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Scanning Tunneling Spectroscopy of 
Molecules on Insulating Films
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Abstract: Ultrathin insulating films on metal substrates are unique systems for using a scanning tunneling mi-
croscope (STM) to study the electron transport properties in the weak-coupling limit. The electronic decoupling 
provided by the films allows the direct imaging of the unperturbed molecular orbitals, as will be demonstrated in 
the case of individual pentacene molecules. The coupling between electronic states localized on the adsorbate 
and optical phonons in a polar insulator has two important implications: Peaks in conductance spectra result-
ing from resonant tunneling into electronic states of the molecules are significantly broadened by the presence 
of the insulator. Second, the ionic relaxations in a polar insulator may lead to an interesting charge bistability in 
atoms and molecules. STM-based molecular manipulation has been used to form a metallo-organic complex as 
well as to switch the position of the two hydrogen atoms in the inner cavity of single free-base naphthalocyanine 
molecules.
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Introduction

During the last decade scanning tun-
neling microscopy (STM) and spectros-
copy (STS) has become more and more 
important for the field of molecular elec-
tronics, in which charge transport through 
single-molecule and atomic-scale struc-
tures is studied. The main drawback of 
STM and STS as compared to other tech-
niques in the field is certainly the lack of 
an additional gate electrode that allows one 
to shift the molecular states with respect to 
the chemical potentials of the two contacts. 
On the other hand, the most important 
strength of the techniques lies in the abil-
ity to analyze the structural environment 
of the molecule under consideration on the 
atomic length-scale and to subsequently 
probe the electronic properties of this in-
dividual, well-characterized structure. In 
the past it has become very clear that the 
charge transport on the atomic/molecular 
scale is determined by the entire junction 
structure including the connecting elec-
trodes, and that small changes in the atom-
istic arrangement of the junction may have 
a large influence on its characteristics. 
This highlights the tremendous possibili-
ties that lie in the study of charge-transport 

phenomena in atomic-scale structures by 
means of STM and STS and explains their 
growing relevance in the field.

In electron transport through indi-
vidual molecules three energy scales are 
most relevant, namely the energy sepa-
ration between the molecular levels, the 
Coulomb charging energy U and the cou-
pling strength G between the molecule 
and the leads. The relative ratio of these 
energies determines the different regimes 
of transport. The levels spacing and Cou-
lomb energy are primarily determined by 
the molecule itself and can only be var-
ied over roughly one order of magnitude. 
The coupling strength to the leads on the 
other hand can vary over several orders of 
magnitude depending on the experimental 
setup and therefore usually determines the 
transport regime.

STM and STS have recently contrib-
uted to molecular electronics both in the 
weak and in the strong coupling limit. As 
STM relies on a finite conduction of the 
sample, a metallic or semiconducting sub-
strate is the natural choice. A molecule ly-
ing on such a single crystal surface with 
well-defined orientation can then be con-
tacted with the STM tip at a known lateral 
position of the molecule.[1–3] In these ex-
periments one typically has access to the 
strong or intermediate coupling regime.

Here, we focus on the weak coupling 
regime. Between tip and molecule the 
weak coupling regime is simply achieved 
by the vacuum gap. To reduce the coupling 
between molecule and substrate however, 
an ultrathin insulating layer is introduced 
that decouples the molecule electronically 
from the substrate. Ultrathin refers to a 
thickness of only few atomic layers. For 
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such a thin insulating film on a metallic 
substrate, electrons can still tunnel through 
the films, facilitating imaging by means of 
STM at a low tunneling current.[4–8] On the 
other hand, a double layer of a wide band 
gap insulator is sufficient to significantly 
decouple an adsorbate from the metallic 
substrate.

