
cal structure with the Kondo effect through magnetic field control,
namely, the magnetoresistance effect. The current-bias characteristics of
the molecular junction exhibited a distinct zero-bias anomaly. Notably,
molecular structures without the Kondo effect exhibited stronger magne-
toresistance (MR), suggesting an inverse correlation between magnetore-
sistance and the Kondo effect. The cause of high magnetoresistance
involves interference effects from spin-dependent scattering at the metal-
molecule interface, while the Kondo effect is caused by unpaired spins at
the center of asymmetric molecular configurations. Electrochemical
methods provide another approach to introduce multiple extra electrons.
In 2016, Manso et al."*’ utilized the MCBJ technique to study the redox-
active indolyl-extended tetrathiafulvalene (IF-TTF) molecule [as shown
in Fig. 34(c)]. Through the gating device, the molecule is charged to gen-
erate a radical cation with a nonzero net spin. This study discovered a
repeatable Kondo effect (zero-bias conductance), which was directly
attributed to the existence of the net spin. These studies not only deepen
our understanding of the Kondo effect but also provide new ideas for the
design and application of future single-molecule devices.

Through in-depth research on the Kondo effect in single mole-
cules, we can gain a deeper understanding of the complex interaction
mechanisms among spin electrons, magnetic moments, transport orbi-
tals, and excited state transition orbitals. This not only contributes to
advancing the collection and utilization of spin state transition energy
but also provides experimental and theoretical support for controlling
spin qubits. By precisely manipulating these interactions, future
research on energy conversion is poised to make new breakthroughs,
expanding its potential applications in photovoltaics, quantum infor-
mation processing, and other advanced technologies.
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FIG. 34. (a) Top panel: the ideal arrangement of the molecular junction and the dI/dV traces for temperature and the magnetic field; Bottom panel: energy level diagram for the
two spin channels o and /3 of the PTM-radical molecule. Reproduced with permission from Frisenda et al., Nano Lett. 15, 3109 (2015). Copyright 2015 Authors, licensed under
a Creative Commons Attribution (CC BY) license. (b) Left panel: Schematic of the MCBJ setup and the structure of PTM radical molecule; Right panel: MR measurements on
different SMJs of PTM measured at 4.2 K with an applied bias of 30 mV, and categorized with respect to the presence or absence of a Kondo peak. Reproduced with permis-
sion from Hayakawa et al., Nano Lett. 22, 5773 (2022). Copyright 2022 Authors, licensed under a Creative Commons Attribution (CC BY) license. (c) Schematic representations
of IF-TTFs and d//dV map (taken at Vg =6 V and T =2.2K) as a function of the magnetic field of the zero-bias peak. Reproduced with permission from Manso et al., J. Org.
Chem. 81, 8406 (2016). Copyright 2016 Authors, licensed under a Creative Commons Atftribution (CC BY) license.

C. Chirality-induced spin selectivity effect

Spin polarization, referring to the ordered arrangement or bias of
electron spins in a specific direction, hinges on the inherent “internal
rotation” property of electrons, namely, their up-spin and down-spin
states. This polarized current can be precisely induced in specific mate-
rials through external conditions such as magnetic or electric fields,
exhibiting significant potential for applications in magnetic memory,
spintronics, and magnetic sensors due to its unique directionality.
Moreover, spin polarization is closely intertwined with emerging tech-
nologies like quantum computing, underscoring the pivotal role and
profound impact of the discontinuous and splitting characteristics of
electron spins in scientific research and technological innovation. CISS
serves as an effective means to achieve spin polarization at the micro-
scopic level, holding significant applications and research value in
magnetic materials, spintronics devices, and quantum information
processing. The CISS refers to the ability to achieve spin polarization
through the interaction between chiral molecules and spins without
the need for external magnetic fields or doping with heavy met-
als.”*""°! Since the discovery of the CISS effect, chiral molecules and
chiral nanostructures have gradually emerged in the fields of organic
electronics and organic spintronics devices.””**” Due to the inherent
electron—-phonon (e-ph) coupling within organic molecules, trapped
charge carriers and excited states exhibit unique charge-spin relation-
ships. Therefore, chirality plays a crucial role in physical properties
such as magnetism**"**' or conductivity.******

The introduction of chirality will undoubtedly have a profound
impact on the performance regulation of organic photoelectric devices.

