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Towards single molecule switches

Jia Lin Zhang,®® Jian Qiang Zhong,?® Jia Dan Lin,?®> Wen Ping Hu,® Kai Wu,%®
Guo Qin Xu,?® Andrew T. S. Wee® and Wei Chen*2°f

The concept of using single molecules as key building blocks for logic gates, diodes and transistors to
perform basic functions of digital electronic devices at the molecular scale has been explored over the
past decades. However, in addition to mimicking the basic functions of current silicon devices,
molecules often possess unique properties that have no parallel in conventional materials and promise
new hybrid devices with novel functions that cannot be achieved with equivalent solid-state devices.
The most appealing example is the molecular switch. Over the past decade, molecular switches on
surfaces have been intensely investigated. A variety of external stimuli such as light, electric field,
temperature, tunneling electrons and even chemical stimulus have been used to activate these
molecular switches between bistable or even multiple states by manipulating molecular conformations,
dipole orientations, spin states, charge states and even chemical bond formation. The switching event
can occur either on surfaces or in break junctions. The aim of this review is to highlight recent advances
in molecular switches triggered by various external stimuli, as investigated by low-temperature scanning
tunneling microscopy (LT-STM) and the break junction technique. We begin by presenting the molecular
switches triggered by various external stimuli that do not provide single molecule selectivity, referred to
Received 8th November 2014 as non-selective switching. Special focus is then given to selective single molecule switching realized
using the LT-STM tip on surfaces. Single molecule switches operated by different mechanisms are
reviewed and discussed. Finally, molecular switches embedded in self-assembled monolayers (SAMs)
and single molecule junctions are addressed.
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1. Introduction of molecular switches
on surfaces

In the early 1970s, the visionary concept of using individual
molecules as active electronic components was sketched out by
Arieh Aviram and Mark Ratner." Since then, molecular electron-
ics has been considered one possible revolutionary successor
to conventional semiconducting electronics.>”* Research efforts
have been devoted to exploring the properties and device
opportunities of single molecules.”*® However, the rapid devel-
opment of molecular electronics only really took off during the
past two decades in tandem with the rise of the nanoscience era
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and the availability of manipulation probes at the single
molecule scale, such as the scanning tunneling microscope,
mechanically controlled break junction (MCB]J) or electromigration
break junction (EBJ) techniques.'”* Initially, miniaturization and
cost reduction were the main driving forces that provided the
impetus to develop a variety of experimental platforms to probe
electronic transport phenomena at the single molecule level.>*2°
Significant advances have been achieved over the past several
years. Although it is tempting to use molecular electronics to
mimic the basic functions of silicon devices, these approaches
do not really tap the potential of molecules. The field of molecular
electronics would only mature if it moves beyond the paradigm
of conventional electronics and simple transport models, and
instead explores the intrinsic functionality of molecules.>’*
Indeed, contemporary research in molecular electronics is
already moving in this direction.

Molecules often possess unique properties that have no
parallel in conventional materials, such as monodispersity,
self-assembly ability, intrinsic quantum mechanical behavior,
functionality and the ease of replacing functional groups,
flexible and low cost solution synthesis, etc. Therefore, the
rational design of molecules with specific functionality pro-
mises new devices with functions that cannot be achieved with

This journal is © The Royal Society of Chemistry 2015
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equivalent solid-state devices. Novel applications include coupling
light to the molecule for optoelectronic devices;'***>® harnessing
the electromechanical properties for molecular machines;*”>°
manipulating the electron spin for memory devices or spintronic
devices;”>***” and utilizing the unique recognition properties for
molecular sensors.**° The most appealing and basic example of
a functional molecule is the molecular switch.

Over the years, molecular switches on surfaces have been
intensely investigated.>'™°® A variety of external stimuli such as
light,”>”? electric field,**°® temperature’® and tunneling elec-
trons>? 290873757778 can be used to activate these molecular
switches between bistable®*™® or even multiple states.””>”®
Depending on the properties of the molecules, they can be
switched by changing conformations,>>>7-04767:69-72.77-81 qipole
orientations,””*® spin states,”"”> charge states, or even
bond formation.®® For such molecules to be used as electronic
components, they should be coupled to a support substrate and
wired to a molecular circuit without suppressing their switch-
ing performance. Self-assembly represents a promising bottom
up approach to integrate these molecules into circuits on
surfaces.”® Single molecular switches can also be chemically
connected to one or two external electrodes by the break
junction techniques, such as STM-based break junctions,
MCB]Js and EBJs. Single molecular diode or single molecule
field-effect transistor behavior can be realized in the break
junction configurations.

In this review article, we highlight recent advances in molecular
switches triggered by various external stimuli and realized in
different configurations. We begin by presenting molecular
switches on surfaces triggered by various external stimuli that do
not provide single molecule selectivity, referred to as non-selective
switching. Special focus is then given to single molecule manipula-
tion realized using low-temperature scanning tunneling micro-
scopy (LT-STM), which offers unique opportunities to operate
individual switches on the atomic scale. The conductance switch-
ing of the oligo(phenylene-ethynylene)s (OPEs) within SAMs are
also discussed. In the end, single molecule switches developed
using break junction techniques are demonstrated.

58-61,63
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2. Non selective switching triggered by
various external stimuli

Molecular switches, which can be interconverted between bis-

table or even multiple states by external stimuli such as light,”*”®

53-59,68,73,75,77,78 .

electric field,*>*® temperature,”® electrons
even chemical modifications,'*®*°* have attracted much atten-
tion. These external stimuli do not usually provide single mole-
cule selectivity (except the tunneling electrons from a STM tip).
Most switching processes are studied by LT-STM due to its
atomic-scale imaging capability. Hence, both the local topogra-
phy and electronic configurations can be probed before and after
the switching. Atomic scale characterization can provide a
fundamental understanding of the interaction between the
molecule and the external stimuli, and also help find a better
way to engineer the functionality of the molecule from rational
chemical design. In the following sub-sections, we will introduce
the various external stimuli in more detail.

2.1 Light induced switching

Photochromic systems can convert photon energy into mechanical
energy; thus they can be used as building blocks for the fabrication
of molecular device prototypes based on photomechanical
effects. Among photochromic molecules, azobenzenes have
been extensively investigated due to their photoisomerization
property.®©6972:1027107 They can reversibly transform from one
isomeric state to another upon adsorption of light in the
gas-phase or solution-phase. However, this process can be
quenched at a surface due to the molecule-surface coupling.
By attaching four tert-butyl “legs” (TB: C4H,) to an azobenzene
scaffold (C;,H;oN,), Comstock et al. demonstrated reversible
light-induced mechanical switching between ¢rans and cis states
on Au(111).”* The TB legs lift the azobenzene molecule from
the substrate, thereby increasing molecular photomechanical
activity by reducing the molecule-surface coupling. Fig. 1a
and b shows the same island of TTB-azobenzene molecules on
Au(111) before and after a 3 h exposure to UV light. Before UV
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Fig. 1 (a) Same island of TTB-azobenzene molecules before and (b) after a 3 h exposure to 90 mW cm™2 UV irradiation at 375 nm. (c) Calculated trans
geometry. (d) Calculated cis geometry. (e) Calculated trans LDOS integrated from Er to Er — 1 eV, at an isosurface about 3 A away from the nearest atoms.
(f) Calculated cis LDOS isosurface. Reprinted from ref. 72, with permission from the American Physical Society, copyright 2007.

exposure the island is uniformly composed of the trans-isomer
with four peripheral lobes. After UV exposure the emergence of
the cis isomer of TTB-azobenzene (bright protrusions) can be
seen in the island. The calculated geometry and local density of
states (LDOS) isosurface integrated from Ey to Ex — 1 eV for trans
and cis azobenzenes are shown in Fig. 1c-f, in good agreement
with the experiment. Theoretical studies suggest that there are
two possible mechanisms for the trans-cis switching in solution.
One is the inversion mechanism with in-plane bending of the
C-N=N angle,"®* another is the rotation mechanism, with an
out-of-plane rotation of the N=N bond.'*® However, for the
metallic surface-bond azobenzene, the switching is proposed via
the formation of a hole in the d band of the metal surface and
subsequent transfer of an electron from the HOMO.'® The
azobenzene molecules adsorbed on the surface have a low
photoswitching efficiency compared with that in solution. Many
applications profiting from the conformational rearrangement
of the molecule have been proposed, such as optical data storage
devices, sensors and light-powered molecular machines."**"*>

2.2  Electric field induced switching

Another way to induce molecular switching is the use of an electric
field. In the presence of an electric field, the reaction potential
energy pathway can be deformed, leading to an effective lowering of
the switching barrier. This effect depends on the presence and
orientation of an intrinsic dipole moment, as well as the polariz-
ability of the molecule.>® Using the same azobenzene molecule as in
Section 2.1, Alemani et al. demonstrated an electric field induced
reversible trans—cis isomerization by STM.®® The isomerization
experiments were performed by positioning the STM tip at a fixed
height above a molecular island with the feedback loop off and
applying a pulse voltage V to the centre of the island. The
STM images before and after nine equivalent pulses are shown

3000 | Chem. Soc. Rev., 2015, 44, 2998-3022

Fig. 2 (a) Island of trans-TBA containing about 400 molecules (37 x 37 nm?).
Subsequent voltage pulses (20 s, Viampe = 2 V. tip height = 6 A) are applied at
the position indicated by the cross. (b) STM image after nine pulses: 43
molecules have been switched to the cis form. Reprinted from ref. 66, with
permission from the American Chemical Society, copyright 2006.

in Fig. 2a and b. Many molecules have changed their appearance
from the trans form to the cis form. It is found that the threshold
voltage increases when retracting the tip. The isomerization process
occurs even at very large sample-tip distances where no tunneling
current is flowing. Moreover, it is also possible to isomerize
molecules when the tip is positioned above the bare surface near
the molecular island. All these observations, together with the large
distance over which switched molecules are observed, lead to the
conclusion that the trans—cis isomerization is driven by the electric
field in the STM junction. Comparison of the light induced and
electric field induced switching shows that different external stimuli
can be used to operate the very same molecule.