This electronic decoupling in STM 
studies on adsorbates has opened up a 
new fascinating field in atomic-scale sci-
ence. Examples of new physical insights 
and phenomena discovered in such stud-
ies are the charge control of adatoms,[9] 
single-atom spin-flip spectroscopy,[10] and 
vibronic spectroscopy and bipolarity in 
single-molecule transport.[11,12] The insu-
lating properties of the films also enable 
the direct imaging of the apparently un-
perturbed molecular orbitals by means of 
STM.[13] In this article we will review our 
recent STM studies on insulating films in 
the context of molecular electronics.

Experimental Setup and Substrate 
Surfaces

The experiments discussed here were 
carried out in ultra-high vacuum with a 
low-temperature STM operated at temper-
atures of T = 5–13 K. As substrates we used 
flat as well as intrinsically stepped copper 
single-crystal samples. These single-crys-
tal samples were cleaned by several sput-
tering and annealing cycles. Bias voltages 
refer to the sample voltage with respect to 
the tip. As STM tips we used electrochemi-
cally etched tungsten wire. For differential 
conductance (dI/dV) spectroscopy, the 
bias voltage was modulated and the dI/dV 
signal was detected by using the lock-in 
technique. Individual adsorbates were ad-
sorbed at a sample temperature of 5 to 10 K 
with the sample located in the STM. 

An essential prerequisite for STM stud-
ies of adsorbates on insulating films is the 
ability to grow stable and atomically thin 
insulating films on metal surfaces with a 
well-characterized and ordered geometric 
structure. For such studies a range of insu-
lating materials has been deployed.[11,13–19] 
The choice of an appropriate substrate has 
several other aspects: For the detection 
of spin transitions in such a setup, as first 
demonstrated by Heinrich et al.,[10] one 
apparently needs an intermediate coupling 
regime.[20] For this purpose monolayer is-
lands of nitrides or oxides are desirable. 
For our studies we were most interested in 
structurally very simple model systems as 
insulators and therefore chose alkali hali-
de and xenon layers. As will be discussed 
in this article, it turned out that the mere 
presence of the insulator leads to a pho-
non-broadening of the spectroscopy data 
in STS. Therefore the insulator material is 

decisive for the energy resolution of the da-
ta. By varying the metallic substrate under-
neath the insulating layer one may change 
the work function of the system. This has 
significant implications as it changes the 
chemical potential of one of the electrodes 
relative to the molecular levels. As in STS 
usually no gate is available, this is an im-
portant alternate experimental parameter 
and can even be used to charge a molecule. 

In addition to these considerations, the 
metal substrate can also be used to determine 
the charge state of the molecule or – more 
generally – the adsorbate,[21] as follows. 
The well-known Cu(111) surface-state 
band survives NaCl or xenon adsorption 
and forms an interface state band that is con-
fined to the insulator/metal interface.[21–23] 
The interface state manifests itself in STM 
images as the typical standing-wave pat-
terns[24,25] arising from the scattering of the 
electrons. To infer the charge state from 
observations related to the interface state, it 
is important to note that the interface-state 
probability distribution falls off exponen-
tially within the insulating adlayer, such 
that at the insulator-to-vacuum interface 
it is negligibly small. Consequently, the 
short-range potential of a neutral adsorbate 
should be a weak scatterer of the interface-
state electrons. A charged adsorbate, how-
ever, results in a long-range electrostatic 
potential that should strongly scatter the 
interface-state electrons below. A posi-
tively charged adsorbate, in addition, will 
create a local attractive potential for the in-
terface-state electrons underneath. In gen-
eral, whenever a two-dimensional, free-
electron-like interface band encounters an 
attractive potential, it will form a bound 
state, an interface-state localization.[21,26,27] 
Thus, the charge state of any defect or ad-
sorbate can unambiguously be determined 
to be neutral, negative, or positive, depend-
ing on the interaction with the interface 
state.