As early as 2011, Xie et al.’® studied double-stranded DNA molecules
using CPAFM technology to inject polarized electrons into molecular
junctions and conducted a thorough analysis of their I-V characteristic
curves [Fig. 35(a)]. Experimental results show that the polarization of
electrons has a significant influence on molecular conductivity. When
polarized electrons are transported through chiral structures, their
direction is regulated by an external electric field, demonstrating the
potential application of chiral spin selectivity in organic spin filters.
Notably, when polarized electrons are transported in chiral structures,
they exhibit different spin-filtering effects depending on their polariza-
tion direction, resulting in distinct spin current selection characteris-
tics. In addition to chiral DNA structures, chiral amino acids and
chiral peptides also exhibit similar current selection properties [Figs.
35(b) and 35(c)].*** Although strong spin polarization has been
observed in numerous chiral organic compounds and biomolecules,
the physical origin of CISS that produces high spin polarization,
namely, the complex relationship between chiral structures and elec-
tron spins, remains an unresolved puzzle.

The CISS effect grants the ability to manipulate and control spin-
tronic interfaces, eliminating the need for permanent ferromagnetic
layers and thereby advancing the development of streamlined nano-
structures and high-power-efficiency spintronic devices. Notably,
through the spin-selective electron transport mechanism of chiral mol-
ecules, efficient local spin currents can be generated even at room tem-
perature, making these molecules exceptional spin filters. In the
frontier exploration of MSJs, logic memory devices based on the CISS
effect are particularly noteworthy, showing revolutionary potential.
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et al., Nano Lett. 11, 4652 (2011). Copyright 2011 Authors, licensed under a Creative Commons Attribution (CC BY) license. (b) Sample bias voltage (defined as sample minus
tip voltages) is positive for the L-peptide, meaning the electrons flow from the Ni to the Au electrodes, while negative for the D-peptide. (c) Semilog conductance histograms for
the dextrorotatory and levorotatory o-22AA-peptides under spin down (left) and up (right) Ni magnetic polarizations. Reproduced with permission from Aragones et al., Small

13, 1602519 (2016). Copyright 2016 Wiley.

In the field of logic storage, the CISS effect presents two highly promis-
ing application branches: electric memory**” and optical memory."**
In these advanced devices, the switching of magnetization states clev-
erly relies on the injection of spins and the extraction of opposite spins.
This mechanism triggers the generation of total spin transfer torque in
logic devices, allowing precise control of electron spin direction
through an external magnetic field, thereby effectively regulating the
total resistance. The CISS effect not only opens up a new pathway for
efficient energy storage and conversion, but also profoundly reveals
the fundamental physical laws underlying the intrinsic relationship
between electron spin and molecular chirality.

D. Magnetoresistance effect

The MR effect refers to the physical phenomenon where the resis-
tivity of a system containing spin electrons changes correspondingly
under the influence of a magnetic field."****” The MR effect is not only
an important tool for studying the behavior of spin electrons but also a

key technology for developing new magnetic materials and devices. Its
application potential covers a wide range of fields from magnetic stor-
age to magnetic sensors. The magnitude of the magnetoresistance
effect allows us to measure the sensitivity of spin electrons in the spin
system to external magnetic fields, thereby exploring and optimizing
materials suitable for magnetic storage devices. In addition, the magne-
toresistance effect can be used to achieve electrical conductivity control
under magnetic field conditions. By adjusting the strength and direc-
tion of the external magnetic field, the resistance of devices can be
effectively controlled, thereby influencing the voltage across the device
terminals and the current within the device. This provides new insights
and methods for the design of magnetic sensors and other energy con-
version and storage devices. Typically, magnetoresistance is expressed
as the percentage difference between resistance without a magnetic
field and resistance with an applied magnetic field.

As shown in Figs. 36(a) and 36(b), Aragones et a conducted
spin-dependent single-molecule charge transport studies using [M
(tzpy)2(NCSe),] (where M is Mn, Co, or Ni) as the core structure, with
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a gold electrode as the source electrode and a magnetically polarized
Ni electrode as the spin-polarized drain electrode. They found that
when Co was chosen as the metal core of the molecular structure, con-
ductivity was only measured under a f-polarized Ni electrode, while
the conductivity value under an o-polarized Ni electrode was below
the detection limit of the testing technology. Given that Co, Ni, and
Mn all have unpaired electrons, this difference in conductivity may be
attributed to the electronic structural characteristics of different metal
ions. Theoretical simulations reveal that for the Co complex, its tzgseg2
electronic configuration provides efficient spin-selective channels.
Compared to the highest occupied oeg orbital, the lowest unoccupied
Pt orbital is closer to the Fermi level. Additionally, the broadening of
the energy levels between the two orbitals also demonstrates hybridiza-
tion effects with other metal electrode orbitals. Therefore, this molecu-
lar system exhibits higher measured conductivity through the -orbital
channel of the single-molecule junction. Building on this foundation,
in Figs. 36(c) and 36(d), Yang et al.*? further studied iron phthalocya-
nine. By analyzing the linearity and spatial distribution characteristics
of the Kondo resonance in FePc, they demonstrated that in single-
molecule devices, electronic pathways can be selected between the dn
and dz2 molecular orbitals by adjusting the magnetic field, achieving a
tunable anisotropic magnetoresistance of up to 93%. The TAMR effect
shown in the figure clearly illustrates the dependence of

