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Part A — Research Results

A.1 Scientific Highlights

- In Orsay (Task Il, Molecular Robots), it has been demonstrated that the electronic excitation and
the ensuing dynamics can be controlled in real space at selected parts inside a single molecule by
using the picometer-scale spatia resolution of a low temperature Scanning Tunneling Microscope
(STM). The system is a biphenyl molecule adsorbed on a Si(100) semiconductor surface. At low
temperature (5K), the molecule behaves as a molecular switch which can be reversibly moved
either from one stable configuration to the other or into a transient configuration by resonant
electronic excitation with tunnel electrons from the tip of a STM. By selecting, with the STM tip,
precise locations of the excitation inside the molecule, specific quantum electronically excited states

of the molecular system can be produced, each of them being associated with a given molecular
movement.
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Figure 1 : Electronic control inside a single molecular switch (bi phenyl/Si(100))

- In Aarhus (Task V, Biological systems), DNA bases on metal surfaces have been studied as a
model system of biological interactions. The codeposition experiments of DNA-bases conducted so
far indicate, that a recognition between complementary (Watson Crick) base pairs exists. Upon
deposition at room temperature G and Cytosin (C) as well as Adenine (A) and C form Watson Crick
(WC) and wobble base pairs respectively. Upon annealing however A/C mixtures segregate while
G/C mixtures containing WC pairs persist. Though some concluding experiments and theoretical
confirmation of the structures are subject of ongoing work, the existing results strongly suggest that
the energetics driving this mixture or segregation process on the Au surface respectively might be
the energetics leading to base pair recognition in DNA.



- In Toulouse (Tasks I, Il and VI, Design of molecules, Individual molecules as molecular robots
and Theoretical models), calculation of the images of different conformations of a molecular
wheelbarrow on a copper surface has been performed. Experiments have been done by the berlin
group to image and manipulate the « wheelbarrow » molecule with a STM tip. The Toulouse group
has not yet reproduced the mechanical behavior of a wheelbarrow at the molecular level, i.e. to
convert the translation movement of the tip into the rotation of the wheels. This could be explained
by the very strong interaction between the molecule and the metallic surface of copper used in the
experiments. Nevertheless, the manipulation resulted in a change of conformation of the molecule.
To prove that point, the Toulouse group has calculated the different conformations observed by the
Berlin group during their experiments as shown in figure 3. A paper isin preparation to report these
results.

Figure 3 : Calculated image using the ESQC routine of the molecular wheelbarrow to help the
attribution of the different conformers of the molecule seen on the surface.

- In Zurich ( Task 1V, Atomic and molecular manipulations on insulators), we have shown that on a
polar insulating surface, the charge state of individual adatoms can be controlled. We studied single
Au atoms adsorbed on ultrathin insulating NaCl films with a low-temperature STM. By positioning
the STM tip above an Au adatom and applying a voltage pulse, the adatom can be reversibly
switched between its neutral and negatively charged state (fig. 4). Most importantly, both states are
stable, that is, an additional charge remains on the adsorbate until it is removed by a voltage pulse
of reversed sign. Results have been interpreted by the Goteborg group using density functional
theory (DFT) calculations.

Figure 4 : Individua Au adatoms on NaCl(100)/Cu(111)
were imaged as protusions. By applying a voltage pulse,
the adsorption state of an individual Au adatom could be
manipulated, as revealed in images A to D.

- In Birmingham (Task |1, Molecular Robots), the main achievement this year has been to elucidate
the mechanism of bond-selective, single molecule dissociation by the STM tip, a prototypical



example of electro-mechania coupling at the molecular scale [1,2]. The model system employed
has been chlorobenzene, C6H5CI, chemisorbed on the Si(111)-7x7 surface at room temperature;
thus the work has built upon the single molecule desorption studies reported in last year’s annual
report. We have found that electron injection into the p-system of the phenyl ring leads to C-Cl
bond rupture above a critical threshold voltage, and have succeeded in mapping the radial and
angular distributions of the energetic “daughter” atoms liberated by this unimolecular dissociation
reaction, which is found to be a two-electron process. The degree to which the angular distribution
of daughter atoms reflects the azimuthal orientation of the parent molecule depends upon the
electron tunnelling current.