Charge Bistability of Adatoms and 
Molecules

The presence of the insulating film in 
the experimental setup allows for a charge 
bistability of adsorbates as will be dis-
cussed in the following. Whereas this was 
first observed for adatoms, namely indi-
vidual gold atoms, the same mechanism 
may also lead to charge bistability in mol-
ecules.[28] Charge bistability in molecular 
electronics may be interesting for memory 
devices. As charging a molecule affects all 
the states, the transport characteristics may 
be completely changed by changing the 
charge state. In addition, this allows more 
complex functionality to be implemented 
based on such a charge state switch. As the 
first observation of the charge state con-

trol[9] was with gold adatoms we briefly 
describe this observation first, before 
discussing the implications for molecular 
electronics.

The charge-state control of individual 
gold adatoms on NaCl/Cu(111) was done 
by positioning the STM tip above an Au 
adatom and applying a voltage pulse. 
This way the adatom can be reversibly 
switched between the neutral and negative 
charge state. Most importantly, both states 
are stable; that is, the additional electron 
will remain on the adsorbate until it is re-
moved by a voltage pulse of reversed sign. 
The different charge states were identified 
from several observations. Experimentally, 
we exploited the interface-state based tech-
nique as described at the end of the previ-
ous section to determine the charge states 
of both species. Second, a comparison of 
the STM images to detailed density-func-
tional-theory-based image simulations 
corroborated this analysis. Third, in a 
later publication, we inferred the different 
charge states from scanning force spec-
troscopy measurements.[29] But what is the 
mechanism behind this charge bistability? 
The lateral position of the adatom did not 
change upon charging. A simple electron 
transfer without any lasting changes of 
the ion core positions would not be stable, 
because an electron residing in an excited 
state of the Au adatom would rapidly tun-
nel into the metal. The two states must 
therefore be associated with two different 
geometric configurations of the adatom 
and the NaCl film.

Density-functional theory simula-
tions[9] provided deeper insight into the 
underlying principle of the experimentally 
observed charge bistability: Whereas the 
gold atom in its neutral state leaves the 
ionic positions within the NaCl film rela-
tively unperturbed, the negatively charged 
gold adatom induces strong ionic relaxa-
tions within the NaCl film. This relaxation 
pattern creates an attractive potential for 
the additional charge on the Au adatom, 
which is further stabilized by the screen-
ing charge in the metal substrate and by the 
electronic polarization of the ionic layer. 
This shifts a previously unoccupied state 
such that it is below the Fermi level and 
becomes occupied.

With that the important ingredients for 
such a charge bistability are identified: One 
needs an atomic/molecular state that is rela-
tively close to the Fermi level. Second, the 
ionic relaxations resulting from a charging 
need to be so strong that the energetic shift 
associated with these relaxations is large 
enough to shift the corresponding state 
across the Fermi level. For the latter it is 
important to note that this energetic shift is 
usually larger the more the charge is spatial-
ly localized. This renders the occurrence of 
a charge bistability in an atom much more 
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likely than in the case of molecules. Howev-
er, in molecules intramolecular relaxations 
may also contribute significantly to charge 
stabilization. In addition, the relaxation en-
ergy naturally depends on the properties 
of the insulator that is used. The other in-
gredient, namely having an electronic state 
close to the Fermi level, is controlled by the 
electron affinity (ionization potential) of the 
adsorbate but also by the work function of 
the substrate system. This we could show in 
a following study, in which we varied both 
the metal adatom as well as the work func-
tion of the substrate system. In all cases, the 
trend in observing certain charge states fol-
lowed the above reasoning. 

