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1. Introduction liquid phases forms the background knowledge issued from

all these studies. A number of methods such as translational

The concept of “electronic control of single-molecule spectroscopy° provided not only spectroscopic information

dynamics” on surfaces has appeared only recently. This ishut moreover information on the molecular dynamics leading
the result of a long maturing process that started in the 1960sto dissociation of electronically or vibrationally excited
when electronic spectroscopy of gas- and liquid-phase molecular species. In that case, the excitation was performed
molecules became an important problem. Tremendous progresgy collisions at~1 keVA! or inside an ion sourcé.
in surface science for preparing and characterizing clean and -~ An important step in the electronic control of molecular

well-reconstructed surfaces was necessary. At the same timegynamics has been the discovery of electronic nonradiative
there has been a growth in the understanding of the electroniaransitions (ENRTs}3~® The basic idea is that, due to the

interactions between the molecules and the surfaces, bothspecific selection rules of photon excitation, the molecule

experimentally and theoretically. Studying the electron can be excited into a nonstationary electronic state (Figure
control of molecular dynamics at the level of a single 1)1617 This nonstationary electronic excited state, as a
molecule became possible at the beginning of the 1990s withcoherent superposition of stationary states, will undergo an
the advent of the scanning tunneling microscope (STM) as evolution over a short time that will drive the molecular
an atomic size source of electrons to electronically excite dynamics'3 In fact, this led to the first realization of coherent
individual molecules. After an introduction to the historical control of molecular dynamics. Further significant progress
background in part 2, the various electronic excitation in the coherent control or quantum control of molecular
processes whereby the tunneling electrons transfer energyjynamics has been achieved due to the development of
to the molecule will be discussed in part 3. Part 4 is devoted femtosecond lasef8.This has enabled a considerable exten-
to a review of recent examples of electronic control of single- sion in the ability to control the molecular dynamics through
molecule dynamics, ranging from bond-breaking such asa controlled preparation of coherent superpositions of
dissociation and desorption to bond-making experiments electronic excited statégMolecular ionization, dissociation,
where chemical reactions are induced molecule by molecule.and orientation have been demonstrated by such quantum
control experiments.
* To whom correspondence should be addressed: Phone: 33 16915 7713, [N the meantime, as these studies on the electronic control
Fax: 33 16915 6777. E-mail: gerald.dujardin@ppm.u-psud.fr. of molecular dynamics in the gas and liquid phases were
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developed, researchers started being interested in moleculegollection of fluorescence on the low-temperature STM.

adsorbed on surfaces. The reasons for somewhat delayingcience that occurred in the two decades from 1960 to 1980
the studies on surfaces as compared to those in the gas phader preparing and characterizing clean and well-reconstructed
or liquid phase are essentially experimental. It was necessarymetallic, semiconductor, and more recently insulator surfaces.
to wait for the tremendous experimental progress in surface Fundamentally, it has taken time to understand the electronic
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Figure 1. Schematic showing the electronic level manifolds of
the benzene molecule. The statéB4, is coupled nonradiatively

to the two vibrational-level continua of the'X,4 and &B,,, states.

This diagram is based on the work presented in refs 13 and 17.
For other examples of nonradiative transitions, see refs 14 and 15.

' ' ' ‘ ' Figure 3. Tunneling images of a reconstructed (111) germanium

surface covering a 50x 65 A? region. (a) Surface before
r 7] modification. A single unit cell of the c(28) reconstruction is
\CAPTURE highlighted, and a naturally occurring defect in the upper left-hand
corner serves as a registration mark. (b) Same region after the
surface modification. The displayed region is slightly translated due
to the thermal drift in the tunneling microscope. The new bright
spot near the center of the picture is the impressed bit. Reproduced
with permission fromNature (http://www.nature.com), ref 31.
Copyright 1987 Nature Publishing Group.
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results in (i) relatively low efficiencies of DIET processés,
B (i) molecular dynamics at surfaces occurring in the relaxed
Q electronic staté? and (iii) coherent control of molecular
! | ! | . dynamics being difficult on surfacég.
DISTANCE FROM THE SURFACE Soon after the discovery, in 1990, that the tip of an STM
Figure 2. Schematic potential energy curves illustrating stimulated could be used to laterally move individual atoms and
desorption by the MenzelGomer-Redhead model. A Franek molecules in a controlled manner across a surfadeyas
Condon transition from the ground state takes the system to arealized that the STM tip could also be used as an atomic
repulsive excited state. Quenching of the adsorbate excitation issize source of electrons for local electronic excitation. This
assumed to return the system to a replica of the ground-state curvepad peen performed on the Ge(111)«8) surface! Here,
Quenching can lead to either capture or desorption depending on_4 \/ 5 Ises deposited single atoms on the surface from the
where the quenching transition occurs. Reproduced with permission,. . - 2 . .
from ref 22. Copyright 1989 American Institute of Physics. _t'p (Figure 3): This result is 'F“porta”‘ historically beca_use
it was the first demonstration of a controlled vertical
interactions between the molecules and the surfaces, frommanipulation and the authors were the first to suggest an
both an experimental and a theoretical point of view. application in nanotechnology. Other demonstrations of the
Nevertheless, as early as 1984%desorption from adsorbed  new capabilities of the STM included the desorption of
molecules on surfaces induced by electronic excitation startedhydrogen from a hydrogenated Si(111)-7 surfacé? and
to be investigated, motivated at that time mainly by the need the transfer of individual atoms between a surface and a tip
to improve the technology of ion gauges for measuring ultra- by the application of voltage pulsésThe first molecular
high-vacuum pressures. This was the starting point of the dynamics induced by electronic excitation with the STM has
so-called DIET (desorption induced by electronic transitions) been the dissociation of decaborane molecules adsorbed on
studiesi** whose impact has been continuously growing a Si(111)-%7 surface* The dissociation was monitored
over the past 40 years. The DIET process is illustf&t@d  through the observation of molecular fragments on the
Figure 2, where stimulated desorption occurs according to surface. A threshold voltage arourdt V indicated that the
the Menzet-Gomer-Redhead modéP.2°Here, a Franck excitation mechanism was indeed an electronic excitation.
Condon transition from the ground state takes the system toin the following paragraphs, the basic principles of these
a repulsive excited state. Quenching of the adsorbateelectronic processes induced with the STM tip will be
excitation is assumed to return the system to a replica of thediscussed in more detail. The most recent examples of the
ground-state curve. Quenching can lead to either capture orelectronic control of molecular dynamics using these STM
desorption depending on where the quenching transition methods will be examined.
occurs. Not only has desorption been considered, but all kinds
of molecular dynamics including dissociation, ionization, - 3 Flactronic Excitation Processes with the STM
diffusion, and chemical reactions have been explored.
Various excitation processes have been used to induce and We will define “electronic excitation” as a process where
study the electronic excitation of adsorbed molecules on the dynamics, the structure, and/or the lifetime of the
surfaces: synchrotron radiatiéf?* electron impact® ion electronic excited state play a role in the STM manipulation
impact?® and laserd’ Thus, DIET has now acquired a very process even though the system rapidly relaxes to its ground
mature statu®® There are several fundamental differences electronic state. The underlying process, fundamental to
between DIET processes at surfaces and the electronicelectronic excitation of an adsorbed atom or molecule, is
control of molecular dynamics in the gas or liquid phases. that the transport of electrons between the tip and the surface
The major difference is the efficient dissipation of molecular must dissipate some energy through inelastic electronic
energy, both electronic and vibrational, on a surface. This coupling. This will manifest itself experimentally by the
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observation of a clear electronic resonance or electronic gq) b)
threshold* 3¢ in the manipulation cross section variation as
a function of the surface voltage. E,

In most cases, the STM is used for both the imaging and
manipulation of an adsorbate. As such, it is important that g, ———~»
imaging does not in itself induce any modification. Therefore,
it may be useful to give the typical imaging and manipulation
conditions. In a typical STM scan (2@ 20 nn¥, 100 nm
s1, 400 x 400 pixels), a single molecule (03 0.3 nn¥) c) I d)
receives a dose of &Celectrons at 1 nA. Most atom or i I e
molecular manipulation processes have yields of between il
10 and 10° events per electron; that is, betweert &ad =l E, B
10 electrons are required. Thus, for processes with a high e ;
yield, all molecules could react if the voltage is above an T‘--Z ........ E;
excitation threshold. So for experiments on semiconductor n J
surfaces, it is necessary to use low voltages and low currents
to image the surface if one wants to avoid manipulation of e) f)
any adsorbed molecules. Typically, the voltage and current i
are£2 V and less than 0.5 nA, respectively, while manipula- &% NN o
tion is carried out for voltages greater tha V and currents i Surface - I i
anywhere between 0.2 and 30 nA. For experiments on metal E-____ E, :
surfaces, imaging occurs at low voltages (100 mV) while K,
currents are less than 1 nA and may even be only a few ‘
picoamperes. The manipulation conditions depend on the
effect desired; vibrational manipulation requires a low Figure 4. Schematics of the electronic excitation processes of a
voltage, whereas atom displacement or desorption requiregnolecule under the STM tip: (a) electron attachm&fat> 0; (b)
higher voltages. It is clear that manipulation is much more hole attachmentys < 0; (c) electronic transitionys > 0; (d)
dependent on the voltage applied than the current. electronic transitionVs < 0; (e) electron-hole pair attachment,