2.3 Temperature induced switching

In some molecular systems, the energy barrier between two mole-
cular states is relatively low (about kT or 0.026 eV). In that case, it

This journal is © The Royal Society of Chemistry 2015
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is possible to switch a molecule by thermal excitation. Such
temperature induced switching is, however, not very direc-
tional. Switching can occur in both directions unless there is
a significant energy difference between the two isomers of the
molecules. Weigelt et al. investigated a model system with
thermally induced conformational changes.®® The chemical
structure of the investigated molecule 1,4-bis[(5-tert-butyl-3-
formyl-4-hydroxyphenyl)ethynyl]benzene is shown in Fig. 3a.
Vapor deposition of this compound onto the inert herringbone
reconstructed Au(111){(22 x ./3) surface results in two coexisting
adsorption phases. In the phase shown in Fig. 3c, the molecules
adsorb with their backbone parallel to the substrate and align into
rows shifted relative to each other by half the repeat distance along
the rows, analogous to the stacking in a brick wall. As shown in
Fig. 3b, three surface conformers exist: one achiral meso-form

Fig. 3
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(LR/RL) and two chiral enantiomers (LL and RR). From the time-
lapse sequence of STM images, it is found that the bright protru-
sions ascribed to ¢-butyl groups occasionally change position from
one side of the molecular backbone to the other. Such shifts are
illustrated in Fig. 3d by superimposing two time-separated STM
images of the same surface area. This spontaneous flipping
process implies that the molecules can switch between different
surface conformations, specifically from chiral (RR/LL) to achiral
(RL/LR) or vice versa. The observed conformational changes have
implications for the chiral ordering on surfaces. As shown by the
coexisting second phase in Fig. 3e, the molecules connect to form
two windmill-like arrangements with different chirality. Each
chiral form of the tilting pattern consists entirely of one of the
two chiral surface conformers (LL/RR). The homochiral assembly
on surfaces is of interest in heterogeneous asymmetric catalysis.

(a) Chemical structure of the investigated molecule 1,4-bis[(5-tert-butyl-3-formyl-4-hydroxyphenyl)ethynyllbenzene. (b) Three distinct surface

conformers, two of which are enantiomers. R and L indicate the position (right and left) of the t-butyl group with respect to the molecular backbone as
seen from the centremost benzene ring. (c) Constant current STM image of the brick-wall adsorption structure attained under tip conditions primarily
revealing the t-butyl groups. (d) Overlay of two STM images taken with a time separation of 168 s (Vsampie = 1.96 V, | = 0.4 nA, Tsample = 180 K, scale bar
2 nm). Blue (orange) indicates the initial (final) positions of t-butyl groups that change position, whereas stationary groups appear grey. Two cis—trans and
one trans—cis (right most in image) flips are shown. Outlines of three molecules are indicated as well as stationary cis (rectangle) and trans (circles)
arrangements of endgroups. The indicated line follows the direction of the molecular backbones. (e) STM images and schematic models of the network
structure (scale bar 2 nm). The images show domains of opposite chirality. The zoom-in on a structural node illustrates the correlation between the tiling
pattern and the molecular chirality, leading to homochiral domains consisting exclusively of RR or LL-conformers. Reprinted from ref. 80, with
permission from Nature Publishing Group, copyright 2006.

This journal is © The Royal Society of Chemistry 2015 Chem. Soc. Rev., 2015, 44, 2998-3022 | 3001
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2.4 Tunneling electron induced switching

There has been much effort to understand the interactions between
electrons and adsorbates on surfaces. Different mechanisms can be
involved, including desorption induced by electron transitions,'**
direct coherent excitation induced desorption,'* resonant electron
stimulated desorption,'™> desorption induced by multiple electron
transitions and dissociative electron attachments."**""” How-
ever, the surface phenomena are not limited to desorption.
Using tunneling electrons, various modifications of the adsor-
bates, which cannot be obtained with conventional sources,
have been observed by STM.*>*>®® Surface phenomena such
as desorption,"*® dissociation,"*® hopping,'*° rotation'*! and
chemical reactions'*> have been reported as a consequence of
electronic or vibrational excitation. By injecting hot electrons
from an STM tip, Chen et al. demonstrated the nonlocal
chemical reactivity of one monolayer copper hexadecafluoro-
phthalocyanine (F;,CuPc) adsorbed on two different substrates,
Ag(111) and Au(111)."*?

Fig. 4a and b show the STM images of F;,CuPc molecules
adsorbed on the Ag(111) and Au(111) surface before pulsing.
After applying a pulse on the target molecule on Ag(111), one of
the four ligands of the molecule disappears. Such a chemical
reaction is not limited to the molecule under the STM tip. As
shown in Fig. 4c (pulsed at —3.0 V tip bias, 3.5 nA, 50 ms), the
reaction also occurs on five molecules at different distances
from the STM tip. This nonlocal chemical reaction can be
observed as far as 12 nm from the STM tip. Similar nonlocal
behavior is also observed for molecules on Au(111), where one
ligand of the reacted molecules is shortened by the pulse
(Fig. 4d). The threshold voltage for this nonlocal chemical
reaction is determined to be —1.9 V and —2.4 V for Ag(111)
and Au(111) respectively. The relatively high energy suggests
that the reaction proceeds via electronic excitations of the
molecule. If the reaction is induced by tunneling electrons,
the reaction rate R,, current I, and reaction order n should obey
the relation R, = I¢.*® By investigating the switching rate as a
function of the tunneling current, the reaction order is deduced
to be ~4 (~2) for Ag (Au), and the single-molecule reaction

Fig. 4
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deduced to be a four-electron (two-electron) process for mole-
cules on Ag(111) (Au(111)). The observed shorter ligand is
caused by C-F bond dissociation. The mechanism is known
as dissociative electron attachment,'?* in which electrons with
specific energies can be captured into the antibonding n*
orbitals of the molecule, and then transferred into the o*
orbital, causing bond breaking. Lateral hot-electron propaga-
tion is proposed to explain the nonlocal reactions. Density
functional theory (DFT) calculations reveal that the mixing of
molecular orbitals with metal surface states is the main chan-
nel facilitating the propagation of hot electrons, as shown in
the schematic in Fig. 4e and f. Electrons propagating in a metal
surface can back-transfer into the n* orbitals of another mole-
cule through the “bridge” formed between the molecule and
substrate, leading to another defluorination reaction.

In addition to the bistable switching, the tunneling elec-
trons can also trigger multi-state switching. Elegant examples
include the tunneling electron induced rotation of a triangular
Sc;N cluster within an icosahedral Cg, fullerene cage among
three different configurations, where the antisymmetric stretch
vibration of Sc;N acts as the gateway for energy transfer;'** and
a four-level conductance switching of the free-base tetraphenyl-
porphyrin molecule by tunneling electron induced moving of
the inner hydrogen atom between different positions.”®

2.5 Chemical stimulus induced switching

Planar organometallic complexes with extended m-conjugation,
for example, metalloprophyrins and metallophthalocyanines,
can possess a wide range of functionalities.'*™*?® Their chemical
properties can be varied by changing the metal ion at the center
or by attaching different functional groups to the macrocycle.
Moreover, the coordinatively unsaturated character of the metal
center can act as a local reactive site for the ligand attachment,
which opens the unique possibility of controlling its properties
by external chemical stimuli."** > The coordination of gas mole-
cules to the metal center usually causes measurable changes in
the molecule-substrate interaction,"*® color,*® or even magnetic
properties of the metal complex,'** enabling promising applications

(a) STM images of F1sCuPc molecules adsorbed on Ag(111) surface and (b) Au(111) surface before pulsing. (c) STM images of F;sCuPc molecules on

Ag(111) and (d) Au(111) after a pulse at —3.0 V and —3.2 V on top of the target molecule. The blue dot, rectangles, and circles represent the pulsing
position, reacted molecules, and bright molecules not induced by pulsing. (e) Schematic cartoons illustrating the electron transport process. Electron
capture in * orbitals of molecules (step I), transfer from molecule to surface metal atoms (), propagation in hybridized states of metal atoms (lll), then
back capture in n* orbitals of another molecule (IV) on Ag(111) and (f) Au(111). Black and gray solid circles represent C atoms of molecules and metal
atoms at the surface. Reprinted from ref. 123, with permission from the American Chemical Society, copyright 2009.
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Fig. 5

View Article Online

Chem Soc Rev

d/dV (nAN)

/ CO-MnPc

siio, ™,
20 10 0 10 20

Sample bias (mV)

