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Introduction

The investigation of single molecules has become an
important and well-established research field in the last
years, driven by the prospect for fundamental electronic
and mechanical device miniaturization [1]. Understanding
and controlling conformational changes of single mole-
cules is very important in this regard. For this purpose, the
scanning tunneling microscope (STM) at low temperature
constitutes a powerful tool, as it not only allows precise
sub-molecular imaging of single molecules but also per-
mits the manipulation of atoms and molecules [2]. Recent
experiments show that conformational changes within a
molecule can be mechanically induced by the STM tip [3].
Molecular rotation [4, 5] and vibration [6] can be achieved
by electronically exciting molecules with tunneling elec-
trons, while diffusion [7] or desorption [8] of molecules
adsorbed on surfaces are also induced by the intense
electric field present between the STM tip and the sample
surface. Such a field is strongly inhomogeneous and in the
range of 0.2-2 V/A, concentrated in the vicinity of the tip
(i,e. in a radius of a few hundred Angstrom) [2]. Its
strength can reach values required for field ionization and
the desorption of an atom.

Looking for molecules suitable for application in molecular
electronics, the current research interest is focusing on
molecular switches [9, 10]. A molecular switch undergoes
a reversible transformation between at least two distinct
stable switching states, usually geometrical or valence
isomers, associated with different physicochemical pro-
perties based on a change in molecular geometry and/or
electronic distribution [9]. By using a Cu TBPP molecule,
it has been shown how the tip of a scanning tunneling
microscope can be used to trigger the switching mecha-
nism of a single molecule [3]. Here, the interatomic forces
between tip and molecule have been used for the mani-
pulation, i.e. to rotate a single molecular leg. In this way,
different conformations with characteristic junction resis-
tances have been created in a controlled way.

The azobenzene molecule represents a very interesting
example of such a molecular switch and its operating
mechanism based on a trans-cis isomerization of a double
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bond is conceptually related to the basic principle of vision
in the human eye. In the electronic ground state, azoben-
zene adopts two different conformations: a nearly planar
trans and a non-planar, three-dimensional cis form [11].
The reversible switching between these two isomers is
well investigated in solution and in the gas phase where-
by the ground state barrier for isomerization is typically
overcome by photo-excitation [12-15].

Results

The aim of the presented work is to study the possibility of
using azobenzene derivatives as molecular switches, i.e.
to isomerize single molecules on a metal surface in a con-
trolled way [16]. Figure 1a shows the investigated mole-
cule: 3,3’,5,5-tetra-tert-butyl-azobenzene, called TBA. It
consists of an azobenzene core and four lateral tert-butyl
groups that should increase the separation between sur-
face and the azobenzene n-system, leading to increased
surface mobility and potentially lower electronic coupling.
On the other hand, the substituents do not significantly
alter the electronics of the azobenzene chromophore and
do not impart steric hindrance upon the isomerization
process. By means of the molecular appearance in STM
images, it is important to note that the four symmetrically
placed legs facilitate conformational analysis, because
they appear as intense lobes and thus act as markers.
The molecules were synthesized by oxidative dimerization
of 3,5-di-tert-butyl-aniline and exhibit the photochemical
and thermal isomerization behavior typical for azobenze-

Figure 1: (a) TBA molecule. (b) STM image (40 x 40 nm2) of a
molecular island on Au(111). The exact adsorption configuration
of the molecules can be determined from the corner of an island
in an enlarged STM image (c), the molecular structure is indica-
ted. (d) shows the STM image of a single TBA molecule.

ne derivatives in solution [16].

The experiments were performed under ultrahigh vacuum
conditions (base pressure of 10-10 mbar) at a temperature
of 5 K using a homebuilt STM, described in detail else-
where [17]. The Au(111) substrate was prepared by seve-
ral cycles of sputtering with Ne ions and subsequent
annealing at 800 K. The molecules were deposited by
evaporation from a homebuilt Knudsen cell kept at 370 K,
and the dosage was monitored via a quartz crystal micro-
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balance. During the deposition of the molecules, the sam-
ple was kept at room temperature. All images are recor-
ded in constant current mode with a tunneling current of
0.1 nA and a bias voltage of 1 V on the sample.

An overview STM image of TBA molecules on Au(111)
after deposition is shown in Figure1b (Page 22). The mo-
lecules are mobile after adsorption, as they cover step
edges and form islands, but are also found isolated on te-
rraces. Islands formed by less than about 40 molecules
are disordered, i.e. the molecules are not equally oriented.
As the number of molecules increases, the intermolecular
interaction leads to the formation of highly ordered
islands. The position and orientation of individual mole-
cules inside these islands is shown in Figure 1c (Page
22): The molecules form parallel rows indenting with each
other. Isolated molecules (Figure 1, Page 22) are always
positioned at the elbows of the Au(111) herringbone recon-
struction. Even though the molecule itself is not chiral, the
molecule-surface system is chiral [18], which becomes
clear in the case of a single molecule (d) with a rather
rhombic and not a rectangular shape.

