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■ Abstract The fascinating advances in single atom/molecule manipulation with
a scanning tunneling microscope (STM) tip allow scientists to fabricate atomic-scale
structures or to probe chemical and physical properties of matters at an atomic level.
Owing to these advances, it has become possible for the basic chemical reaction
steps, such as dissociation, diffusion, adsorption, readsorption, and bond-formation
processes, to be performed by using the STM tip. Complete sequences of chemical re-
actions are able to induce at a single-molecule level. New molecules can be constructed
from the basic molecular building blocks on a one-molecule-at-a-time basis by using
a variety of STM manipulation schemes in a systematic step-by-step manner. These
achievements open up entirely new opportunities in nanochemistry and nanochemical
technology. In this review, various STM manipulation techniques useful in the single-
molecule reaction process are reviewed, and their impact on the future of nanoscience
and technology are discussed.

INTRODUCTION

Since the Nobel award–winning invention by Binnig and Rohrer in the early 1980s,
the scanning tunneling microscope (STM) has been a celebrated tool of surface
science owing to its ability to image surface atomic structures. In catalysis re-
search, scientists are able to observe the atoms or adsorbed molecular fragments
produced at various reaction steps on material surfaces (1, 2). Using variable tem-
perature STMs, investigators have discovered at low surface temperatures reaction
pathways that cannot be probed by other conventional surface science instruments
(3). With high scanning speed STMs, diffusion of adsorbates on surfaces can be
followed and imaged (4). Owing to the ability to image surfaces with atomic-scale
resolutions, STM studies can lead to an understanding of local chemical environ-
ments during the reaction processes that have eluded other surface science studies.
Initially, strong tip-atom/molecule-surface interactions were not favorable in STM
imaging because they could alter molecular adsorption sites and, occasionally, their
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chemical structures, leading to misinterpretation of scientific information. Approx-
imately a decade ago, because of these unwanted interactions, manipulation of sin-
gle atoms and molecules on surfaces became one of the most fascinating subjects to
be pursued by scientists (6–25, 29–40, 42–53, 60). A variety of tip-atom/molecule-
surface interactions, such as an electric field existing at the tip-sample junction,
tunneling electrons, and tip-atom/molecule interactions forces, can be used in a
controlled manner to manipulate single atoms or molecules. The basic metal-
catalyzed chemical reaction steps (5) (Figure 1), such as dissociation, desorption,
diffusion, bond-formation and readsorption processes, can be performed by using
STM manipulation schemes in a controlled manner. Currently, STM tip–induced
reaction experiments are conducted at very low substrate temperatures and in an
ultra-high vacuum environment to avoid thermal-activated reaction processes and
to have a clean surface condition. By combining STM manipulations with the com-
plementary tunneling spectroscopy measurements (e.g., local I/V, dI/dV, d2I/dV2)
and I/Z spectroscopy, the chemical, physical, electronic, and mechanical proper-
ties of single molecules can be studied at each reaction step with atomic-level
resolution (29, 36–40). Owing to these possibilities, STM manipulation is one of
the most robust and fascinating research fields of nanochemistry.

Here, we review various STM manipulation and spectroscopy techniques to in-
duce basic metal-catalyzed chemical-reaction steps. Chemical and physical phe-
nomena involved in the STM manipulation procedures are explained. Detailed
movement behaviors of single atoms and molecules during lateral manipula-
tion processes on metal surfaces are described. The nature of tip-atom/molecule-
surface interactions and frictional behaviors at atomic and molecular levels are
discussed. Controlled step-by-step dissociation of polyatomic molecules and STM
tip–induced threshold bond-breaking energy determination schemes are high-
lighted in the molecular dissociation section. The atom/molecule transfer process
between the STM tip and surface are described in Vertical Manipulation, be-
low. In Bond Formation, below, the STM tip–inducedσC-C bond–forming process

Figure 1 Some basic metal-catalyzed reaction steps. (a) Landing of molecules on the
surface from the gas or liquid environment, (b) adsorption of a molecule on the surface,
(c) dissociation, (d) diffusion of molecular fragments across the surface, (e) association of
molecular fragments, and (f ) desorption of the product molecule.
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between the adsorbed molecular fragments on a surface is discussed. The induction
of two complete sequences of the Ullmann reaction is presented as an example.
Finally, future prospects of the STM control of single-molecule chemical reactions
and their application to nanoscience and nanotechnology are discussed.

CREATION OF BASIC CHEMICAL REACTION STEPS

Artificial Diffusion of Single Atoms/Molecules

Diffusion of atoms/molecules on surfaces naturally occurs by thermal activation
processes. In many metal-catalyzed reactions, atomic and molecular diffusion is
an important and essential basic reaction step because it allows the molecular
fragments or atoms on a surface to meet, which can lead to the formation of
new chemical species via the involvement of bond-formation processes (5, 29).
Diffusion processes of large molecules on a surface are more complex than those
of small molecules and single atoms. In the case of large molecules, the internal
conformational changes of molecules can occur during the diffusion process (23).
This is because the molecule tries to adapt to the underlying surface-potential
energy landscape during its movement. For single atoms and smaller molecules,
surface-potential energy landscapes can greatly influence the direction and path of
their diffusions (19, 22, 24).

An STM manipulation technique to create an artificial diffusion process of sin-
gle atoms and molecules across a surface is known as “lateral” manipulation (6–25).
It applies tip-atom/molecule interactions to laterally move the atom or molecule.
This procedure involves approaching the tip toward a target atom/molecule at
its initial location to increase the tip-atom/molecule interaction force, and then
scanning the tip along a desired path until it reaches a predetermined destination
(Figure 2). The atom/molecule moves along with the tip, and when the tip re-
tracts back to the normal imaging height, it is left behind on the surface. Eigler
& Schweizer first demonstrated this kind of controlled manipulation in 1990 by
writing the “IBM” letters with Xe atoms on a Ni(110) surface (6). Extremely fine

Figure 2 STM lateral manipulation procedure.
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control over the tip-adsorbate-surface interactions is necessary to achieve atomic-
scale precision.