(a) STM image of a highly ordered MnPc island (Vsampie = 0.25V, I = 0.2 nA). (b) MnPc island after exposure to CO (Vsampe = 0.18 V, / = 0.2 nA). CO-

coordianted molecules can be distinguished by different apparent heights. Inset images in (a) and (b) show schematic pictures of the chemical structure
of MnPc and CO-MnPc. (c) High resolution STM image of bare and CO-ligated MnPc (Vsampie = —0.25V, I = 0.1 nA). (d) Adsorption model of MnPc on
Bi(110). (e) d//dV spectra of MnPc and CO-coordianted MnPc in the bias range close to Eg, showing the zero bias anomaly. The dotted plots are the
spectra measured on a bare Bi surface as a reference. Reprinted from ref. 101, with permission from the American Physical Society, copyright 2012.

in gas sensing,* catalysis'** and molecular spintronics.'® Recently,
Strézecka et al. demonstrated chemical control over the molecular
spin of manganese phthalocyanine (MnPc) by coordination of CO
molecules." Fig. 5a and b shows densely packed MnPc islands on
Bi(110) before and after CO exposure. Several molecules exhibiting
larger apparent heights in Fig. 5b are identified as CO-ligated MnPc,
where a single CO bonds directly to a Mn ion. The corresponding
high resolution image is shown in Fig. 5c. The differential con-
ductance (dZ/dV) spectrum measured close to Ex on MnPc reveals a
pronounced anomaly at zero bias, which is a fingerprint of the
Kondo effect (Fig. 5d)."**"*® When similar spectra are measured on
CO-MnPc molecules, the zero bias anomaly appears much broader,
with a slightly different line shape. This indicates that the coordina-
tion to CO modifies the magnetic state of the molecule. DFT
calculations reveal that the spin of the MnPc molecule is reduced
from S = 3/2 to S = 1 upon adsorption. CO ligation further reduces
the spin of MnPc from S =1 to S = 1/2. CO affects the magnetic state
of MnPc in two ways. First, it increases the splitting of the d orbitals,
hence leading to the low spin configuration; second, it reduces the
coupling of the d orbitals to the substrate. This modification is
reversible and can be controlled by selective removal of CO mole-
cules using the STM tip.

A common feature of the above mentioned external stimuli
is that they cannot provide single molecule selectivity. Although
tunneling electrons from the STM tip can potentially manipu-
late a single molecule, in the situations discussed, lateral
transport of hot electron induces nonlocal reactions. In the
next section, we focus on the selective STM tip-assisted single
molecule manipulation and switching.

3. Selective single molecule
manipulation studied by STM

Since its invention in the early 1980s by G. Binnig and H. Roher,
STM has become a powerful tool in real-space atomic-scale imaging

of surface structures, as well as in characterization of the electronic
and vibrational structures of surface adsorbates.’***> The STM

This journal is © The Royal Society of Chemistry 2015

also offers the fascinating possibility of single molecule manipula-
tion. Manipulation of molecules may involve a controlled change in
their positions, switching between different conformations, elec-
tronic and chemical structures, or inducing chemical reactions.®>%°
A variety of tip-molecule interactions can be used in a controlled
manner to manipulate single molecules, such as the electric field at
the tip-sample junction, tunneling electrons, and tip-molecule
interaction forces. With STM, various molecular switches sup-
ported on surfaces can be studied at the single molecule level. In
the following section, we review STM induced single molecule
switches induced by different mechanisms, including conforma-
tion switching, dipole switching, spin switching, charge switching
and bond switching.

3.1 Conformation switching

Most molecular switches operate by changing conforma-
tions,*?747:94757:59762,6771 A conformational switch is defined
as a switchable molecule, which has isomers with different
three-dimensional (3D) structures. The switch may take place
in the 3D molecular conformation, without a modification of the
bond structure. This is called stereoisomerization.** Elegant
examples include the well-known trans-cis isomerization of
azobenzene molecules as aforementioned and the mechanically
interlocked switches formed by catenanes and rotaxanes.®”
Isomerization may also take place by a reshuffling of the
intermolecular chemical bonds, which is referred to as struc-
tural isomerization. An elegant example of structural isomer-
ization is the current-induced hydrogen tautomerization of
naphthalocyanine molecule, as demonstrated by Liljeroth
et al.>® Fig. 6a shows the dI/dV spectra acquired on an isolated
naphthalocyanine molecule adsorbed on a NaCl(100) bilayer on
Cu(111). The corresponding STM images and DFT simulated
images of the HOMO, LUMO and in gap orbitals are shown in
Fig. 6b. It is found that the LUMO image allows for easy
determination of the position of the inner hydrogens. The arms
with hydrogens show a single-lobe structure at the end, as
opposed to the nodal plane along the other two arms. Hydrogen
taumerization can be induced by positioning the tip above the

Chem. Soc. Rev., 2015, 44, 2998-3022 | 3003
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(a) Spectroscopy of naphthalocyanine on a NaCl bilayer on Cu(111) where the peaks correspond to tunneling into the LUMO (positive bias) and out

of the HOMO (negative bias). (b) STM images at Vsampie = —1.6 V. | = 1 pA (left) and Veampie = 0.65 V, | = 1 pA, as well as at low bias (Vsampie = 0.05V, | = 1 pA)
compared with the calculated HOMO and LUMO of the free molecule. The lower center panel shows the structure model to scale where the arrow indicated
the central hydrogen atoms that are along the horizontal arms. The STM images were obtained with a molecule terminated tip. (c) (Left) Current-trace obtained
at a bias of 1.7 V when the tip was positioned at one end of the molecule (red dot in STM images). (Right) Orbital images showing the orientation of the LUMO
corresponding to the high- or low-current state (2 pA, 0.7 V). (d) Schematic of the hydrogen tautomerization reaction responsible for the switching. Reprinted
from ref. 53, with permission from the American Association for the Advancement of Science, copyright 2007.

molecule and substantially increasing the bias above the LUMO
resonance. The reaction can be directly monitored in the
current signal. During the measurement, the tunneling current
switches back and forth between two well defined levels, as
shown in Fig. 6c. When the bias is lowered and the LUMO is
imaged at resonance, the two current levels correspond to a 90°
rotation of the LUMO. This observation is attributed to changes
in the position of the imino hydrogens in the central cavity. The
dependence of the switching rate on the current is linear. This
indicates that the switching is caused by a one-electron process.

3.2 Dipole switching

To enable applications of molecular switches in molecular
nanodevices, such as high density data storage devices, it is
necessary to introduce the desired functionality into the mole-
cule and assemble them into well-ordered molecular arrays. By
rational design of molecules with molecular centers featuring
key functionalities such as a dipole or magnetic moment, and
peripheral atoms for intermolecular hydrogen bonding, the
fabrication of long-range-ordered molecular nanostructure
arrays with desired functionalities over macroscopic areas can
be achieved.”'**7'%¢ Dipolar phthalocyanine molecules have
been demonstrated to be able to control surface or interface
properties and tune the interface energy level alignment in
molecule-based devices. Such molecules provide an interesting
example of a molecular switch.'*>**7'>?

Wang et al have demonstrated a single-dipole molecular
switch by pushing and pulling the Sn ion through an adsorbed
tin phthalocyanine (SnPc) on Ag(111).>® As shown in Fig. 7a and b,
SnPc can adopt two conformations on Ag(111). In one conforma-
tion the Sn atom points toward the vacuum; while in the other
conformation, the Sn atom points toward the surface. Molecules
directly adsorbed on the metal surface can be transformed

3004 | Chem. Soc. Rev., 2015, 44, 2998-3022

a b

Fig. 7 (a) Side views of Sn-up and (b) Sn-down molecules with fully relaxed
adsorption geometry. (c) and (d) pseudo-three-dimensional presentation of
constant-current STM images of Sn-up (2.0 x 2.0 nm2, Veampe = =02V, | =
0.05 nA) and Sn-down 2.0 x 2.0 nm? Veaample = —0.05 V, | = 0.05 nA)
molecules adsorbed on Ag(111). (e) and (f) STM images of Sn-up (2.0 x
2.0 NM?, Vampie = —0.9 V, I = 0.2 nA) and Sn-down (2.0 x 2.0 NM?, Vaarmpie =
—1.8YV, I = 0.2 nA) molecules adsorbed on a single SnPc layer. The single arrow
between (c) and (d) illustrates the irreversible switching from Sn-up to Sn-down
conformations, while the double arrow between (e) and (f) illustrates the
reversible switching. Reprinted from ref. 56, with permission from the American
Chemical Society, copyright 2009.

irreversibly from the Sn-up to the Sn-down conformation by
applying a negative sample voltage (Fig. 7c and d). The reversible

This journal is © The Royal Society of Chemistry 2015
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switching between Sn-up and Sn-down can only be achieved on
the second layer SnPc, as shown in Fig. 7e and f. From their
experimental observations and calculations, they proposed that
the transition from Sn-up to Sn-down is achieved via hole attach-
ment. The resonant tunneling out of the highest occupied mole-
cular orbital (HOMO) — 1 of Sn>" creates a transiently oxidized
Sn**, which is smaller than Sn®*. The applied pulse voltage
provides energy to move the Sn*" further towards the substrate
surface. The most likely mechanism leading to the Sn-down to
Sn-up switching is the excitation of intramolecular vibrations.
This switching is induced by the positive sample bias. The
resonant transfer of tunneling electrons to the lowest unoccupied
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molecular orbital (LUMO) + 1 gives rise to a negatively charged
and thus transiently reduced molecule. Upon leaving the mole-
cule, the electrons may deposit energy to vibrational degrees of
freedom of the molecule and thus excite the switching process.
Reversible switching of a single-dipole molecule of chloro-
aluminium phthalocyanine (ClAlPc) in an ordered molecular
array on graphite has also been demonstrated by Huang et al.”®
The operating mechanism is based on reversible dipole switch-
ing. As the nonplanar dipolar molecule possesses an out-of-
plane electric dipole moment of 3.7 D, it adopts two distinct
configurations on graphite, namely, Cl-up and Cl-down. Fig. 8a
shows the optimized CIAIPc molecular structure based on DFT