Imaging Molecular Frontier Orbitals 
of Pentacene on NaCl Films

As a bulk material pentacene is one of 
the best-studied organic semiconductors, 
having a relatively small transport-gap and 
a high charge carrier mobility. Therefore 
we chose individual pentacene molecules 
for our electron transport measurements on 
ultrathin NaCl films.[13]

Differential conductance (dI/dV) spec-
troscopy on an individual pentacene mol-
ecule exhibits two distinct features in the 
dI/dV signal, centered around –2.4 and 1.7 
V, and a broad gap region of low conduct-
ance between these peaks (Fig. 1). Bias-
dependent imaging shows that directly cor-
related to the spectroscopic features three 
qualitatively different STM images are ob-
tained: When imaging within the broad gap 
region, the pentacene molecule appears as 
a featureless rod. In contrast, for voltages 
exceeding the peak positions, the molecule 
appears much broader and higher and ex-
hibits internal structure (panels to the left 
and right). The spatial resolution can be 
further enhanced by picking up a penta-
cene molecule with the STM tip (lower 
row of STM images in Fig. 1). In this case, 
the image acquired at voltages in the gap 
region shows five faint protrusions, 2.3 Å 
apart. The corresponding STM images at 
voltages below –2.4 and above 1.7 V very 
closely resemble the contours of constant 
probability density of the native highest 
occupied (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) of the free 
molecule (Fig. 2 and ref. [30]), which were 

calculated using the first-principles plane-
wave density-functional-theory program 
dacapo.[31]

We would like to mention that STM im-
ages with an intramolecular structure that 
resembles the LUMO of a molecule have 
also been obtained for molecules directly 
adsorbed on metal surfaces at high tun-
neling currents.[32–34] However, the direct 
interpretation of these images in such a case 
is not straightforward. In the present case, 
tunneling at biases corresponding to a mo-
lecular resonance increases the tunneling 
current by about two orders of magnitude. 
This indicates that the through-molecule 
tunneling path clearly dominates tunneling 
at resonance, which also enables the direct 
imaging of the HOMO at negative bias 
voltage polarity. Only in conjunction with 
the clear, well-separated peaks in the dI/dV 
spectroscopy can the bias-dependent STM 
images be unambiguously assigned to the 
molecular resonances. This technique can 
be applied to a wide range of different mol-
ecules. Apart from the mere possibility to 
obtain a direct image of molecular orbitals, 
we regard this as an important technique 
to unambiguously assign certain features 
in conductance spectroscopy. For example, 
the order of the peaks in the conductance 
spectra may deviate from the order of the 
molecular orbitals in its neutral state as 
a result of the temporary charging taking 
place when taking a spectrum. In other cas-
es, there might be degeneracy between two 
electronic resonances that could be lifted 
by the environment. Also it could happen 
that several features in the conductance 
spectra relate to the same molecular orbit-
al. In all of these cases, it will be important 
to assign the features to certain molecular 
orbitals, which in such a setup can simply 
be done by looking at the voltage-depend-
ent images.

In the weak coupling regime, an elec-
tron or hole has to localize in the molecule 
before it can tunnel away into the substrate. 
Thus, the Coulomb energy U for charging 
the molecule becomes important. The peak 
positions in the spectra correspond to the 

Fig. 1. Bias-dependent STM images acquired with a metal (upper row) 
and a pentacene-terminated tip (lower row) in relation to the peaks and 
gap region seen in dI/dV spectroscopy at the center of a pentacene 
molecule on NaCl. The dI/dV signal exhibits two distinct peaks that can 
be attributed to the negative and the positive ion-resonance states, and 
a broad gap of low conductance between the peaks. Note that the STM 
images shown are not dI/dV maps, but conventional constant-current 
images. Adapted from ref. [13] (from left to right, upper to lower: 2300 
mV, 15 pA; 429 mV, 28 pA; 1700 mV, 15 pA; 2523 mV, 22 pA; 500 mV, 
22 pA; and 1793 mV, 9.6 pA) 

Fig. 2. Contours of constant orbital probability distribution  
(|Y|2=5·10-4 Å–3) of the HOMO (left) and the LUMO (right) of the free 
molecule calculated using the density-functional-theory program 
DACAPO. Adapted from ref. [13].
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negative ion resonance (NIR)[35] and posi-
tive ion-resonance (PIR) states of the ad-
sorbed molecule, which have a larger ener-
gy spacing than the HOMO LUMO gap of 
the neutral molecule. These states are relat-
ed to the ionization energy of 6.61 eV[36,37] 
and the electron affinity of 1.35 eV[38] of 
the free molecule. These energies are, 
however, shifted towards the Fermi level 
because of the electronic polarization of 
the NaCl film and the underlying metal.[39] 
The much slower ionic polarization of 
the substrate will take place only after the 
electron or hole is fully localized on the 
molecule, and therefore will not decrease 
the gap size.

