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1 | INTRODUCTION

Abstract

Single-molecule electrical and spin switches have been one of the main
research focuses in molecular electronics and spintronics because they may
form the most important elements for the future information technology, thus
attracting great attention in the scientific community and witnessing signifi-
cant progresses benefiting from the combination of physics, chemistry, mate-
rials, and engineering. The key issue of constructing single-molecule switches
is the development of stimulus-responsive systems that provide bistable or
multiple states. In this review, we summarize the recent advances of this field
in terms of the external stimulus that induces the switching. A variety of exter-
nal stimuli, such as light, electric field, magnetic field, mechanical force, and
chemical stimulus, have been successfully employed to activate the reversible
switching in single-molecule junctions by manipulating molecular structures,
conformations, electronic states, and spin states. As a burgeoning field, we
finally put forward the challenges in molecular electronics and spintronics that
need to be solved, which will initiate intense research.
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which make the size of semiconducting silicon-based
electronic components (such as diode, transistor, and

Microelectronics, optoelectronics, and integrated circuits
have achieved unprecedented rapid developments over
the past century, profoundly changing people's lives. This
great progress is mainly attributed to the sophisticated,
so-called “top-down” micro/nanofabrication technologies
developed by experimental physicists and engineers,

memory element) smaller and smaller. However, the cur-
rently employed complementary metal oxide semicon-
ductor technology faces the challenge and physical
theory limitation in the further miniaturization of elec-
tronic devices, and thus, Moore's law will collapse soon.
From a contrary “bottom-up” pathway, molecular
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electronics utilize single molecule or several molecules to
assemble molecular devices, which can be further inte-
grated into functional circuits. It provides a completely
new thought and strategy to solve the technological diffi-
culty and theoretical limitation in the miniaturization
process of conventional silicon-based electronic devices.
In addition, the establishment of a single-molecule device
platform allows the exploration of the intrinsic properties
of functional molecules and reveal of novel physical
phenomena.

The history of single-molecule electronics can be
traced back to 1974, when Aviram and Ratner, for the
first time, put forward the theoretical model of a molecu-
lar rectifier that a single molecule with an electron-
donating group at one side and an electron-withdrawing
group at opposite side could behave as a rectifier.' After
many years of great efforts and developments, several
methods for fabricating and studying molecular junctions
have been established, including scanning tunneling
microscopy break junction (STM-BJ), mechanically con-
trollable break junction (MCBJ), conductive atomic force
microscopy, electromigration, oxidative lithography, and
other approaches. The initially ultimate goal of molecular
electronics is to build integrated circuits for the next gen-
eration of super-fast computer and ultrahigh density
information storage. Currently, many functional single-
molecule electronic components, including molecular
wires,>> molecular switches,®'° molecular rectifiers,*™*®
molecular transistors,’”?° and sensors,>**> have been
realized. In addition, many novel physical phenomena,
such as quantum interference,®***  Coulomb
blockade,?>2° and Kondo effect,?°>° were discovered in
the process of investigating charge transport within
molecular junctions. Meanwhile, apart from its initial
goal, the single-molecule device platform also offers
unique opportunities for the exploration of single-
molecule dynamic and detection,*’> which might pro-
vide detailed information that the traditional methods
are not accessible. This field will not be covered in this
article, and people who feel interested are recommended
to read several articles.**®

In traditional silicon-based microelectronic devices,
electronic switches constitute the foundation of high-
speed information processing and high-density data stor-
age. Single-molecule electrical and spin switches are also
the most important electronic components in molecular
electronics and spintronics, which have drawn great
attention in the past decades. This kind of devices
requires materials with bistable or multiple states that
are reversibly switched under external stimuli, such as
light, electronic field, magnetic field, and mechanic force.
In this review, we focus the survey on the most important
progresses of developing stimuli-responsive systems for

both electrical switches and spin switches in single-
molecule junctions. It should be emphasized that the
change of spin states can lead to the change of molecular
conductance. At present, the electrical signal is one of the
most commonly used ways to monitor the change of spin
states in single-molecule junctions. Therefore, the spin
switch can also be considered as one kind of special elec-
trical switches. We first summarize electrical switches,
excluding spin switches, in Section 2. Then, in Section 3,
we specially discuss about spin switches based on bistable
materials that can reversibly switch between two distinct
magnetic and conductive states due to their importance
for future quantum information processing and storage.
In addition, this article mainly elaborates the experimen-
tal advances, including the stimuli-responsive materials
and device structures. It should be noticed that the theo-
retical simulation also plays an important role in reveal-
ing the wunderlying mechanism of single-molecule
electrical or spin switches. The readers who are interested
in this aspect can read some corresponding excellent the-
oretical reviews.*>*!

2 | STIMULI-RESPONSIVE
MATERIALS FOR ELECTRICAL
SWITCHES

In the past century, synthetic chemistry and materials
have been extensively developed. This great progress pro-
vides people the guidance in the design and synthesis of
functional molecules for building single-molecule
switches. From the sight of switching mechanism,
switching effect can be classified into three types:
conformation-induced, electronic state regulation, and
spin state regulation. In this paper, we will summarize
single-molecule electrical switches in this section and
spin switches in the next section mainly in terms of the
way of external stimuli.