(@) A schematic drawing shows the chemical structure of the CIAIPc molecule, the nonplanar molecule can adopt Cl-up and Cl-down

configuration on a surface. (b) Large scale STM image demonstrates the formation of the molecular dipole monolayer by aligning the CIAIPc molecules in
Cl-up configuration (Vij, = 2.5V; 50 x 50 nm?; 77 K). (c) The sub-molecularly resolved STM image (Viip =2.0V; 10 x 10 nm?; 77 K). (d—f) A letter ‘N’ was
recorded by applying a series of voltage pulses (Vij, = 2.2 V; 12 x 12 nm?; 5 K). (g—i) Images demonstrating the process of transforming the ‘U’ pattern to
an 'H' pattern (Vo = 2.5V; 10 x 10 nm?; 5 K). Green crosses denote the target molecules where positive voltage pulses (+4.5 V, 2 ms) were applied, and
the red crosses indicate where negative pulses (=3 V, 2 ms) were applied. Reprinted from ref. 98, with permission from Wiley-VCH Verlag GmbH,
copyright 2012.
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calculation. When adsorbed on the graphite surface, the ClAlPc
molecules are spontaneously aligned in the Cl-up configuration,
forming a highly-ordered close-packed structure (Fig. 8b) stabi-
lized by interfacial n—r interactions. Each molecule appears as a
four-lobe feature with a central protrusion (corresponding to the
Cl-up configuration, Fig. 8c).

Single molecule switching can be realized in this monolayer
by positioning the STM tip above the target molecule and
subsequently applying a voltage pulse. A letter ‘N’ is successfully
written in the molecular dipole array at 5 K, by applying a series
of positive voltage pulses of +4.5 V for 2 ms. The molecules
marked by the green crosses are switched from the Cl-up to the
Cl-down configuration after pulsing (Fig. 8d-f). Letters ‘U’ and
‘H’ are written sequentially through the similar processes
(Fig. 8g-i). The reversible switching from the Cl-down to the
Cl-up configuration is realized with a negative bias voltage.
As demonstrated in Fig. 8h and i, the Cl-down molecule denoted
by the red cross in Fig. 8h is pulsed by a negative voltage of
(—=3V, 2 ms) and it switches back to the Cl-up configuration (Fig. 8i).

View Article Online
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Incorporation of these dipole molecular switches into two-
dimensional hydrogen bonded binary molecular networks formed
by perfluoropentacene (PFP) and ClAlPc has also been demon-
strated.”” By varying the binary molecular ratio, the interdipole
separation in the molecular dipole dot arrays and hence the dipole
densities can be easily tuned with molecular precision.

Moreover, formation of multiple intermolecular hydrogen
bonds between the periphery F atom on PFP and the H atom of
neighboring ClAIPc molecules can further enhance the struc-
ture stability during the switching. Fig. 9a shows a highly
ordered ‘“square” network formed by PFP and ClAlPc with a
binary molecular ratio of 2:1. High-resolution STM images
(Fig. 9b and c) reveals that all ClAlIPc molecules are well
separated by neighboring PFP molecules, which enables inde-
pendent addressing at the single-molecule scale.

Switching between the Cl-up and the Cl-down can also be
realized in this “square” network, as shown in Fig. 9e-h. The
molecule indicated by the yellow circle can be switched from
the Cl-up (Fig. 9e) to the Cl-down configuration (Fig. 9f) by

1 ¢ (¥)

2 ¢

Fig. 9 (a) STM image (Vi = 2.0 V; 45 x 60 nm?; 77 K) of a long-range-ordered “square” binary molecular network formed by PFP and CIAIPc with a binary
molecular ratio of 2:1 on HOPG. (b) High-resolution STM images of the “square” structure: (Vi = 2.5V, 15 x 10 nm?; 77 K) and (c) Vgp=20V;9x 6 nm?; 77 K).
(d) Schematic packing structure for the “square” network. (e—h) Sequential STM images showing the reversible switching between the Cl-up and the Cl-down
configurations (Vyp = 2.1, 2.0, 2.0, 2.2 V; 10 x 10 nm?; 77 K). Molecule indicate by the red circle (molecule 1) was switched from Cl-up (b) to Cl-down (c) by a positive
voltage (+4.5 V, 5 ms), and molecule indicated by the yellow circle (molecule 2) was switched from the Cl-up configuration (a) to the Cl-down configuration (b) by a
positive voltage pulse and back to the Cl-up configuration (d) by applying a negative pulse (—3.5 V, 5 ms). Corresponding schematics demonstrating the switching of
molecules 1 and 2 are shown below each STM image. Reprinted from ref. 97, with permission from the American Chemical Society, copyright 2014.
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applying a positive voltage pulse of 4.5 V for 5 ms, and then
back to the Cl-up configuration (Fig. 9h) by applying a negative
voltage pulse of —3.5 V for 5 ms. It is worth noting that only one
ClAlPc molecule directly under the STM tip is switched with the
neighboring hydrogen bonded molecular networks unaffected,
and the in-plane orientation of the switched molecule
unchanged. It is proposed that the reversible switching is
induced by the “shuttling” of the Cl atom between two
sides of the ClAIPc molecular plane. The nudged elastic band
(NBE) algorithm was employed to reveal the minimum-
energy pathway for Cl-atom shuttling. The energy barrier for a
single switching process is found to be 2.89 eV for the
minimume-energy path, which is in close agreement with the
experimentally observed threshold voltage. Such reversible and
controllable dipole switching is spatially confined to the
addressed molecule, and leaves the neighboring binary mole-
cular network unaffected, demonstrating its potential in high-
density data storage molecular devices.

3.3 Spin switching

The emerging field of molecular spintronics combines the ideas
and advantages of spintronics and molecular electronics.”” A
fundamental link between these two fields can be established by

View Article Online
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using molecular magnetic materials, in particular, single-
molecule magnets (SMM).*"'°%'** SMM have been investigated
for their rich quantum behavior, such as quantum tunneling of
magnetization,> quantum phase interference,"”® the Kondo
effect®® and Zeeman splitting of the Coulomb-blockade peaks.'*®
Due to the presence of large spin and high anisotropy barrier,
SMM in a time-dependent magnetic field exhibits magnetic
hysteresis loops.'®” This presents an exciting opportunity per-
spective of exploiting spins to store and process information.
Using the double-decker bis(phthalocyaninato) terbium/(ur)
complex (TbPc,) as a SMM,"*® Komeda et al. showed that the
molecular spin can be switched on and off by applying an
electric current via an STM.'*® The switching is manifested
through the disappearance and reappearance of the Kondo
resonance. The Kondo effect arises from the coupling between
a localized electron spin and a sea of conduction electrons.'>? %!
Fig. 10a shows an STM image of an isolated TbPc, adsorbed on
Au(111). Fig. 10b and c are the schematic models of the top view
and side view of TbPc,. Two Pc ligands sandwich a Tb ion with
an azimuthal rotational angle of 45°. A simulated STM image of
the TbPc, molecule on Au(111) is shown in Fig. 10d, and
indicates that the eight protrusions in the STM images are
from the upper Pc ligand. TbPc, in a monolayer film forms a

0=45° ¢=30°

Fig. 10
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(a) STM image of an isolated molecule of TbPc, on Au(111). (b) A schematic model of the double-decker TbPc, molecule. The upper (lower) Pcis

coloured in blue (silver). (c) Side view of the TbPc, molecule after structural optimization by using DFT calculations. (d) A simulated STM image of the
TbPc, molecule by DFT calculations. (e) Film of TbPc,. An alternating contrast pattern of nine molecules is shown on the right hand side with brighter
molecules in yellow and darker molecules in brown. (STM images of a and e were obtained with Vample = —0.8 Vand / = 0.3 nA. Bars correspond to 1 nm).
(f) A magnified image of bright (upper) and dark (lower) molecules. The black (green) line connects lobes 2 and 6 of bright and dark molecules. The two
lines are rotated 15° with respect to each other. (g) A tentative model of the adsorption configuration of the TbPc; film, corresponding to the image in e.
Bright (0 = 45°) and dark (6 = 30°) molecules form a pseudo-square lattice, and the red and blue Pc ligands correspond to vacuum- and substrate-side Pc
ligands, respectively. (h) and (i) conversion of the centre molecule from bright (0 = 45°) to dark (0 = 30°) by applying a current pulse. The target molecule is
marked by an arrow. Change in the contrast and the top view of the centre molecule are schematically illustrated. (j) Current during a —2.0 V voltage
pluse over a TbPc, molecule initially in the bright state. The tip remained fixed over a lobe position with the feedback loop open. Each jump in the current
indicates the moment of rotation of the molecule and low state corresponds to the dark state. (k) Comparison of the Kondo peaks before | and after Il the
application of the pulse. Reprinted from ref. 146, with permission from Nature Publishing Group, copyright 2011.
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checkerboard contrast pattern, as depicted on the right hand
side of Fig. 10e. The bright and dark molecules are shown in
yellow and brown colors, respectively. The magnified image in
Fig. 10f reveals that the upper Pc ligand of the bright and dark
molecules are rotated 15° with respect to each other. The bright
and dark molecules can be switched between each state by
injecting enough current via the STM tip. As shown in Fig. 10h
and i, the centre molecule is converted from bright to dark by
applying a pulse Vsample to the molecule. Rotation of a molecule
can be monitored by the tunneling current change, as shown in
Fig. 10j. The high and low states of the tunneling current
correspond to the bright and dark state respectively. The log-
log plot of the rotation rate versus tunneling current yields a
slope of ~1.09. This suggests that the current-induced rotation
is a one-electron process. Fig. 10k shows the analysis of
tunneling conductance (df/dV) on a TbPc, molecule. A clear
Kondo resonance is observed when the tip is positioned over
one of the lobes of the bright molecule. However, the Kondo
feature disappears for the dark molecule. Moreover, when the
tip is placed over the center of the bright or dark molecule, no
Kondo feature can be observed. This indicates that an unpaired
electron in a n orbital of the upper Pc ligand of the bright
molecule is responsible for the appearance of the Kondo peak.
DFT calculations shows that upon rotation of the upper Pc
ligand by 45°, the singly occupied molecular orbital (SOMO)
moved toward the Fermi energy. Hence, in the presence of the
Au(111) surface, the SOMO became doubly occupied near
0 = 30° due to charge transfer from the surface, quenching
the molecular spin and the Kondo state. The controlled on and
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off switching of a molecular spin makes it possible to code
information at the single-molecule level.