magnetoresistance on magnetization orientation and reveals a mono-
tonic increase in magnetoresistance as the magnetic field approaches
zero bias.

In addition to the significant magnetoresistance response exhib-
ited by magnetic molecules in a magnetic field, the combination of
magnetic electrodes with non-magnetic molecules can also induce sub-
stantial magnetoresistance effects. In 2015, Li et al””' ingeniously
employed a jump-to-contact STMB]J technology, applying an exter-
nally controlled magnetic field (either parallel or perpendicular to the
electron transport path) to precisely measure the charge transport per-
formance of Fe-terephthalic acid (TPA)-Fe molecular junctions.
Remarkably, the team observed a significant magnetoresistance effect
exceeding 53% at room temperature, which was attributed to the
unique electronic coupling mechanism at the Fe-TPA-Fe interface.
Building on this groundbreaking research, Li et al.*”* continued to use
this technique in 2021 to further explore the differences in magnetore-
sistance effects between aliphatic and conjugated dicarboxylic acids.
For the aliphatic dicarboxylic acid system, it demonstrated insensitivity
to changes in molecular length and achieved a magnetoresistance effect
of up to 44%, highlighting the potential of such molecules in magneto-
resistance applications. In contrast, the conjugated dicarboxylic acid
system, while exhibiting only half the magnetoresistance effect of the
aliphatic system, showed an intriguing trend: the magnetoresistance
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effect slightly increased with the length of the molecule, offering new
insights and directions for tuning magnetoresistance performance
through molecular design.

VI. VIBRATION EFFECT IN MSJs

The law of energy conversion and conservation is a fundamental
physical principle. It exists not only in various physical phenomena in
the macroscopic world, but also extends into the interactions between
minute particles in the microscopic world, such as the vibration of
atoms and the transition of electrons. Among these forms, vibration
stands as a crucial and fundamental element, understood as the peri-
odic oscillation of particles within matter at precise frequencies. When
these particles are influenced by external forces, they transition from
their ground state to higher energy vibration states, a process known
as vibration excitation. This excitation not only injects additional
energy into matter but also can induce significant changes in its prop-
erties and behavior. For the chemistry, the excitation of molecular
vibrations is closely linked to the rate and pathway of chemical reac-
tions. Specifically, the coupling of vibrations between molecules and
electrodes, as well as the vibration states of molecules themselves, sig-
nificantly influences the fluctuations in conductivity. On the one hand,
this vibration coupling optimizes paths for charge transfer, reducing
energy losses and enhancing energy conversion efficiency. On the
other hand, changes in molecular vibration states affect the electronic
structure of molecules, further modulating reaction kinetics and opti-
mizing the energy conversion process. A deep understanding and pre-
cise control of molecular conductivity fluctuations and vibration
effects are crucial for developing more efficient and stable energy con-
version systems. This not only advances the rapid development of
clean energy technologies but also provides a solid scientific founda-
tion for innovating future energy utilization methods. The study of the
vibration effect is of great significance for revealing the comprehensive
physical information of a single molecule and realizing the functionali-
zation of single-molecule optoelectronic devices.””” The relationship
between vibrational modes and charge transport properties is actually
the conversion between vibrational energy and electrical energy. The
vibrational effect typically refers to how the vibration of molecules or
atoms at the microscopic level affects their physical and chemical
properties. Research in this field spans across multiple disciplines,
including spectroscopy, ™" *”* thermodynamics,"””*”* and chemical
reactions,””” playing a pivotal role in deepening our understanding
and predicting the properties and behaviors of substances. In single-
molecule structures, the vibrational effect specifically manifests when
molecules within the structure vibrate in response to energy inputs
such as electrical, optical, or thermal energy. This vibration leads to
subtle changes in the structure of the molecule, ultimately affecting the
properties of charge transfer within the molecule structure.