In such a double-barrier tunneling 
junction in the weak coupling limit it is not 
obvious what fractions of the applied bias 
voltage drops over the vacuum and over the 
NaCl barrier, respectively. By varying the 
tip–molecule distance we could show that 
most of the voltage drops over the vacuum 
barrier and the remaining voltage drop 
over the insulator is only a few percent of 
the total voltage.[13,21] By increasing the 
NaCl layer thickness, the electronic polari-
zation of the metal substrate (image-charge 
effects) can be reduced and directly cor-
related to the observed width of the gap, 
which is 3.3, 4.1, and 4.4 eV for one, two, 
and three NaCl layers, respectively. When 
changing the metal substrate orientation 
from Cu(111) to Cu(100), we observe an 
almost identical gap width for a bilayer of 
NaCl, but an overall shift of the peak posi-
tions of 0.35 eV towards lower voltages. 
This compares favourably with the differ-
ence in work functions DF, which for the 
clean surfaces is DF = 0.35 eV.[40] This 
observation suggests that the molecular 
levels of the pentacene molecule are cou-
pled to the vacuum level of the supporting 
NaCl/Cu system.

Phonon-induced Peak Broadening

The conductance spectra discussed 
in the previous section show relatively 
broad peaks of full width at half maxi-
mum (FWHM) of roughly 0.3 eV. At first 
glance this is surprising, as the lifetime of 
an electron or hole in the molecule should 
be dramatically increased by the presence 
of the insulator. For two layers of NaCl 
the electronic coupling to the substrate 
should be so weak that an intrinsic line
width on the order of few meV or even 
less could be expected.[13] The FWHM 
does not change from two to three lay-
ers of NaCl, which also speaks against a 
lifetime broadening limited FWHM. The 
intrinsic energy resolution of elastic STS 
at 5 K is also in the range of only few 
meV. Therefore we investigated the peak 
broadening mechanism by analyzing dif-

ferential conductance spectra of localized 
states in Cl-vacancies in detail.[21] It turned 
out that the observed broad line shapes are 
caused by a strong coupling between the 
localized electronic state corresponding 
to the peak in the spectrum and the opti-
cal phonons in the film. The underlying 
physical mechanism can be understood 
from the Franck-Condon picture as de-
picted in Fig. 3 and described in the fol-
lowing. At resonance the electrons of the 
STS current temporarily charge the defect 
or adsorbate. Similar to the observations 
for the charge bistability the charged ions 
in the polar insulator react strongly to the 
charge. In the Franck-Condon picture this 
corresponds to a strong displacement of 
the potential minimum along the axis of 
ionic displacement. At low temperatures, 
the vertical electron attachment, repeat-
edly taking place when acquiring a spec-
trum, will encounter the system primarily 
in the phononic ground state. The slope 
of the potential at the negative ion reso-
nance will translate the uncertainty in the 
positions of the ion cores in the ground 
state (zero-point motion) to an uncer-
tainty of the energy of the negative ion 
resonance.[21,41,42]

To make a quantitative analysis, pa-
rameters were obtained from density func-
tional calculations, in which the temporary 
occupation of the electronic state taking 
place in the experiment was accounted for. 
The resulting FWHM agrees well with the 
experimentally observed one. This simple 
model applies not only to the vacancies but 
to molecules as well. In addition, the sim-
ple model predicts a decreasing FWHM 
for different insulators in the order LiF, 
NaCl, RbI, Xe. This prediction was con-
firmed in the case of pentacene molecules 
in corresponding experiments on all these 
films.[21]

These findings have strong implica-
tions for molecular electronics. If mo-
lecular electronics is to advance to more 
complex structures of connected molecular 
devices and not just a single molecule be-
tween two metallic leads, every molecular 
device will be embedded in a certain envi-

ronment. As is described above, this envi-
ronment may have dramatic effects on the 
conductance properties even if the environ-
ment is completely insulating. The strong 
phonon-broadening may also be used as 
an advantage. For example, it may help the 
electron transport between two levels that 
are not perfectly aligned. 