3.4 Charge switching

Molecular charge switching requires bistability of the charge
states of the molecule. This can be achieved if (i) the lifetime of
the tunneling electron on the molecule is sufficiently long and
(ii) there is a mechanism that stabilizes the extra charge on the
molecule.®**>'%* If the atom/molecule is directly adsorbed on a
metal surface, the strong coupling between them can neutralize
the charge residing on the atom/molecule. However, if the
atom/molecule is adsorbed on an ultrathin insulating film,
the life time of the electron on the atom/molecule can be
considerably increased, leading to a stable charge state.

Repp et al. showed that individual gold atoms on an ultra-
thin insulating NaCl film supported by a copper surface can
exhibit two different charge states.®® As shown in Fig. 11a,
individual Au atoms on NaCl(100)/Cu(111) are imaged as
protrusions. By applying a positive 0.6 V to the sample and
monitoring the current, a sharp decrease in the tunneling
current can be observed (Fig. 11d). The subsequent STM image
in Fig. 11b shows that the manipulated Au adatom now has a
sombrero-like shape. By applying a negative voltage pulse to the
sample, the Au adatom can be switched back to its original
state, as shown in Fig. 11c. The two states before and after
manipulation are assigned to the neutral and negatively
charged states, respectively, as further confirmed by DFT
calculations. As shown in Fig. 11e-j, for the Au’ adatom, a
weak bond is formed with a binding energy of 0.4 eV. It is
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(a) STM image of Au adatom on NaCl/Cu(111). After recording the image (a), the STM tip was positioned above one of the Au adatom (arrow) and

a positive voltage pluse was applied to the sample. After a time t, a sharp decrease in the tunneling current can be observed in (d). A subsequent STM
image (b) shows that the manipulated Au adatom has a different appearance but did not change its position. By applying a negatibe voltage pulse, one can
switch the manipulated adatom back to its initial state (c). (€)—(g) Calculated electronic and geometric properties of the neutral and (h)—(j) negatively
charged Au adatom. The ion-core positions are represented by a sphere model (e and h), in which the spheres representing Au, Cl~, and Na* are clolored
gold, green, and blue, respectively. The calculated partial density of states (PDOS) of s-states at the Au adatom (f and i). the 6s-derived state is partially and
fully occupied in (f) and (j). STM images are simulated by contours of constant LDOS (g and j), where z = 0 A corresponds to a distance of 6.4 A from the
topmost NaCl reference plane. Reprinted from ref. 63, with permission from the American Association for the Advancement of Science, copyright 2004.
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adsorbed about 3.2 A above the ClI~ ion and leaves the ionic
positions within the NaCl film relatively unperturbed. However,
the position of the Au™ adatom is 0.4 A closer to the surface,
and is stabilized by large ionic relaxations within the NacCl film.
The CI” ion underneath the adatom is forced to move down-
ward by 0.6 A, and the surrounding Na" ions move upward by
0.6 A. This relaxation pattern creates an attractive potential for
the additional charge on the Au adatom. The additional charge
is further stabilized by the screening charge in the metal
substrate and by the electronic polarization of the ionic layer.
Statistical analysis of the switching behavior of Au adatoms
suggests that the switching between two charge states is
attributed to inelastic electron tunneling.

3.5 Bonding switching

Due to its ability to image and manipulate adsorbates at the
atomic scale, the STM is also a powerful tool for molecular-scale
chemical reaction studies, such as dissociation, diffusion,
adsorption, desorption and bond-formation processes.*® Complex
mechanisms are involved when forming a bond between two
adsorbed molecular fragments on a surface. To form a bond
between them, the electronic wave functions of their reactive parts
need to overlap significantly. Hence, they have to be in close
proximity on the surface and their reactive parts must align
properly. Mohn et al. have presented a molecular switch based
on the reversible bond formation between a Au adatom and an
organic admolecule [perylene-3,4,9,10-tetracarboxylic dianhydride
(PTCDA)] on a thin NaCl film supported by a Cu substrate.®®

The reversible switching of a Au-PTCDA complex on
NaCl(2 ML)/Cu(111) is shown in Fig. 12a-c. Initially, a Au~
adatom is brought in close proximity to a PTCDA™ adamolecule
(Fig. 12a). Then the sample bias is ramped to —1.5 V. The
subsequent STM image shows that the complex has been
switched to a different state (Fig. 12b). By ramping the bias
voltage to +1.5 V, the complex can be switched back to the
initial state (Fig. 12c). The different states of the complex
are assigned to the nonbonded [Au-PTCDA(N)] and bonded
[Au-PTCDA(B)]. To determine the atomic structure of the
different configurations of Au-PTCDA, atomically resolved
atomic force microscopy (AFM) molecular imaging is used.
As shown in Fig. 12g-i, the perylene core of PTCDA is clearly
resolved in the AFM images. For Au-PTCDA(N), the AFM
image shows that the molecule and the Au adatom are clearly
separated. In contrast, for the Au-PTCDA(B), the Au atom is
no longer separated from the molecule and the brightness of
the lower part of the atom-molecule complex is enhanced.
A distinct enhancement of the brightness is observed above
one of the two inner C sites at the lower edge of the molecule,
and the two mirrored configurations are clearly distinguished.
The experimental results are corroborated by DFT calcula-
tions, as shown in the calculated atomic structures of the
complex in Fig. 12j and k. A more detailed calculation of
the partial density of states (PDOS) reveals that a covalent
bond is formed between the Au adatom and PTCDA for
Au-PTCDA(B).

This journal is © The Royal Society of Chemistry 2015

View Article Online

Chem Soc Rev

o
>

of
¢
¢
o

©.0.0.@
oo o B e

)
QCO
0o

4]

0.0

(4]

- -

()
o%
«©
o
©
©

s 9 g e s o

0
0
(1)
()
0.0
ol <)

~

(o)
e

s S EEs
0.0
oo
N
o 0
N )

o

1

)
o

¢ 0

L 4
.8 8 8.8 8. ¢

Fig. 12 (a) Au-adatom in close proximity of a Au—-PTCDA complex. With
the tip at the position indicated by the (red) circle, the sample bias voltage
V was ramped to —1.5 V. A sudden increase in the tunneling current /
indicated a successful modification of the complex. (b) In the subsequent
STM image, the adatom and the molecule no longer appeared separated.
By ramping the voltage to +1.5 V, the complex was switched back to the
initial state, as confirmed by the subsequent image (c). Imaging para-
meters: Veampie = 0.2 V, | = 5 pA. (d)-(f) STM images of Au-PTCDA in the
nonbonded (a) and the bonded I[(b), (c)] configuration (imaging para-
meters: Vsample = 0.2 V, | = 3 pA). The tip had been terminated with a
CO molecule. (g)—(i) Corresponding constant-height AFM images (imaging
parameter: amplitude A = 0.4 A, frequency f = 23, 165 Hz and distance with
respect to the STM set point above the substrate between +0.8 A and
+1.0 A). ()=(m) DFT-calculated geometries of the complex in the non-
bonded [(j), (k)] and the bonded [(l), (m)] state. The unit cell used for the
calculations is indicated in (j) and (1), and the different atomic species are
colored in gray (C), red (O), white (H), green (Cl), blue (Na), orange (Cu),
and yellow (Au). Reprinted from ref. 62, with permission from the American
Physical Society, copyright 2010.

