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Abstract
Powering and controlling the operation of a single molecule adsorbed on a
surface can be achieved by using the tip of a scanning tunnelling microscope
(STM) as an atomic-size source of electrons. We review the various electronic
excitation processes induced by the electrons from the STM tip which are able
to activate the functions of a molecular nanomachine. In particular, we review
recent results illustrating the electronic control of molecular dynamics at the
level of a single molecule.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

A molecular nanomachine should consist of a single molecule or a single designed molecular
architecture of a few molecules having one or several specific functions, for example,
electronic, mechanical or chemical. The concept of molecular nanomachines appeared in the
1990s, with the ability to power and to control the operation of a single molecule adsorbed on
a surface by using a scanning tunnelling microscope (STM) [1]. Although other techniques
(planar nanojunctions, break junctions) have been developed to isolate a single molecule and to
use it, for example, for molecular electronics [2], the STM appears as the most flexible tool to
explore the full range of molecular functions. We also emphasize that controlling the position
and the environment of the molecule with an atomic-scale precision is generally required to
properly operate a molecular nanomachine. The emergence of molecular nanomachines has
greatly benefited from the developments of molecular machines in solutions [3]. However,
in this case, a huge number of molecules are simultaneously activated through thermal,
photochemical or electrochemical excitation [3]. It is interesting to note that the concept of
molecular nanomachines has simultaneously appeared in biochemistry, where it has proved
possible to monitor the movement of a single biological motor such as the ATP synthase [4].

Building and operating a molecular nanomachine requires expertise in a number of
different areas: (i) the design and the synthesis of the molecule for developing a given
electronic, mechanical or chemical function, (ii) the choice of the surface and its reactivity,
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(iii) the method of deposition of the molecule, and (iv) the method for activating and controlling
the operation of a single molecule. All four points are equally important. However, in this
paper, we will concentrate on the fourth one, i.e. on the principles of operating a molecular
nanomachine.

Laser photon excitation would be an interesting method to control the operation of a single
molecule due to its ability to precisely tune (i) the amount of deposited energy, (ii) the excited
internal molecular degrees of freedom, and (iii) the duration of the excitation down to the
femtosecond regime. Furthermore, the quantum control of molecular dynamics is also possible
through laser excitation [5]. However, the limited spatial resolution of optical excitations (of
the order of the wavelength) is compatible with a single molecule operation only by diluting
the number of molecules adsorbed on a surface [6] or by working in the high resolution
spectroscopic regime of molecules trapped in matrices at low temperature [7].

The most powerful method which has been used so far for controlling the operation
of a single molecule is the STM. Indeed, an STM can be used in many different modes,
i.e. imaging [1], electronic and vibrational spectroscopy [8, 9], probing the molecular
dynamics [10], and manipulation [11]. Furthermore, an STM has an ultimate spatial resolution
as low as 10 pm, which enables one to reach a (sub) molecular resolution in real space [12]. In
this paper, we will discuss the methods for the manipulation of single molecules with an STM,
and in particular, the methods for electronic excitation of single molecules.

2. Electronic excitation of individual atoms and molecules

Electronic excitation of atoms and molecules is well documented for collections of species in
gas phase [13], in solution [14], in multilayers [15], or adsorbed on surfaces [16]. Studies
have been performed by using laser [14], synchrotron radiation [17] and electron impact [16]
excitation. A large background of knowledge is now available for the control and understanding
of the electronic excitation processes of collections of molecules in various environments as
well as the ensuing dynamical processes such as ionization, fragmentation, desorption, change
of configuration, and chemical reactions.

Electronic excitation of individual atoms and molecules can be performed by using the tip
of an STM. Indeed, as early as 1987 [18], it had been realized that an STM could not only image
surfaces with atomic-scale precision, but moreover be used to manipulate individual atoms and
molecules [11]. Several methods of manipulation have been tested over the past 15 years. These
include direct contact (van der Waals or chemical interaction) between the STM tip and the
atom or molecule [19, 20], electric field effects [21], vibrational excitation [22] and electronic
excitation [23]. It is sometimes difficult to distinguish between vibrational and electronic
excitation. Indeed, it is well known from DIET (desorption induced by electronic transition)
processes [16] that the dynamics rarely occurs when the system is in the excited electronic state,
but rather occurs after electronic relaxation when the system has acquired vibrational energy
in its electronic ground state. Furthermore, vibrational excitation with an STM is considered
to occur, most of the time, based on the tunnelling of electrons through molecular electronic
resonances [24]. In such a case, the difference between electronic and vibrational excitation
is not very apparent. However, in the case of electronic excitation, the acquired vibrational
energy depends on the lifetime and the dynamics of the electronic excited state [16]. This
will be manifest experimentally by the observation of a clear electronic resonance or electronic
threshold [12] in the manipulation cross section variation as a function of the surface voltage.
We emphasize here that electronic excitation is a suitable tool for controlling the dynamics of
the molecule. In particular, electronic excitation should enable the molecule to be excited
into far from equilibrium conformations, resulting in very rapid, efficient and more easily
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controllable molecular dynamic processes. For example, electronic excitation of an electron
from a bonding to an anti-bonding orbital will bring the system into a far from equilibrium
dissociative configuration whose dynamics is expected to be rapid and efficient. Delocalization
of the excitation energy by coupling with other degrees of freedom is also expected to be
reduced due to the rapid dynamics, thus allowing an easier control of the manipulation.