A fascinating aspect of this technique is that one can extract further information–
such as how the atom or molecule moves and what kind of interactions are involved
during manipulation—from the corresponding STM feedback or tunneling-current
signals (15, 18–25). Based on the nature of the tip-adsorbate interactions, three
basic manipulation modes, pushing, pulling, and sliding, can be distinguished
(15, 18, 22). Attractive interactions lead the atom/molecule to follow the tip in the
pulling mode, whereas repulsive interactions cause pushing. The atom/molecule is
either trapped under the tip or bound to the tip during a “sliding” mode operation.

As an example, a tip-induced diffusion experiment of a diiodobenzene molecule
on Cu(111) performed at 20-K substrate temperature is illustrated in Figure 3 (19).
A complete experimental operation procedure is recorded in the manipulation
signal (Figure 3c) with a color coding that can be explained as follows: The blue
and green curves are the tip-height signals recorded during an initial trial scan
where the tip moves along a single chosen path, from the initial to the final location
(green) and then back (blue) to the initial point at a normal imaging height. The
strength of tip-molecule interactions is not enough to move the molecule at this tip
height. The position of the molecule is recorded at location (A) during the scan.
After the trial, the tip height is reduced for 3.5̊A to increase the tip-molecule
interactions. Then, the tip is scanned along the same path (red curve). A sudden
raise of tip height followed by a portion of the molecule contour is recorded
before reaching location (A) (indicated with an arrow in Figure 3c). Appearance
of this feature in the manipulation signal is due to the hopping of the molecule
toward the tip. This action alerts the STM feedback system to retract the tip to
maintain the constant current that produces a sudden increase in the tip height.
Here, the molecule hop distance can be exactly determined by comparing the
two contour maxima, the green/blue and red contours. This measured distance
is 2.55 Å, and it is the nearest neighbor Cu atom distance. This measurement
demonstrates that the molecule hops one Cu atom site toward the tip. Additionally,
this molecule hopping indicates the attractive nature of tip-molecule interactions in
our manipulation process. After passing the maximum contour position and before
reaching the bottom of the contour downslope, a sudden increase in the tip-height
signal reappears. Following this, a portion of the molecule downslope contour is
recorded. This behavior repeatedly occurs along the manipulation path so that the
manipulation signal has a sawtooth-like structure. The lateral distance between a
sawtooth is again 2.55̊A. This shows that, after the tip scans over the molecule,
the molecule follows the tip by hopping single surface Cu atom sites. At the final
location (i.e., at the right end of the curve in Figure 3c), the tip is retracted to an
imaging height, leaving the molecule on the surface. Then the tip is scanned along
the same manipulation path to check the result of this manipulation (gray curve)
where the molecule contour is recorded at location (B) (Figure 3c).

The detailed movement of molecules during this manipulation can be explained
by the sawtooth-like manipulation signal. When the tip follows the downslope of
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Figure 4 Force components. The lateral force component in (a) is increased when the
tip height is reduced (b).

the molecule contour, the lateral force component, Fx, increases (Figures 4a,b).
When Fx overcomes the surface-potential barrier, the molecule can hop to the next
adsorption site to follow the tip. This hopping causes the tip to retract abruptly,
producing a rapid increase in the tip height (15). This discontinuous movement
of the molecule produces the observed sawtooth-like manipulation signals, and it
can be put under the “stick-slip” movement regime (26–28). By altering the tip-
molecule distance, one can vary the magnitude of interaction forces between the
tip and molecule (19, 22). Different molecular manipulation signals on a Cu(111)
surface are presented in Figure 5. In all these manipulation events, the tip is scanned
along a surface close-packed row direction. At very close tip-molecule distances,
the tip-height signals reveal a sliding style movement, where the molecule moves
continuously with the tip (Figure 5e). This indicates that the frictional behavior
at single-molecule levels also has the transition from a stick-slick to a sliding-
style movement by increasing the tip-molecule interaction force. The reduction
of the tip-molecule interaction, on the other hand, induces the double Cu atomic
site hopping of the molecule (Figure 5c). This force reduction can be achieved by
increasing the tip-molecule distance (22).

TIP-ATOM/MOLECULE INTERACTIONS DURING LATERAL MANIPULATION A suc-
cessful atom manipulation is dependent on the tip-atom distance in STM experi-
ments. The tip-atom distance can be expressed by means of tunneling resistance,
and the tip height is controlled by the STM feedback system to compensate for the
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Figure 5 The experimental manipulation signals (right) of C6H4I2 on Cu(111) at 20 K.
(a) Single Cu atomic site hops, (b) mixed single and double atomic site hops, (c) double
atomic site hops, (d) mixed single and double atomic site hops, and (e) sliding and pulling.
The ball model drawing for the diffusion path (left) demonstrates the single Cu atomic site
hops of a molecule (curved arrows) that jumps to only hcp or fcc sites. The zig-zag arrows
represent a molecule that visits both fcc and hcp sites.

exponential nature of the tunneling current over the tunneling distance. Thus, at a
chosen tunneling voltage, variation of the tunneling current alters the tunneling-
resistance value that in turn changes the tip-atom/molecule distance.

An experimental measurement of the tunneling current during the lateral ma-
nipulation of single Ag atoms on an Ag(111) surface (24) is shown in Figure 6a.
In this curve, the probability for a successful atom manipulation abruptly changes
from∼0 below 147 nA to∼1 above 250 nA, and the average threshold current is
determined as 200 nA. Figure 6b illustrates the threshold current versus tunneling-
voltage plot. Each data point here is acquired by plotting a curve like that in Figure
6a. The plot in Figure 6bclearly displays a linear dependence between the tunneling
voltage and the threshold current, independent of the bias polarity. In this low-bias
range (from±10 to ±55 mV), influence of electric-field effect in the manipu–
lation process is negligible. From the slope of the plot in Figure 6b, a tunneling
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Figure 6 Threshold tunneling current and resistance for a successful atom manipulation.
(a) The probability for an Ag atom to move along with the STM tip versus the tunneling
current at a fixed voltage of−45 mV. (b) The threshold current between±10 and±55
mV determined by 3857 automated atomic manipulations shows a linear dependence on the
tunneling voltage.
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resistance of (210± 19) kÄ was measured. This linear relationship unambigu-
ously reveals that the tunneling resistance is the ultimate matter responsible for
moving an atom within the bias range used in this experiment. This tunneling-
resistance value corresponds to an absolute tip-atom distance of (1.5± 0.1) Å.
Because this is a distance where the tip and atom wave functions overlap to form
bonds, the chemical nature of tip-atom interactions is the main responsible force.
The exact interaction nature between the tip and the molecule is more complex than
the single-atom process, especially for the polyatomic molecules, where different
types of atoms inside the molecule may change the nature of the tip-molecule
interaction.