A. Electro-induced vibrational effect

Under the external electric field, when energetic electrons are
injected into a molecular structure, the resulting vibrational effect is
commonly referred to as the electro-induced vibrational effect. The
inelastic electron tunneling refers to the process where electrons with
sufficient energy transfer part of their energy to the molecule during
tunneling, thereby exciting molecular vibrations or inducing processes
such as electron spin flipping.”*"*""

REVIEW pubs.aip.org/aip/are
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Kumagai et al.”" utilized STM to focused particularly on the piv-
otal role of vibrational effects in the mutual isomerization reactions of
individual hydrogen atoms within porphyrin molecules on the Cu
(110) surface as shown in Fig. 37. They not only induced and verified
it through inelastic electron tunneling spectroscopy at a temperature of
5K but also delved into how specific molecular vibrational excitations
influence this reaction process. By precisely positioning the STM probe
on hydrogen atoms within the porphyrin molecule cavity and moni-
toring real-time changes in molecular tunneling currents, they success-
fully achieved real-time observation of vibration-induced mutual
isomerization reactions. Experimental results show that the transfer of
hydrogen atoms correlate closely with molecular vibrations, leading to
random telegraph noise between two conductive states. Each current
jump corresponds to an independent isomerization process driven by
molecular vibrational excitations.

Furthermore, the study reveals that under different biases, the
mutual isomerization rates exhibit a power-law relationship R ~ IN
between current and voltage, where N is closely related to the number
of electrons involved in tunneling. When the bias exceeds 275mV, N
approached 1, indicating that the reaction is predominantly governed
by single-electron processes. As biases decrease to 250 and 200 mV, N
values increase to 1.35 and 1.67, respectively, reflecting the intersection
of single-electron and double-electron processes. This crossover phe-
nomenon reveals that under low bias conditions, insufficient energy
transfer might hinder vibration-induced mutual isomerization reac-
tions, necessitating the involvement of multi-electron processes.
Therefore, vibrational effects play a crucial role in these reactions,
influencing both reaction rates and specific mechanisms.

The results of deuterium-substituted isotopes provide a more
detailed understanding of the isomerization mechanism. It has been
confirmed that such mutual isomerization processes occur through the
excitation of the N-D stretching mode within the molecular cavity.
Additionally, based on the analysis of dI/dV conductance spectra of
individual H-porphyrin and D-porphyrin molecules, they found char-
acteristic peaks and valleys at 175 and 380 mV for H-porphyrin mole-
cules and a characteristic valley at 284 mV for D-porphyrin molecules
under two positive biases. The voltage ratio of these two valleys (1.34)
matches the simple ratio of N-H and N-D reduced mass, further sup-
porting the origin of such mutual isomerization. It is noteworthy that
the peak at 175mV aligns with the initial value of STM-induced
mutual isomerization, and this process does not exhibit a pronounced
isotope effect. Therefore, this peak cannot be simply attributed to a sin-
gle vibrational mode but should consider multiple influencing factors,
including in-plane vibrations of N and H atoms. This discovery pro-
vides a new perspective for understanding the isomerization process in
porphyrin molecules.

B. Thermally induced vibrational effect

Temperature is one of the key parameters affecting the structure
of molecules. With temperature variations, specific molecular vibra-
tions are excited, thereby fine-tuning their structures and significantly
influencing the charge transport capabilities and mechanisms of
molecular junctions. These thermally induced vibrations not only lead
to subtle adjustments in molecular structure but also alter the effective
pathways and rates of charge transport. Within molecular structures,
changes in vibrations can induce electron localization or dissociation,
thereby affecting the conductivity and transport mechanisms of the
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d-porphycene molecules. Reproduced with permission from Kumagai et al., Phys. Rev. Lett. 111, 246101 (2013). Copyright 2013 American Physical Society.

molecules. Therefore, understanding and controlling the temperature
effects in molecular structures are crucial for designing efficient molec-
ular electronic devices.