2.1. Advantages and difficulties of electronic excitation with an STM

Using the STM tip to electronically excite a single atom or molecule offers a number of
advantages and difficulties.

2.1.1. Advantages. The STM offers the possibility to combine, in situ with the same
instrument, imaging, spectroscopy (both electronic and vibrational), excitation and probing
the dynamics of a single atom or molecule. Furthermore, an STM has an ultimate spatial
resolution as low as 10 pm at low temperature, which enables local electronic excitation to be
performed, not only of a single atom or molecule but moreover inside a single molecule [12].
The actual spatial resolution of the electronic excitation is limited by the localization of the
electronic states inside the molecule. The electronic processes under the STM tip offer a
broad variety (see section 2.2) of different mechanisms. In particular, electrons from the tip
can be injected into unoccupied electronic states of the atom or molecule. Such processes
cannot be accessed through usual electron impact experiments on surfaces, except by inverse
photoemission [25]. Another advantage is that an STM enables one to determine the precise
position of each neighbour atom or defect. Indeed, it is now recognized that the electronic,
mechanical (e.g. diffusion across the surface) or chemical properties of an individual atom or
molecule can be strongly modified by the presence of a given atom in its neighbourhood [26].
For example, in a recent experiment on a bistable molecule (biphenyl adsorbed on Si(100)) [12],
it has been found that the bistable switching yield was varying from one molecule to the other.
Although the surface cleanliness and reconstruction was of very high quality [12], the atomic-
scale environment could be different from one molecule to the other. In such a case where
a low temperature STM is used and the molecular dynamics is reversible, all the quantitative
studies can be performed with the same molecule. This ensures a complete reproducibility of
the measurements which could not be guaranteed when working with many different molecules.

2.1.2. Difficulties. The precise identification of the electronic processes under the STM tip
can be made difficult by the lack of knowledge of the electronic structure, at the atomic scale,
of the occupied and unoccupied states of adsorbed atoms and molecules. STM spectroscopy
can provide some information on the electronic structure. However, the presence of the STM
tip close to the surface can modify the studied atomic and electronic structure either through
direct contact between the STM tip and the surface or through the relatively strong electric field
between the tip and the surface [27]. The electronic structure of the tip can play a significant
role, modifying the observed electronic structure [28]. Furthermore, we note that both the
electronic excitation and the probing of the molecular dynamics is achieved with the same tool,
i.e. the STM tip [12]. This makes the realization of real pump–probe experiments difficult
in a way that can be done more easily using two different lasers for exciting and probing
the molecular dynamics. Finally, the tunnel current measurement is a very slow detection of
molecular dynamics which is limited to timescales larger than about a millisecond.

2.2. Various types of electronic excitations with an STM

Using the STM tip as an atomic-size electron source can produce different kinds of electronic
excitations, which are schematically shown in figure 1. In each case, the transport of electrons
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Figure 1. Schematic diagrams of the electronic excitation processes of a molecule under the STM
tip. (a) Electron attachment, VS > 0; (b) hole attachment, VS < 0; (c) electronic transition, VS > 0;
(d) electronic transition, VS < 0; (e) electron–hole pair attachment, VS > 0; (f) electron–hole pair
attachment, VS < 0.

between the tip and the surface needs to dissipate some energy through inelastic electronic
coupling in order to activate the electronic excitation of the adsorbed atom or molecule.

2.2.1. Electron (hole) attachment. Electrons from the STM tip can be attached temporarily
onto unoccupied orbitals of an adsorbed atom or molecule, producing a negatively charged
species (figure 1(a)) [24]. This requires a positive voltage on the surface, VS > 0. Such a
process has been considered to explain the desorption of hydrogen atoms from hydrogenated
Si(100) [29, 30] and Ge(111) [31] surfaces through the attachment of electrons onto the σ ∗
(Si–H) and σ ∗ (Ge–H) anti-bonding orbitals respectively.