When the tip height is further reduced, the atom/molecule strongly binds to the
tip directly, and then the manipulation process is in the sliding regime (15). In such
a case, the atom/molecule smoothly moves across the surface together with the
tip, and the tip-height signal usually shows the contour of the surface atoms. The
repulsive tip-atom/molecule interactions applied in a pushing mode manipulation
may be originated from the core-level electrostatic interaction between the tip and
the atom/molecule. If specific functionalized tips, such as the CO-tip, are used,
then the tip-apex molecule and the manipulated molecule on the surface can repel
each other by dipolar interaction or, in some cases, steric repulsion. This also
results in a pushing manipulation.

DETAILED MOVEMENT BEHAVIORS OF ATOMS AND MOLECULES The STM lateral
manipulation procedure can be used to investigate a more detailed dynamic of
single-atom/molecule manipulation processes, including information about the
sophisticated atom movement mechanisms, the surface energetic configurations,
and the internal conformational changes of the molecule (22–24). On fcc(111) no-
ble metal surfaces, diffusion of atoms/molecules along the close-packed directions
is favored, owing to a lower surface-potential barrier as compared to the other sur-
face directions. Figure 7 demonstrates how a single atom moves when it is laterally
manipulated with the STM tip along various surface directions. For simplicity, we
discuss the manipulation directions as a function of the deviation angleθ from
the surface close-packed rows. Three distinct atom movement mechanisms are
observed apart from the normal pulling mode.

In theθ = 10◦ tip path, the atom visits both hcp and fcc sites upon following the
tip, thereby resulting in smaller steps in the manipulation signals (Figure 7). This
movement behavior is induced owing to a slight lateral displacement of the tip apex
to the left or right side of the close-packed row. In theθ = 20◦ tip path, the atom
travels by means of “move-rest-jump” circles. Instead of directly following the tip
apex, the atom prefers to travel along the surface close-packed row. In doing so, it
travels away from the tip path, and at one point, the atom can no longer continue
to move along the surface close-packed row, as the tip is moving away in the other
direction. Then the atom jumps to the next adjacent surface close-packed row to
follow the tip, resulting in a rapid increase in the manipulation signal. During the
atom movement along theθ = 30◦ tip path, (this is along the Cu(211) directions
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of the surface), the atom smoothly slides to the first two neighboring hollow sites.
Then, instead of traveling directly to the third site, the atom travels roughly along
a semicircle path by visiting two adjacent hollow sites. This experiment reveals
that the surface-potential landscapes play a key role in the artificial diffusion
process of single atoms. Such surface-potential influence is also evident in the
lateral manipulation of diiodobenzene on Cu(111) (19). A controlled relocation
of a molecule can be achieved when the molecule is moved along the surface
close-packed rows with the STM tip. However, manipulating the molecule into
other surface directions has proved difficult because in such attempts the molecule
either does not move or is lost. This is consistent with the lower surface diffusion
barrier along the close-packed row directions as compared to other directions on
the surface.

Large molecules show different movement behaviors during the lateral ma-
nipulation processes owing to their sheer size as compared to the single atoms
or small- and medium-sized molecules. Large molecules adapt the alteration of
surface-potential landscapes encountered during diffusion (23). The flexibility of
the molecule originates from the various types of atom bonding, structure of the
molecule, and its adsorption site. Unlike single atoms and small molecules, push-
ing is the main manipulation mode for the lateral manipulation process of large
molecules at low substrate temperatures (23).

As an example, the lateral manipulation process of Cu-tetra-3,5 di-ter-butyl-
phenyl porphyrin (TBPP) molecules on a Cu(100) surface at 12 K is discussed.
The molecules appear in the STM images as four bright lobes (Figure 8). The
theoretical calculations (23) reveal that these lobes originate from the four legs
of the phenyl-based substituents inside the molecule and that they are vertically
oriented toward the surface.

Figure 8 (a) STM image of a TBPP molecule deposited on Cu(100) and (b) its chemical
structure. The image was taken at a tunneling current of 400 pA and a bias voltage of
300 mV. Adapted from Reference 23.
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Because the tip apex is formed mostly by a single atom, the tip can strongly
interact with only a part of the molecule. In this case, a different manipulation
strategy is necessary to move the molecule. During the manipulation process, one
leg of the molecule is pushed with the tip, and the corresponding manipulation
signal is recorded. It is interesting to note that the recorded manipulation signal
includes not only the movement of the pushed leg, but also information about
other leg movements (23). This information is wired through the center cage part
of the molecule to the tip and recorded as the STM manipulation signal. Detailed
analysis of manipulation signals assisted by theoretical computations reveal that
when the first leg of the molecule is moved, all the other legs’ positions are altered
to adjust to the internal molecular-conformation changes as well as to adapt to the
surface-potential landscape underneath the leg.