The rotation of the benzene ring and substituent along a fixed
axis within a molecule is a relatively typical example of thermody-
namic vibration. Yang et al.”"” utilized graphene-molecule-graphene
single-molecule junctions as a platform to investigate the stereochemi-
cal dynamic effects induced by thermodynamic vibration at the single-
molecule level as shown in Fig. 38. Through molecular engineering
design, they synthesized derivatives based on tetraphenylethene (TPE)
and embedded them into the nanogaps of graphene electrodes via
covalent amide bonds, successfully constructing graphene single-
molecule junctions. To more accurately study the influence of temper-
ature on intramolecular double bond twisting and benzene ring
rotation, they chose the TPE-2A molecule as the research object and
obtained its current state at different temperatures ranging from 10 to

80K in Fig. 38(a). In Fig. 38(b), experimental results show the exis-
tence of two conductive states (state 1 and state 2) in the I-t curve,
attributes to the transition between quasi-planar and perpendicular
conformations induced by double bond rotation. This rotation is
attributed to the thermodynamic vibration effect, resulting in the
dynamic transition between quasi-planar configuration and perpendic-
ular configuration.

At each temperature, these two states are accompanied by small,
sustained current fluctuations, reflecting the rotational activity of TPE
benzene rings. As shown in Figs. 38(c) and 38(d), by analyzing the
dwell time histograms and current distribution histograms, the average
lifetimes of each conductive state and the proportions of the two states
can be calculated. As the temperature increases, the average lifetimes
of state 1 and state 2 both decrease. However, higher temperatures also
promote the transition of molecules to quasi-planar conformations, as
evidenced by the proportion of state 2 increasing significantly from
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with permission from Yang et al., Matter 5, 1224 (2022). Copyright 2022 Elsevier.

28.6% to 75.2%, indicating that elevated temperatures favor the stabili-
zation of quasi-planar conformations.

Transitioning from state 1 to state 2, two straight lines were
obtained by linear fitting of the equilibrium constants InK at different
temperatures. The fundamental reason for the fitted two straight lines
lies in the antagonistic and balanced relationship between double-
bond twisting and benzene ring rotation. This study demonstrates that
increasing temperature can enhance the vibrational effect of the tested
molecule, reduce its activation energy, accelerate the isomerization
process of the double bond, and promote the stabilization of the mole-
cule in a planar configuration.

In addition to causing structural transitions by reducing the acti-
vation energy of molecules, thermodynamic vibration effects can also
affect their charge transport mechanisms. Zhu et al.””* successfully
constructed graphene supramolecular structures based on dimers,
combining cucurbituril as the host molecule with amino-terminated
compounds M1, M2, and M3 as guest molecules as shown in
Fig. 39(a). They not only extensively explored the influence of charge
states and energy level distributions on charge transport in nanogap
molecular junctions but also deeply verified the crucial role of ther-
mally induced vibrations in the charge transport process.

When the temperature increased from 10 to 300K, the currents
of the three molecular junctions all exhibited significant growth in the

high-temperature region while showing a slow upward trend in the
low-temperature region [shown in Fig. 39(c)]. Particularly, for the pos-
itively charged SMJ-1, its conductance increases by approximately 6
times at 1V within the 10-300 K range, whereas the conductivity of
neutral SMJ-1 only increases by about three times. To further analyze
the charge transport mechanisms within the molecular junctions, they
conducted a detailed analysis of the I-V curves. The analysis results
reveal that the presence of positive charges enhanced the dependence
of the molecular junctions on bias, possibly because the charge trans-
port process in the positively charged system was more sensitive to
changes in bias. Using the Arrhenius formula, the researchers further
elucidated the transition process of charge transport in the dimer sys-
tem, transitioning from temperature-independent coherent transport
at low temperatures to thermally activate incoherent transport at high
temperatures. For the positively charged (SMJ-1), neutral (SMJ-2), and
weakly conjugated (SMJ-3) cases, their transition temperatures were
92, 122, and 64K, respectively, with these transition temperatures
showing less dependence on bias as shown in Fig. 39(d). The calculated
molecular vibrational energies in Fig. 39(e) are consistent with the
thermal energies of the experimental transition temperatures.

As can be seen from the molecular rotation barrier depicted in
Fig. 39(f), it not only reveals that thermal vibration effects have
the ability to excite the rotation of pyridine rings even under
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low-temperature conditions, but also further indicates that molecular
rotation will lead to significant changes in charge transport
mechanisms.

Whether it is the subtle transformation of molecular structure or
the dynamic change in charge transport mechanism, they are closely
linked to the flow and transformation of energy within molecular
structures. An in-depth study of the thermodynamic vibration effect of
single molecules helps us to better understand the mechanisms of
energy storage and release at the molecular level, thus uncovering the
core processes of energy conversion and optimizing energy conversion
efficiency. This exploration lays a solid foundation for the research of
novel nanomaterials.