Figure 5. STM-driven molecular dissection at room temperature: STM image, rastered from
left to right at +4 V and 100 pA, showing the appearance of a chlorine atom liberated from an
adsorbed chlorobenzene molecule on Si(111)-7x7 at room temperature; corresponding three
dimensional image also shown.

- In Goteborg (Task VI, Theoretical modelling), the main scientific highlight is the joint work with
the IBM Zurich group on the control of the charge state of single gold adatoms (see figure 4). A feat
that represents a milestone in atom-scale science and introduces a new dimension in manipulation.
The IBM scientists placed and removed a single electron on an individual gold atom by positioning
the tip of alow-temperature scanning tunneling microscope above the atom and applying a voltage
pulse. To interpret the experimental findings, the Chalmers group used density functional theory
calculations. In agreement with the experiments, the theoretical investigation also finds two
different stable states for Au atoms: One is nearly neutral, the other is negatively charged by one
electron. The ssimple physical mechanism involves large ionic polarizations, which are responsible
for the existence of different charge states. This mechanism suggests that this finding is a common
phenomenon for adsorbates on polar insulating films supported by a metal substrate.

- In Berlin (Task |1, Molecular Robots), the electronic standing wave pattern produced by different
molecules of the Lander family on a Cu(111) terrace have been investigated, by combining di/dV
maps and model calculations. We are able for the first time to relate the interna structure of the
molecule to its standing wave pattern. In particular, we demonstrate that the p-orbitals
corresponding to the central wire of the molecule strongly interact with the surface states electrons
of the surface, even if the central wire is partially decoupled from the surface and does not
significantly contribute to the tunneling current through the molecule.



Fig. 1. RL molecule on a Cu(111) terrace. All measurements (b)-(d) show the same surface area
(100 x 100 A?). From the constant current STM measurement in (b) (U = 700 mV, | = 0.2 nA) the
orientation and configuration of the molecule can be deduced as shown in the model (a). Sanding
wave patterns of this molecule are measured by means of dI/dV maps shown in (c) and (d) recorded
at Vbias= 300 meV and 300 meV, respectively.

A.2 Joint Publications

Joint publications:

1) (Aarhus and Toulouse, Task I, 1l and V1)

R. Otero, F. Rosel, Y. Naitoh, P. Jiang, P. Thostrup, A. Gourdon, E. Laagysgaard, |. Stensgaard, C.
Joachim and F. Besenbacher, Nanostructuring Cu Surfaces Using Custom-Designed Molecular
Molds, Nanoletters 4, 75 (2004)

2) (Aarhus and Toulouse, Task I, Il and V1)

R. Otero, Y. Naitoh, F. Rosei, P. Jiang, P. Thostrup, A. Gourdon, E. Lagysgaard, |. Stensgaard, C.
Joachim and F. Besenbacher, One-Dimensional Assembly and Selective Orientation of Lander
Molecules on an O-Cu Tenmplate, Angew. Chem. Intl. Ed. Engl. 43, 2092 (2004)

3) (Zurich and Géteborg, Task IV and V1)
Jascha Repp, Gerhard Meyer, Frederick Olsson, Mats Persson
Controlling the Charge State of Individual Gold Atoms, Science 305, 493 (2004)

4) (Birmingham and Géteborg, Task 1l and V1)

Hedouin, R.E. Palmer and M. Persson

Chemisorption of benzene and STM dehydrogenation products on Cu(100)
Phys. Rev. B 68 155401 (2003).

5) In October 2003, R. E. Palmer chaired a two-day Royal Society Discussion Meeting in London
on the subject of atomic manipulation. Several collaborators in the AMMIST network gave invited
talks. The proceedings, which were published in Phil. Trans. Roy. Soc. and edited by REP,
represent a special kind of joint publication.