Single-Molecule Dissociation

One of the main basic steps in a metal-catalyzed reaction is the dissociation of
molecules. The resultant molecular fragments are then joined to form new chemical
products (29). After adsorption, the molecule-substrate binding results in weak-
ening of intramolecular bonds. The thermal activation process can then lead to
breakup of the molecules. In some cases, the molecule can be broken upon landing
on the surface, owing to a collision impact. Low substrate temperatures are favored
in an STM tip–induced bond-breaking process to avoid thermal dissociation of the
molecules. To dissociate a molecule using an STM tip, the necessary energy for the
dissociation is supplied by injecting tunneling electrons into the molecule (29–40).
Based on the electron energy, the STM tip–induced molecule dissociation process
can be separated into the field emission and inelastic tunneling (IET) regimes.
High electron energies (roughly above 3 eV) are used in the field emission regime,
where the tip acts as an electron emission gun. In the early 1990s, Avouris and
coworkers (30, 31) demonstrated the dissociation of B10H14 and O2 molecules on
Si[111], using high STM biases (≥4 V and≥6 V, respectively). The dissociation
involving the IET process uses low STM biases, and controlled bond breaking can
be achieved.

DISSOCIATION OF SINGLE MOLECULES USING THE IET PROCESS In an IET disso-
ciation process, low-energy tunneling electrons are injected into the molecule via
an adsorbate-induced resonance state (Figure 9) (29, 32, 36–40). The tunneling-
electron energy can be transferred to the molecule by means of a temporary electron
attachment to the molecule. Molecule dissociation occurs if the transfer energy ex-
ceeds the dissociation barrier. Two IET processes, single and multiple excitations,

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 9 Schematic illustration of the IET dissociation process. Inelastic electrons
are injected into the molecule through the adsorbate-induced resonance state. The
bottom drawing demonstrates single- and multiple-excitation processes.
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can be distinguished (32). The energy transferred from a single tunneling electron
is enough to break the molecular bond in a single excitation process (Figure 9b). In
multiple excitations, several electrons are involved in the bond-breaking process,
which can be explained by using a harmonic oscillator model (Figure 9b) (32, 39).
Energy transfer of an electron causes the molecule to excite at an energy level, and
subsequent energy transfers by other electrons raise the excited energy level. The
molecule dissociates when it exceeds the dissociation barrier.

Experimentally, the IET dissociation process is realized by positioning the STM
tip above the location of the molecular bond at a fixed height, and then low-bias
voltage pulses are applied to inject tunneling electrons into the molecule. The
electrons can be injected from either the tip or the substrate, depending on the
bias polarity. The corresponding tunneling current can be monitored, and current
changes can be associated with the dissociation event, allowing one to determine
the dissociation rate (29, 32). In most cases, such tunneling-current change is due
to the displacement of molecular fragments upon dissociation from their original
location under the tip.

A variation of the tunneling current (i.e., a variation of the number of tunneling
electrons passing through the molecule) changes the dissociation probability and
rate. It is possible to determine the number of tunneling electrons involved in a
bond-breaking process from the following dissociation rate versus the tunneling-
current relationship,

R∞ IN,

whereR is the dissociation rate,I is the tunneling current, andN is the number
of electrons involved in the IET dissociation process (32). In oxygen dissociation
on Pt[111], a pioneering work of IET dissociation (32), both single- and multiple-
excitation processes have been successfully demonstrated.

CONTROLLED DISSOCIATION OF POLYATOMIC MOLECULES Controlled dissocia-
tion of polyatomic molecules using tunneling electrons is more complex than
that of diatomic species such as O2 because polyatomic molecules can have a
variety of bonds. Hence, the tunneling process may involve more than one bond.
Selective bond breaking of the polyatomic molecules has been reported for the
HCCH, C6H6, C6H5I, and C6H4I2 dissociations (29, 32, 36, 37). As examples, the
controlled step-by-step dissociation of iodobenzene (C6H5I) and diiodobenzene
(C6H5I2) molecules are presented in this review.

The iodobenzene is formed by an iodine atom attached to aπ -ring (Figure
10a). Altogether, 12 atoms and three different bonds, C–C, C–H, and C–I con-
stitute this molecule. Their bond-strength ratio in the gas phase is approximately
3:2:1, respectively, with carbonπ bonds that have the highest strength and aσC–I

bond that is the weakest. The selective C–I bond dissociation using the STM
tip is illustrated in Figure 10. One of the experimental barriers encountered dur-
ing the selective bond breaking of polyatomic molecules is to know the exact
strength of a particular bond. Depending on the adsorption sites, the internal bond
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strengths can be altered after adsorption of the molecule on a substrate. The thresh-
old energy necessary to break a single bond inside a polyatomic molecule can be
determined by using a single-molecule I–V spectroscopy procedure (40). To mea-
sure the C–I bond-breaking energy, the STM tip was positioned above the molecule
with a fixed height; then the tunneling voltage was ramped from 0.5 to 2 V with
5-mV intervals. The resulting I–V spectrum showed a sudden drop of current
around 1.5 V (Figure 10e) caused by fragmentation of the molecule into iodine
and phenyl. Thus, the C–I bond-breaking energy was determined as 1.5 V.

In an IET dissociation process, the probability of the electron energy transfer
exponentially decreases with increasing bond strengths (41). Thus, breaking the
weakest bond inside the iodobenzene, C–I, is by several orders of magnitude
favored over the C–H and C–C bonds, which are two and three times stronger.
By gradually increasing the tunneling-electron energy, the C–I bond is broken
first when the energy transfer exceeds its dissociation barrier. As soon as the
molecule dissociates, the resultant phenyl and iodine atoms are displaced from the
original location of the molecule under the tip. As a result, the tunneling-current
intensity passing through the phenyl and iodine is decreased. This greatly reduces
the probability for further dissociation of phenyl and leaves the wholeπ -ring intact.
Similar I–V spectroscopy is used to determine the threshold bond-breaking energy
of phenyl. The phenyl can be dissociated by applying tunneling voltages higher
than 3.01 V (Figure 11), which is in agreement with the benzene dissociation on
Cu(100) (37).