C. Terahertz-induced vibrational effect

Due to its high penetrability, low energy, and strong spectral reso-
lution, terahertz (THz) light has become a powerful tool for studying
the vibrational dynamics of various molecules.””” " Due to the sub-
nanometer gap separation between the source and drain, they can act
as THz antennas, focusing THz radiation and even concentrating it on
individual molecules. Additionally, due to the plasmonic effect of the
metal electrodes, the THz field induced by THz light in the nanogap is
enhanced tenfold. Therefore, single-molecule transistor-like structures
are ideal platforms for studying THz light-induced vibrational dynam-
ics. Du et al. obtained THz spectra related to single fullerene molecules
and THz-induced molecular center-of-mass oscillations from time-
domain THz autocorrelation measurements using a single-molecule
transistor model, as shown in Fig. 40,°%

The time-domain THz autocorrelation measurement,”’””"" as

shown in the Fig. 40(a), refers to splitting the laser beam into two
parts, generating femtosecond laser pulses, continuously pumping
the InAs chip surface, thereby generating time-correlated THz dou-
ble pulses. By recording the function relationship between the pho-
tocurrent induced by THz double pulses and the time interval
between the two THz pulses, the photocurrent interference pattern
induced by THz radiation in the single-molecule transistor can be
obtained. Figure 40(b) shows the color-coded differential conduc-
tance map of the device, proving the successful capture of single
molecules in the nanogap. The advantage of using a single-molecule
transistor is that the molecular electrostatic potential and the num-
ber of electrons can be precisely controlled by gate voltage. As
shown in Fig. 40(c), they irradiated the sample with THz pulses,
measured the time-averaged THz-induced photocurrent, and
obtained the photocurrent as a function of gate voltage V5. When
applying gate voltage with the same peak photocurrent, the interfer-
ence pattern of the THz-induced photocurrent of CsSMT can be
obtained as shown in Figs. 40(d) and 40(e). By calculating the
Fourier spectrum of the interference pattern, the THz spectrum of
CsoSMT can be obtained. In Fig. 40(f), the waveform in the THz
spectrum can be decomposed into two oscillation components:
2meV (500 GHz) (blue curve) and 4meV (1 THz) (green curve).
The oscillation of the 4 meV component is clearly visible in the pho-
tocurrent waveform, especially around 1 ps. Similar characteristic
peaks are also observed in the embedded fullerene Ce@Cg, structure
shown in Fig. 40(g). In the THz spectrum test, molecular vibrations
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FIG. 40. (a) Schematic illustration of the experimental setup. (b) Coulomb stability diagram of a Csy SMT. (c) The single-electron tunneling current Ips (black curve) and the
THz-induced photocurrent IP (red curve) as a function of Vg measured at Vps = 0.1 mV. (d) Quasi-autocorrelation trace (interferogram) of the THz-induced photocurrent mea-
sured at the peak of the photocurrent (Vs = 0.024, Vps = 0.1mV). (e) The Fourier spectrum of the interferogram is shown in c. () The interferogram for = > 0, replotted from
d. The dots are the measured data points. (g) THz spectrum for a single-Ce@Csg, SMT. Two sharply split peaks are observed at around 2 meV. Reproduced with permission
from Du et al., Nat. Photonics 12, 608 (2018). Copyright 2018 Springer Nature.

can be induced not only by tunneling electron excitation but also by induced by THz radiation. This oscillation creates new tunneling

pulsed THz field excitation generated by femtosecond laser pulses." paths for electrons, namely, vibration-assisted tunneling.

The low-energy excitation observed in the C4oSMT structure origi- To further understand the effects of the center-of-mass oscillation

nates from the center-of-mass oscillation of the Cgy molecule of Cgo molecules, they theoretically simulated neutral and negatively
Appl. Phys. Rev. 11, 041312 (2024); doi: 10.1063/5.0225756 11, 041312-55
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charged Cgo on the Au(111) surface. When Cg is negatively charged,
the system becomes unstable, with an average distance extended by
0.011 nm and a decrease in vibration energy by 0.7 meV. The observed
vibration energy matches the calculated vibration energy well. Du
et al’s study elucidates the vibration-assisted tunneling mechanism
induced by center-of-mass oscillation, achieves ultra-sensitive detec-
tion of electron/vibration structures when single molecules are
charged/discharged, and provides the foundation for further enhanc-
ing the energy conversion efficiency of future devices, such as batteries
and sensors.