4. Conductance switching

The single molecule switches can also be realized for the func-
tional molecules covalently bonded with the electrode. These
configurations can be formed by depositing self-assembled
monolayers (SAMs) of amphifunctional molecules on surfaces.
The amphifunctional molecules usually have one end with strong
affinity that can chemically bond to the surface and another end
that has weak affinity or none. There are several types of SAMs
with the elegant examples including organosilicon on hydroxy-
lated surfaces, alkanethiolates on gold, silver and copper, alco-
hols and amines on platinum, and carboxylic acids on aluminum
oxide, silver oxide and glass."®*™°® Among them, the conductivity
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of the thio-terminated conjugated molecules such as polythio-
phenes, polyphenylenes, polyanalines, polyphenylenevinylenes,
and oligo(phenylene-ethynylene)s (OPEs) are widely investi-
gated.®#'®"17® The initial goal of the previous study was to
investigate their potential use as molecular wires.>'”*'”> Follow-
ing works have shown that they also exhibit other interesting
electronic characteristics, for example, negative differential resis-
tance (NDR)'7*'”” and bistable switching.®**"*

The bistable conductance switching of the OPE molecules
have been extensively studied both theoretically and experi-
mentally.**'¢71711787185 ponhauser et al. have demonstrated
the conductance switching of single and bundled OPE mole-
cules isolated in matrix of alkanethiolate monolayers.®* Fig. 13a
shows the molecular structures for the investigated OPE mole-
cules. Aqueous ammonium hydroxide is used to hydrolyze the
acetyl protecting group, generating a thiolate or thiol. These
thiolate/thiol molecules can then adsorb on Au(111), inserting
at the defect sites such as substrate step edges, film domain
boundaries and vacancies on the alkanethiolate monolayer. At
these sites, the gold surface is exposed and hence the sulfur
head groups can chemisorb to the gold surface and the
conjugated tails can protrude from the film. Fig. 13b shows
STM image of a single 3’ molecule isolated in a dodecanethio-
late monolayer matrix. A high-resolution image in Fig. 13c
reveals that molecule 3’ is adsorbed in the domain boundary.
During the continued STM scanning, this molecule can change

a
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from the high conductance state (“on” state) to the low con-
ductance state (“off” state), as shown in Fig. 13d and e. Similar
conductance switching can also be observed for molecules 2’
and 3'. Fig. 13f shows a time-lapse series of images of molecule
2’ recorded over several hours. Reversible switching between
“on” and “off”’ states occurs several times in the first 50 frames,
and then the molecule stabilizes in the “on” state for the
remaining images. It is found that the well ordered surrounding
matrix can result in low switching rate; while a poorly ordered
matrix increases the switching rate. As the poorly ordered films
have higher degrees of conformational relaxation and allow
more freedom of the movement for the isolated molecule, it is
proposed that the switching results from the conformational
changes of the imbedded molecule. Different mechanisms in the
conductance switching are also proposed by other groups,
including reduction of the functional group,'’® rotation of the
functional group,'”® rotation of the conjugated backbone,"®°
intermolecular interactions,'® bond fluctuations'’* and
changes in hybridization of metal-molecule bonds.®*167:183:184

In order to find out the mechanism that is most responsible
for the conductance switching, Moore et al tested each
hypothesized mechanism through the engineering of the mole-
cular structure."®® Fig. 14 shows the conjugated molecules that
they used to test the proposed mechanisms. The theoretical
study of Seminario et al. suggested that the conduction of a
nitro- and amino-functionalized molecule is through the

Fig. 13

(a) Molecular structures of the investigated molecules. Aqueous ammonia hydroxide is used to hydrolyze the acetyl protecting group, generating the

thiolate or thiol. (b) Topographic STM image of a molecular switch 3’ inserted in a dodecanethiol SAM. A molecule of 3’ is highlighted by the square (20 x
20 nm?). (c) A high-resolution STM image (5 x 5 nm?) of the same area. The molecule is adsorbed in the domain boundary that separates the tightly packed
dodecanethiol domains in the lower right and upper left areas of the images. (d) STM image of the same molecule 3 in the off state (20 x 20 nm?). (e) A high-
resolution STM image of the same area in panel d (5 x 5 nm?). (f) A time-lapse series of images of molecule 2’ acquired over several hours. The time interval
between frames is ~6 min. Reprinted from ref. 64, with permission from The American Association for the Advancement of Science, copyright 2001.
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Fig. 14 Molecular structures, extracted images of molecules isolated in alkanethiolate SAMs in both “on” and “off” conductance states, and the average
measured differences in apparent heights between states (matrix dependent) for each type of inserted molecule. (a) Nitro-functionalized OPE molecule 1
in a decanethiolate SAM, Viampie = =1V, lunnet = 2 PA. (b) Unfunctionalized OPE molecule 2 in a decanethiolated SAM, Vsampie = =1V, lunnet = 2 PA.
(c) Phenanthrene-based molecule 3 in an octanethiolate SAM, Viample = —1 V., lunnet = 3 PA. (d) Disulfide OPE molecule 4 prepared by oxidative
homocoupling of the thiol from 1 in an octanethiolate SAM, Vsampie = =1V, lunnet = 2 PA. (€) Two-contact OPE molecule 5 in a dodecanethiolate SAM
Veampte = =1V, lunnet = 1 pA. (f) Caltrop molecule in a dodecanethiolate SAM, Vsampie = =1V, lunnet = 1 PA. Reprinted from ref. 186, with permission from

American Chemical Society, copyright 2006.

LUMO, thus the conduction depends on the LUMO spatial
extent and the HOMO-LUMO gap."”® The neutral molecule is
an insulator due to the localization of the LUMO. However,
once it is reduced by an applied bias larger than 1.74 V, the
molecule becomes charged by one electron and the LUMO
extends over the whole molecule. In this case, the conductance
switching is a result of the reduction of the functional group.
However, Moore observed the conductance switching at £1 V
sample bias, which is smaller than the threshold reducing
potential (1.74 V). Moreover, the unfunctionalized molecule 2
(Fig. 14b) exhibits the same stochastic conductance switching.
This suggests that the conductance switching is not due to the

This journal is © The Royal Society of Chemistry 2015

functional group reduction. The first principle calculations by
Ventra et al. suggested that the rotation of the ligand functional
group can modify the transport properties of single mole-
cules."”® As this mechanism requires the attachment of sub-
stituent groups on the conjugated molecule, hence it is also
excluded by the observation of conductance switching for the
unfunctionalized OPE molecule. Cornil et al. proposed that the
conductance can be modulated by the rotation of the conju-
gated backbone.'®® To test this mechanism, the phenanthrene
molecule 3 was synthesized. In this molecule, the aromatic
rings are fused into a same molecular plane and hence pre-
clude the rotation of the phenyl ring. However, the conductance
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switching between two states is observed for molecule 3. This
indicates that the rotation of the conjugated backbone is not
the origin of the conductance switching. It is also proposed that
the varied interactions with neighboring molecules can also
cause the conductance switching. Theoretical studies of Lang
et al. suggested a reduction of the conductance for a pair of
“carbon wires” at low bias connected in parallel compared to a
single isolated wire.'®! To test this mechanism, disulfide forms
of nitro-functionalized OPE molecules 4 were synthesized and
inserted into the host matrix. Disulfide molecules dissociatively
chemisorb with the sulfur atom bond to Au(111). Fig. 14d
shows the conductance switching for one inserted pair. The
upper molecule exhibits conductance switching from the “on”
state to the “off” state; while the lower molecule remains in the
“on” state. No significant difference in conductance is
observed for the molecules existing in pairs or as a single
molecule, thus eliminating the intermolecular interactions as
the origin for the conductance switching. By using a top gold
contact configuration, Ramachandran et al. argued that the
conductance switching is caused by the “blinking” of a thiol-
gold bond."”" However, they cannot exclude the possibility that
the “on/off” switching observed in their experiment is caused
by the fluctuations of the nonbonded top contact, where the
gold particles are swept away during the scanning. Weiss et al.
suggested that a change in the hybridization between the
conjugated molecules and substrate causes the conductance
switching.®®'®” The hybridization change can occur through a
change in the alignment with the surface. Sellers et al. suggest
that the S-Au can have a sp hybridization with the molecule
oriented normal to the surface, or sp® hybridization with a
tilted conformation.'®>'® The common feature of the investi-
gated molecules in Fig. 14 is that they all possess the S-Au
bonding. If the change in the bond hybridization leads to the
conductance switching, the host films must have enough free
space to allow the tilt of the molecule. This is consistent with
the observation that the closed packed SAMs result in a low
switching rate while the poorly ordered SAMs lead to high
switching rate. This mechanism is further confirmed by the
bias-dependent conductance switching of OPE molecules with
dipole moments."®® The electrostatic attraction or repulsion
between the STM tip and the dipole moment of the OPE molecules
can cause the molecule to adopt standup or tilt configuration.
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In this case, the conductance switching of the molecule can be
controlled by an applied electric field.

In the conductance switching experiment described above,
the molecule is covalently bonded to one electrode (i.e., the
substrate), with the other end probed by the STM tip with a
tunneling gap in between. It is also possible for the molecule to
bond covalently to both electrodes. This is the break junction
configuration that will be discussed in the next section.