) o ~ Vs > 0; (f) electror-hole pair attachmeny/s < 0.
Consider the situation where an atom or a molecule is
adsorbed on a surface. The atom or molecule will have the molecule to be excited into far-from-equilibrium con-

unoccupied states that lie above the Fermi level of the formations, resulting in very rapid, efficient, and more easily
surface. Some of these unoccupied states will be above thesontrollable molecular dynamic processes. Second, the
vacuum level (of the surface), while others will be below. transfer of energy should be more rapid. Third, electronic
The states lying above the vacuum level are accessible withexcitation can be used to activate different molecular
far-field techniques such as electron impact scattering. If the fynctions. These can be different in nature; for example, an
STM tip is used to induce electronic excitation by injecting electronic function might involve a change in transport
electrons into these antibonding orbitals, access to all theproperties of the molecule. A mechanical function might
antibonding states is possible, even those that lie below thein\/o'\/e a Change in Configuration, and an optica' function
vacuum level of the surface. It should be pointed out that mjght induce fluorescence from the molecule. Last, quantum
lasers and other photon sources can be used to inject electrongpntrol of isolated molecules has been demonstrated in the
into the LUMO of an adsorbate. Indeed, this has been gas phase using the laser to induce electronic excitation.
demonstrated in a recent experiment by Ho and co-workerspowever, control is achieved by tuning the coherence time
where irradiating an Ag tip with visible wavelength photons  petween the excitation and the final state. Coherent control
induced electron transfer to a metal porphyrin molecule of 3 molecule can be achieved using femtosecond 135ers.
adsorbed on a surface under the*fiplowever, these photon  However, coherent control can also be achieved by fabricat-
or electron sources produce vast amounts of secondarying a nonstationary state through specific selection rules
electrons, and secondary electron processes are not necegyithout short-pulse excitatiotf. This has been known for a
sarily desirable in that they complicate greatly the interpreta- |ong time in gas-phase experiments. This nonstationary state
tion of the manipulation events. Thus, if they can be avoided can be described as a superposition of real stationary states
or at least reduced, this will help in an initial understanding a5 jllustrated in Figure 1. It is through this method that we
of the manipulation events. This is possible with the STM. might be able to initiate a coherent control with the STM,
In general, the probability and efficiency of the electronic though it remains to be seen if this is possible on a surface
transition will be determined by the overlap and coupling ysing tunnel electrons from the STM tip via electronic
of the tip and molecular wave functions across the tunnel gxcitation.
barrier. The possible means of excitation are grouped into  sing the STM tip to induce the electronic excitation offers
three categories, electron attachment, electron transition, angyother advantage. That is, the STM can determine the
electron-hole pair attachment, which are schematically precise position of each atom or defect. This leads us to
shown in Figure 4. consider also some of the difficulties that can be encountered
If we compare electronic excitation with vibrational when usingthe STM. For example, the electronic or chemical
excitation or direct contact (between the STM tip and the properties of an individual molecule can be strongly modified
molecule), electronic excitation has several advantages if oneby the presence of a given atom in its neighborh#cthe
wants to induce dynamical processes; for example, electronicdifficulty here is that each atom or molecule on the surface
excitation can induce fluorescence, whereas vibrational may behave differently due to a different atomic-scale
excitation cannot. First, electronic excitation should enable environment. For example, the switching probability of the
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biphenyl molecule adsorbed on the Si(103)42surfacé® 3.5x10° .
was dependent on the proximity of neighboring molecules
and on whether the underlying silicon dimers were buckled.
Quantitative measurements of the molecular properties may
then become a real problem. Furthermore, the precise
identification of the electronic processes under the STM tip
can be made difficult by the lack of knowledge of the
electronic structure, on the atomic scale, of occupied and
unoccupied states of adsorbed atoms and molecules. Another
complication is that the presence of the STM tip close to
the surface can modify the atomic and electronic structure
of the adsorbed atom or molecule, either through direct .
contact between the STM tip and the surface or through the Bt e

relatively strong electric field between the tip and the LA I Jmsm‘{'w 10 11 12

surface’® Finally, it should be noted that both the electronic o )

excitation and the probing of the molecular dynamics are Figure 5. STM tip-induced desorption of hydrogen atoms from

; : ; ; the Si(100)-X% 1 surface. H atom desorption yield as a function of
achieved with the same tool, i.e., the STM¥his makes the sample bias voltage. The tunnel current was 0.01 nA. The

the realization of a spatial experiment where one excites @sample was As-doped, 10-% Q cm. Reproduced with permission
molecule at one position and measures the result at anothefrom ref 57. Copyright 1996 Elsevier.

position very difficult. The coherence process of electron

05 s

Desorption Yield { Atoms ! Electron)
;1

tunneling through the barrier between the tip and the surface 3 3sv
has never been tested. Furthermore, the measurements do . #f=7063 [a
not take place on the same time scale as the excitation. This g
L. 1074 . av .
is in stark contrast to the temporal control and coherence s
that can be achieved in a pumprobe experiment using two f ' 25V
different lasers to excite and probe the molecular dynamics L ¢ 12e3
in the gas phase. ! M av

A final subject needs to be raised: the role of the tip in 10%4* 7.6E-4
manipulation processes. During manipulation, the process ¢ ¥
of injecting electrons from the tip should be independent of 4
the tip. However, on semiconductor surfaces, the electric field A
present in the tunnel junction can induce band-bending, and

o 107
this is very dependent on the structure and shape of the v P —— T T
tip.49-43 Several experiments will be discussed in section 3.5 e ’ cu:.m m‘, £ ¢
v_vhere the electric field is the primary agent in the manipula- Figure 6. H atom desorption yields at incident electron energies
tion process. (bias voltage) below the electronic transition threshold (see Figure

5). The curves shown are the predictions of the truncated harmonic

3.1. Electron (Hole) Attachment oscillator model of multiple vibrational excitation. The inelastic

fractionsfi, obtained from fitting to the data are given next to the

Electrons from the STM tip can be attached temporally curves. Reproduced with permission from ref 57. Copyright 1996
to an unoccupied orbital of an adsorbed atom or molecule, Elsevier.
producing a negatively charged species (Figure 4a). Such a
process is the surface analogue of a negative ion resonanc&here 10 or more electrons were neededch electron
in the gas phas¥.Using the STM, this manipulation requires  giving only a small fraction of its energy to the-8H bond
a positive voltage on the surface with respect to theMip, (1 quantum)>-5° However, the resonant character of the
> 0. The electron attachment process has been consideregrocess has not been clearly established.
to explain a variety of manipulation experiments. Later studies on Si(100):H were carried out over a larger

The most widely studied has been the desorption of current range (310 nA). The desorption yield showed only
individual hydrogen atoms from the fully hydrogenated a weak current dependence for both n-type and p-type
Si(100¥5-52 and partially hydrogenated Ge(1$tf®surfaces ~ samples and for both the stationary and line-scan modes
through the attachment of electrons to &H€Si—H) ando*- (Figure 7). The desorption yield had the same absolute value
(Ge—H) antibonding orbitals, respectively. The results from as that found in previous studies, but only a very small
the early studies on the desorption of hydrogen from silicon dependence of the desorption yield on the current was found
showed the presence of another desorption regime with awhere only two electrons are required to break the i
threshold around 6.5 eV (Figure 5). This high-energy regime bond>! Further studies indicated that the tip plays an
will be discussed in the next section as it corresponds to aimportant role which is hard to quantify.lt was observed
direct o—o* excitation of the Si-H bond>":%8 In the low- that the lines drawn by the tip were segmented such that
voltage regime, the desorption yield was found to be several from time to time no hydrogen was removed, suggesting that
orders of magnitude lower and showed a distinct power law the tip had “on” and “off” modes (Figure 8). This could be
behavior as a function of the current for a given applied due to the fact that a large number of hydrogen atoms are
voltage. Between 2 and 4 V, the yield increased by more removed in a short amount of time so the tip is easily
than a factor of 10 as the current was increased from 1 to 3passivated, which can change the efficiency of the desorption
nA (Figure 6). The current dependence was explained by process.
the desorption resulting from an electron attachment to the Two models of electronic excitation via vibrational heating
o*(Si—H) orbital via vibrational heating of the SH bond exist; one is called coherent excitat®rand the other
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’g 1E7 Ep (@ Ep (b)
8 1E-8] — —
C A e Si-H Si-H
g B9 e e
5 1510 EH= s+ E4= s
"g Reference 46 T 7 = 7
e 1 Reference 48 Y":/ \Ezj
= ; H) H
o A Stationary Mode = =
B O1E-12 4 v p-Doped. Scanning Mode Distance Si-H Distance Si-H
= n-Doped, Scanning Mode Figure 9. Diagrams showing the two different models for the
1E-13 — T desorption of hydrogen, from a hydrogenated Si(100}3urface,
1 10 induced by the tunnel electrons. In both cases, the first step is a
Current (nA) resonant FranckCondon excitation where the arrival of the electron

Figure 7. Desorption yield as a function of the tunneling current creates an excited SH™ species. (a) Vibrational heating mecha-

in Stationary mode for p-type Samp|es (up-triang|es) andin Scanning nism. Each electron transfers one quantum to theHIond durlng
mode for p-type samples (down-triangles) and n-type samples the relaxation process. (b) Derivative of the coherent model. Each
(squares). The solid lines are the corresponding least-squares fit teglectron transfers a large proportion of its energy to the-Sbond

a power law/2. The exponents ar@= 0.3+ 0.1, 1.3+ 0.3, and during the relaxation process.

0.8 £ 0.3, respectively. The values of the yield from previous

studies as a function of the tunneling current (ref 46 (circles) and to the o*(Si—H) orbital, forming a negative ion resonance,
ref 48 (diamonds)) and the respective least-squares fit to a powergng then as the electron leaves (to the surface), it transfers

law, 12, The exponents ara = 15 anda = 10, respectively. : : .
Reproduced with permission from ref 51 (http://link.aps.org/abstract/ some part of its energy to the-Si bond. In the first model,

PRB/V68/p035303). Copyright 2003 American Physical Society. €XCitation produces a coherent superposition of vibrational
states and in the second an incoherent superposition of

vibrational states. Thus, in the “coherent” model, several
guanta are transferred, thereby allowing the electron to climb
the vibrational ladder several levels at a time, whereas in
the “incoherent” or vibrational heating model, the electron
transfers only one quantum, thereby climbing the vibrational
ladder only one level at a time. The coherent mechanism
had been shown to dominate at low tunnel currents where
the average time between successive electron tunneling
events is longer than the vibrational lifetime. The more recent
result§>53are more compatible with the coherent model for
exciting the Si-H bond as proposed by Persson and Paffher,
since only two electrons are needed to induce hydrogen
desorption. This casts doubt over the validity of the incoher-
ent vibrational heating mechanism as the description of the
hydrogen extraction process; at 10 nA, the time between
tunnel events is around 2 ps, which is much shorter than the
vibrational lifetime of the excited state of the-Si#l bond
(10 ns)®* An illustration of the two models based on the
literaturé®0is given in Figure %?

There are a number of practical complications related to
the early results by Shen et“dlThe major problem with
the results produced by Lyding, Avouris, Stokbro, and
otherg> 0 was the lack of precision due to the line-scan
method used. It was difficult to determine the exact number
of electrons involved since the tip is scanned over the surface.
The whole line receives a certain dose of electrons, so
depending on the speed, several electrons can interact with
a single hydrogen atom or between hydrogen atoms, which
renders an understanding of the physical process of desorp-
tion more difficult. This means that the inelastic coupling
will vary from site to site. As a consequence, it seems hard

) ) to justify the mechanism given the uncertainties and espe-
Figure 8. STM topography (50« 25 nn) of a hydrogenated Si- — i5|ly the lack of experimental data points.