VIl. CONCLUSION AND OUTLOOK

The past decade has seen remarkable advancements in experi-
mental platforms for understanding energy conversion, dissipation,
and transport in MSJs. As highlighted in this Review, recent research
efforts have led to the discovery of a wide range of previously inaccessi-
ble physical and chemical properties, from atomic-scale luminescence
and single-molecule heat conduction to plasmonic effects and the reg-
ulation of chemical reactions and spin states at the single-molecule
level. These breakthroughs have profoundly deepened our understand-
ing of MSJs and opened new avenues for controlling and manipulating
electrical, optical, thermal, and magnetic energy at the molecular scale.
It is reasonable to expect that continued experimental and theoretical
efforts in these areas will unveil new potentials and pave the way for
developing highly efficient molecular-scale devices for future comput-
ing, optoelectronics, energy conversion, energy harvesting, and sensing
applications.

Despite recent progress, significant challenges remain in fully har-
nessing energy conversion and transport in MS]Js. First, energy conver-
sion processes often involve multiple, intertwined effects. For instance,
light-matter interactions may involve optical, hot carrier, or thermal
effects, complicating the interpretation of experimental data, such as
the origin of plasmonic catalysis. To accurately understand these phe-
nomena, it is crucial to develop experimental methods that can isolate
the contributions of each effect through careful design and selection of
molecular systems. Scrutinizing measured results and designing appro-
priate control systems are also essential for future investigations.

Second, energy conversion processes occur across distinct time
scales, from femtoseconds for photoexcitation to milliseconds for ther-
mal processes. Monitoring these dynamics and kinetics remains chal-
lenging but could be addressed by integrating MS]J platforms with
advanced ultrafast techniques, such as pump-probe methods. In addi-
tion, for physical processes that occur at a longer timescale, the
mechanical stability of a MS] plays a pivotal role. The MS] lifetimes are
limited by the stochastic rupture of the weakest bond, often at the mol-
ecule—electrode interfaces. Therefore, enhancing the coupling at the
junction contacts is essential. Promising results have been demon-
strated in MSJs featuring graphene, silicon, and indium tin oxide elec-
trodes coupled with custom-designed anchor groups.”’' "> Owing to
their superb stability, graphene-based MSJs, in particular, have shown
promise for real-time detection of single-molecule chemical reaction
dynamics.

Third, our knowledge of thermal transport through single mole-
cules has been largely limited to theoretical predictions due to technical
challenges in detecting extremely small heat current (~ several pico-
watt) through a single molecule. This limitation hinders the characteri-
zation of the thermoelectric figure of merit (ZT) in single-molecule
devices.””””'" Recent advancements in ultra-sensitive temperature

REVIEW pubs.aip.org/aip/are

sensing techniques, such as scanning thermal probes and nanofabri-
cated calorimetry,””"””*”'” have begun to enable direct quantification
of heat conduction and ZT in single molecules. These tools will soon
allow comprehensive interrogation of thermal transport properties in
MSJs, verifying theoretical models and optimizing device performance.
Insights from these studies will inform the design of high-efficiency
thermoelectric and thermal management molecular devices. In con-
trast, the spin Seebeck effect remains inaccessible at the single-
molecule level. Challenges include synthesizing reliable single-
molecule magnets, conducting ultra-low temperature and high-
vacuum characterizations, and efficiently converting spin currents to
electrical currents. Similar technical challenges also remain for other
energy processes. Addressing these issues will require close collabora-
tion within the field.

The exploration of time-dependent modulated non-equilibrium
energy transport reveals the vast potential for controlling and optimiz-
ing energy flow in nanoscale and advanced material systems. Through
the strategic application of temperature oscillations, effective tempera-
ture pulses, and time-periodic driving forces, it is possible to enhance
energy rectification and storage,”'* paving the way for more efficient
energy harvesting and conversion technologies.”’”  These
approaches”™” capitalize on the intrinsic non-linearities and phase
transitions within materials, enabling significant improvements in
energy transfer efficiency. Several studies”””*’ demonstrate that pre-
cise temporal modulation can lead to novel mechanisms for directing
energy flow, offering promising avenues for developing devices that
operate far from equilibrium. Keeping the molecular bridge intrinsi-
cally non-equilibrium is helpful for applications in thermal-circuit sys-
tems (thermal rectifier, transistor, and diode). Here, traditional
equilibrium methods fall short, emphasizing the importance of
dynamic control in next-generation thermal and electronic systems.