Royal Society Discussion Meeting “ Organizing atoms: manipulation of matter on the sub-10nm
scae’, M.J. Kelly and R.E. Palmer, Editors, Phil. Trans. R. Soc. Lond. A 362 1131-1260 (2004).

6) (G6teborg and Zurich, Task 1V and VI)

F. E. Olsson, M. Persson, J. Repp and G. Meyer,

Scanning tunneling microscopy and spectroscopy of sodium-chloride overlayers on a stepped
copper surface

(submitted to Phys. Rev. B)

7) (Goteborg and Birmingham, Task Il and VI)
P. A. Sloan, M.F.G. Hedouin, R. E. PAdmer, and M. Persson,




Mechanisms of molecular manipulation with the STM at room temperature: chlorobenzene/Si(111)-
(7x7),
Physical Review Letters 91, 118301 (2003)

8) (Berlin and Toulouse, Task |1 and V1)

L. Gross, F. Moresco, L. Savio, A. Gourdon, C. Joachim, K.-H. Rieder
“Scattering of surface state electrons at a molecular wire”

Physical Review Letters 93, 056103 (2004)

9) (Berlin and Toulouse, Task |1 and V1)

L. Grill, F. Moresco, P. Jiang, C. Joachim, A. Gourdon, K.-H. Rieder

Controlled Manipulation of asingle Molecular Wire along a Copper Nanostructure
Physical Review B 69, 035416 (2004)

Other publications:

10) Molecular molds
A.J. Mayne, L. Soukiassian, N. Commeaux, G. Comtet and G. Dujardin
Accepted for publication in Appl. Phys. Lett.

11) Influence of tip-surface interactions and surface defects on Si(100) surface structures by low-
temperature (5 K) scanning tunneling microscopy

D. Riedel, M. Lastapis, M. G. Martin, and G. Dujardin

Phys. Rev. B 69, 121301 (2004)

12) Ultra-high vacuum deposition of CdSe nanocrystals on surfaces by pulse injection
R. Bernard, V. Huc, P. Reiss, F. Chandezon, P. Jegou, S. Palacin, G. Dujardin and G. Comtet
J. Phys. C 16, 1 (2004)

13) Lock-and-Key Effect in the Surface Diffusion of Large Organic Molecules Probed by STM,
R. Otero, F. Himmelink, F. Sato, S. B. Legoas, P. Thostrup, E. Lasgsgaard, 1. Stensgaard, D. S.
Galvao and F. Besenbacher, Nat. Mat. In press.

14) Guanine Quartet Networks Stabilized by Cooperative Hydrogen Bonds,
R. Otero, M. Schdck, L. M. Molina, E. Laggsgaard, |. Stensgaard, B. Hammer and F. Besenbacher,
Submitted.

15) Conformational Dynamics of Single, Adsorbed Molecules Mediated by Complexation with
Metallic Adatoms,

R. Otero, F. Himmelink, P. Thostrup, E. Laagysgaard, |. Stensgaard and F. Besenbacher,
Submitted.

16) Snell’s Law for Surface Electrons. Refraction of an Electron Gas Imaged in Real Space,
Jascha Repp, Gerhard Meyer, Karl Heinz Rieder
Physical Review Letters 92, 036803-1 (2004)

17) Dissection of single molecules with the scanning tunnelling microscope at room temperature,
P.A. Sloan and R.E. Palmer, submitted.

18) Decoration of surfaces with size-selected clusters and molecular manipulation at room
temperature: precision and uncertainty in organizing atoms,



R.E. Pamer, P.A. Sloan and C. Xirouchaki, Phil. Trans. R. Soc. Lond. A 362 1195-1205 (2004).

19) Beyond the herringbone reconstruction: Magic gold fingers,
Q. Guo, F. Yinand R.E. Palmer, Small, in press.

Part B — Comparison with the joint programme of wor k

B.1 Research Objectives
Research objectives, as set down in Annex |, are still fully relevant and achievable.