(100)-2x1 surface showing two lines of silicon dangling bonds . - .
(DBs) produced by extracting the hydrogen atoms with the STM [N studies of the desorption of hydrogen from germanium,
tip. Imaging conditions were-1.5 V and 0.5 nA for the topography  individual hydrogen atoms are adsorbed on the Ge rest atom

and the hydrogen extraction#2.5 V and 6 nA at a scan speed of ~ sites and at low exposures are isolated from each other. This
80 nm/s. Kinks in the DB lines are mainly due to misalignment of s shown in Figure 10, where three hydrogen atoms are
the tip trajectory with the dimer rows. The right-hand line shows aq4sorbed on the Ge surfat&The hydrogen atoms show up
both a Peierls distortion and a section where the tip is inactive. as characteristic triangle and square sites where the three
incoherent® These are analogous to the DIET and DIMET and four nearest-neighbor adatoms have more electron
processes, respectively. In both cases, the electron attachedensity than usual due to a transfer of charge. In addition to
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of the applied biad/s. Reproduced with permission from ref 53

(http://link.aps.org/abstract/PRB/v63/p081305). Copyright 2001
American Physical Society.
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brational processes (unlike silicon) and that the electric field
could be neglected. The electric field was estimated to be
less than 0.3 V/A. Furthermore, the 66 bond energy of
3.0 eVP4is low enough that a single electron is sufficient to
break the bond in the voltage range-B) V. For Ge-H,

the known electronic excitation processes are resonant
electron attachment of an electron in thfGe—H) anti-
bonding orbital (unoccupied) at 3.5 eV above the Fermi
levePs and the directb—o*(Ge—H) transition at 8.5 e\#®

The most likely explanation of the increase in the yield above
4 eV is that of the attachment of tunnel electrons into the
o* Ge—H orbital.

Similar processes have been considered to explain the
STM tip-induced desorption and hopping of individual CO
molecules from a Cu(111) surfageHere, it was observed
that individual CO molecules could be desorbed by applying
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Figure 10. Sequence of four consecutive STM topographic images
(45 x 185 A?) of a Ge(111)-c(8) surface. The imaging conditions
were—1V and 1 nA in each case. The first contains three hydrogen

atoms (two square sites and one triangular site) and a defect in

both the top-right and bottom-right corners. A single pulse was

a bias above a threshold of 2.4 V. The desorption yield per
electron was found to be 21 10 1% The desorption yield

was determined from the distribution of the hopping rates
at 2.7 V and 4.7 nA. The mean hopping rate as a function
of tunnel current was linear, which suggested a single-

applied to the first H as indicated by the arrow, and the resulting €lectron process. Time-resolved two-photon photoemission
extraction can be seen in the subsequent image. Pulses were the@PPE) experiments were performed on the ordered sub-

applied to the other two hydrogen atoms in turn. Reproduced with monolayerJSx \/3 phase of CO. In this phase, all the CO

permission from ref 53 (http://link.aps.org/abstract/PRB/V63/ mglecules are in on-top sitésThe results indicated a2
p081305). Copyright 2001 American Physical Society.

excited state with a lifetime of between 1 and 5 fs. The

conclusion was that the hopping process was induced by a
the adsorption of hydrogen on the rest atom sites (triangle single electronic transition of a CO molecule from its ground

and square), a new site, called a zip site, has been observedtate to an excited )/ state via the attachment of a tunneling
which was the result of a local rearrangement of thex®p ~ electron into the CO 2* state (Figure 12).
structure>* These confirmed the earlier STM study by Electron attachment using the STM tip has been used to
Klistner and Nelsoff showing that the adsorption of manipulate adsorbed oxygen molecules on the Si(1X1j)-7
hydrogen takes place on the rest atom sites and not on thesurface®® The chemisorption of oxygen involves the transfer
adatom sites, where they suggested that the adsorption obf an electron from the surface into the*2orbital of the
hydrogen causes a very local transfer of charge from the adsorbed species. This significantly weakens and elongates
rest atom to the nearest-neighbor adatoms. The hydrogerthe O-0 bond, thus lowering the energy of the*Jrbital.
atoms are removed one by one with the STM tip using a Tight-binding calculations placed this orbital about 7 eV
voltage pulsé® As shown in Figure 11, it was observed that above the Fermi levéP Once an electron is captured in this
the desorption yield increased for sample voltages above 40* state, two processes can occur, fragmentation of the
eV 5356 During each voltage pulse, the tip was retracted by molecule or desorption. This depends into which bond the
2—20 A, giving a measurable current of between 10 and 0.2 energy is dissipated when the electron escapes. Vibrational
nA. For all voltages, the yield at each point in Figure 11b is excitation of the G-O bond leads to fragmentation, whereas
the average of the different measurdedvalues. Thus, the  de-excitation onto the repulsive part of the ground-state
desorption yield was clearly independent of the tunnel current potential of the SO bond leads to molecular desorption.
and of the tip-surface distance. This suggested that a single- In the manipulation experimefitdoth modes were observed
electron excitation was taking place not involving multivi- and depended on the local adsorption configuration. How-
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molecule between the Cu(111) substrate (left) and the STM tip
(right). A higher binding energy on the tip is assumed. Virtually
no overlap between the two potential wells occurs. Additionally,
the assumed potential cur¥g,, of the excited state is shown. The
desorption process according to the MGR model is indicated with
arrows. It has a yield per excitation &es= 5 x 107°. Bottom
part: At positive sample bia¥yas tunneling electrons from the
STM tip (right) can transiently occupy states of the sample between
Er ande — Vpias Thus, at 2.4 V bias the electrons start tunneling
into the 2pp state. Reproduced with permission from ref 35 (http://
link.aps.org/abstract/PRL/v80/p2004). Copyright 1998 American
Physical Society.

ever, the interpretation of the nature of the adsorbed oxygen
species is not clear. There have been a number of experl'Figure 13. STM tip-induced hopping of silicon adatoms on the

mental studies using the STM.” synchrotron radia-  sj111)-77 surface. (a) Current recorded at 2.2 &V sample

tion?*"7>and Cs ion scattering’ as well as theoretical  pias over a center adatom in the faulted half of a unit cell at 121
studies]””® which illustrates that it is a challenge to K. (b) STMimage of the saturated surface at 52 K after a previous
distinguish between molecular adsorption and dissociation scan at 10 V showing an outline of the unit cell, a large number of
even with a multitude of different surface-sensitive tech- transferred adatoms in the faulted halves, a double hop (labeled

; ; : D), and two hops in the unfaulted half of the unit cell (labeled U).
niques, especially at low coverages. The most recent expen Reproduced with permission from ref 80 (http://link.aps.org/abstract/

ment and calculations suggest that there is no moIecuIarPRL/V79/p4397). Copyright 1997 American Physical Society.
species at room temperature at very low coverageAt

low temperatures a molecular species may exist with a shortevents is 600 fs at 100 nA, the excitation process involves
lifetime.”® only one electron.

Another example of electron attachment is the tip-induced  Electron attachment is not limited to the LUMO orbital.
hopping of silicon adatoms on the Si(111)-7 surface at  The attachment of electrons to highly excited unoccupied
low temperatures as shown in Figure 83or an applied states of individual porphyrin molecules adsorbed on an
sample bias between 3 and 10 V, the hopping rate was foundultrathin alumina film grown on a NiAl(110) surface has been
to be linear over 4 orders of magnitude in current. This shown to induce light emissidi.Light emission from the
indicates a one-electron process. The hopping yield wasporphyrin molecules occurs via two possible channels, either
measured at 7.4 10°° transfer per electron. A significantly  inelastic electron tunneling (IET) or molecular fluorescence.
lower yield was measured for 2.25 V and high currents (5 These two processes are illustrated schematically in Figure
100 nA). This was explained in terms of an increase in the 14. A similar picture had been considered in a previous study
voltage drop between the surface adatoms and the bulk statesf luminescence from quantum-well structuféshe IET
with increasing current. Calculations had shown the existenceprocess (process A in Figure 14) happens when the electrons
of conduction-band surface resonances on the bare Si(111from the tip tunnel inelastically into the LUMO of the
surface between 3 and 8 eV above the Fermi |8V&hese molecule. This can be seen experimentally by the fact that
correspond to the* antibonding states of the Si adatoms. the cutoff photon energy is less than the applied bias. On
The results suggest that the dominant mechanism is thethe other hand, fluorescence emission (process B in Figure
temporary attachment of the electrons from the tip to these 14) proceeds with electrons tunneling elastically into the
resonances. Multiple vibrational excitations are believed not molecule. This creates an electronically and vibrationally
to occur due to the very short vibrational lifetime of the Si excited molecular state which has an anionic character. The
adatom as compared to the mean time between two consecumolecule undergoes vibrational relaxation in the excited state
tive electrons (tunneling current rate). The top of the bulk and then a radiative transition to the lower electronic state.
phonon band lies at 63 mé¥and leads to an estimated This radiative transition generates a tip plasmon which is
lifetime of 10 fs. Since the mean time between tunneling then detected in the far field as a photon (this occurs for the



Electronic Control of Single-Molecule Dynamics Chemical Reviews, 2006, Vol. 106, No. 10 4363

e Photon shergy (aV)
- 207 1M 178 168 166 148 1.8
\‘\-‘\ T T T T -
B
EI-‘L 5 IM hy gm
Viisd A" hv §
: - 400
4 NiAl s
I "

~6A 24 ~5A
Vacuum Molecule Oxide
Figure 14. Diagram showing the two major processes contributing
to STM-excited light emission from a molecule adsorbed on the
oxidized NiAl surface. In process A, the IET channel, an electron
inelastically tunnels from the Fermi level of the STM tip into an
unoccupied molecular orbital with simultaneous excitation of a
plasmon. In process B, the fluorescence channel, an electron tunnels
into the higher unoccupied orbital of the molecule. The charged
molecule then relaxes to a lower vibrational level of the same
electronic level, with subsequent radiative (excitation of a plasmon)
transition to the lower electronic level. The final step involves
tunneling of this extra electron into the NiAl substrate. The
plasmons are detected as photons in the far figlds the Fermi
energy andw the photon energy. Reproduced with permission from
Science(http://www.aaas.org), ref 83. Copyright 2003 American
Association for the Advancement of Science.