In addition, several open questions remain regarding observed
processes in MSJs. For instance, how can one use the single-molecule
toolbox to tailor the reaction selectivity and specificity of favored reac-
tion pathways and ultimately apply these molecular-scale insights to
bulk reactions? The theoretical and experimental foundations that
bridge the gap between single-molecule and bulk reactions remain elu-
sive, particularly in mimicking homogeneous catalysis conditions.
Additionally, puzzles persist around the CISS effect. The origins of
experimentally measured CISS processes, such as photon transmission,
electron transport, and chemical reactions, have remained elusive.
Existing theories often yield effects that are many orders of magnitude
lower than the measured results. To date, a comprehensive theoretical
framework that interprets all experimental data has not been identi-
fied, leaving a significant gap between experimental observations and
quantitative theoretical estimates.””" In-depth investigations of simple
model systems, where CISS can be studied both experimentally and
theoretically in detail, are suggested by the research community as a
promising starting point. While solving these puzzles is challenging, it
offers rich opportunities in developing ambient condition quantum
information sciences as a growing number of experiments report CISS
effects at room temperature in various molecular systems.

The recent success of adopting artificial intelligence-powered
approaches, such as machine learning methods, in materials discovery
and life sciences has been inspiring.””” ">’ We believe the field of
molecular electronics (ME) could also greatly benefit from Al-assisted
models and tools. Al-based methods could help in two significant
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ways. First, there is a clear shortage of suitable molecular candidates
for various energy-related applications. Properly trained deep learning
methods will enable high-throughput prediction and design of molec-
ular systems that are readily synthesizable in the lab, addressing the
issue of theoretically predicted molecules often being non-
synthesizable in reality. This, in turn, could provide insights for
improving existing theoretical models and synthetic approaches.
Second, as demonstrated in several recent attempts,’m’ > machine
learning-based methods can effectively identify hidden yet significant
information from large and noisy data sets generated from MSJs. This
capability will expedite data processing and prevent the loss or misin-
terpretation of valuable physical details in future studies, especially in
challenging measurements with low signal-to-noise ratios.

What the future holds for the energy conversion and transport in
MSJs in next decade relies on the creativity of researchers from multi-
discipline and how collaborative works are managed today to make
inroads in finding the missing puzzles at the molecular realm. The pro-
gress achieved in the past decade has laid solid groundwork for future
developments. Although there is probably still a long way to go, we
anticipate that with rapidly evolving molecular-scale characterization
tools and theoretical frameworks, MS]J devices are poised to transition
from research labs to more practical applications, offering solutions to
key challenges in computing, optoelectronics, energy, and quantum
sensing. From the application perspective, integrating MS]J devices into
practical daily use hinges on overcoming the challenge of developing
stable and high-quality devices. A critical factor in this endeavor is to
ensure the stability of both the molecular core and the molecule-elec-
trode coupling in an MS] while maintaining a high fabrication yield.
To this end, developing molecular materials and contact chemistry
that are immune to certain external conditions (e.g., temperature,
mechanical strain, electric/magnetic field, humidity, and light) are of
pivotal importance. As the deterministic component whose failure
could undermine device performance, the molecular core must be air-
stable, chemically and structurally robust to maintain key functionality
with good tolerance under varying conditions. Equally critical is the
molecule-electrode contact chemistry. The Au-S contact (including
Au-SH, Au-SMe, and Au-SAc), despite its widespread use in MS]J
studies, presents challenges due to its multiple geometrical configura-
tions with different conductance values.””””*" Other anchor groups,
such as pyridyl, amine, dimethylphosphine, and carbon, although ben-
eficial for enhancing conductance or modifying frontier molecular
orbitals, encounter issues in terms of interface resistance, contact sta-
bility, and coupling strength.””**** The instability of these interface
connections is largely attributed to the flexible structural configura-
tions and active chemical properties of metal electrodes. In contrast,
according to MS] experimental results reported to date, GMGJ has
demonstrated exceptional device stability due to strong covalent cou-
pling between organic molecule and graphene by amide linkages,
maintaining its functions for more than one year, which makes such
design strategy a suitable path for real-world applications.”” While a
clear solution for creating ideal contact chemistry remains elusive, this
recent progress hints that all organic contact engineering is advanta-
geous over metal-organic systems. Attempts to address the junction
stability issues could also benefit from exploring new junction architec-
tures by incorporating advanced on-surface nanofabrication. The abil-
ity to resolve the junction stability issues will ultimately transition MS]
devices from research labs to daily applications.
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