Figure 12 illustrates a step-by-step dissociation sequence of an iodobenzene
molecule adsorbed at a lower part of a Cu(111) step edge at 12 K. First, the molecule
was dissociated into phenyl and iodine by using the I–V spectroscopy dissociation

Figure 11 Dissociation of phenyl. An I–V spectroscopy curve of phenyl reveals an
abrupt current drop at 3.01 V associated with the dissociation of phenyl. The current
fluctuations between∼2 and 3.01 V are produced by the electronic excitations of phenyl
that causeπ -ring positions to change between surface parallel and tilted geometry at
the Cu step.
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Figure 12 Step-by-step dissociation sequence. (a) An adsorbed iodobenzene at a lower part
of a Cu(111) step edge. After breaking the C–I bond (b), the phenyl and iodine are further
separated by using lateral manipulation with the STM tip (c). The phenyl in (c) (indicated with
an arrow) is then further fragmented by the I–V spectroscopy dissociation scheme (d). The
resultant fragments include protrusion and depression regions contributed by the resulting
hydrocarbon fragments.

scheme described above (Figures 12a,b). To verify the identities of iodine and
phenyl, the two fragments were further separated (Figures 12b,c) by using lateral
manipulation with the STM tip to ensure injection of tunneling electrons into
only a single fragment (the lateral manipulation scheme is explained in the next
section). Then, the I–V spectroscopy dissociation procedure was performed over
each fragment. In this process, the STM bias was ramped from 0.5 to 6 V. The
iodine should not be able to dissociate because it is a single atom. As expected,
no fragmentation was observed on the feature assigned as the iodine atom, and
even the tunneling voltage exceeded 6 V. The phenyl was dissociated when the
tunneling voltage reached above 3 V (Figure 12c,d).

As another example, selective abstraction of iodine atoms from a p-diiodoben-
zene molecule is presented in Figure 13. In a p-diiodobenzene molecule, two iodine
atoms are attached at the opposite ends of aπ -ring, and the two C–I bonds have
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the same strengths. During the IET dissociation process with the tip, each C–I
bond-breaking event is recorded as a change in the tunneling current (as shown in
Figure 13b).

The lesson of these examples is that, by choosing a proper molecular system,
specific bond breaking can be performed. By using the IET selective bond-breaking
procedure, unnecessary parts of a molecule can be cleaved off; thus, active sites
can be created. Such molecular fragments can be used as building blocks to join
with other deliberately prepared species to build up a new molecule.

Vertical Manipulation

In most metal-catalyzed reactions, initial chemical reactants adsorb on a metal sur-
face. Then, chemical transformations proceed via various reaction pathways. The
final chemical product is then desorbed from the surface. Therefore, the adsorp-
tion and desorption processes are the integral parts of a heterogeneous catalysis
process.

An STM manipulation mechanism closed to the adsorption and desorption pro-
cesses of single atoms and molecules is known as vertical manipulation
(Figure 14) (38, 42–53). This process involves the transfer of single atoms or
molecules between the tip and substrate and vice versa (Figure 14a). An “atomic
switch” realized by repeated transfer of an Xe atom between the STM tip and an
Ni[110] substrate is the first example of vertical manipulation (42). The atom/mole-
cule transfer process can be realized by using an electric field between the tip and
sample, by exciting with IET electrons, or by making mechanical contact between
the tip and the atom/molecule. This transfer mechanism can be explained by using
a model of a double potential well (as demonstrated in Figure 14b) (50, 52, 53).
At an imaging distance—at which the tip is roughly 6Å above the surface—the
atom/molecule has two possible stable positions, one at the surface and one at the
tip apex. Each position is represented by a potential well, and the two potential
wells are more or less equal in shape, separated by a barrier (Figure 14b, solid
black line). If the tip is stopped above the atom at the same distance and an electric
field is applied, then the shape of the double potential well changes (dashed line
in Figure 14b). In this case, the barrier between the two wells reduces, and the
potential well at the tip apex has a much lower energy level (50). The atom now
can easily transfer to the tip. By applying a reverse polarity bias, the minimum
potential well can be changed to the surface side; the dashed curve will have 180◦

reverses from right to the left. The atom can then transfer back to the surface. In
vertical manipulation by mechanical contact, the tip height is reduced until the
tip-apex and atom/molecule contact has been achieved (50). At that distance, the
two potential wells overlap and appear as one (gray curve in Figure 14b). The atom
is then easily transferred between the tip and the surface and vice versa.

In CO vertical manipulation, a temporary tunneling-electron attachment into
a 2π∗ antibonding state of CO leads to the breakup of the CO–Cu bond, and the
resultant excited CO molecule can jump either to the nearby Cu surface sites or
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toward the tip (49). The CO can be transferred back to the surface using the same
process. Further work on vertical molecular manipulation includes the transfer of
C6H6 and C3H6 between the tip and the surface (7, 47). One useful application
of vertical manipulation is to modify the STM tip (29, 38, 51). The sharpness of
the tip and the chemical element that forms the tip apex are extremely critical for
STM applications. A single-atom/molecule tip can be fabricated by deliberately
transferring an atom/molecule to the tip apex. This improves the tip sharpness;
thus, the image contrast is enhanced. Additionally, the tip is better defined with
respect to its chemical constitution. The application of functionalized tips has
proven useful in molecular recognition imaging. For example, CO and oxygen
can be distinguished when CO functionalized tips are used (48). An application is
demonstrated in Figure 15.

The vertical-manipulation procedure is also particularly useful in transporting
the atoms/molecules across substrate obstacles. For example, investigators have
repostioned CO molecules by picking them up with the STM tip and putting them
back to the other side of a substrate trough, which could not be surmounted by
lateral manipulation (48). In this case, the vertical-manipulation process is similar
to the loading and unloading operation of a crane at a construction site in our
macroscopic world.

Single-Bond Formation

Bond formation is a reverse process of bond breaking and an important basic
step in a metal-catalyzed reaction. For instance, the transfer of an atom/molecule
between the sample and the tip in a vertical-manipulation procedure involves
both bond-breaking and bond-formation processes. In such cases, the substrate-
atom/molecule bond is broken, and a new bond between the atom/molecule and
the tip-apex atom, or vice versa, is formed (49). Lee & Ho (51) demonstrated
additional bond formation. They deposited two CO molecules over an adsorbed
Fe atom on Cu(100) by using the vertical-manipulation procedure. Because an
adsorbed Fe atom on this surface can accommodate two CO molecules, formation
of an Fe-(CO)2 molecule results.