2.1 | Light stimuli

Light, as an easily producible and controllable stimulus,
has been widely utilized in single-molecule electrical
switches. Usually, there are two possible principles for
conductance switching based on light: light-induced
reversible structural or conformational change and light-
induced electron transition or intramolecular electron
transfer. Many photochromic molecules have been used
to build molecular switches in solution, which could help
us to design and synthesize molecules for single-molecule
electrical switches. But it should be kept in mind that the
behaviors of photochromic molecules in single-molecule
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devices might significantly differ from those in solution
and solid-state bulk materials due to the coupling
between the molecular core and electrodes, or other pos-
sible reasons. Figure 1 shows the commonly used chemi-
cal structures, including diarylethene, azobenzene,
stilbene, spiropyran, dimethyldihydropyrene, and
dihydroazulene, that can be reversibly switched between
two stable structures under light stimulation or heating.
Diarylethene derivatives can undergo reversible
photoswitching between open and closed conformations
in solution, resulting in considerable changes in molecu-
lar energy level and electron delocalization, but a small
change in molecular length, which makes them as poten-
tially ideal materials for single-molecule switches. In
2003, Wees et al connected a diarylethene derivative into
a nanoscale circuit with gold electrodes, as shown in
Figure 2A.** They observed switching of the molecules
from the conducting (closed) to the insulating (open)
state when illuminated with visible light, but fail to
observe the reverse process upon exposure to UV light.
This phenomenon is attributed to quenching of the
excited state of the molecule in the open conformation by
gold electrodes. Afterward, thiophene-based and pyrrole-
based diarylethene molecules were introduced into
single-molecule junctions with single-walled carbon
nanotube (SWCNT) electrodes by Guo et al.** On the
contrary, they found that the thiophene-based molecule
was able to undergo a photocyclization from the open
state to closed state under UV light simulation, generat-
ing a current increase (Figure 2B,C), but the device was
unable to switch back due to the quenching effect of the
excited state of the closed form by SWCNTs. For the
pyrrole-based molecule, the device could switch on as
UV light was applied and thermally switch back in the
dark overnight, and the cycle between the open and

Diarylethene Azobenzene Stilbene

closed states is shown in Figure 2C. Both the above-
mentioned works highlight that the behavior of photo-
chromic molecules in solution is significantly different
from that in single-molecule junctions.

After many years of continuous efforts, this challenge
was finally solved by Guo's group in 2016 (Figure 3).” By
incorporating three non-conjugated methylene groups
between the diarylethene core and the anchoring amine
group to decrease the molecule-electrode coupling
strength, they enabled the realization of a fully reversible,
two-mode, single-molecule electrical switch with excel-
lent levels of accuracy, stability, and reproducibility.

Guo et al first introduced azobenzene group into the
electron transport pathway in a graphene-molecule-
graphene junction for the construction of single-molecule
electrical switch.** Due to the fact that the reversible
photoisomerization of azobenzene between its trans
and cis conformations will result in large changes in
both shape and molecular length, the molecular struc-
tures need to be specially designed. Otherwise, the
reversible in situ conformation changes in single-
molecule junction are difficult due to the mechanical
restriction. Later, they further exploited the azobenzene
core as a side-group chemical gating via reversible optical
and electric control to realize the single-molecule
switching effects.*> This strategy makes the molecular
structure stable, as the switching of azobenzene in the
side chain has no mechanical restriction in the molecular
junction. Wandlowski et al demonstrated a reversible
photothermal switch based on dimethyldihydropyrene/
cyclophanediene photochromic system by using a
mechanically controlled break junction.*® Distinct con-
ductance changes between the fully conjugated ON state
(closed form) and the broken non-conjugated OFF state
(open form) were observed, with an ON-OFF ratio as

Spiropyran  Dimethyldihydropyrene Dihydroazulene
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Basic chemical structures of commonly used photochromic molecules in single-molecule devices
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FIGURE 2 Typical optical single-molecule switches. A, Schematic representation of photoswitching from closed to open states upon

exposure to visible light, but failed to return back under UV light in an MBCJ device. Reproduced with permission.*?

Copyright 2003,

American Physical Society. B-D, Schematic representation of single-molecule switches based on SWCNT electrodes; current changes induced
by UV light; switching circles as the device is exposed to UN light and left in dark overnight. Reproduced with permission.** Copyright 2007,

American Chemical Society

high as 10* and excellent reversibility of conductance
switching. Another single-molecule didydroazulene/
vinylheptafulvene switch was developed by Broman, and
the switching effect can be remarkably enhanced by
reducing the coupling between the switching core and
electrodes through modifying the switching core with p-
MeSCgH, end-glroups.8 A set of characteristic Coulomb
blockade diamonds was observed in the differential con-
ductance curves taken at different gate voltages, implying
that the transport through the molecule goes by sequen-
tial tunneling.

Except for the light induced conformational change,
the other possibility by using light stimuli to establish
single-molecule electrical switches is to induce electron
transition or intramolecular electron transfer. As dis-
played in Figure 4A, Dubi et al measured the conduc-
tance histograms of perylene tetracarboxylic diimide
molecules attached to Au-electrodes, in the dark and
under illumination.*” A significant and reversible change
in conductance was observed, which was attributed to
the formation of a bound exciton in the molecule and in
turn caused a shift in the local energy of the frontier
orbitals. This implies that a single-molecule junction
with an exciton binding energy similar in magnitude to
the HOMO-Fermi level energy difference may work as a
photoswitch with excellent ON-OFF ratio. Another new
concept for a metal-molecule-semiconductor device
employing Au tip/molecule/GaAs substrate was achieved

by Nichols et al** With low doped GaAs, molecular junc-
tions displayed rectification ratios as particularly high as
>10> in the dark and a high photocurrent in reverse
biases. It should be noticed that the replacement of gold
electrodes with conventional GaAs or silicon semicon-
ductor materials reduces the gap between molecular elec-
tronic and traditional microelectronics.**>* Figure 4B
shows a porphyrin-C60 dyad molecule in the gold-ITO
(indium tin oxide) tunnel junction. A considerable frac-
tion of illuminated molecules exhibited the high conduc-
tance and returned to the low conductance in the dark.”
The reason is that the absorption of light led to the for-
mation of a long-lived charge separated state (Porphyrin”
*.C60"") by photoinduced electron transfer.