However, the resonant character of the process has not been clearly established, mainly
because, when the electron energy is below the σ ∗ resonance energy (off resonance), multi-
electron processes occur [29, 30]. Similar processes have been considered to explain the
STM tip-induced desorption of individual CO molecules from a Cu(111) surface [32]. The
attachment of electrons into highly excited unoccupied states of individual porphyrin molecules
adsorbed on an ultrathin alumina film grown on a NiAl(110) surface has been assumed to induce
light emission [33].
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In contrast, holes can be attached to occupied orbitals (figure 1(b)), producing a positively
charged species. This requires a negative voltage on the surface VS < 0. With this method,
hydrogen atoms have been desorbed from the hydrogenated Si(100) surface [34].

A comprehensive study illustrating both the electron and hole attachment processes has
been performed on the desorption of chlorobenzene molecules from Si(111)-7 × 7 [35].
Negative and positive ion resonances were assigned to the π orbitals of the benzene ring.

In fact, both elastic and inelastic tunnelling of electrons (holes) from the tip can occur
through the unoccupied (occupied) orbitals of the adsorbed atom or molecule. The quantum
efficiency of the inelastic process (number of inelastic events relative to the total number
of tunnelling electrons) can vary within a very broad range, typically from 10−10 to 10−4,
depending on the system studied [23].

2.2.2. Electronic transition. Inelastic tunnelling of electrons (figure 1(c)) or holes
(figure 1(d)) can also induce an electronic transition, i.e. the transition of an electron from
an occupied orbital to an unoccupied orbital, in the adsorbed atom or molecule. This process
should occur at a higher surface (tip) voltage compared to the electron (hole) attachment, such
that the electrons are no longer in the tunnel regime but rather in the field emission regime.

The best documented example is the σ → σ ∗ electronic transition of the Si–H bond
producing the desorption of individual hydrogen atoms from the hydrogenated Si(100):H
surface [29]. This electronic transition occurs at a surface voltage of VS ≈ 8 eV, which
indicates that the electrons are emitted by the STM tip in the field emission regime. This
electronic transition producing the desorption of hydrogen atoms has been also investigated by
laser excitation [36, 37].

We emphasize that inelastic tunnelling of electrons or holes can also induce the emission
of photons in the tunnel junction [38]. Such an emission of photons is in competition with
electronic transitions.

2.2.3. Electron–hole pair attachment. Another type of electronic excitation of a molecule
is the simultaneous attachment of an electron into an unoccupied π∗ orbital and a hole into
an occupied π orbital (figures 1(e) and (f)). Such an electronic scheme can only occur if the
molecule interacts weakly with both the STM tip and the surface. In such a case, the orbital
energies of the molecule can be shifted by the electric field between the tip and the surface, as
shown in figures 1(e) and (f). This electronic process has been put forward to explain the STM
tip-induced fluorescence of individual C60 molecules adsorbed on a NaCl ultrathin film grown
on Au(111) [39].

3. Electronic control of molecular dynamics

We will review here the main examples of molecular dynamics which have been studied
by electronic excitation with an STM. Most of these studies are concerned with irreversible
dynamical processes [40, 41], in particular molecular dissociation [1, 42]. However, recently,
a reversible dynamical process, namely the bistable movement of a single molecule, has been
explored [12]. The concept of control has also greatly changed over time. Initially, control
implied the ability to trigger the molecular dynamics by applying a pulsed voltage between the
STM tip and the surface. The only control parameters were the surface voltage VS, the tunnel
current IS, and the duration of the excitation. With the advent of more comprehensive studies,
the concept of control has evolved to include having at least two different molecular dynamical
channels and being able to activate each of them selectively. For that purpose, further control
parameters, in particular the localization of the electronic excitation inside the molecule, have
been recently experimented. There exist also several methods to monitor the dynamics of a



S1932 G Comtet et al

(a) (b)

(c) (d)

Figure 2. (a) and (b) 9 nm by 9 nm STM topographies (VS = −2 V, I = 0.2 nA) of a biphenyl
molecule on a Si(100) surface at 5 K showing the two stable positions of the bistable molecule. The
dot indicates the STM tip position during the electronic excitation. (c) and (d) show schematically
the biphenyl molecule in the two stable positions. From [12].

single molecule. The most commonly used is to image the molecule with an STM before and
after the electronic excitation and to examine the induced changes. Additional information on
the molecular dynamics can be obtained by recording the tunnel current during the electronic
excitation [12]. Some changes of the molecular configuration can thus be followed in real time.
Of course, the time resolution (about 1 ms) is limited by the bandpass (about 1 kHz) of the
tunnel current detection.