Each molecule appears as four lobes with an apparent
height of 2.7¢+0.1 A arranged in a rhombic shape.
According to the dimensions of the molecule in the gas
phase, the lobes can be assigned to the tert-butyl groups
while the central azobenzene part is not visible. All
observed molecules are in the same planar configuration
that we assign to the trans isomer (Figure 1a, Page 22),
which is known to be the energetically favored configura-
tion in the gas phase [11]. The complete missing of cis iso-
mers on the surface is expected, because any heating
process (for deposition) increases the fraction of the trans
isomers on the expense of the cis molecules [11,13].

We have investigated the isomerization process in the
ordered molecular islands, where a large number of mo-
lecules is present. To induce the isomerization, we have
applied voltage pulses of 2 V with the STM tip positioned
above an island. After these pulses, many molecules have
changed appearance, showing a larger height of 4.1+0.3
A. These bright molecules are stable and to let them pre-
cisely restore their initial appearance we have to apply a
further pulse, as shown in Figure 2. As one can see in
Figure 2a, the isomerization process has no consequence
on the neighboring trans molecules, which remain
unchanged. The cis form appears with a bright central
intensity maximum, while three lateral lobes in an appro-
ximately triangular shape can be resolved, completely di-
fferent from the planar trans conformation. This shows
that, in contrast to the trans isomer, the cis isomer is not
planar, in agreement with the molecular conformation in
the gas phase [11] and as observed by STM [19] for
azobenzene molecules on Au(111).

Such switching experiments can be reproduced several
hundred times allowing us to conclude that the observed
changes are due to the isomerization of single molecules
from the trans form to the cis form, and back to the trans
form [16]. The reversibility of the experiment and its high
reproducibility exclude molecular dissociation or the pre-
sence of any contamination as cause for the observed
change of the molecular appearance. The switching of an
isolated molecule is very rare because, under the effect of

www.phantomsnet.net

Figure 2: Isomerization process from cis to trans. (a) and (b)
show STM images (both 3.5 nm x 3.5 nm) before and after the
isomerization. The bright molecule in (a) is in the cis state and
exactly returns to the trans state in (b), where all visible molecu-
les are trans isomers, after applying a voltage pulse.

a voltage pulse, the molecule can move or rotate thereby
efficiently competing with the isomerization process. This
effect is avoided in the islands when the molecules are
stabilized by each other.

In order to understand the driving mechanism for this iso-
merization process, we have studied the dependence of
the bias voltage, required for the isomerization, on the tip
height (Figure 3) [16].
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Figure 3: Plot of the threshold voltage as a function of tip height
for the trans — cis isomerization (top) and for the cis — trans
isomerization (bottom) for positive (electric field points towards
the STM tip) and negative voltage polarities. Reprinted from
Ref.16. Copyright 2006 American Chemical Society

The experimental points have been measured by fixing
the tip at a specific height, referred to the bare Au(111)
surface, and applying a voltage pulse for a fixed time

t=30s. Starting from V=0, we increased the voltage by
increments of 0.1 V until we observed a switching event in
a lateral area of 80 x 80 A from the tip position. Each
sequence was repeated 10 times.The data show that
switching is possible with positive and negative voltage
polarities and the threshold voltage is not a constant
value, characteristic in the case of electron resonant tu-
nneling [5], but clearly increases (at tip heights >9.5 A)

E manno—newsletter March 2007 m



when retracting the tip.The isomerization process occurs
also at very large tip distances where no tunneling current
is flowing (the tunneling current decreases exponentially
with the tip-surface distance). Even in the extreme case
when the tip is 36 A above the surface, we were able to
switch molecules from trans to cis (after applying a voltage
pulse of 6.8 V)! These results lead to the conclusion that
the isomerization of TBA molecules on Au(111) is driven
by the electric field in the STM junction, which does not
involve the tunneling of electrons. Very recent theoretical
calculations of P. Saalfrank et al. [20] for TBA molecules
explain this mechanism: the electric field in the STM jun-
ction deforms the potential barrier of the molecule in the
ground state thereby facilitating the switching process.
The approximately linear dependence of the threshold as
a function of the tip height in Figure 3 (Page 23), consi-
dering the large tip height regime (points above 9.5 A),
allows to quantize the required electric field. We find va-
lues of 0.1 V/A and 0.7 V/A for the trans — cis isomeriza-
tion, while for the cis — trans it amounts to 0.3 /A and 0.4
V/A. Points below 9.5 A are not included in the plot
because in this region there is a change in slope, proba-
bly related to electronic effects that come into play at small
tip heights (i.e. large currents). These experimental values
of the electric field are smaller than the calculated ones
(about 1-2 V/A) [20], which is likely due to the presence of
the surface that enhances the permanent dipole and the
polarizability of the molecule. It is important to mention the
different slopes for positive and negative voltages in the
case of trans — cis isomerization as compared to the cis
— trans process (where the behaviour is very similar for
the two polarities). These differences are presumably
caused by the characteristic polarizability of the molecule
and the orientation of its intrinsic dipole moment for the
trans and cis configuration and intermediate configura-
tions during the reaction.