=

Ag tip but not the W tip). The extra electron in the lower
electronic state then tunnels through the insulating alumina
film into the NiAl substrate. The fluorescence depends
strongly on the molecular configuration. However, for the
same conformation, emission is almost identical. This is 800 6850 700 750 800 850 800
shown in Figure 15, where the light emission spectra were Wavalangth (nm)

acquired over one of the smaller lobes of three different _. iah - for three diff .
ddle molecules with different Ag and W tips (Figure 15A) Figure 15. (A) Light emission spectra for three different experi-
sac : ) * mental runs with three different tips. The spectra were acquired
Using the same tips, spectra of the clean NiAl surface were gyer one of the smaller lobes of the saddle molecules, as marked
obtained (Figure 15B). The difference for each pair of spectrain the inset image. The raw data are plotted together with the
is then plotted in Figure 15C. The three curves show that corresponding smoothed curves (colored lines) to facilitate the
the intrinsic emission from the three molecules is virtually |de0ngf|czt|on of the Ft).eak%(()ged)bargiéipecgg\g&é? 20356 VAI
identical and is independent of the tip. This suggests that — V-2 NA, Exposure imeé 5UY S) andVpks= £.50 V,1 = D.0 nA,

. L . exposure time 200 s) were taken with two different Ag tips. Spectra
the fluorescenqe peaks_(F|gure 15A) originate m_the molecule 1 and 2 have been offset vertically for clarity. SpectrunVa.{=
befqre generation of a tip plasmon rather than direct plasmony 3y | = 1 nA, exposure time 600 s: the original data have been
excitation8>86 multiplied by 3) was obtained wita W tip. The differences in the

There are relatively few examples of hole attachment to spectra are caused by different tip plasmon properties. In particular,
an occupied orbital (Figure 4b), producing a positively because of th_e higher amount of.dielectri_c losses character_istic for
i i i i , the emission rate 1or the Ip s Imes lower. I
charged species. This requires a negative voltage on the?V, th te for the W tip is30 times | (B) NiAl

: : light emission spectra measured with the same tips as in (A). The
surface Vs < 0. Using this method, hydrogen atoms have curve sequence is consistent with that of (A). The raw data are

been desorbed from the hydrogenated Si(100) suffakiee plotted together with the corresponding smoothed curves (colored
desorption of hydrogen was studied over a voltage range|ines). The spectra were acquired with the same voltages as in (A)
from —5 to —10 V and the current measured for a fixed and scaled so that the photon yields of the different tips could be
desorption rate of 478 (50% desorption at a scan rate of 2 directly compared (the differences in the levels of statistical noise
nm s°%). A minimum in the desorption current corresponding are caused by the different acquisition times for the three spectra;

to a maximum in the efficiency was observed-at V. For ~ the data of curve 3 have been multiplied by 25). (C) Smoothed
a fixed voltage, the variation of the desorption rafe versus molecular spectra from (A), divided by the corresponding smoothed
ge, P NiAl spectra from (B) and normalized to the same scale. The inset

the current was fitted with a power law, whereN = 6. shows the photon energy of each peak determined for the three
The results were interpreted similarly to those of electron spectra, as marked in (A). Reproduced with permission faience
attachment. Here, an electron tunneling from the sample to (http://www.aaas.org), ref 83. Copyright 2003 American Association
the tip may excite a(Si—H) bonding orbital and transfer ~ for the Advancement of Science.

energy to the hydrogen atom. This process was viewed as

inelastic scattering of a tunneling hole witlwéSi—H) hole 6. The calculations indicated that the different lifetimes
resonance (Figure 16). Calculations were used to explain thebetween thes(Si—H) and o*(Si—H) orbitals modified the
difference in the power law exponent between the electron inelastic scattering. Furthermore, the calculations showed that
attachment cagewhereN = 13 and these results with = the maximum desorption rate &7 V was due to the fraction
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Figure 16. STM tip-induced desorption of H atoms from the
hydrogenated Si(100)s2L surface. (a) Inelastic tunneling of a hole
into an adsorbate-induced hole resonance with the density of states
po- The higher barrier for tunneling into the hole resonance
compared to tunneling into Fermi-level states means that only a
fraction of the total tunnel current will pass through the hole
resonance. (b) Schematic illustration of relative energy dependent
probabilitiespn(€) for inelastic hole tunneling with energy transfer
nhwg to the adsorbate. Reproduced with permission from ref 87
(http://link.aps.org/abstract/PRL/v80/p2618). Copyright 1998 Ameri-
can Physical Society.

of inelastically scattered electrons being maximum at the
onset of the field emission regime. i~
In fact, both elastic and inelastic tunneling of electrons (b)

(holes). from the tip can occur through the unoccupied Figure 17. Single silicon vacancy creation on the Si(11X77
(occupied) orbitals of the adsorbed atom or molecule. The g rface. The STM tip was positioned at the point indicated by the
quantum efficiency of the inelastic process (number of arrow in the firstimage. After a4 V pulse to the sample, a single
inelastic events relative to the total number of tunneling vacancy appears at that point. Both images were taken at a sample
electrons) can vary within a very broad range, typically from bias of+2V and 0.6 nA. Reproduced with permission from ref 91

10"1°to 104, depending on the studied syst&m. (http:/llink.aps.org/abstract/PRL/v70/p2040). Copyright 1993 Ameri-
' can Physical Society.

3.2. Electronic Transition +4V and at a slightly lower negative voltage since-dtV

Inelastic tunneling of electrons (Figure 4c) or holes (Figure a few single-atom events were observed+tV, about 10
4d) can also induce an electronic transition, i.e., the transition vacancies were created during a single 10 ms pulse. These
of an electron from an occupied orbital to an unoccupied vacancies cover roughly 100 Apwhich is consistent with
orbital, in the adsorbed atom or molecule. This process the field emission regime. There is no explicit mention of
should occur at a higher surface (tip) voltage compared to the nature of the induced electronic excitation process.
the electron (hole) attachment, such that the electrons are Theo — ¢* electronic transition producing the desorption
no longer in the tunnel regime but rather in the field emission of hydrogen atoms on the hydrogenated Si(100):H surface
regime. has also been investigated by laser excitation. In their

The most documented example is the— ¢* electronic experiment, Vondrak and Zhu investigated hydrogen de-
transition of the Si-H bond producing the desorption of sorption using direct optical excitation at 157 ff32 The
individual hydrogen atoms from the hydrogenated Si(100):H photon energy of 7.9 eV corresponds to the direeto*
surface!®57:58 This electronic transition occurs at a surface transition of the Si-H bond. From the detection of atomic
voltage ofVs ~ 8 eV, which indicates that the electrons are hydrogen by time-of-flight (TOF) measurements using both
emitted by the STM tip in the field emission regime. Indeed, the p-polarization and the s-polarization, they were able to
the desorption yield is high (2,4 1076 H atom per electron).  deduce that the transition dipole moment was &ttb8the
This is related to the long vibrational lifetime of the excited surface normal, which agrees very well with the calculated
state of the SiH bond* on the order of 10 ns and is due to  Si—H bond angl€” This led them to conclude that hydrogen
the fact that the StH bond can only relax via phonon desorbs via a one-photon direct optical excitation of the
coupling to the surfac® whereas on metals, electrehole dipole. However, the lack of sensitivity in the TOF detection
pair (EHP) formation is more favorable and therefore more of the hydrogen ions desorbed by the laser obliged them to
rapid. It should be noted that the vibrational relaxation time use a high irradiation dose of 30@cth 2. In this regime,
due to EHP excitation is in the picosecond range while that other indirect processes could occur which might not have
due to phonon coupling is in the nanosecond rafige. been detectable.

Another example of STM manipulation leading to a Laser excitation producing the desorption of hydrogen
modification on the atomic scale via an induced electronic from the hydrogenated Si(100)2:H surface has been
transition is the desorption of silicon adatoms from the Si- studied further on the atomic scale by combining in one
(111)-7x 7 surface?! Here, by applying either a positive or  experiment a laser and the ST¥£8In these studies, a laser
a negative sample bias, both electrons and holes could inducet 157 nm was used to induce hydrogen desorption with low
desorption (Figure 17). A threshold was observed around irradiation doses from 1 to 23-én2 to avoid thermal
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Figure 19. STM-induced photon emission fromg&Cmolecules
adsorbed on a NaCl layer on the Au(111) surface. Schematic energy
diagram of the double-barrier tunneling junction at (a) zero-bias
voltage and (b) applied negative voltage, corresponding to the
conditions for luminescence. Reproduced with permission from ref
99 (http://link.aps.org/abstract/PRL/v95/p196102). Copyright 2005
American Physical Society.

mechanism is an oversimplified view of vacuum ultraviolet
(VUV) laser photodesorption. Complex surface and subsur-
face processes such as local charging should be taken into
account if we are to fully understand VUV photochemistry
on the Si(100):H surface.

3.3. Electron —Hole Pair Attachment

Another type of electronic excitation of a molecule is the
simultaneous attachment of an electron to an unoccupied
orbital and a hole to an occupiadorbital. Such an electronic
scheme can only occur if the molecule interacts weakly with

F e both the STM tip and the surface. In such a case, the_ orpital
6 energies of the molecule can be shifted by the electric field
between the tip and the surface as shown in Figure 4e,f.
The photon emission fromdggmolecules induced by the
1 STM tip presents an interesting c&8eHere, NaCl was
p-type _.. deposited on a Au(111) substrate, creating an insulating layer

2 S between one and three monolayers thick r@olecules were
. then deposited, forming truncated triangular islands in which
0 . . : the G molecules are arranged in hexagonal arrays. Light
0,0 50 10,0 15,0 20,0 emission from G is observed only for biases higher than a

Dose (x10" photons.cm™) threshold voltage of/ = —2.3 V. The emission onset was

Figure 18. Laser desorption of hydrogen from a Si(100)2H at 680 nm, and its position was independent of the voltage.

surface. STM topographies from n-type samples acquirdt at The _observ_a_tion of the luminescence is explained by t_he
—2.5V andl, = 150 pA. Key: (a) 40x 40 nn?, hydrogenated  relative positions of the molecular levels to those of the tip

surface before irradiation; (b) 40 40 nn#, surface after irradiation ~ and the surface. Below-2.3 V, the highest occupied
at 157 nm with a dose of &dm™2 at 2.8 mdcm2-shot%; (c) 16 molecular orbital (HOMO) is above the Fermi lev&k] of
x 16 nnt, illustration of hopping dangling bonds observed after the tip. Electrons are extracted from the HOMO and tunnel

irradiation noted as DB1; (d) 1& 16 nn?, illustration of fixed : ; ;
sites observed after irradiation noted as DB2 (HGioncounted fo the tip. At the same time, the lowest unoccupied molecular

site); (e) variation of the number of isolated dangling bonds by OrPital (LUMO), which is below the Fermi level of the
created VUV light (157 nm) on the hydrogenated Si(100) surface Sample, is populated by the electrons tunneling from the
as a function of the irradiation dose for three different fluences substrate (Figure 19). Photon emission occurs by the radiative
and for two types of dopant. Reproduced with permission from ref decay of these electrons into the partially empty HOMO (by
95 (http:/Mlink.aps.org/abstract/PRB/V72/p233304). Copyright 2005 hot electron or hole injection). No photon emission was
American Physical Society. observed for positive bias voltages (tip to surface) below
heating. This was done using three different energy pulse +4.5 V. This may be due to the asymmetry of the HOMO
densities of 0.7, 2.8, and 4.1 rad2-shot* on both n-type LUMO gap with respect tdEr 1°° and/or to the different
and p-type samples. Through a statistical analysis of the STMproperties of the two tunneling barriers (vacuum and
images obtained after irradiation, the number of new NaCl)1°t Further analysis of the spectra, after correction for
individual silicon dangling bonds produced was counted the quantum efficiency of the detection system, showed the
(Figure 18). It was found that the desorption yield was 3 presence of both fluorescence and phosphorescence (Figure
times higher for the n-doped samples than the p-type samples20). The spectra were compared with earlier laser-induced
In addition, on the p-type surfaces, local maodifications of high-resolution photoluminescence déta*®and quantum

the surface were observed in the STM images. These werechemical calculation¥?1% Two forms of spectra were
ascribed to inhomogeneous laser-induced atomic-scale chargebserved, one with a peak at 750 nm and an onset at around
ing. This could be explained by the creation of additional 680 nm and another with two peaks at 720 and 800 nm.
B—H complexes in the subsurface regfBmyhich deactivates ~ The first spectrum was interpreted as a pure electropic S
the boron dopant in the case of p-type sampieFhis — §, transition with an internal structure showing a clear
positive charging of the surface explains the reduced pho-vibronic progression. Normally, electric dipole transitions
todesorption cross-section of p-type samples. These resultdo the ground state are symmetry forbidden, but they can
suggest that considering only the direct photodesorption occur through the Herzbergreller and Jahn Teller electron-