2.2 | Electric field stimuli

In traditional microelectronics, a transistor as an elec-
tronic component constitutes the heart of electronic cir-
cuits, which is typically a three-terminal electrical device.
The current through one pair of the terminals can be reg-
ulated by applying a voltage to the third terminal. One of
the most important functions of a transistor is to act as
an amplifier or an electrical switch. Although the regula-
tion principles are different from traditional transistors, a
gate voltage is also the most commonly used and efficient
approach for constructing single-molecule electrical
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FIGURE 3 Reversible optical single-molecule switches. A,
Schematic view of a graphene-diarylethene-graphene junction. B,
Real-time measurement of the current through a diarylethene
molecule that reversibly switches between the closed and open
forms, upon sequential exposure to UV and Vis lights. Reproduced
with permission.” Copyright 2016, AAAS

switches. Single-molecule transistors consist of solid-state
gating and electrochemical gating according to the
methods of generating the gate voltage. Generally, the
switching mechanism with gate electrodes can be classi-
fied into two types: (a) tuning the frontier orbital energy
with respect to the Fermi level of the contacts and
(b) changing their charge state of electrochemically active
molecules. In addition to three-terminal devices,
switching effects can also be achieved in the two-terminal
devices with the electric field stimuli to induce chemical
reactions or conformational changes.

2.2.1 | Solid-state gating switches

Building a gate-controlled three terminal device at the
molecular level is of great challenge since the inception
of molecular electronics. Strictly insulating the gate from
the molecule and source/drain electrodes is essential to
ensure that the gate couples only electrostatically to the

molecule. The main challenge in fabrication lies in the
contradiction between reducing the gate leakage as much
as possible and maximizing the electric field reaching the
molecule. After many years of constant efforts, several
approaches have been established for the fabrication of
solid-state single-molecule transistors, including electro-
migration break junctions,'”'®?%**> gated MCBJs,***
and transistors with carbon-based electrodes (carbon
nanotube and graphene).***

Solid-state single-molecule transistors were first
reported by two separated groups in 2002 by using the
electromigration-induced break junctions.?*>* Ralph et al
thermally grew 30 nm SiO, insulating layer on top of a
degenerately doped Si substrate used as a gate elec-
trode.”® Nanometer scale gold wires were prepared on
the SiO, layer by electron beam lithography, which were
then broken by electromigration to produce a nanogap of
about 1-2 nm width. A single-molecule complex of Cobalt
ion coordinated with two organic ligands was connected
to gold electrodes as the conducting channel. The con-
ductance of molecules with long organic ligands can be
regulated by a gate voltage. In addition, the Coulomb
blockade, in which the flow of electrons is controlled by
the sequential charging of a molecule, was observed.
Molecules with short organic ligands couples strongly
with the electrodes, allowing the observation of Kondo
effect, in which conducting electrons interact with a local
spin. The device structure by Park et al is similar except
that an aluminum pad with a 3 nm oxide layer serves as
a gate electrode.” Kondo effect was also observed and
could be tuned reversibly by using the gate voltage to
alter the charge and spin state of the molecule. Lee et al
reported the observation of direct molecular orbital gat-
ing by exploiting a three-terminal break junction formed
through electromigration.'® Figure 5A shows representa-
tive I-V curves at different Vi values, indicating an obvi-
ous increase of molecular conductance as V; becomes
increasingly negative, which means their potential appli-
cation as an electrical switch. Two distinct transport
regimes are evident in the Fowler-Nordheim plots
(Figure 5B), and the transition voltage, Vins, €xhibits a
clear gate dependence. As the Vi.,s value allows an
experimental determination of the relative position of the
molecular orbital energy and the electrode Fermi level,
the change of molecular conductance results from the
molecular orbital regulation by the gate voltage. van der
Zant et al investigated electron transport through an
anthraquinone-based junction, and achieved a 10-fold
increase in the off-resonant differential conductance due
to the electric field induced reduction of the molecule.>
Interestingly, this redox-induced conductance switching
can be performed reversibly, enabling the realization of
an electrical switch.
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FIGURE 4 Electrical switches based on electron transfer. A, Schematic illustration of the target molecule trapped in an STM-BJ setup

and illuminated with laser light (top), conductance histograms in the dark and under illumination (bottom left), and examples for the
conductance traces (bottom right). Reproduced with permission.*” Copyright 2018, American Chemical Society. B, Schematic illustration of
a porphyrin-C60 dyad molecule in the gold-ITO tunnel junction. Reproduced with permission.>® Copyright 2011, American Chemical Society
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FIGURE 5 Gate-controlled charge transport characteristics of
an Au-molecule-Au junction. A, Representative I-V curves for
different gate voltages. B, Fowler-Nordheim plots demonstrating
the gate-variable transition from direct to Fowler-Nordheim
tunneling. Reproduced with permission."® Copyright 2011, Nature
Publishing Group

Furthermore, solid-state single-molecule transistors
can also be obtained via an MCBIJ. Ralph et al prepared
the gated MCBJs that provided the ability of simulta-
neously adjusting the spacing between the electrodes

mechanically and tuning the energy levels of Cy, mole-
cules via a gate electrode.” The conductance regulation
by a gate voltage was dependent on the spacing between
the electrodes, which is mainly because the spacing
affects the coupling of the molecule and electrodes. Van
der Zant et al investigated charge transport through a sin-
gle porphyrin molecule by using electrically gateable
MCBJs.”’ They found that both the occupied and unoccu-
pied levels moved significantly toward the Fermi level
upon reduction of the electrode spacing, suggesting that
the image-charge effects played a dominant role in the
large spread in conductance values. The same group used
similar back-gate approach to realize a gate-tunable
single-molecule rectifier with rectification ratios as high
as 600.°° The rectification mechanism arose from the
asymmetrical two parts of the molecule which was
weakly coupled through a saturated linker.