Conclusions

We have shown that the isomerization of single azoben-
zene derivatives can be induced by using a scanning tu-
nneling microscope. Isomerized molecules in the cis state
appear brighter within the molecular islands due to their
non-planar structure, in accordance with the configuration
in the gas phase. The isomerization process is reversible
as cis isomers precisely restore the trans configuration
after a second voltage pulse. The dependence of this
switching process on the experimental parameters shows
for the first time that the process can be induced by the
electric field in the STM junction and is thus possible with-
out any electric current.

References

[1] J.K. Gimzewski and C. Joachim, Science 283, 1683 (1999).
[2] J. A. Stroscio and D. M. Eigler, Science 254, 1319 (1991).
[3] F. Moresco, G. Meyer, K.-H. Rieder, H. Tang, et al., Phys.
Rev. Lett. 86, 672 (2001).

[4] B. C. Stipe, M. A. Rezaei, and W. Ho, Science 279, 1907
(1998).

[5] M. Lastapis, M. Martin, D. Riedel, L. Hellner, et al., Science
308, 1000 (2005).

[6] B. C. Stipe, M. A. Rezaei, and W. Ho, Phys. Rev. Lett. 81,

m E searno—newsletter March 2007

1263 (1998).

[7] L. J. Whitman, J. A. Stroscio, R. A. Dragoset, and R. J.
Celotta, Science 251, 1206 (1991).

[8] M. A. Rezaei, B. C. Stipe, and W. Ho, J. Chem. Phys. 110,
4891 (1999).

[9] B. L. Feringa, Molecular Switches (Wiley-VCH, Weinheim,
2001).

[10] Z. J. Donhauser, B. A. Mantooth, K. F. Kelly, L. A. Bumm, et
al., Science 292, 2303 (2001).

[11] H. Rau, Photochromism - Molecules and Systems (Elsevier,
Amsterdam, 2003).

[12] T. Nagele, R. Hoche, W. Zinth, and J. Wachtveitl, Chem.
Phys. Lett. 272, 489 (1997).

[13] D. Fanghénel, G. Timpe, and V. Orthmann, Organic
Photochromes (Consultants Bureau, New York, 1990).

[14] T. Hugel, N. B. Holland, A. Cattani, L. Moroder, et al.,
Science 296, 1103 (2002).

[15] T. Ishikawa, T. Noro, and T. Shoda, J. Chem. Phys. 115,
7503 (2001).

[16] M. Alemani, F. Moresco, M. V. Peters, S. Hecht, et al., J.
Am. Chem. Soc. 128, 14446-14447 (2006).

[17] G. Meyer, Rev. Sci. Instrum. 67, 2960 (1996).

[18] B. L. Feringa and R. A. van Delden, Angew. Chem. Int. Ed.
38, 3418 (1999).

[19] B. Y. Choi, S. J. Kahng, S. Kim, H. Kim, et al., Phys. Rev.
Lett. 96, 156106 (2006).

[20] G. Fiichsel, T. Klamroth, J. Dokic, and P. Saalfrank, J. Phys.
Chem. B 110, 16337 (2006).

STM imaging of molecules on a thin
insulating film

Carlos Javier Villagomez Ojeda, Sébastien Gauthier, André Gourdon,
Sladjana Stojkovic and Christian Joachim
CEMES-CNRS, 29 rue J. Marvig, P.O. Box 94347 31055 Toulouse
(France)

Fax: (+33) 5 62 25 79 99
E-mail: gauthier@cemes.fr

Tomaso Zambelli
Laboratory of Biosensors and Bioelectronics, ETH Zurich
Gloriastrasse 35, CH-8092 Zurich (Switzerland)

Introduction

Until recently, STM was the only technique allowing to
image individual molecules adsorbed on surfaces. For this
reason, single molecule studies were restricted to con-
ducting substrates. Some strategies were developed to
allow well defined electrical connexions to single mole-
cules on metals, based on the synthesis of specially
designed molecules [1], but these approaches are not
suited for further developments, such as planar electrical
connexions to a single molecule. The emergence and
progress of AFM in the non-contact mode make now po-
ssible to image a single molecule on an insulating sub-
strate [2], but this technique is rather difficult and molecu-
lar manipulations are not yet well mastered, as for STM. It
was realized recently [3-6] that it is possible to use STM
to study molecules adsorbed on ultrathin insulating films
on conducting substrates. In this situation the insulating
film decouples the molecule from the substrate, while still
allowing the transport of a weak tunneling current through
the structure. These studies constitute an intermediate
step which is currently explored in Picolnside
(http://www.picoinside.org)
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