B.2 Research Method

The research method has not changed
B.3Work Plan

The breakdown of tasks, schedule, milestones and research effort of the participants, as stated in
Annex | of the contract, are till fully relevant.

As for the specific milestones of the reporting period :

« E » (Bond selective dissociation of small molecules) : The Birmingham group has performed an
extensive work to elucidate the bond-sel ective, single molecule dissociation by the STM tip (see ref.
4,7 and 17). The experimental findings have been interpreted in collaboration with the Goteborg
group (seeref. 4 and 7).

«F » (First results on the manipulation of biologica systems) : The Aarhus group has investigated
the organisation of DNA bases adsorbed on Au(111) surfaces. In particular, by codepositing
mixtures of DNA bases, the Aarhus group has investigated the important problem of base pair
recognition (seeref. 14).

« G » (First experimenta results on the intramolecular motion by direct interaction with the tip) :
The Berlin group has studied the conformational changes induced to a lander molecule by lateral
mani pulation with the STM tip (see ref. 9).

«H » (First vibrational spectroscopy) : Preliminary experiments of vibrational spectroscopy have
been performed by the Zurich group.

«| » (Simulation of intramolecular motion in G) : Simulation of the molecular conformational
changes induced by lateral manipulation in Berlin have been performed by the Toulouse group (see
ref. 9).

«J» (Intramolecular motion by inelastic effects of tunnel electrons): The Orsay group has

demonstrated that the motion of a single molecular switch (biphenyl/Si(100)) can be controlled by
electronic excitation through the inelastic effects of tunnel electrons (submitted).

B.4 Organisation and M anagement

B.4.1 Organisation



The communication inside the network consists in network meetings (see below), bilateral
visits between participants, e-mail discussions, meetings at international conferences and through
the network web-site (http://www.fy.chalmers.se/res/networks/ammist/).

B.4.2 List of network meetings

We had atwo day network meeting on 13-14 May 2004 in IBM Zurich hosted by G. Meyer. The
meeting has been attended by 20 researchers including 12 post-docs and PhD students from the 7
network laboratories. During the meeting the young researchers have presented their own works and
projects. All young scientists paid by the network had a special discussion with Jean-Paul Berhault
(project Technical Assistant from Brussels) about their rights and duties in the network. The
principa investigators had a detailed discussion on the training program of the network. In
particular, it has ben decided that the next network meeting coupled with the mid-term review
meeting will be in Les Houches (France) on 17-21 January 2005. One of the most interesting
aspects of the meeting has been the visit of the IBM research laboratory. This has been a unique
experience, especially for al the attending young scientists who were very enthusiastic by this visit.

B.4.3

The number of joint publications has still been very high during this second year, thus
indicating strong and effective collaborations between the groups. There have been so many visits
between the groups that it is impossible to relate in detail all these exchanges. Each group has been
in contact with all the other groups many times during this year. As expected the two theoretical
groups in Toulouse and Goteborg have been a very important link between all the groups.

B.5 Training

B.5.1

There was no need to publicise the positions since all the network positions have been
occupied quite rapidly.



B.5.2

Participant Contract deliverable of Young | Young Researchersfinanced by the

Researchersto befinanced by the |  contract so far (person-months)

contract (person- months)
Pre-doc | Post-doc Total Pre-doc Post-doc Total
(€Y (b) (at+b) () (d) (ct+d)

Orsay 30 30 21 21
Aarhus 33 33 9 9
Toulouse 36 36 23 23
Zurich 36 36 15 15
Birmingham 36 36 21 21
Goteborg 28 28 10 10
Berlin 36 36 19 19
TOTAL 235 235 118 118

Thereis basically no problem in the recruitment of young researchers.
B.5.3

The young researchers have been integrated into the research program through the meeting
in IBM Zurich and through al the collaborations between the groups.

B.54

The young scientists have been trained to present their works and projects during the
network meeting in Zurich.