Figure 6A shows the device structure of a single-
molecule transistor based on graphene electrodes.’’ By
using standard lithography and evaporation techniques,
few-layer exfoliated graphene flakes in a two-terminal
configuration with top-contact source and drain elec-
trodes were prepared on a degenerately doped silicon
substrate as a back gate, with a 285 nm silicon dioxide as
the dielectric layer. The graphene nanogaps were
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obtained via a feedback-controlled electroburning
method. Obvious Coulomb blockade was observed as
depicted in Figure 6B, indicating that the transport cur-
rent can be effectively regulated via a gate voltage in this
three-terminal device. In comparison with the other fab-
rication methods, one of the important advantages of this
technique is that the device can operate at room tempera-
ture. Except for covalently bonding, the molecules can
also be inserted to the graphene nanogaps via n-m stac-
king interaction for constructing single-molecule transis-
tors. Mol et al demonstrated a robust graphene-
porphyrin-graphene  transistor by using large
n-conjugated structure as anchoring groups.®> Multiple
redox states were observed at room temperature under
gate voltage tuning, enabling their application as an elec-
trical switch.

2.2.2 | Electrochemical gating switches

One disadvantage of solid-state single-molecule transis-
tors is usually the weak coupling between the molecule
and gate electrode, which means that the actual electric
field strength reaching the molecule under unit gate volt-
age is low. To solve this issue, one approach is to build a

(A)

Drain-source bias (V)

planar device and make the insulated dielectric layer as
thin as possible. But this is challenging in the technique
and a too thin dielectric layer may result in the leakage
current of the gate electrode. An alternative solution is to
fabricate an electrochemical gating single-molecule tran-
sistor. The formed electrical double layer by applying a
gate voltage can be extremely thin, usually a few ang-
stroms, regardless of the position of the gate electrode,
which can enable much more efficient electrostatic cou-
pling. For those non-redox active molecules, applying a
gate voltage can change the molecular orbital energy
levels relative to the electrode Fermi level, and thus the
molecular conductance will be efficiently regu-
lated.'®®>7° The effect of a gate voltage is not only to tune
the energy levels of electrochemically active molecules,
but also to reversibly oxidize and reduce the molecules at
the redox potential, exhibiting conductance switching
effects.?*7! 82

Electrochemically non-redox active molecules: As early
as in 2005, Tao et al investigated the charge transport of
non-redox active molecules, such as 4, 4'-bipyridine and
1, 4-benzenedithiol, under the tuning of an electrochem-
ical gate voltage.”” Only slight change of transport cur-
rent (less than 30%) was observed due to the large
LUMO-HOMO gaps of the molecules and the screening

)
(vd) yuaun)

-30 -20 -10 0 10 20 30
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FIGURE 6 Electrical switches based on dielectric gating. A, Illustration of the device structure of a single-molecule transistor based on
graphene electrodes. B, Transporting current as a function of the bias voltage and gate voltage. Reproduced with permission.5! Copyright

2017, American Chemical Society
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of the gate field by the electrodes. Many years later in
2019, the same group reported the direct observation of
anti-resonances in single-molecule charge transport mea-
sured by a gate-controlled STM break junction.”> As
depicted in Figure 7B, an anti-resonance in the transmis-
sion function located inside the HOMO-LUMO gap was
predicted for Meta and thus the transmission function of
Meta displayed a strong energy dependence. In contrast,
no anti-resonance was expected for Para. As a result, the
transmission function was less energy dependent. This
theoretical prediction was experimentally proved by the
measured conductance vs gate voltage for Para and Meta,
as shown in Figure 7C. The sharp drop in the conduc-
tance of Meta as the gate voltage decreased to —0.55V
and the increase at more negative potentials after the
conductance minimum, provided a direct observation of
the anti-resonance signature in the transmission func-
tion. By controlling the quantum interference, the
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conductance of a single molecule could be tuned over
two orders of magnitude with a subthreshold swing of
~17 mV dec™}, excellent features for high-speed and low-
power electronics. Almost at the same time, Hong et al
also observed the anti-resonance features of the destruc-
tive quantum interference in single-molecule thiophene
junctions via electrochemical gating by using a modified
electrochemical MCBJ technique, as shown in
Figure 7D,E.®

By changing aqueous electrolytes into ionic liquids,
Guo et al realized gate-controllable charge transport of
non-redox molecules on the basis of the platform of
graphene-molecule-graphene single-molecule transis-
tors.'"” Ambipolar charge transport characteristics were
observed for both triphenyl and hexaphenyl molecular
junctions, arising from the change of dominant con-
ducting orbital from HOMO to LUMO as the gate voltage
changed from negative to positive. This is the first time of
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Switches formed from gate-controlled STM break junctions. A, Schematic view of the gate-controlled measurement of

single-molecule charge transport. B, Top: adjusting the gate voltage shifts the molecular energy levels relative to the electrode's Fermi energy
level; bottom: adjusting the gate voltage changes the relative alignment between molecular energy levels and Fermi level. C, Conductance of
Para (black circles) and Meta (red triangles) as a function of the gate voltage. Reproduced with permission.®® Copyright 2019, Nature
Publishing Group. D, Schematic view of the electrochemically gated MCBJ technique and molecular structures of thiophene derivatives with
anchoring groups of thioacetyl (-SAc). E, Tendency of the molecular conductance of 2,5-TP-SAc (purple) and 2,4-TP-SAc (orange) vs
electrode potentials from —0.6 to 1.3 V. Inset shows the magnification from —0.6 to 0 V. Reproduced with permission.5® Copyright 2019,

Nature Publishing Group
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realizing ambipolar charge transport with a small gate
voltage (IVgl < 1.5 V) in electrochemically inactive
molecular systems with a large energy gap (Eg > 3.5 eV).
Duan et al fabricated molecular transistors by employing
vertical cross-plane graphene/self-assembled monolayer/
gold heterostructures and ionic liquid gating.°* Destruc-
tive quantum interference effects were exhibited in
pseudo-p-bis((4-[acetylthio]phenyl)ethynyl)-p-[2,2]
cyclophane (PCP), which were absent in 1,4-bis(([4-ace-
tylthio]phenyl)ethynyl)benzene (OPE3). As a result, the
zero-bias differential conductance of the former is only
about 2% of the latter. By the modulation of an ionic lig-
uid gate, PCP transistors can reach a maximum ON-OFF
ratio of up to 330, about one order of magnitude higher
than that of OPEs. In addition, these stable switching
operations worked up to room temperature.