© "]
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Figure 20. (a) STM-induced light emission spectrum assigned gpfldorescence\{ = —3 V, | = 1 nA) and calculated spectrum. (b)

Schematic diagram of the lowest singlet)(&nd triplet (T) states: horizontal solid lines, pure electronic levels; horizontal dashed lines,
vibrational levels. Solid arrows represent electronic transitions; dashed arrows represent radiationless mechanisms of relaxation (internal
conversion, intersystem crossing, vibrational relaxation). (c) STM-induced light emission spectrum assigggthtsghorescencd/ (=

—3V, | =1 nA) and calculated spectrum. For both simulations, experimentally determined frequencies for the vibronically igduced S

Si (Tig T2g Gg) and § — Ty (BT2g), T2 (°T1g) transitions are used. Each component has a Lorentzian line shape, broadened by 4150 cm

(a) and 200 cmt! (c) to obtain the calculated spectra. Reproduced with permission from ref 99 (http:/link.aps.org/abstract/PRL/v95/p196102).
Copyright 2005 American Physical Society.

vibration coupling mechanisms of intensity borrowifiThe
second type of spectrum was explained by the phosphores-
cence of the g. This could be fitted by a tripletsinglet $

— T, transition characterized by an intense@®origin at

800 nm and a vibronic progression of a Jafiieller active
mode. The higher energy peak (at 720 nm) was assigned to
the next highest triplet statey S To.

3.4. Competing Processes: Photon Emission _ o _
Figure 21. (A) STM topographic filled state image of exposed

It should be emphasized that inelastic tunneling of dangling bonds forming the letter P on a Si(00%13H surface
electrons (IET) or holes can also induce the emission of (V,=—2V, ;= 0.2 nA, scan speed 1400 nm/s). (B) Photon map
photons in the tunnel junctiol#®-1%° This involves inelastic ~ recorded at the same area as in (A) usihg= =3 V, I = 8 nA,
tunneling from the tip electronic states into the lower lying andys = 9 nm/s. (C) STM topographic image recorded after the

. : photon map and with the same scanning conditions as in (A). The
states of the sample with the simultaneous release of thesize of the letter P is 17 nm. Reproduced with permission from ref

excess energy in the form of a photon. Such an emission ofy 10 (http://link aps.org/abstract/PRLA/82/p1241). Copyright 1999
photons is in competition with the electronic excitation American Physical Society.

process described in sections 3.1, 3.2, and 3.3.

This competing photon emission process has been ob-temperaturé!® Again, the environment around each molecule
served on the partially dehydrogenated Si(100) surf€€? can have a significant impact of the behavior of the molecule.
Thirstrup and coauthors have used the STM to desorb|n addition, optical irradiation will not only excite the
hydrogen atoms and to study the light emission induced from molecules directly but also create secondary electrons in the
atomic-scale patterns of silicon dangling bonds on the sypstrate which cause indirect excitation of the molecules.

hydrogenated silicon surfa¢®. They obtained spatial maps  Thus, interpretation of these experiments becomes more
and spectroscopy of silicon dangling bond patterns on the 3complicated.

x 1 surface (Figure 21). By observing that the wavelength

of the emitted photons changed as a function of the bias3 5 Competing Processes: Electric Field Effects

voltage on the tip, they proposed that the light emission

involved optical transitions between a tip state and localized In manipulation experiments where a voltage pulse is

surface states. They found that the spatial maps wereapplied to excite an adsorbed atom of a molecule, the flow

comparable to the STM images and hence deduced that thedf current implies the presence of an electric field between

photons are emitted from a quasi-point source correspondingthe tip and the surface. In addition to the process of electronic

to the dangling bonds. In a subsequent study on the excitation, the electric field can be used to manipulate atoms

deuterated 2 1 surface the switching of individual silicon ~ or molecules by inducing a local dipole in the adsorbed

dangling bonds could be observéd. species. Another effect of the electric field is to reduce the
It should be noted that the limited spatial resolution of barrier height between the tip and the surface, increasing

optical excitations using lasers or other photon sources (onthe probability of inducing a reactidi! The major difficulty

the order of the wavelength) is compatible with a single- is to distinguish between these different processes as they

molecule operation only by diluting the number of molecules are in competition.

adsorbed on a surfaléor by working in the high-resolution Several experiments have used the electric field to

spectroscopic regime of molecules trapped in matrixes at low manipulate atoms. Small clusters of silicon atoms were
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Figure 22. Fabrication of an island one dimer wide on Si(001).
(A) Two pits fabricated using threshold voltagessat 1.5 A (pit
1) ands = 1.1+ 0.3 A (pit 2). (B) Trench one dimer wide and
nineteen dimers (77 A) long that was fabricated by repeatedly X X
removing atoms from an individual dimer row, starting at the lower
right end of pit 2. (C) Situation after formation of another single-
dimer-wide trench starting from the bottom row of pit 1. (D)
Fabricated island that is one dimer wide and five dimers long,
isolated by a moat one atomic layer deep. All images are .30
100 A2. Reproduced with permission froBcience(http://ww-
w.aaas.org), ref 116. Copyright 1994 American Association for the
Advancement of Science.

1680816 07680 8 16
removed from the Si(111)>77 surfacé' by moving the tip Displacement (A) HEpuceet (A)

toward the surface, thus increasing the electric field. The Figure 23. Sequence of STM images of the Ge(111)c&
tip displacement versus current curves showed the presenc%urface [from (a) to (d)] during which atoms were extracted (area

LT - 3 x 47 A2, sample bias+1 V, tunnel current 1 nA). The selected
of abrupt steps, indicating the formation of a mound of atoms ;s are 'indicated by numbers-4. A line profile xX through

under the tip followed by an atomic bridge which broke as (p) is shown at the lower left and a corresponding calculated line
the tip retracted. The minimum field necessary to induce profile, for | = 1 nA at the bottom of the conduction band, at the
desorption was estimated to be greater than 1 V/A. This lower right. Reproduced with permission from ref 117 (http://
method was used to etch small atomic sized pits on the Si-link.aps.org/abstract/PRL/v80/p3085). Copyright 1998 American
(100)-2<1 surface:® In this experiment, the electric field ~Physical Society.

was estimated to be around 2 V/A. Figure 22 shows the ) ) i i .
controlled desorption of silicon dimers to form different 10ng reaction time is that a large potential basin is created

Tip Height (A)
o
-y

structures on the surface. by the constraint of the tip apex, opening the way for the
targeted Ge atom to diffuse around the end atom on the tip

3.6. Competing Processes: Direct STM apex in a complex and long trajectory.

Tip—Surface Interaction At larger tip—sample separations, the field-induced de-

sorption mechanism could be brought into play whereby
The dynamics of single atoms or molecules can be inducedsingle Ge adatoms could be removed using positive sample
by the STM tip even though the surface voltage is zero; i.e., biasesl” By increasing the applied voltage during the pulse,
there is no tunnel current, and the electric field is negligible the probability of desorbing a Ge atom from the surface
or nonexistent. This is achieved when the tip is brought close increased. This result agrees with those of the original STM
to the surface, such that the direct STM -tigurface manipulation studies on the Ge surfége.
interaction is strong enough to weaken the interaction

between the manipulated atom or molecule and the surface.4 Electronic Control of Molecular Dynamics
Not only weak van der Waals bonds but also strong chemical

bonds can be broken in this way. We will review here a number of examples of molecular
This effect has been demonstrated by the vertical manipu-dynamics induced by electronic excitation which have been
lation of individual germanium atoms from a Ge(111)<x& studied with the STM. In most of these studies, irreversible

surface at room temperatuf€.Indeed, when the tip apex dynamical processes have been induced mainly in the form
surface distance is greatly reduced, the potential barrier toof molecular dissociatioff:**8 It is important to note that
transfer a chemically bound Ge atom from the surface to the concept of control has greatly changed over time.
the tip vanishes. Using this method, individual Ge atoms Initially, control implied triggering the molecular dynamics
could be picked up with the STM tip in a very controlled by applying a pulsed voltage between the STM tip and the
manner (Figure 23) without any tunneling electron or electric surface. The control parameters were the surface volfgge
field effect. Surprisingly, the duration of the excitation the tunnel currents, and the duration of the excitation. The
mechanism was found to be very long (10 ms) compared to dynamics of a single molecule could be monitored in several
intrinsic relaxation time&!’ A possible explanation for this  ways. The most commonly used is to image the molecule
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Figure 25. Experimental desorption yield per electron oHzCl
5 molecules from the Si(111)x77 surface as a function of the sample

) ' ] ' ] ) bias voltage in the STM (black squares), compared with the (solid
Figure 24. (A) STM image of the clean Si(111)<77 surface with lines) calculated partial density of p states at (a) the carbon atom
the sample biased t&2 V. (B) Isolated BoHis molecule (large  in the ring and (b) the chlorine atom (for details see the text).
white spot) adsorbed next to a dark defect. (C) Result of electron Reproduced with permission from ref 120 (http://link.aps.org/
bombardment at a bias voltage-68 V. A large molecular species  apstract/PRL/v91/p118301). Copyright 2003 American Physical
is now located over the original defect, and an additional fragment Society.
(small white spot) is seen to the lower right. The lateral distance
between the large dark “comner holes” of the Si surface is 27 A, Electron-induced dissociation or desorption has also been
and the color scale indicates a vertical rangé & from black to performed on halobenzenes. There have been several experi-
white. Reproduced with permission froitiencehttp:/www.aaa- ~ menis on chlorobenzene (PhCI) adsorbed on the Si(111)-
s.org), ref 34. Copyright 1992 American Association for the 77 f The first stud¥ had sh that PhCI
Advancement of Science. x7 surface. e first stu &9 ad shown tha

molecules adsorbed on the Si(1113+7 surface could be

d dissociated using voltage pulses-b4 V for 10 ms. It was
found that the chlorine atoms were attached to silicon atoms
on neighboring sites after dissociation. Thus, the process of
electron attachment followed by bond cleavage of the anion
and formation of a SiCl species was interpreted as being
a concerted process. More receriflyit was found that the
dominant channel of STM manipulation depended on the
condition of the tip. Two different tips were found to exist;
if the molecule was observed as a depression at sample bias