5. Single molecule switches developed
using single molecule junctions

In addition to switches formed on surfaces investigated by STM,
single molecule switches have also been intensively investigated
using single molecule junctions,"® for example, scanning probe
microscopy (SPM) based break junctions,”'**!188192 mechani-
cally controlled break junction (MCBJs)>?>'**°! and electro-
migration break junctions (EBJs).>*'**?972%° The advantage of
SPM-based break junction is that it allows the direct visualiza-
tion of the molecular junction and the simultaneous charge
transport measurement. A metal-molecule-metal junction
between the metallic tip and the substrate containing the
molecules can be formed by repeatedly crashing the tip into
and out of contact with the substrate.®*%'%82718¢ A schematic
illustration of the STM-based break junction is shown in
Fig. 15a. Fig. 15b shows the layout of the MCBJs set-up,
a metallic wire fixed on a flexible substrate starts to elongate
and finally fractures by the vertical movement of the piezo-
controlled push rod. Electrodes with a gap of sub-angstrom
precision can be fabricated using this method. By using MCB]Js,
a metal-molecule-metal junction can be repeatedly formed and
broken and the gap size can be precisely and continuously
adjusted.>**'9*72°" This enables collecting statistical data for
the metal/molecule interfaces with different geometry struc-
tures. Electromigration has also been utilized to fabricate
nanogap electrodes for single molecule junctions,>%*31:196-203
Applying a large current to a thin metal wire causes the
migration of the metal atoms and results in the breakage of
the nanowire with the formation 1-2 nm gap. The EBJs method
facilitates the ease of the fabrication of three-terminal devices

Polyimide

Au electrodes

Counter
support

Phosphor bronze

Fig. 15 (a) Schematic illustration of the STM-based break junction.? (b) Layout of the MCBJ set-up.? (c) A single electron transistor fabricated using the
EBJ method.?* (a) Reprinted from ref. 21, with permission from John Wiley and Sons, copyright 2012. (b) Reprinted from ref. 22, with permission from
Nature Publishing Group, copyright 2013. (c) Reprinted from ref. 23, with permission from Nature Publishing Group, copyright 2002.
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with the gate effect by forming the nanogap on top of an
oxidized conducting substrate,>*>°>2%°

Various single molecule switches have been demonstrated
using these single molecule junctions, such as molecular iso-
merization,?®! spin switches,'®® field effect transistors®®® and
diodes."” In this section, we will highlight the recent experi-
mental work of these switches realized in single molecule
junctions.

5.1 Molecular isomerization

During the past decades, extensive research efforts have been
devoted to the understanding of the molecular conductance,
ranging from isolated single molecule or self-assembled mole-
cular networks on surfaces to single molecule junctions.'*'°
Molecules that can be reversibly switched between high and low
conductance state represent the ideal building blocks for mole-
cular electronics. A large proportion of the conductance switch-
ing is a result of the chemical bond switching of the molecule or
a change in the contact configuration,'*88192:196,197,210,211

Recently, Kim et al. demonstrated the molecular isomeriza-
tion induced conductance switching of photochromic mole-
cules using the MCBJs technique at low temperature.”’!
Fig. 16a shows a SEM image of the single molecule device
and a schematic illustration of a single diarylethene molecule
bridged between two gold electrodes. The diarylethene mole-
cules can be reversibly switched between open and closed
forms as shown in Fig. 16b. The open isomer with a broken
n-conjugation can switch to a closed form under UV light
irradiation, which leads to a completely n-conjugated current
path along the molecule. The reverse switching from close to
open isomer can be triggered by the visible light irradiation.
The closed isomer possesses a higher conductance than the
open isomer due to its full m-conjugation along the current
pathway. Fig. 16c shows the molecular structure of the four
molecules investigated in this study. The typical conductance
traces for the open and closed form for the four different
molecules are displayed in Fig. 16d and e. The highest con-
ductance plateau (G,) in the figure corresponding to the single-
atom Au-Au contact. Further stretching of the metallic bridge
results in the trapping of the molecule in the junction and a
sudden drop in the conductance is observed. Statistical data are
collected by repeating this breaking and closing process about
1000 times for the open and closed form of each molecule. The
lowest preferred conductance value corresponds to a single
molecule junction. Fig. 16f-i show the measured /-V character-
istics for the open and closed form of these four molecules in a
single molecule junction. It is obvious that the closed form (CF)
has a higher conductance than its corresponding open form
(OF) for all these molecules. This indicates that the charge
transport in the molecules is significantly influenced by the
optically induced molecular isomerization.

5.2 Spin switching

Single molecule based spin switches can also be realized in the
break junction configuration. Recently, Wagner et al. have
demonstrated a bias induced spin switch of a single molecule

This journal is © The Royal Society of Chemistry 2015
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between the pseudo-singlet state and the pseudo-triplet state
using the MCB]Js technique.'®® Fig. 17a shows the SEM image
and the scheme of the break junction set-up. The molecular
structure of the investigated molecule is shown in Fig. 17b. Two
coupled spin centers are confined to two Co>" ions and the
magnetic coupling path is orthogonally orientated to the cur-
rent pathway. Fig. 17d shows the temperature dependence of
the differential conductance obtained for type I molecular
junction. A zero bias anomaly (ZBA) with a Lorentzian shape
is observed. The peak height G, and peak width as a function
of temperature are plotted in Fig. 17e and f. The conductance
maximum increases logarithmically towards the low tempera-
ture while the peak width broadens towards the high tempera-
ture. These data fit well to the well-known Kondo behavior. The
magnetic field dependence result reveals that the ZBA splits
and moves outwards with increasing field, which further con-
firms its magnetic origin. Combined with the DFT calculations,
the Kondo-like peak for the type I data is assigned to the
pseudo-triplet state. Fig. 17g and j show the type I I-V char-
acteristics and the corresponding differential conductance for
several different samples. The type II I-V characteristics and the
corresponding differential conductance are shown in Fig. 17h
and k. A symmetric current step occurs for the type II data in
the low bias regime at around £0.2 V. This sudden transition
is ascribed to the switch of the system. As no ZBA and no
magnetic field response is observed in these curves, the inner
part of the type II is assigned to the non-magnetic pseudo-
single state of the molecule. The outer part in Fig. 17h is
assigned to the pseudo-triplet state. A biastable state which
includes type I and type II in a single curve have also been
observed, as shown in Fig. 17i. This can give access to how the
two types of data are related to one another and hence the
switching in Fig. 17h can be interpreted as a transition from
the non-magnetic pseudo-single state at low bias to the pseudo-
triplet state at high bias. The underlying mechanism of this
bias-induced switching is still unclear. The electric field-induced
asymmetry is proposed as a driving force.

5.3 Field effect transistors

Building a single molecule field-effect transistor (FET) is con-
sidered as a critical step for the ultimate device miniaturization
and integration of molecular electronic devices."***°° Tremendous
challenges are met for the experimental demonstration of true
three-terminal device, such as the reliable connection of a single
molecule between the source and drain electrodes; precise placing
of a gate electrode a few nanometers away from the molecule.*"?
As mentioned above, the electromigration technique is an ideal
method to fabricate three-terminal devices with gate effect
by forming the nanogap on top of an oxidized conducting
substrate,>*295209

Song et al. have demonstrated the observation of a direct
gate modulation of molecular orbitals.?®® They used electro-
migration to form electrode pairs with a nanometer-scale
separation, which is placed over an oxidized aluminium gate
electrode. The inset in Fig. 18a shows the device structure and
the schematic of a single 1,8-octanedithiol (ODT) molecule in
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Fig. 16 (a) SEM image of the MCBJ device and an illustration of a Au—4Py—Au junction. (b) Sketches of open and closed forms of photochromic
molecules (difurylethenes); R indicates the extended side chains and end groups. (c) Structures of the four different molecules, 4Py (black), TSC (red),
YhPhT (green) and ThM (blue), measured in this study. (d) and (e) typical conductance-distance traces for open and closed forms of all four molecules as
indicated in the panels. (f) Density plots of about 20 /-V curves of the open form (OF) and the closed form (CF) displayed for 4Py, (g) TSC, (h) YnPhT and (i)
ThM. The density plots are obtained by 100 by 100 bins for / and V, and the color indicates counts in log-scale (minimum (white) is below 3 counts and
maximum (dark color) is 60 counts). The solid curves are the averaged /-V; for each isomer. In panel B, CF-HG and CF-LG indicate the high conductance
and the low conductance states of closed TSC respectively, which is attributed to the coupling of TSC to gold via different end groups. Reprinted from
ref. 201, with permission from American Chemical Society, copyright 2012.
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Fig. 17 (a) Scheme of the single molecule junction experiment. A molecule with a pair of spin center is contacted in a single molecule (SEM micrograph
of a break junction set-up). The magnetic ion pair is attached orthogonally to the current pathway. (b) Molecular structure of complex 1 from single-
crystal X-ray diffraction. The Co®* ions are marked in red, carbon in grey, nitrogen in blue, oxygen in violet and sulphur in yellow, hydrogen atoms are
omitted for clarity. (c) Molecular structure of bare bipyrimidine-wire L (for control experiments) from single-crystal X-ray diffraction. (d) Temperature
dependence of the Kondo-like feature. (e) Tx = 1.4 K from a fit of the Kondo model (continuous line) to the data (black points) of the conductance
maximum at zero bias. (f) FWHM measured versus temperature (black data points), fit by a Kondo model (continuous line), giving Ty = 5.0 K. (g) Type | [-V
characteristics recorded at low temperatures and (j) the corresponding differential conductance obtained by numerical differentiation, many curves
displays a Kondo-like zero bias anomaly. (h) Type Il /-V characteristics with a discontinuity at ~2.0 V and (k) its numerical differentiation. (i) and (1) bistable
|-V characteristics and the differential conductance due to hysteresis of the coupled spin pair. Down-sweeps are similar to (g) and up-sweeps to (h).
Reprinted from ref. 195, with permission from Nature Publishing Group, copyright 2013.

the Au-ODT-Au junction. Fig. 18a shows the I-V characteristics
for this single molecule transistor at different gate voltages V.
It is found that the tunneling current increases as Vg becomes
increasingly negative. The Fowler-Nordheim plot, which is an

This journal is © The Royal Society of Chemistry 2015

analysis of In(I/V?) versus 1/V, is shown in Fig. 18b. Two distant
transport regimes are separated by the transition voltage, as
indicated by the arrows. The low-bias region with V < Vi, is
the direct tunneling region; while the high-bias region is the

Chem. Soc. Rev., 2015, 44, 2998-3022 | 3015
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Fig. 18 Gate controlled charge transport characteristics of a Au—ODT—Au junction. (a) Representative /-V curves measured at 4.2 K for different values
of V. Inset, the device structure and schematic. S, source; D, drain; G, gate. Scale bar, 100 nm. (b) Fowler—Nordheim plots corresponding to the /-V
curves in (a), exhibiting the transition from direct to Fowler—Nordheim tunneling with a clear gate dependence. The plots are offset vertically for clarity
purpose. The arrows indicate the boundaries between transport regimes. (c) Linear scaling of Vians in terms of V. Inset, the schematic of the energy
band for HOMO-mediated hole tunneling, where eV o describes the actual amount of molecular orbital shift produced by gating. (d) Two-dimensional
color map of dIn(l//V2)/d(1/V) (from Fowler—Nordheim plots). Energy-band diagrams corresponding to four different regions (points A to D) are also
shown. FN, Fowler—Nordheim tunneling; DT, direct tunneling. Reprinted from ref. 209, with permission from Nature Publishing Group, copyright 2009.