Electrochemically redox active molecules: For electro-
chemically redox active molecules, the molecular energy
levels can be tuned, when the gate electrode potential is
outside the redox-active region. As the potential enters
the redox region, the molecules will undergo the revers-
ible oxidization/reduction process, accompanied by the
changes of molecular energy levels and the molecular
conjugation extent. Based on the redox couple of anthra-
quinone/hydroanthraquinone (AQ/H,AO), a novel AQ-
based norbornylogous bridge tetrathiol, 5AQ5, was con-
nected into an electrochemical single-molecule transistor
by using the STM-BJ by Row et al.”” The AQ moiety in
5AQ5 can be electrochemically and reversibly switched
in situ between the high-conducting H,AO form and the
low-conducting AQ form, with a conductance ON-OFF
ratio of an order of magnitude. Furthermore, Bryce et al
investigated two m-conjugated molecules, isomeric AQ-
1,5 and AQ-1,4, by using the same technique.”® For both
molecules, the transport current can be tuned over one
order of magnitude by varying the gate potential over a
range of ~1 V. Outside the redox-active potential region,
the gating effect is to shift the molecular energy levels rel-
ative to the metal Fermi level, thus leading to a modest
change in conductance. While entering the redox-active
region, large and reversible jumps of the conductance
were observed due to the change in the redox state,
accompanied by the changes in the conjugation pattern.
In addition, the change in conductance upon changing
the redox state was larger for AQ-1,5 than for AQ-1,4,
due to the larger suppression of the conductance in oxi-
dized AQ-1,5 as a result of the destructive quantum
interference.

Campos et al developed an electrochemically gating
single-molecule switch based on activated antiaromaticity
by using the STM-BJ technique.”’ As depicted in
Figure 8A, a 8,8-biindeno[2,1-b]thiophenylidene (BTP)
molecule could be reversibly switched between the

neutral state and the 6-4-6 electron state with anti-
aromatic character upon oxidation/reduction. As the gate
voltage changed from positive to negative, the conduc-
tance increased modestly at first, which was consistent
with the HOMO dominated charge transport. Once the
gate voltage was beyond —1.4 V, a significant conduc-
tance change was observed, resulting from the occur-
rence of the charge state (Figure 8A, bottom left). They
further revealed that the switching was reversible by
changing the gate voltage between negative (<—1.5 V)
and positive (>1 V) values, yielding an average ON-OFF
ratio value of ~70. This work demonstrated the exploita-
tion of antiaromaticity to create single-molecule devices
that are highly conducting. Besides the two-state switch,
Wandlowski et al achieved conductance switching among
three well-defined charge states in the core-substituted
naphthalenediimide (NDI)-based single-molecule transis-
tor through electrochemical gating, as shown in
Figure 8B.”° An ON-OFF ratio of around one order of
magnitude between the most conductive NDI-R and the
least conductive NDI-N state was obtained. What is more,
as the NDI anion was present in a radical state, this kind
of materials could be exploited as spin switches as well.

2.23 | Two-terminal switching devices

In the earlier discussion, the switching processes are con-
trolled with a gate electrode. In fact, single-molecule elec-
trical switches can be constructed with an electric field
between source and drain electrodes. With the single-
molecule STM-BJ conductance measurements, Coote
et al investigated the electrostatic catalysis of a Diels-
Alder reaction.®® As displayed in Figure 9A, the diene
(a furan) was attached to the STM tip via a thiol group
while the dienophile (a norbornylogous, NB) was
attached to a flat gold surface via two thiols. The inset in
the right panel showed the STM current response before
(1), during (2), and after (3) the formation of a single
blink, respectively. When the electric field was present
and aligned so as to favor electron flow from the
dienophile to the diene, a fivefold increase in the forma-
tion frequency of the blinks was observed. This work pro-
vided the experimental evidence of the non-redox, bond-
forming process being accelerated by an oriented electro-
static electric field. With the similar device structure
(Figure 9B), a static electric field was used to trigger
alkoxylamine dissociation to release a nitroxide and car-
bocation.®* In the electrochemical experiments, an alter-
native means of homolysis, albeit to nitroxides and
carbocations, were obtained. This work suggested a redox
on/off switch to guide the cleavage of alkoxyamines at an
electrified interface. In addition, they concluded that
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even in the electrochemical process of the C—ON cleav-
age step directional electrostatic effects are possible in
solution, highlighting their previously overlooked role in
organic electrochemistry. Readers interested in the elec-
trostatic catalysis in single molecule are recommended to
read two corresponding excellent review articles, one
about experiments® and the other about theories.

With a graphene-molecule-graphene junction, Guo
et al investigated the charge transport of a molecule com-
prising an azobenzene side group orthogonal to the elec-
tron transport channel.*> They reported an unusually
discovery of unambiguous conductance switching upon
two external stimuli (light and electric field). As is well
known, the light can induce reversible isomerization of
azobenzene between cis and trans forms. The significance
of this work lies in the discovery that an external electric
field exhibited the efficient adjustment of the energy
alignments among trans, cis, and transition states, which
plays a crucial role in the trans-cis isomerization process,
due to the asymmetric spatial orientation of the
azobenzene unit.
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2.3 | Mechanical force stimuli