The first molecular dynamics induced by electronic excitation with an STM was the
dissociation of a decaborane molecule adsorbed on a Si(111) surface [1]. The dissociation
was monitored through the observation of molecular fragments on the surface. A threshold
surface voltage around 4 V indicated that the excitation mechanism was indeed an electronic
excitation. This study was followed by other examples of molecular dissociation through
electronic excitation with an STM tip [43]. In a recent study, Sloan and Palmer [42] reported
a two-electron dissociation mechanism that couples vibrational excitation and dissociative
electron attachment steps.

As mentioned in section 2.1, the electronic excitation is able to deliver a large amount
of energy to the molecule, to induce bond breaking and thus to lead to irreversible dynamical
processes. This is especially true for electronic transitions (figures 1(c) and (d)). However,
electron (hole) attachment (figures 1(a) and (b)) is able to deliver a smaller amount of energy
provided the occupied and unoccupied molecular orbitals lie close in energy to the Fermi level
of the surface. This has been observed to occur in the excitation of a biphenyl molecule
adsorbed on a Si(100) surface [12]. In this case a bistable movement of the molecule between
two stable configurations (S1 and S2) could be activated by hole attachment into occupied π

resonances of the adsorbed biphenyl molecule (see figure 2). A bistable molecule is a very
simple prototype of a molecular nanomachine. However, bistability is an interesting molecular
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function since it can be used as molecular switches, molecular memories or molecular logic
devices. At this point, we wish to emphasize that a molecular nanomachine is not simply a
mechanical or an electronic device. As a molecule, it can show a very complex dynamical
behaviour. This is illustrated by the bistable biphenyl case [12]. Indeed, in addition to the two
stable (S1 and S2) states, a transient (T ) state has been observed to play an important role. This
led us to demonstrate a new method for controlling the dynamics of a single molecule based
on the localization of the electronic excitation inside the molecule [12]. It has been shown that
different electronic resonances had different energies and were localized at different positions
inside the biphenyl molecule. It was then possible to locally excite with an STM tip each of
these resonances and to demonstrate that each resonance was associated to a given movement
of the molecule, i.e. either the S1 → S2 switch or the S1 → T transition. From these results, the
localization of the electronic excitation inside the molecule is manifestly a powerful parameter
for controlling the dynamics of a single molecule.

4. Conclusions and perspectives

The electronic processes for the excitation of individual atoms and molecules which have been
discussed in this paper are still poorly understood. The main reason is the lack of experimental
data on the electronic structure of adsorbed atoms and molecules. Further photoemission and
inverse photoemission studies will be necessary to elucidate the structure of both their occupied
and unoccupied electronic states. We wish also to emphasize that the electric field between the
STM tip and the surface may strongly modify the energies of the electronic states of adsorbed
atoms and molecules relative to the Fermi level of the surface, especially for semiconductor
surfaces. Sophisticated simulations of these electric field induced effects are now available [27]
and should contribute to a detailed description of the electronic structure of adsorbates under
an STM tip.

In most of the cases that we have reviewed in this paper, the yield of the electronic
processes (probability per electron for inducing a given process) is in the range 10−6–10−10.
Increasing the yield would require being able to electronically decouple the atom or molecule
from the substrate. This can be done either by using thin insulating layers [33, 44], wide
band gap semiconductors [45], physisorbed rather than chemisorbed species [46], or passivated
semiconductor surfaces [47, 48]. However, by doing so, the interactions between adsorbed
nano-objects and the surface are decreased and the nano-objects can easily diffuse across the
surface. This may prevent them from being efficiently excited electronically with an STM tip.

So far, the STM tip has been the main tool for activating the functions of individual nano-
objects through their electronic excitation. Although the STM tip has enabled experimental
studies on prototypes of molecular nanomachines, it has obvious limitations. Only relatively
small molecular nano-objects having a size of a few nanometres [48] can be studied by this
method. Furthermore, the electronic processes under the STM tip are difficult to control fully.
To overcome these difficulties, other tools may be used such as the atomic force microscope
(AFM) with a conducting tip for studying larger molecular assemblies or the scanning near
field optical microscope (SNOM) for even larger nano-objects. Combining laser excitation
with an STM [34] or AFM would also be another way to improve the control on the electronic
processes.

So far the atoms and molecules used in such experiments for testing molecular
nanomachines have been relatively simple. More complex functions at the molecular level
will require the use of larger and more sophisticated assemblies of molecules and other kinds
of nano-object. Molecules having specific functions can be designed [2]. Carbon nanotubes
or semiconductor nanocrystals can be functionalized by the surrounding molecules [48]. The
future certainly lies in combining these various nano-objects into specific architectures.
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