Fowler-Nordheim tunneling or field emission region. A con-
trollable gate-voltage dependence of V,,,s is observed in
Fig. 18b and the plot of the V., against Vg reveals that V.4,
scales linearly and reversibly as a function of Vg (Fig. 18c). The
slope o is 0.25 here, which indicates that the molecular orbital
energy changes by 0.25 eV when 1 V is applied to the gate
electrode. Fig. 18d shows the two-dimensional color map of
dIn(7/v?*)/d(1/V) as a function of V and eV et (Vo etr = #Ve). The
dashed line defines the boundary between the direct tunneling
(DT) and Fowler-Nordheim tunneling (FN) regimes. Points A,
B, C and D correspond to four different energy-band diagrams.
At point A (V < Vguns), direct tunneling occurs across the
trapezoidal barrier. Increasing the bias from V to V., (point B)
results in a transition from the trapezoidal to the triangular
barrier. This is the onset of FN tunneling. Point C also has a
triangular barrier; however, as the V,.,,s is smaller at point C
compared to that of point B, a smaller applied bias V is required to

3016 | Chem. Soc. Rev., 2015, 44, 2998-3022

reach the on-set of FN tunneling. The tunneling at point D is
dominated by FN tunneling as the applied bias V is larger than
Virans: The HOMO level relative to Er in Au-ODT-Au junction is
estimated to be 1.93 V by extrapolating the intercept from Fig. 18c
at zero-gate voltage. These results indicate that the molecular
orbital levels relative to Er can be modulated by changing the gate
voltage. The demonstration of this single molecule transistor
could help pave the way towards the realization of molecular
electronics.

5.4 Diodes

A diode, also called a rectifier, is a two-terminal device in which
the current flow is allowed in the forward bias and blocked in
the reverse bias. A single molecule rectifier is thus a voltage
controlled single molecule switch. The first molecular diode
was proposed by Aviram-Ratner, where a single molecule
comprising a donor and an acceptor unit separated by a sigma

This journal is © The Royal Society of Chemistry 2015
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(a) Symmetric tetraphenyl molecule and (b) non-symmetric dipyrimidinyl-diphenyl molecule. (c) The /-V curves recorded in the gap junction and

single molecule junction for the symmetric tetraphenyl and (d) the non-symmetric dipyrimidinyl-diphenyl molecules. (e) Average curves for the single
molecule junctions built from 30 and (f) 50 individual /-V curves. Reprinted from ref. 12, with permission from Nature Publishing Group, copyright 2009.

bonded tunneling bridge is expected to show rectifying properties."
During the past decades, the diode behavior in single molecules
has been widely investigated.'>"*>'**'%® T achieve a truly single
molecule rectification effect, two terminals of the single molecule
must be symmetrically bonded to the two electrodes with con-
trolled orientation.

Using a selective deprotection strategy, Diez-Pérez et al.
demonstrated that the non-symmetric diblock dipyrimidinyl-
diphenyl molecule covalently bonded to a STM break junction
exhibits pronounced rectification behavior.'” Fig. 19a and b
shows the molecular structures of the symmetric tetraphenyl
and non-symmetric diblock dipyrimidinyldiphenyl molecules.
In order to control the orientation of the non-symmetric
molecule within the STM break junction, it is terminated with
two different protecting groups, with the trimethylsilylethyl and
cranoethyl attached to the dipyrimidinyl and diphenyl ends of
the molecule, respectively. Initially, the cyanoethyl protecting
group is removed from the molecule and a SAM with the
diphenyl end bonded to the substrate electrode is formed.
Then, the trimethylsilylethyl group is removed and the thiol
group at the dipyrimidinyl end is exposed to the tip electrode.
Fig. 19¢c and d show I-V curves recorded for the symmetric and
non-symmetric molecules in both single molecule junction
(upper panel) and gap junction (lower panel) configurations.
In the single molecule junction, the end of the molecules are
connected to the tip and substrate electrodes respectively; but
in the gap junction, only one end of the molecule is connected
to the substrate electrode. For the symmetric molecule, the I-V
curves for both junction configurations are symmetric, as
shown by the red curve and black curve in Fig. 19c. However,
the I-V curves for the non-symmetric molecule bridged between
the tip and the substrate display strong rectification (red curve
in Fig. 19d). Fig. 19e and f are the average I-V curves for
the symmetric and non-symmetric molecules in the single

This journal is © The Royal Society of Chemistry 2015

molecule junction configuration. This further confirms that the
rectification effect in the non-symmetric molecule is not caused
by the contact-induced non-symmetry but from the molecule
itself. Measurements recorded with the non-symmetric molecules
in the gap junction configuration (Fig. 19d, black curve) display
symmetric I-V curves, which emphasizes the importance of the
providing good contact at both ends of the molecule to observe
the rectification effect.

6. Conclusions and outlook

In this article, we review recent progress of various molecular
switches on surfaces and in single molecule junctions. Different
external stimuli can be used to induce switching, and the
molecular switches can be operated by different mechanisms
according to their intrinsic properties. The STM is utilized as a
powerful tool for real-space imaging, electronic structure char-
acterization as well as single molecule manipulation. STM-based
break junctions, MCBJs, and EBJs techniques are used to fabri-
cate single molecules junctions. The great advantage of the
molecular switches formed on the surface by self-assembly is
that each molecule can be immobilized and isolated in a
repetitive and spatially ordered manner. With the STM tip, an
individual molecule can be addressed precisely and be control-
lably switched between different states. On the other hand, as
one STM tip can only address one molecule each time, the
operation for a task is very time-consuming. In this case, a
parallel processing method that can address multiple molecules
at the same time is required. Another main challenge of this
kind of switches is their stability under ambient conditions.
Inserting the tiol-terminated conjugated molecules into SAMs
can create switches that are stable under ambient conditions,
which is stabilized by the chemical bond between S-Au.
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However, as the molecules can only be inserted at the defect
sites within the host films, these molecular switches are not
well ordered on the surfaces. The advantage of switches in
single molecule junctions is that they allow the realization of
device functions such as single molecule diodes and single
molecule field-effect transistors. However, the mass production
of single molecule junctions is still a main challenge.

Though substantial progress has been made over the past
decade, there are still major issues that need to be addressed.
Most studies of molecular switches were performed either
individually or in a self-assembled single-component mono-
layer. Wiring these molecular switches into more complex and
rationally designed nano-architectures is needed for practical
applications. To achieve this, single-molecular switches should
be interconnected with other molecules. Hence, it is important
to study the role of functional side groups on the chemical
structure and the switching efficiency of the molecule. The
precise control of the molecule-electrode contact is another
major challenge. The supporting substrates play important
roles in both defining the molecular adsorption geometry and
molecule-substrate interaction, which could hinder or enable
the switching process. Molecular adsorption on metallic sur-
faces results in strong electronic interactions with the reservoir
of metal electrons, which can modify the intrinsic functionality
of the molecules. For practical applications, we need to study
these manipulations on inert substrates, such as graphite/
graphene or ultra thin insulating films. Another problem
involves the stability of these switches under ambient condi-
tions. Most of the switching experiments are carried out at low
temperature and in ultra-high-vacuum environments. The
rational design of molecular switches with desired function-
ality, the formation of atomic/molecular interconnects, and the
use of appropriate substrates are the next challenges for
researchers in the field. A fundamental understanding of the
underlying mechanism that governs the molecular switching
process will require insights from the first principle calcula-
tions. The advancement of other SPM technologies, such as
AFM and Kelvin probe force microscopy (KPFM), which can
provide bond formation and charge distribution information in
addition to atomic structure,?*>**2* allow more accurate com-
parisons between theory and experiment. Molecular spectro-
scopy with submolecular spatial resolution has been realized by
electroluminescence in STM (EL-STM) and Raman spectroscopy
in STM (STM-RS). These vibronic shape resonances carry Fano
line profiles which retain phase information, and hence the
spectra can be transformed to the time domain. In this case,
joint space-time resolution at the angstrom-femtosecond reso-
lution can be achieved within a single molecule switch.*"?
Future progress in these research areas will pave the way for
the future development of single molecule technology.
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