In the STM-BJ technique, the formation and break of
single-molecule junctions are controlled by changing the
tip-substrate distance. Surprisingly, reversible binary
switching in single-molecule junctions can also be
achieved by mechanically controlling the metal-molecule
contact geometry. As displayed in Figure 10A, Ven-
kataraman et al reported a 4,4-bipyridine-gold single-
molecule junctions, where two conductance states could
be reversibly switched through repeated junction elonga-
tion and compression.’” At the beginning of separating
the tip and substrate, the molecule existed in a high
G geometry. As the elongation happened, the nitrogen-
gold bond would be perpendicular to the conducting
n-system, resulting in a low G geometry. Similarly, Tao
et al investigated the electromechanical properties of a
1,4'-benzenedithiol molecular junction as the junction
was stretched and compressed.*® However, they found a
counterintuitive result in comparison with the above-

mentioned  conclusion. In  their experimental
®
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FIGURE 10 Electrical switches based on stereoelectronics. A, Examples of junction geometries relaxed at different tip-sample
distances (top panel), and schematics illustrating the high G and low G configurations, respectively. Reproduced with permission.®”
Copyright 2009, Nature Publishing Group. B, Newman projections for the A-A (purple), O-A (yellow), and O-O (green) dihedral
configurations from the perspective of the sulfur-methylene ¢ bond in the Au-Si4-Au system. Reproduced with permission.®® Copyright

2015, Nature Publishing Group
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measurements, the conductance increased by more than
an order of magnitude during stretching and decreased
back as the junction was compressed. This finding was
attributed to a strain-induced shift of the HOMO energy
level closer to the Fermi level of the electrodes, leading to
a resonant conductance enhancement. In another
attempt, by simply lengthening or compressing the
molecular junction, permethyloligosilanes ([SiMe,],,
1-10) with methylthiomethyl electrode linkers
exhibited a reversible switching behavior that operated
through a stereoelectronic effect (Figure 10B).* Elonga-
tion of the molecular junction resulted in an increase of
conductance, while compression led to a low G state. This
work exploited the strong Si-Si ¢ conjugation in oli-
gosilanes that exhibited stereoelectronic effects, which
are not accessible in the week conjugation of C-C o
bonds. Theoretical calculations supported the existence
of three distinct dihedral conformations, which
influenced the coupling between the oligosilane back-
bone and the sulfur-methylene ¢ bond, thus producing
two conductive states.

In addition, a mechanical force can also shift the
redox potential of a molecule, change its redox state, and
thus allow the tuning of the single-molecule conduc-
tance. By using the STM-BJ technique, Tao et al studied
the electron-transfer reaction of 1,1'-ferrocenyl diester
(Fc-Lip) by tracking its conductance while mechanically
stretching the molecule under electrochemical control.”
As the stretching distance between two electrodes
increased, more and more oxidation state conductance
appeared. However, the reverse process that compresses
the molecule to induce the change from oxidation to
reduction states has not been realized so far. This work
revealed that a mechanical stretching could regulate the
redox state of single metal complex compounds, leading
to the conductance switching.

n =

24 | Chemical stimuli

An external chemical stimulus can induce the conforma-
tional change or structural change of conducting mole-
cules in single-molecule junctions, and thus it will
apparently result in the conductance change. Although
an electrical switch based on chemical stimuli is not suit-
able for integrated circuits, it is of great importance as a
single-molecule chemical/biological sensor. As displayed
in Figure 11A, Guo et al studied the reversibility of coor-
dination reactions by wusing a graphene-molecule-
graphene junction.’’ The introduction of eth-
ylenediamine tetraacetic acid (EDTA) destructed the
coordination between Co®* and ligands, leading to an
open circuit. Once adding Co”" to the system again, it

turned back to a close circuit. Two stable and distinctive
conductance states can be reversibly switched under
sequential treatments of EDTA and cobalt ions.
Single-molecule sensing of environmental pH was
reported by Borguet et al by using an STM-BJ approach
(Figure 11B).*' Two pH-sensitive dye molecules of mala-
chite green (MG) and pararosaniline (PA) were chosen as
molecular sensing units, both of which exist in a high
conjugated state in acidic solution and a weak conjugated
state in basic solution (pH > 13). Therefore, the conduc-
tivity can be reversibly switched in responding to envi-
ronmental pH with a high ON-OFF ratio of ~100.
Density functional theory indicated that the HOMO-
LOMO gap of the dyes in weak conjugated state was
nearly twice as large as in the high conjugated state.

2.5 | Multiple stimuli

In the above-mentioned examples, we discussed about
different kinds of electrical switches that only respond to
a single type of external stimuli. By smartly designing the
molecular structure, several functions can be integrated
into the same single-molecule junction. Several groups
have reported single-molecule switches controlled by dif-
ferent external stimuli.*>**® As shown in Figure 124, a
spiropyran derivative that undergoes rapid and reversible
isomerization under either UV light or chemical stimuli
was incorporated into a single-molecule device via the
STM-BJ technique, providing a bifunctional electrical
switch.”> The unique multiple response of this single-
molecule electrical switch places spiropyran derivatives
as key candidates for molecular circuitry. However, the
switching process in this system occurred ex situ in solu-
tion and the molecules were caught by gold electrodes
either in their open or closed states. Future work should
try to develop in situ switches, where the switching
events happen while the molecule is still attached to both
electrodes. Recently, Darwish et al reported the utiliza-
tion of a spiropyran derivative as the active unit for the
construction of single-molecule electrical switches that
responded to both chemical and mechanical stimuli.”
The mechanically controlled isomerization of the closed
spiropyran to the open merocyanine state resulted from
the C—O bond breaking of the spiro center via physically
pulling the ends of the molecule. Therefore, robust
anchors to the electrodes are required so that the contact
bonds should be stronger than, or at least comparable to,
the spiro C—O bond.

In another multiple stimuli-responsive system that
was achieved via chemically fabricated nanogaps (on-
wire lithography) functionalized with dithienylethene
(DTE) units bearing organometallic ruthenium
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FIGURE 12 Electrical switches based on multiple stimuli. A, Molecular structures of the investigated spiropyran derivatives and
schematic illustration of a single-molecule switching device reversibly responding to UV light and chemical stimuli. Reproduced with

permission.®?