Complex mechanisms are involved when forming a bond between two adsorbed
molecular fragments on a surface. To join the two molecular fragments (i.e., 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.
In addition, their reactive parts must align properly to form a bond between them
(29, 54). In most cases, the reactive part of the molecular fragment is bonded to the

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 14 (a) Atom/molecule transfer process between the tip and the sample and
(b) model of a double well potential. In (b), the solid black, dashed, and gray curves
represent the shape of potentials at an imaging height, under an electric field, and at
the tip-atom/molecule contact, respectively.
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Figure 15 Imaging with a CO-molecule functionalized tip. STM images showing the num-
ber 0 formed with eight CO molecules on Cu[211]. CO molecules appear as (a) indentation
when imaged with a normal tip and as (b) protrusions when imaged with a CO functionalized
tip. An unknown adsorbate (shown with arrow) still remains as an indentation in both images;
thus, chemical contrast can be achieved. (Courtesy of J. Repp)

metal substrate after dissociation from a parent molecule. For example, in phenyls
produced by dissociation of iodobenzene, the free C is bonded to the Cu substrate
(55). This bonding results in the tilting of theπ -ring approximately 45◦ from the
surface on the Cu terrace (Figure 16a) (55). At the step edges, however, the free
C atom can be directly attached to a step Cu atom so that theπ -ring is lying flat
on the lower terrace (Figure 16b) (29, 40). Based on the adsorption geometry, it
is easier to align the reactive C atoms from the two step edge-bound phenyls than
their terrace-bound counterparts, which have more choices for positioning of the
two C atoms (29). When the two phenyls are in very close proximity at the step, the
phenyls tend to rotate (Figure 16c) owing to the H atom repulsions. This position
weakens the C–Cu bonds as compared to the isolated phenyls. The theoretical
calculations for the C–C coupling mechanism on a surface explain that this slight
rotated position of two C atoms can produce aσ ∗ antibonding state, an important
sign ofσC–C bond formation (54). Further rotation of the twoπ -rings until their
reactive C atoms face each other completes the formation of the C–C bonds while
severing the C–Cu bonds. Such action requires additional energy to overcome this
coupling barrier. This additional energy is supplied by a thermal activation process
(56). However, at very low substrate temperatures, the thermal activation process
is negligible. Thus, the C–C bond formation may not be completed (29). In the
STM experiments, the two phenyls do not join at this substrate temperature of
20 K even though they are located close to one other. An example is demon-
strated in an STM image sequence recorded during a manipulation experiment
(Figure 17). Two phenyls adsorbed at a Cu(111) step edge (Figure 17a) are
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Figure 16 Adsorption geometry of phenyl. (a) Tilted π -ring position on the Cu terrace to
form C-substrate bonding and (b) flat-lying π -ring position at the step edge. When the two
phenyls are in close proximity at the substrate step edge, theπ -rings are rotated owing to the
H repulsion (c). Further rotation into the direction shown by arrows results in the joining of
the two reactive C atoms.

put together by laterally manipulating with the tip (Figure 17b). Then the phenyl
couple is pulled to the left side of the image along the step edge by manipulating
with the tip. During this process, the phenyls are separated again, indicating that
they do not join. The coupling of the two phenyls can be succeeded only when
additional energy is supplied by injecting 0.5-eV tunneling electrons from the tip
to the phenyl couple. This electronic excitation with tunneling electrons allows for
completion of the C–C bond-formation process.

Figure 18 shows the chemical association of two phenyls brought to the clos-
est approach (29). The upper half of this image was acquired before associa-
tion. Above the center of the phenyl couple, the tip was stopped and the bias
was raised to 500 mV for 10 s. Then the voltage was reduced to its original
value of 100 mV, and the STM tip continued scanning the lower half of the
image, which corresponds to the postassociation stage. The distance between
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the phenyl centers changes upon association to 4.4± 0.05 Å (see inset of Fig-
ure 17), which is consistent with the distance of 4.3Å between the two centers of
theπ -rings in gas-phase biphenyl. The observed process can only be initiated by
using voltages≥0.5 V. Because the bias necessary for association is as small as
0.5 V, dehydrogenation during the association process can be ruled out.

STM Tip–Induced Single-Molecule Chemical Reactions

Using manipulation with tunneling spectroscopy measurements, various chemical
reactions were recently induced on single molecules, thus leading to the synthe-
sization of new chemical products (29, 38, 39). Hahn & Ho (38) demonstrated, on
an Ag(110) surface at 13-K substrate temperature, oxidation of CO at a single-
molecule level. Via vertical manipulation, they used the STM tip to pick up a CO
molecule (38). Then, they performed a direct reaction with adsorbed oxygen on an
Ag(110) surface. This remarkable experiment not only leads to the observation of
reaction processes at an atomic level, but also demonstrates that inducing reactions
with the STM tip can create new reaction pathways. In a recent report, Kawai and
coworkers (39) synthesized 1,3-butadiene molecule on a Pd(110) surface via IET
dissociation of C–H bonds of single trans-2-butene molecules. In the following
section, syntheses of a biphenyl molecule out of two iodobenzene molecules on
Cu(111) using the STM tip are presented as examples.

ULTIMATE ULLMANN REACTION Almost a century ago, Ullmann and coworkers
(57) discovered that heating a mixture of C6H5I liquid and Cu powder to∼400 K
resulted in the formation of C12H10. From this experiment, they derived the fol-
lowing formula:

2 I + 2 Cu= + 2 Cu I.

There are three elementary steps involved in this reaction after adsorption of
C6H5I on Cu: dissociation of C6H5I into phenyl (C6H5) and iodine, diffusion
of phenyl to find its reaction partner another phenyl, and association to form a
biphenyl. The Cu surface acts as a catalyst in this reaction process, and the Ull-
mann reaction is triggered by thermal excitations. Dissociation of C6H5I occurs
at∼180 K, and biphenyl is formed at∼400 K. Thus, it is necessary to conduct
single-molecule experiments at low temperatures to avoid thermal influences. In
this review, two complete Ullmann reaction sequences induced by using the STM
tip are presented. All the STM manipulation procedures described in the previous
sections are systematically applied to create each reaction step in these sequences.