1

1
3 4

']

X
e
2

with the STM before and after the electronic excitation an
to examine the induced changes. However, more detailed
information on the molecular dynamics can be obtained by
recording the tunnel current during the electronic excita-
tion 31:35.36,51.52.80.11ny change of the molecular configu-
ration can thus be followed in real time. Of course, the time
resolution is limited by the band-pass of the tunnel current
detection. With the advent of more complex molecular

dynamlcs studies, control IS no Ionge( just the ability o voltages of both+1 and+2 V, then dissociation could be
trigger the molecular dynamics in a precise and reproducible i, ced. However, if the molecule was seen as a protrusion
manner. The demonstration of electronic control requires the 3; | > V, then the tip induced desorption. In addition,

presence of at least two different molecular dynamical desorption was found to occur at both polari®yhereas
channels and the ability to activate each of them selectively. §issociation occurs only at positive sample voltaés.
) . ] Desorption experiment¥® as a function of both voltage
4.1. Single-Molecule Chemistry on Semiconductor and current showed that the desorption yield was constant
Surfaces and Electronic Excitation for different tip—sample separations. Two clear thresholds
] o ~were observed at-1.5 and+2.5 V (Figure 25), and the
The first molecular dynamics induced by electronic gesorption rate showed a linear dependence on the current.
excitation with the STM was the dissociation of a decaborane This indicated that vibrational heating, electric field, and
molecule (BoH14) adsorbed on a Si(111)<77 surface’ This mechanical effects were not dominant. The desorption
molecule was adsorbed on the Si(11KX)77surface and could  mechanism was interpreted as being driven by the population
be seen as a bright protrusi®2 A high, preferentially  of the negative (or positive) ion resonance <fatsf the
adsorbed near defects (Figure 24). The dissociation waschemisorbed chlorobenzene molecule. Comparison with the
induced by applying a surface voltage above a threshold of density of states calculated using density functional theory
+4 V. Electronic excitation was considered to be the cause suggested that these resonance states were associated with
of the dissociation because the estimated electric field onthe & orbitals of the molecular benzene ring.
the order of 0.7 V/A was thought to be too low to play a  The dissociation process has been studied recently in more
dominant role. detail by Sloan and Palmét Dissociation was induced by
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c

a) 1,4-Cyclohexadiene-like structure

+1V

b) 1,3-Cyclohexadiene-like structure

+1V

¢) Tetra-o-bonded Structure

Figure 27. Geometrical representation of benzene chemisorbed
on Si(100)-%1: (a) 1,4-cyclohexadiene-like structure; (b) 1,3-
cyclohexadiene-like structure; (c) tewabonded structure suggested
by Lopinski et al*?® Reproduced with permission from ref 131.
Copyright 1998 Elsevier.

Mo. of chlorine daughters

ejected. Coupling between the" orbital of the molecule
and theo* orbital of the C-CI bond occurs via vibrational
excitation of the out-of-plane €CI bending modé?* This

m* —o* coupling is “symmetry forbidden”. The first electron
populates the antibonding* orbitals of the phenyl ring
initiating the proces$? However, dissociation requires a
second electron to attach to theorbital of the C-Cl bond,
creating a negative chlorine ion, that is, dissociative electron
attachment (DEA}?3124The average time interval between
two tunnel electrons depends on the current, so if the arrival
of the second electron occurs while the chlorobenzene is in
a more vibrationally excited state, then coupling will be more
efficient to the C-Cl bond. This is confirmed by the radial

, ) o and the angular distributions (Figure 26) determined from
Figure 26. Angle-resolved dissociation of¢fsCl molecules on — yhe chjorine position relative to the initial configuration for
the Si(111)-%7 surface. (af) STM images and schematic h lecule di iaté29,125.126
diagrams (circles represent adatoms, crosses represent rest atom§ach molecule dissociated.
and hexagons represent chlorobenzene molecules), showing the Desorption of benzene molecules from the Si(10Q2
imaging characteristics of a single adsorbed molecule as a functionsurface has also been studied in detail. At room temperature,
of the sample bias (50 pA, bias voltages as marked)-cla  STM images of benzene adsorbed on the Si(100}-2

chlorobenzene bonded to a corner adatom:f{cchlorobenzene ; ;
bonded to a center adatom. Note the bright feature that appearsSurface shows the presence of two different bonding

over the bonding rest atom in the case of a corner-bonded conf|gurat|onsl_2_7*129 This has b_een confirmed by angle-
chlorobenzene molecule. This signature allows us to identify which '€solved ultraviolet photoemission spe&tfand NEXAFS

of the two candidate rest atoms is the bonding rest atom when astudiest® These experimental studies were combined with
chlorobenzene molecule is bonded to a center adatom. (g) Insetyvarious structure calculatioA%®12°suggesting the presence
diagram of the chlorobenzene adsorbate (filled circles represent theof 3 metastable site where the benzene is on top of a single
bonding silicon atoms), showing the planes of symmetry (dashed gj gimer and a more stable site where the benzene bridges

lines) and angular coordinate system (arrow). (g, h) The angular . .
distribution (5 bins) of daughter chlorine atoms, relative to the two dimers (Figure 27). At room temperature, benzene

adatom/rest atom axis of each corresponding parent chlorobenzendsorption occurs initially in the metastable site followed
molecule (inset), is generated by tunneling currents of 500 pA (g) by thermally driven conversion to the more stable site with
and 100 pA (h). Reproduced with permission frixature (http:// an estimated barrier of 0.95 eV. Furthermore, in this
www.nature.com), ref 118. Copyright 2005 Nature Publishing study!?%12°the STM tip could induce conversion from the
Group. stable site back to the metastable site (Figure 28). By
scanning the surface &t4 V, and the current dependence scanning at—3 V and 40 pA, while some molecules are
suggests a two-electron process. Until now most examplesdesorbed, 75% of the remaining molecules are converted
of multiple-electron processes involve the same ground andback to the on-top single-dimer site. The barriers to desorp-
excited states. In this experiment, coupling between two tion and reconversion were estimated to be 0.77 and 0.75
different orbitals is required for the chlorine atom to be eV, respectively. In a subsequent stdeh%>3STM manipula-

No. of chlorine daughters

{ 1< TRy - PR TR
Angle (degrees)
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Figure 28. Desorption yield for benzene on Si(100) as a function
of the sample bias at 22 K. The inset shows successive STM images
(42 pA,—2.3V, 150x 110 A2, 300 nm/s). Examples of molecules
desorbing during the scan are marked “T”, while readsorbed
molecules are labeled “R”. Reproduced with permission from ref
133 (http://link.aps.org/abstract/PRL/v85/p5372). Copyright 2000
American Physical Society.

tion of the on-top single-dimer site was carried out by
stabilizing the benzene molecules at low temperature (22 K).
Desorption of the benzene molecules could be induced by

applying a negative sample bias to the tip. A threshold was Figure 29. STM manipulation of the Trima molecule on the Si-
observed at-2.0 V with a rapid rise in the desorption (100)-2x1 surface. Three pairs of STM images show different

e - . . 6 molecules before manipulation, (a), (c), and (e), and after manipula-
probability peak_lng at-2.5 V with a y'?'d of .10. event tion, (b), (d), and (f). In each case the electrons were injected by
per electron (Figure 28). An electronic excitation of the e 'STM tip into the central bright part of the molecule. For a

a—a* transition was not considered to be involved since voltage pulse at a sample bias of 4.0 V (a), the end of the molecule
this z—m* transition was estimated to be about 4.5 BV. is modified (b). For a voltage pulse of 4.5 eV (c), the center of the
However, in the same photoemission study, a@Cx molecule is modified (d). For a voltage pulse of 5.0 eV (e), the
bonding state was identified at 2.3 eV below the Fermi molecule is dissociated (f). Note that, in images e and f, the poorer
level 3t The bond-breaking mechanism in the desorption of ;%Z?Ilgfgy:isgﬂ?%gsth: n?gr'i ;iplrr?gtlijti?g ;\;'tgh@z{g'.ss'on from ref
benzene at low temperature was believed to involve resonant
excitation of this surface state. The positive ion resonancethe Trima molecule could be selectively modified by
formed by the electron leaving the molecule relaxes when choosing the appropriate applied bias (Figure 29). With 4.0
an electron hops from the substrate to the molecule. eV electrons, the end of the molecule changed, with 4.5 eV
Computation of the desorption dynamics suggested this iselectrons the middle of the molecule was modified, and with
indeed the cas®? The calculation indicated that excitation 5.0 eV electrons, dissociation of the molecule was observed.
of thesr bonding state transfers energy into the ring-bending Parallel photoemission studies provided important supple-
mode and that this vibrational energy couples efficiently with mentary information. NEXAFS spectra showed that tlke C
the o Si—C bond, leading to desorption. This is similar to O bond in the ketone groups reacted with the silicon surface
the desorptiot® and dissociatioH® of chlorobenzene. to form C—0O—Si bonds, and valance-band photoemission
Polyaromatic molecules are of interest for several reasons.spectra indicated that the benzene rings had only a very weak
First, it may be possible to induce changes in the conductivity interaction with the surface. This suggests that the Trima
of thesr system of the molecule through STM manipulation. molecule is chemisorbed on the surface through the ketone
This may cause the molecule to change conformation. groups. Furthermore, these studies suggestedsa transi-
Second, it may also be possible to excite one part of thetion at 4.5 eV. This corresponded well with the threshold of
molecule and induce a modification in another part of the 4 eV observed in the STM manipulation experiments,
molecule. Several STM studies have been carried out recentlyindicating a direct electronic excitation of the-s* transi-
on such molecules. A recent stdéfyhas looked at the tion.
adsorption and manipulation of a I;g-triphenyldimethy- Another example of the manipulation of a polyaromatic
lacetone (called Trima for short). This molecule adsorbs on molecule is that of biphenyl on Si(100)<2.13513¢At room
the Si(100)-% 1 surface at room temperature with its long temperature, the molecule was observed to adsorb in one of
axis parallel and on top of the silicon dimer row. Individual two configurations. In the minority site, the molecule was
molecules were manipulated by injecting electrons into the fixed on the surface with the long axis at°30 the Si dimer
central benzene ring with the STM tip. Different parts of row (Figure 30). However, the majority site appeared to be
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Figure 31. STM manipulation of biphenyl molecules on the Si-
(100)-2x1 surface. Two graphs showing the measured efficiency
of the manipulation pulses under constant-current conditions on
unstable biphenyl molecules as a function of the applied voltage
for different fixed tunneling currents (top) and as a function of the
Figure 30. Biphenyl molecules adsorbed on the Si(10gy22  tunneling current for different fixed applied voltages (bottom).
surface. An STM image recorded at constant tunnel mode at 0.5 Reproduced with permission from ref 136. Copyright 2005 Elsevier.
nA using a samptetip voltage of—1.5 V (the bias refers to the

sample) at room temperature of the Si(108)12surface showing  applied in earlier experimerit&*¢where the electric field