Copyright 2014, American Chemical Society. B, Schematic view of molecular isomerization within nanogap devices under

different inputs (light and electrolysis); the electronic symbol and a truth table of the OR logic gate. C, Schematic view of molecular
isomerization under various inputs (E;, E,, and light); the electronic symbol and a truth table of the AND-OR logic gate. Reproduced with

permission.>* Copyright 2014, Nature Publishing Group

fragments, the addressable and stepwise control of molec-
ular isomerization could be repeatedly and reversibly
completed with a combination of electrochemical stimuli
and light irradiation to realize the controllable switching
of conductivity between two distinct states.’* As dis-
played in Figure 12B, either an input of UV light or

electrolysis induced the transformation of DTE from the
open state to the closed state, accompanied by a signifi-
cant conductance increase, thus affording a two-input
OR logic gate. In addition, the unique electronic structure
of the longer molecule combining two DTE units offered
the achievement of stepwise modulation, allowing the
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fabrication of a three-input AND-OR logic gate
(Figure 12C). Importantly, these organometallic molecu-
lar wire-based logic gates could be simply reset upon
exposure to visible irradiation, ensuring the cycled set-
reset operation. One weakness of this kind of switching
devices is the long response time, 30 minutes for UV light
and 2 hours for reset by visible light.

3 | STIMULI-RESPONSIVE
MATERIALS FOR SPIN SWITCHES

Molecular magnetic switches, or spin switches, are one of
the most important components in molecule-based
spintronics for future quantum information processing
and storage. To build single-molecule spin switches, one
key challenge is to find bistable materials that can revers-
ibly switch between two distinct magnetic and conduc-
tive states in response to an external stimulus. The most
commonly used molecules for spin switches contain spin-
crossover metal complexes and organic radical molecules.
In this part, we will summarize the progress of single-
molecule spin switches in terms of external stimuli that
trigger the switching process, including electric
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3.1 | Electric field stimuli

By using an MCBJ technique, Weber et al investigated
the charge transport of a molecule containing two
coupled spin centers that were confined on two Co**
ions, where the magnetic coupling path was orthogonally
oriented to the conduction channel.’®" By applying a
finite bias, they were able to repeatedly switch between
the pseudo-singlet state and the pseudo-triplet state. As
depicted in Figure 13A, an electric field could also be
directly used to manipulate the single nuclear spin reso-
nance and thus reversible conductance switching could
be observed.'® In fact, there is no direct coupling
between the spin and the electric field. But a moving
object in an external field could see a magnetic field that
interacts with the spin magnetic moment of electrons,
which is the physical origin of the hyperfine Stark effect.
To perform the experiments, they connected a TbPc, (Tb?
* jon sandwiched between two phthalocyanine ligands)
single-molecule magnet into a three terminal nuclear
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FIGURE 13 Typical spin switches based on an external electric field. A, Artist's view of a nuclear spin qubit transistor based on a

single TbPc, molecular magnet. Reproduced with permission.'® Copyright 2014, AAAS. B, Structure of a neutral diradical molecule,

differential conductance (red) and corresponding redox center spin value S (blue) as a function of V. Reproduced with permission.”’

Copyright 2017, American Chemical Society. C, Idealized sketch of the voltage-triggered spin crossover switch in a single-molecule junction.

Reproduced with permission.”® Copyright 2015, Wiley-VCH
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Schematic illustration of a single-molecule junction for TEMPO-OPE under magnetic field (top panel), and corresponding magnetoresistance

curves (bottom panel). Reproduced with permission.'®” Copyright 2016, American Chemical Society. C, Topographic image of a Ho and an

Fe atom on bilayer MgO, and the magnetic states of Ho are controlled and probed with an STM by using spin-polarized tunneling (left

panel). The magnetoresistive tunnel current I recorded on top of a Ho atom shows switching between two magnetic states of a long

residence time. Reproduced with permission.' Copyright 2019, Nature Publishing Group

spin qubit transistor fabricated via the electromigration
technique. At constant source-drain and gate biases, the
electron spin changes between the [T and || states by
sweeping the magnetic field, resulting in a
conductance jump.

Apart from spin-crossover metal complexes, the
charge transport of all-organic radical molecules has
also been explored in single-molecule junctions that
showed switching effects. Three terminal devices based
on a 2.4,6-hexakis(pentachlorophenyl)mesitylene diradical
molecule were fabricated by using feedback-controlled
electromigration (Figure 13B).”” The neutral diradical
molecule could undergo reversible and stable charges by
means of a gate voltage. An inelastic electron tunneling
spectroscopy in the two stable redox states revealed that
the added electron magnetically coupled to the two radi-
cal spins, preserving their open-shell character, while
changing the magnetic state of the molecule from a sin-
glet state to a doublet state with three unpaired elec-
trons. In this way, the exchange interactions between
the added electron and the two radical spins were

switched on and off by controlling the occupation of the
redox center.

Differing from the utilization of an electric field to
directly manipulate spin electrons, Mayor et al reported a
new mechanism to build single-molecule spin switches
based on voltage-triggered distortion of the ligand
(Figure 13C).” Fe' terpyridine complexes, in which one
ligand fixed the complex in the junction and the other
one exhibited an intrinsic dipole moment responding to
the strength of the applied electric field, have been
designed. At a threshold voltage, the central Fe ion
changed from a low-spin state to a high-spin state due to
the distortion of the coordination sphere under a high
electric field, resulting in a bistability in the current-
voltage curves.