An STM image sequence of a tip-induced Ullmann reaction is presented in
Figure 19. Two iodobenzene (C6H5I) molecules adsorbed at the lower part of a
Cu(111) step edge (Figure 19a) were selected as the initial ingredients for this
reaction. The dissociation of molecule was realized by injecting 1.5-eV tunnel-
ing electrons from the tip to each molecule. A single tunneling-electron energy
transfer to the molecule causes breaking of the C–I bond. After dissociation,
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both iodine and phenyl are adsorbed at the lower part of the Cu step edge and
they are separated by 2.5a0 (a0= 2.55Å denoting the Cu nearest-neighbor dis-
tance), i.e., 2.5 Cu atom distance (Figure 19b). To prove that the iodine atoms
and phenyl fragments are actually dissociated, researchers further separated them
by lateral manipulation with the tip (Figure 19c). Then, the iodine atom located
between the two phenyls was relocated to a terrace site with the tip to clear the dif-
fusion path of phenyl (Figure 19d). The phenyl located at the left side of the image
was then moved along the Cu step edge to the right side until the two phenyls
met and then 500-meV tunneling electrons were injected into the phenyl couple
to form a bond between them (Figure 19e).

Figure 20 illustrates an improved single-molecule Ullmann reaction sequence
induced at 20 K by using the STM tip. This sequence is different from the previous
case because here we used an iodine functionalized tip to induce most of the basic
reaction steps. The use of an iodinated tip does not affect the detailed tunneling
parameters, such as tunneling voltage or current, to induce the reaction steps but
has the advantage that the tip becomes sharper and the image contrast is enhanced,
allowing more precise tip positioning.

We started with two C6H5I molecules adsorbed at a lower part of a Cu(111)
step edge (Figure 20a) (as in the previous case). However, in this case, the two
iodobenzene molecules were adsorbed at the Cu step as a mirror to each other
so that the iodine atoms were located at the far-left and far-right sides of the im-
age (Figure 20a). The first reaction step, dissociation, was performed by injecting
1.5-eV energy tunneling electrons into the molecule. The resulting fragments,
phenyl and iodine, were separated by 2.5a0and 3.5a0for the left and right molecules,
respectively (Figure 20b). Then, the abstracted iodine atom at the far left was trans-
ferred to the tip apex by using a vertical-manipulation procedure (Figure 20b,c).
As a result, the tip became sharper and the image contrast was improved (Figure
20c). Using a recently fabricated iodine atom tip, investigators respositioned both
phenyls (Figure 20d) until they were located close to one other (Figure 20e). To
realize the third reaction step, association, the phenyl couple was excited by apply-
ing 500-meV voltage pulses for 10 s. Formation of biphenyl was then confirmed by
pulling the synthesized molecule from its front end with the iodine atom tip along
the step edge to the left side of the image (Figure 20f ). Because the entire unit
followed the tip from behind in the pulling mode, the chemical association of the
two phenyls formed a biphenyl molecule. Finally, the iodine atom from the tip apex
was transferred back to the substrate (Figure 20g) by using vertical manipulation.

In both reaction sequences (Figures 19, 20), the first images (Figures 19a, 20a),
showing two adsorbed C6H5I molecules on Cu, exactly represent the left side of
the Ullmann equation. The final images (Figures 19e, 20g), illustrating a biphenyl
molecule and two iodine atoms on Cu, exactly represent the right side of the
equation. Thus, the whole chemical equation can be visualized with individual
reactants for the first time.

Additionally, the important role of step edges in catalytic reactions is reflected
in these atomic-scale reaction sequences. Since 1929, one-dimensional defects
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have been proposed as the catalytically active sites in the “Adlineation Theory” by
Schwab & Pietsch (58), yet only a few detailed studies for metal catalyzation at
step edges have emerged (1, 29, 59). During our experiments (29), we found that
inducing the reaction at Cu step edges, especially at very low molecule coverages,
was much easier because of the following reasons:

1. Adsorption: Owing to their mobility, most C6H5I molecules are adsorbed at
the Cu step edges even at∼20 K. Therefore, they are easy to locate.

2. Dissociation: Owing to the stronger binding at the step edges versus on the
terrace, the phenyls attach to the step edges after dissociation.

3. Diffusion: Again owing to the stronger binding, it is easier to laterally ma-
nipulate the phenyls along the step edge without losing them. Step edges are
also used as a navigation aid for the manipulation paths. Moreover, there is
a higher probability for phenyls to meet a reaction partner, another phenyl,
at the step edges.

4. Association: Because the step edge locks the closely located phenyl couple,
it is easier for the parts to join.

FUTURE PROSPECTS OF SINGLE-MOLECULE
CHEMICAL REACTIONS

Through inducing chemical reactions at a single-molecule level with the STM tip,
various underlying reaction processes can be studied on an atomic level. Chemical
relationships like the Ullmann equation can be confirmed. New chemical reaction
pathways may be discovered. However, one should be cautious in making direct
relationships between the natural and tip-induced reactions. Under the influence
of the tip, reactions that otherwise might not occur in nature can be forced to
proceed. But this is exactly the advantage for nanotechnology because synthesis
of individual human-made molecules, never before seen in nature or made in
chemical reactors, may eventually become a possibility.

Construction of single molecules on a one-at-a-time basis using the STM tip
as an engineering tool (60) may require creating basic building blocks, bringing
them together to an assembling place, and then joining them to form a desired
molecule. This entire process is somewhat similar to the assembling process of
automobiles or electronic commodities such as televisions, computers, etc., in a
factory production line.

Basic blocks for construction of a molecule can be atoms, molecules, or radi-
cals. By selective bond breaking with an STM tip, unnecessary parts of a molecule
can be cleaved, thereby creating active sites. Such molecules can be used as basic
blocks to join with other deliberately prepared species to build a new molecule.
The individual molecules may also be constructed with the STM tip and collected
for further use as basic blocks for the assembly of larger molecules.
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The ability to bring these basic blocks to an assembling place with atomic-
scale precision is an important and integral part of the process. A crucial step in
the bond-formation procedure is the proper alignment of molecular blocks so that
they can be joined in a geometrically correct way. For this, reorientation and repo-
sitioning of molecules in the desired way with atomic-scale precision is necessary.
At sufficiently low temperatures, this can also be achieved by using the STM tip.