(2) the biphenyl molecules adsorbed on thex120 nn¥ area of  was the dominant mechanism and yet here appears to play
the surface. There are two fixed molecules and five unstable only a minor role

molecules (the striped ones). (b) is the zoonx(8 nn?) on a pair ’
of molecules, one fixed and one unstable. (c) shows the proposed ) . .
adsorption site for the fixed molecule, and (d) shows the proposed 4.2. Single-Molecule Chemistry on Metallic

rotation of the unstable molecule about its fixed axis. Reproduced Syrfaces and Vibrational Spectroscopy
with permission from ref 136. Copyright 2005 Elsevier.

In 2000, Hla et al. pioneered a new field of single-molecule
moving as the STM tip passed over the molecule. In this chemistry where a sequence of different STM manipulations
study;*> STM images obtained at 35 K (after deposition at was combined to synthesize a single molecule on a metal
room temperature) showed biphenyl molecules fixed to the surface. This example of bond-breaking and bond-making
surface but with the long axis at 2@r less to the dimer  ysing electronic control over a molecule is the dissociation
row. This suggested that the unstable molecule at room of two iodobenzene molecules on a copper surface with the
temperature was pivoting about one ring between two gT tip, followed by a recombination of the two phenyl
equivalent metastable configurations. More detailed manipu-groups into bipheny®® This is in essence the Ullmann
lation experiments®showed that it was possible to transform  (a5ction where bipheny! is formed by heating iodobenzene
the bistable molecule into the fixed molecule by injecting \yith a copper catalygé® In the STM experiment®” iodo-
electrons. The transformation efficiency was measured as ayanzene molecules were adsorbed on the Cu(111) surface
function of the applied bias, tunnel current, and duration of at 20 K. The molecules adsorb preferentially at step edges.
Fhe pulse (Figure 31). The efficiency increased with increas- Tip-induced dissociation was performed by injecting 1.5 eV
ing voltage between 2 and 4.5 V and was constant (95%) electrons into the iodobenzene molecules. The result was the

:;%r:\]ip?l}g t%r?gVBeEt\?v(;hegaltg g%'g'tz'g ?r? dixg[g?i%?éim: frggs separation of the molecule into two fragments. This was then
each voltage, the efficiency also showed an increase beforereDe"’lted on another molecule. Lateral manipulation tech-

flattening out with increasing current. To distinguish between nigues=5—+4* were thﬁn used ;O dllsplace the |0(:]|ne atoms
an electronic excitation and the electric field, the duration W& and to bring the two pheny groups together (Figure
of the pulse was varied for the same voltage and current. It 32). A0S5 V. pulse for 10 s was applied to the wo phenyl
was found that the efficiency depends on the duration of the fegments simultaneously. Afterward, the formation of a
voltage pulse, which favors an electronic excitation. This C_C_ bond_ between the two fragments co_uld be cqnﬂrmed
was confirmed by calculations of the electric field using PY displacing laterally the biphenyl as a single entity.
Feenstra’'s metho®:#243|t was surprising to find that the The main difficulty when producing bond-breaking and
estimated field between the tip and the sample fell in the bond-making at the level of a single molecule is to identify
range 2.3-3.3 V/A. This is larger than the estimated field the products of these reactions. Wilson Ho’s group has
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Figure 32. Schematic illustration of the STM tip-induced synthesis
steps of a biphenyl molecule: (a, b) electron-induced selective
abstraction of iodine from iodobenzene; (c) removal of the iodine
atom to a terrace site by lateral manipulation; (d) bringing together
two phenyls by lateral manipulation; (e) electron-induced chemical
association of the phenyl couple to biphenyl; (f) pulling the
synthesized molecule by its front end with the STM tip to confirm
the association. Reproduced with permission from ref 137 (http://
link.aps.org/abstract/PRL/v85/p2777). Copyright 2000 American
Physical Society.

succeeded in combining this single-molecule chemistry with
inelastic electron tunneling spectroscopy (IETS) (vibrational
spectroscopy) for a precise vibrational identification of the
reaction product$*? The power of this technique is dem-
onstrated by the fact that one can distinguish between the
different isotopes, for exampl&C'0 and'3C!0. Here the
molecules were adsorbed on the Cu(001) and Cu(110)
surfaces?3 Furthermore, excitation of a molecular vibration
with electrons from the STM tip can be used to induce
motion of a molecule. An illustration of this is the manipula-
tion of an acetylene molecule on Cu(001) at 8 K, where
excitation of the G-H stretch mode induces rotation of the
molecule on the surfadé?

The acetylene (HCCH) molecule adsorbed on Cu(001) at
9 K has been dissociat&f into ethynyl (CCH) and then
into dicarbon (CC) species by using the method described
in ref 143. Pulses of positive surface voltages in the range
2—3V have been used to dissociate the molecule. The CCH
and CC products of the dissociation have been identified
using both STM imaging (Figure 33) and IETS.In this
latter case, using HCCD and DCCD isotopes permitted
unambiguous assignments of the molecular fragments.

Subsequent theoretical calculations have explained why the

other modes, namely, the—<C stretch, CG-H bend, and
molecule surface vibration, are abs&ft!*® The STM-
induced dissociations were considered to be related to
electronic excitation processes similar to the DIET processes
involved in the hydrogen desorption from hydrogenated
silicon surfaces (see section 3.1). Similar studies combining
STM dissociation and vibrational spectroscopy have been
performed to investigate the dehydrogenation of ethylene on
Ni(110),'%° pyridine on Cu(001}>*152and benzene on Cu-
(001)151.152

Electronic excitation with the STM can also be used to
induce bond-making between two molecules or between a

Mayne et al.
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Figure 33. Constant-current STM images (3838 A?) of DCCD,
CCD, and CC 89 K on aCu(001) surface. The vertical range is
—1.20 to+0.07 A. All possible orientations of these molecules on
the 4-fold hollow site are shown. Site assignments were confirmed
by simultaneously resolving both the molecules and the copper
lattice using a tip modified with an adsorbed species and tunneling
parameters different from those used for these images. Images of
CCH and CCD are nearly identical; CCD is shown because the
tip-induced rotation rate of CCH is higher, making imaging difficult.
Key: (a, b) DCCD; (e-f) CCD (the image minima are displaced
0.7 A from the 4-fold hollow site along the (110) axes); (g, h) one
and two CC molecules, respectively. Imagegjavere taken at 10

pA tunneling current and 50 mV sample bias. Image h was taken
during a separate experiment at 10 nA and 100 mV to emphasize
the difference in molecular orientation. The directions of the Cu-
(100) and Cu(010) axes are indicated by the dashed white lines
and are rotated 20with respect to those of the other images.
Schematics of the molecular orientation are shown next to the
images they represent for (b), (d), and (g). The scale is enlarged
5x with respect to the images. Reproduced with permission from
ref 145 (http://link.aps.org/abstract/PRL/v84/p1527). Copyright
2000 American Physical Society.

to the STM tip and then bringing this molecule with the STM
tip close to the targeted atom or molecule. The desired bond
is then created between the two species by an increased
surface voltage and tunnel curréhitThis method has been
applied to the formation of Fe(CO) and Fe(G@)olecules
starting from an Fe atom and two separate CO molecules
adsorbed on a Ag(110) surface at 13 K (Figure 34). The
produced molecules have been characterized by vibrational
spectroscopy using inelastic electron tunneling spectros-
copy®® The second method has been illustrated by the

molecule and an atom adsorbed on a surface. Two differentbonding of a CO molecule with an O atom to produce a

methods have been illustrated by Ho's group. The first
method consists of transferring a molecule from the surface

CO, molecule'®® The CO molecule was moved close to the
O atom on the Ag(110) surface at 13 K by lateral manipula-
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Figure 34. Formation of Fe(CO) and Fe(C©nolecules starting © -100 :
from an Fe atom and two separate CO molecules adsorbed on a i
Ag(110) surface at 13 K. STM topographic images 225 A?) ) 3, 1 1 L )
recorded at 70 mV bias and 0.1 nA without a CO molecule attached 60 40 -20 0 20 40 60
to the tip for (A) Fe, (B) CO, (C) Fe(CO), and (D) Fe(GOJE) Sample Bias (mV)

Atomically resolved STM topographic image recorded at 22 mV o ) ) )
bias and 2.5 nA tunneling current with a CO molecule attached to Figure 35. STM topographical images obtained with a bare tip,
the tip. All species, including CO, image as protrusions. The Fe- 70 mV sample bias, and 1 nA tunneling current, showing the
(CO) image appears similar to that of Fe(GB¢cause of frequent ~ Manipulation of a CO molecule toward two O atoms coadsorbed
180" flips during the scan with these tunneling parameters. In this 0N Ag(110) at 13 K and the corresponding vibrational spectra taken
image, it is not the tip height that is displayed but its derivative ~ over the CO. (A) Single CO molecule and two O atoms. (B) The
(dz/dy), wherey is the scan direction (from top to bottom). This CO was moved toward the O atoms by applying sample bias pulses
has the effect of illuminating the scan area from the top of the (1240 mV) after positioning of the tip over it. This movement
image and accentuating small corrugations. Therefore, each protrurevented the measurement of the @ stretch (267 me¥?9). (C)

sion shows a bright illuminated side facing the top and a dark The CO was moved to the closest distance from the two O atoms
shadow facing the bottom. A grid is drawn through the Ag(110) to form the G-CO-0O complex. (D) An additional voltage pulse
surface atoms to guide the determination of the adsorption sites.applied to the CO side of the complex led to an image of the
(F) The side view and (G) the top view of Fe(CO) show the CO to remaining O atom on the surface. The scan area of-(B) is 29

be tilted by an angle and bent by an ang|é as suggested by the ~ x 29 A2 (E) Single-molecule vibrational spectra obtained by STM
asymmetry in image C. The 4-fold adsorption site is determined imaging-IETS for CO at positions marked by asterisks in {A)
from (E). (H) The side view and (1) the top view of Fe(G@how (C). The spectra displayed are averages of multiple scans from 270
a similar tilt and bent geometry with anglesand g’ as implied to 170 mV and back down with subtraction of the background
by images D and E. Reproduced with permission frBmience  Spectra taken over clean Ag(110). A dwell time of 300 ms per 2.5