3.2 | Magnetic field stimuli

A magnetically sensitive negative differential resistance
(NDR) effect for iron phthalocyanine (FePc) molecules
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on a single-layer copper nitride on a Cu(001) surface
was observed by using the low-temperature STM tech-
nique.'% The effective shift of the NDR with the mag-
netic field was enhanced by the inherent voltage
division across the two asymmetric tunneling barriers,
allowing for the creation of novel magnetoresistance
phenomena. Here, the magnetic field plays the role of
the gate electrode to control the charge transport. By
using the similar device structure but just replacing
the Cu,N capped Cu(001) substrate with an Au(111)
surface, Gao et al measured the charge transport of the
same FePc molecule.'’® By varying the magnetic field,
the electron pathway could be switched between two
molecular orbits, as shown in Figure 14A. At a weak
magnetic field, the spin direction of Fe was in plane
and currents flowed by the d.,/d,. orbital, while at a
strong magnetic field, Fe spin was aligned to the mag-
netic field and electrons tunneled preferentially
through the d, orbital, giving rise to a tunable aniso-
tropic magnetoresistance up to ~93%. This unique tun-
ability of the electron pathway arose from the
reorientation of the magnetic moment on the transition
metal center, resulting in a re-hybridizaiton of the
d orbitals. This work indicated that the multi-orbital
nature and the spin-orbit coupling could be exploited to
construct single-molecule spin switches. Diez-Pérez et al
achieved single-molecule electrical switches with an ON-
OFF ratio of >100 through spin-dependent transport at

room temperature.'*? In their Ni tip/spin crossover Fe'
complexes/Au substrate devices, the Ni electrode was
magnetically polarized, either an a-up or a f-down spin-
polarized Ni, providing a large conductance change
between the two distinct states.

As shown in Figure 14B, a novel single oligo(p-
phenyleneethynylene) (OPE)-based radical molecular
junction was successfully prepared by Scheer et al with
an MCBJ technique at a low temperature of 4.2 K.'%’
Different from those single-molecule junctions where
the magnetic center locates in the charge transport
channel, the employed molecule in this work had a radi-
cal group as a side chain. Surprisingly, the huge impact
of magnetic field on electron transport of the OPE radi-
cal molecule was observed with magnetoresistances of
16%-287% at a magnetic field of 4 T, while the values in
the non-radical pristine OPE were only found to be 2%-
4%. The results revealed that the unpaired electron
could reduce the electronic coupling between the
current-carrying molecular orbital and the electrodes
with increasing the magnetic field. Reversible spin
switches based on single-atom was realized as well by
Lutz et al, as depicted in Figure 14C.'°® The magnetic
bistability of individual Ho atoms on MgO was
observed, where the switching was induced by tunnel-
ing electrons. The magnetic origin of the long-lived
states was confirmed by single-atom electron spin reso-
nance on a nearby iron sensor atom.
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3.3 | Mechanical force stimuli

As displayed in Figure 15A, van der Zant et al. developed
an approach to induce the change of the spin state of Fe''
ions by an external stimulus of mechanical force by using
the MCBJ technique.'™* In these molecules, the relative
arrangement of the two terpyridine ligands within homo-
leptic Fe''-complexes could be mechanically controlled.
Upon mechanical pulling of source and drain electrodes,
the Fe' coordination sphere might be distorted, and thus
the spin state of the central metal ion switched from low
spin to high spin states. According to the statistics of con-
ductance measurements, a large fraction of molecular
junctions formed with the spin-crossover Fe'-complex
displayed a conductance increase of one to two orders of
magnitude during stretching the electrodes. Although the
reversible process that the Fe' ion changed from high
spin to low spin states by pushing the electrodes was not
yet realized, the concept in the work showed the possibil-
ity of building single-molecule spin switches by mechani-
cal force stimuli. With the STM-BJ technique, Lin et al
achieved the mechanically controlled reversible spin
crossover of  single  Fe-porphyrin  molecules
(Figure 15B)."*° By mechanically stretching or squeezing
the junctions by adjusting the tip height, the center Fe''
ion underwent a spin state change between S = 2 and
S = 1 reversibly for multiple times.

4 | SUMMARY AND PERSPECTIVE
Single-molecule electrical and spin switches are elec-
tronic components of the greatest importance in molecu-
lar electronics and spintronics. In this article, we
summarize the recent progress of various electrical
switches and spin switches in single-molecule junctions
according to different external stimuli that induce the
switching process. Thanks to the development of syn-
thetic chemistry and device processing techniques,
single-molecule switches have been successfully realized
in many stimuli-responsive systems and different device
structures, which operate by different working principles.
Meanwhile, theoretical physic and chemistry also play an
important role in explaining the switching mechanism
and novel physical phenomena. Unexpectedly, the
stimuli-responsive single-molecule device platform also
offers unique opportunities for photodetectors, chemical
sensors, and biosensors, which are not mentioned in this
paper.

We have witnessed various great breakthroughs in
molecular electronics in the past two decades. However,
there are still some challenges that need to be overcome
in future. First, the stability and reproducibility of

molecular devices remain challenging, due to the fact
that precise control of the contact geometry between the
molecule and electrodes is currently difficult. Second,
both STM-BJ and MCBJ are exploited as very powerful
tools in the fabrication of single-molecule junctions. But
these systems require harsh operating conditions, such as
high vacuum and ultra-low temperature, which limits
their potential for practical applications. Carbon elec-
trodes, including carbon nanotube and graphene, show
the priority over gold electrodes, as devices based on car-
bon electrodes are usually able to work at ambient condi-
tion. Third, sometimes controversial issues exist in
single-molecule devices arising from the complex fabrica-
tion process, special testing condition, and sensitivity to
the environment of the devices. However, as the rapid
progress of physical characterization technologies, vari-
ous more complex and precise measurements have been
performed, providing more abundant details to support
the conclusion repeatedly. In addition, different robust
single-molecule device fabrication methods have also
achieved considerable developments, which allow the
confirmation and comparison of the same physical mech-
anism in various types of electrical devices and thus pro-
vide more solid experimental data. At last, the standard
for evaluating single-molecule electrical and spin
switches is not completely established, and the further
integration of electronic components into digital circuits
still stays in the embryonic stage. We have enough confi-
dence to believe that molecular electrical and spin
switches have a promising future for bridging hard elec-
tronics to the soft molecular world.
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