Molecules with specific functions, to be used in nanoelectronic and nanome-
chanic devices, may be constructed, and their physical and chemical properties
may be studied in situ with STM spectroscopy techniques on an individual ba-
sis. Even though direct industrial application of single-molecule construction may
not be possible in the foreseeable future, the knowledge of how to construct the
molecule can initiate a mass-scale production. Thus, with these achievements in
molecular-manipulation possibilities with the STM, an entire new dimension for
future nanoscience and technology is now wide open.
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Figure 3 A diiodobenzene molecule on Cu(111) at the upper left corner in STM
image (a) is laterally moved to a new position (b). The CO molecule (darker circle) is
used as a landmark. The manipulation operation is illustrated in (c): The tip scans at a
height of about 6Å above the surface during the trial (blue and green) and the initial
molecule position is recorded at A. Reducing the tip height by 3.5Å then performed
the manipulation. A sudden increase in tip-height (shown by the arrow) occurs due to
molecule hopping towards the tip. The vertical line is drawn to show the initial molecule
position. The molecule follows the tip in pulling mode with mostly single hops (2.55Å).
The tip is retracted at the final position and re-scanned along the manipulation path to
check the successful manipulation of the molecule to the locationB.
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Figure 7 How an atom moves. Single atom manipulation signals are superimposed
over a 3D atomic resolution STM image of a Ag(111) surface (blue background).
θ = 0◦ signal shows a “pulling mode” with the single site hops of atom along a surface
close-packed row. Atθ = 10◦, small steps in the signal as compared toθ = 0◦ signal is
due to fcc-hcp site visiting of the atom. Atθ = 20◦, the periodic appearance of the deep
down-slopes following a sudden increase in the tip-height signal is due to a “resting”
and then “jumping” of the atom to the next close-packed row. Theθ = 30◦ signal
includes two consecutive bumps with 1.7Å apart and next two bumps are followed by
3.3Å distance, in agreement with the distances between the three-fold hollow sites of
the surface along that direction.
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Figure 10 Selective bond breaking of single iodobenzene molecule at a Cu(111)
step-edge. (a) Structure of an Iodobenzene molecule. (b) An adsorbed iodobenzene
molecule at lower part of a Cu(111) step-edge appears as an asymmetric shape with a
larger bump at the right side which is contributed by the iodine atom of the molecule.
(c) After breaking the C–I bond of the iodobenzene, both the resultant phenyl (larger
protrusion with roughly a triangular shape) and iodine are adsorbed at the Cu step-edge.
(d) The tunneling current signal recorded during this dissociation procedure shows an
abrupt drop, which is caused by the C–I bond-breaking event. (e) Single-molecule I-V
spectroscopy curve of an iodobenzene showing the abrupt decrease in tunneling current
at∼1.5 V caused by the C–I bond breaking event.
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Figure 13 Iodine abstraction via molecular bond-breaking: A p-diiodobenzene
(C6H4I2) molecule adsorbed at a screw dislocation on Cu(111) (a). After breaking
the two C–I bonds of the molecule using inelastic tunneling electrons, the two iodine
atoms remain adsorbed (b). The other fragment of the parent molecule, C6H4, diffused
away after breaking of the second C–I bond. The two abrupt changes in the tunneling
current signals (shown with arrows) in (c) correspond to each bond-breaking event.
The C–I bond dissociation probability collected from 70 dissociation events (d).
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Figure 17 Synthesis verification. (a) Two phenyls adsorbed at the lower part of Cu(111)
step-edge. (b) The phenyl at the left side is moved towards the right phenyl [along the direction
indicated by the arrow in(a)] until closely located to each other. (c) When the two phenyls
are moved [along the direction indicated by the arrow in(b)] with the tip, they are separated
again.



15 Apr 2003 16:28 AR AR183-11-COLOR.tex AR183-11-COLOR.SGM LaTeX2e(2002/01/18)P1: GDL

Figure 18 A background subtracted STM image with a phenyl couple in its center.
The upper and lower parts correspond to the stages before and after the chemical asso-
ciation. The tip height profile across the centers of the synthesized biphenyl molecule
is indicated. [Image parameters:+100 mV, 1.3 nA; 24× 7 Å2].
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Figure 19 Three-dimensional STM images showing the basic steps of the tip-induced
Ullmann reaction. Two adsorbed iodobenzene molecules at the lower terrace of the
Cu(111) step-edge (a). Iodine is abstracted from the molecules by injecting tunnelling
electrons (b). Iodine atoms (small) and phenyl molecules (large) are further separated by
lateral manipulation (c). The iodine atom located between the two phenyls is removed
onto the lower terrace to clear the path between the two phenyls (d). The phenyl
molecule at the left side is moved close to the right phenyl and then 500 meV voltage
pulses are supplied by the STM-tip to form a biphenyl molecule (e). [Image parameters:
+100 mV, 0.53 nA; 70× 30 Å2].
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Figure 20 Single molecule Ullmann reaction series II: Two iodobenzene molecules
are adsorbed at a Cu(111) step (a). After dissociation with tunneling electrons, two
phenyl radicals (larger bumps) and two iodine atoms are adsorbed at the Cu step-edge
(b). After the iodine at the far left (indicated by a green arrow) has been transferred
to the tip apex using the vertical manipulation procedure, the image contrast improves
(c). The two phenyls are laterally moved towards each other with the tip (d). When
the two phenyls are in closest distance, a splash of electrons with 500 meV is supplied
to excite them for biphenyl formation (e). Then, the synthesized biphenyl is pulled by
the tip to the left side of the image to verify a successful chemical association (f ).
Finally, the iodine from the tip-apex is transferred back to the substrate (g) (indicated
by a green arrow).