(http://mww.aaas.org), ref 153. Copyright 1999 American Associa- MV step and 7 mV rms bias modulation at 200 Hz were used for
tion for the Advancement of Science. recording the spectra. The line markers indicate the positions of

the vibrational features. The energies for these positions were

: ; ; ; ; determined by fitting the spectra in the region of a peak or a dip to
tion with the STM tip (Figure 35). Then the bonding between Gaussian functions. The relative conductance chardges, where

the CO molecule and.the O atom was induced by tunneling o = dl/dV, are 9%, 9%, and 5% for the hindered rotation mode at
electrons. However, in this latter case, the produced CO positive sample bias in spectra I, II, and Ill, respectively. Repro-
molecule desorbs from the surfaZeand cannot be charac-  duced with permission from ref 155 (http:/link.aps.org/abstract/
terized by vibrational spectroscopy. PRL/v87/p166102). Copyright 2001 American Physical Society.
These studies demonstrate that very detailed investigations
of bond-breaking and bond-making chemical reactions are threshold of 270 mV. These energies correspond to thelN
possible at the level of single moleculé$A couple of other stretch at the translation threshold and the first overtone of
examples illustrate the potential of this technique. An the N—Hjz;umbrella mode for the desorption threshold. Thus,
interesting case is that of NHnolecules adsorbed on the translation occurs via the excitation of the stretch mode and
Cu(100) surface at 5 K7 Careful choice of the tunnel desorption via excitation of the umbrella mode. The second
conditions can be used to select either translation of the NH example is the transformation ¢fans-2-butene into 1,3-
across the surface or desorption of the molecule. Translationbutadiene by electron-induced dehydrogenation, which dem-
of NH3 is observed for tunnel currents below 0.5 nA, with onstrates that conformational changes can take the form of
a threshold voltage at 400 mV. Desorption occurs preferen-an isomerization, modifying the chemical nature of the
tially at higher tunnel currents 1 nA and at a lower voltage  molecule®® A description of inelastic electron tunneling
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Figure 36. Biphenyl molecules on Si(100)s2L at 5 K, a bistable molecule. (A) STM topography (R0 A2, Vs= —2 V, | = 0.56 nA)

of a biphenyl molecule. The tunnel current during the surface voltage pédse 2.5 V, duration 10 s) is shown for three different STM

tip positions, R, P,, and R. (B) Exponential distribution of the time interval between peaks of the tunnel current cujpe (R). (C) On

the left side, an STM topography of a biphenyl molecule showing the repeatedly scanned line. On the right side, the line scan is shown as
a function of time ¥s= —3 V, | = 0.1 nA). The scan speed is 90 nm/s. The bright featurgd,,%nd $, indicate the successive positions

of the molecule. (D) Schematic of the ground-state potential energy surface of biphenyl on Si(lK08jh arbitrary reaction coordinate.
Reproduced with permission fro@cience(http://www.aaas.org), ref 36. Copyright 2005 American Association for the Advancement of
Science.

spectroscopy from a theoretical point of view has been the benzend3"133 |n fact, the dynamical behavior has been

subject of a recent reviei? found to be very complex. In addition to the two stable (S
_ o and $S) states, a transient (T) state was observed to play an
4.3. Reversible Dynamics in Single Molecules important role (Figure 36). The dynamics of the molecule

The STM manipulation by electronic excitation of biphenyl ngd ble IonIIowgrd In re%:'tlmeh(wnh a I'Im'ted ban dd—pass ﬁf
molecules at room temperature led to irreversible molecular 2POUt z) by recording the tunnel current during the
movement3>1%However, it was realized that the reversible Molecular dynamics. Two separate reversible movements of
dynamic process of the bistable biphenyl movement could the molecules (5= S; or §, — T) could be studied in detail.
be explore@ by lowering the substrate temperature. The !Nterestingly, the two different movements of the biphenyl
effect of lowering the temperature is to allow the molecule Molecule could be selectively activated by choosing either
to be trapped into molecular configurations which would not the surface voltage (electron energy) or the localization of
appear stable at room temperature. As mentioned in sectionfh€ electronic excitation inside the molecule. The size of the
3.1, electronic excitation induces bond-breaking by delivering Piphenyl molecule STM image is about 1 nm, and the spatial
a large amount of energy to the molecule, which leads to resolution of the low-temperature STM can be estimated to
irreversible dynamic processes. This is especially true for Pe about 0.05 nm. Therefore, it has been possible to explore
electronic transitions. However, electron (hole) attachment the effect of the localization of the electronic excitation inside
can deliver a smaller amount of energy provided the occupiedthe molecule. The selectivity of the molecular dynamics
and unoccupied molecular orbitals lie close in energy to the associated with the localization of the electronic excitation
Fermi level of the surface. A biphenyl molecule adsorbed inside the molecule can be explained as follows. The
on a Si(100) surface illustrates this cdSelere, the bistable  biphenyl molecule possesses various electronic resonances
movement of the molecule between two stable configurations (occupied molecular orbitals) whose energy and spatial
(S1and S) could be activated by hole attachment to occupied localization inside the molecule are different due to the
7 resonances of the adsorbed biphenyl molecule. A positive molecular interaction with the surface. Each of these
ion resonance is formed by an electron leaving the molecule,resonances was then locally excited with the STM tip, which
which then relaxes as another electron hops from the demonstrated that each resonance was associated with a given
substrate to the molecule, similar to that observed in movement of the molecule, i.e., either the-S S, switch



Electronic Control of Single-Molecule Dynamics

LS

ra

S =

)
—
L]

= -1.8V to 1.8V
- 1.8V to-1.8V

(S

Tunneling Current (nA)
' o

—a— -18Vto 1.8V
- 1.8Vto-1.8V

Y,

(=)}

]

ke =1 BV N1 8V
—— 1.8Vto-1.8V
== NiAl

dI/dV (nA/V)
4

(8]

7.0 00 10
Sample Bias (V)

d c

20
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molecule on a NiAl(110) surface at 13 K. (k)V characteristics

of a ZnEtiol molecule. The STM tip was positioned over the center
of a molecule in type | conformation. After the feedback was turned
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a powerful parameter for controlling the dynamics of a single
molecule. This demonstration of electronic control of single-
molecule dynamics opens new perspectives for artificial
molecular nanomachines. A bistable molecule is a very
simple prototype of a molecular nanomachine. Indeed,
bistability is an interesting molecular function since it can

be used in molecular switches, molecular memories, or
molecular logic devices.

Another example of a reversible conformational change
within a molecule induced by electronic excitation with the
STM tip is that of zinc(ll) etioporphyrin | (ZnEtiol)
molecules adsorbed on a NiAl(110) surface at 13°K.
However, the mechanism for switching the molecule is not
the same. STM images of these ZnEtiol molecules show the
presence of two conformations, a type | conformation where
two of the four lobes are distinctly brighter than the other
two and a type Il conformation where all four lobes have
roughly the same intensity. When I(V) spectra were taken
of a molecule, abrupt jumps in the current were observed,
either at positive voltage when ramping froni.8 to+1.8
V or at negative voltage when ramping in the other direction
from +1.8 to —1.8 V (Figure 37). Subsequent imaging of
the molecule showed that it had changed conformation.
Averaging over many curves indicated the presence of
thresholds at-1.0 V (from | to 1l) and—1.3 V (from Il to
). The threshold at-1.0 V did not depend on the tigsample
separation, whereas the threshold-4t3 V showed a linear
displacement of the threshold toward lower (more negative)
voltages as the tipsample separation was increased. The
derivative of the I(V) spectra showed a pronounced peak at
about 1.25 V, while no such peak was visible at negative
biases. This peak at 1.25 V was attributed to the lowest
unoccupiedr* molecular orbital (LUMO) of the molecule.
The type | to type Il transformation is dominated by a
mechanism where an electron from the tip attaches to the
molecule, forming a negative ion resonance before inelas-
tically tunneling into a lower electronic state in the substrate.
The type Il to type | transformation at negative voltage was
explained by the electric field acting on the surface dipole
formed by the ZA"—Ni interaction and overcoming the
energy barrier for conformational change. The STM allows
the surface atoms to be resolved, which reveals that the center
of the molecule is over the bridge site along the Ni trough.
This places a pair of opposite pyrrole rings over the
neighboring Al atoms and the other two rings over the Ni
trough. As a consequence the four pyrrole rings experience
different interactions with the surface, leading to a nonplanar

off, the sample bias was decreased from the imaging condition (0.7 geometry. This is similar to the distortion found in ligand-

V) to the beginning of the voltage cycle,1.8 V. The pair o —V

curves corresponds to variation of the tunneling current as the

sample bias was ramped up froni.8 to+1.8 V and then ramped
down from+1.8 to—1.8 V. The voltage step size is 12 mV. (b) A
set of 21 pairs ofi—V curves recorded consecutively over the

molecule, showing variations in the threshold voltages for reversible

current jumps. (cil/dV spectra recorded simultaneously with the

coordinated zinc porphyrin moleculé&s.

5. Conclusions

Over the past 15 years, the electronic control of single-
molecule dynamics has been tremendously improved. The

two |-V curves shown in (a), compared to a background spectrum ablllty to combine the electronic excitation, the lateral and

acquired over a clean NiAl(110) surface. TtEdV curves were
recorded by a lock-in amplifier, with an ac modulation of 10 mV
rms amplitude added to the sample bias. An electronic staté.26

V (*) is evident in spectra taken over the molecule. (d) Image of
a molecule in type I-L conformation. (e) Image of a type II-L
conformation. Each image size is 3333 A2 Reproduced with
permission from ref 160 (http://link.aps.org/abstract/PRL/v93/
p196806). Copyright 2004 American Physical Society.

or the § — T transition. From these results, the localization
of the electronic excitation inside the molecule is manifestly

vertical displacement, and the vibrational spectroscopy of
reactants and products has enabled investigation in incredible
detail of chemical reactions at the level of individual
molecules37.139.142.15¢ xtending these studies to reversible
molecular movements has opened up new perspectives for
using a single functionalized molecule as a molecular
nanomachine. Provided the molecule has been properly
designed for having a specific function (bistability, emission
of photons, etc.), the electron control offers very flexible
methods for powering and controlling the operation of the
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