Contact Formation and Orbital 
Engineering

The scanning probe techniques allow 
not only to image structures in real space 
on the atomic length scale, but also to po-
sition adsorbates and to create artificial 
structures with atomic precision.[43] In 
combination with insulating films as sub-
strates this in principle offers the prospect 
of creating nanoscale electronic devices 
that are electronically decoupled from 
their surrounding.[17] It would be extremely 
interesting to build up a molecular device 
directly including the coupling leads with 
atomic precision. Such a control of the 
contact formation would allow selected 
coupling with respect to the molecular 
orbitals including their phase, which may 
be used to implement certain device func-
tions.[44] However, STM manipulation on 
insulators is qualitatively different from 
manipulation on metal surfaces and in par-
ticular the lateral placement of adsorbates 
is much more difficult.[17]

One first step in this direction is the 
formation of a covalent bond between a 
Au adatom and an individual pentacene 
molecule.[45] A covalent bond formation 
between these two species is rather un-
expected. Interestingly, the covalent bond 
involves the delocalized electronic orbit-
als of the pentacene molecule, facilitating 
a strong coupling of the electronic states 
that are involved in electron transport. 
Moreover, two different isomers of the 
same two constituents could be formed 
that show very different orbital structures. 
This ‘engineering’ of the orbital structure 
by creating different isomers controls both 
the nodal structure itself as well as the rela-
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Fig. 3. Illustration 
of the broadening 
mechanism. Further 
explanations are given 
in the text. 
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tive weight of the probability distribution 
in different parts of the molecule.

One interesting side aspect of this work 
is that the formed complex has an odd 
number of electrons. This was experimen-
tally confirmed by a charge determination 
as described at the end of Section 2. Con-
sequently, the molecule has a singly occu-
pied molecular orbital (SOMO) near the 
Fermi level. This SOMO gives rise to two 
peaks in conductance spectra at different 
bias voltage polarity. Images taken at volt-
ages corresponding to the two peaks show 
the same orbital structure (Fig. 4). For neg-
ative or positive bias voltage the SOMO is 
temporarily emptied or filled, respectively. 
Thus, the broad gap in the dI/dV spectra 
between those two peaks is not a HOMO-
LUMO gap, but is solely attributed to the 
Coulomb energy associated with adding or 
removing an electron to or from the same 
orbital of the complex. Thus, the separa-
tion of the two peaks labeled SOMO gives 
a simple and direct measure of this impor-
tant parameter.

Tautomerization-based Molecular 
Switch

In this section we describe a molecu-
lar switch based on a tautomerization re-
action.[46] The switch consists of a free-
base phthalocyanine or naphthalocyanine 
molecule and was studied in a double 
barrier junction in an experimental setup 
as described above for pentacene. These 
molecules host two hydrogen atoms in a 
central cavity. The hydrogens reduce the 
otherwise four-fold rotational symmetry 
(D

4h
) of the molecular framework to a 

two-fold symmetry (D
2h

). Therefore, there 
are two equivalent possibilities for the 
positions of the two hydrogens. As in the 
case of pentacene, the frontier molecular 
orbitals can be directly imaged. The STM 
image corresponding to the LUMO has 
two-fold rotational symmetry. Its orienta-
tion therefore directly shows the position 

of the two hydrogens in the central cavity. 
The molecules can be switched in a con-
trolled fashion between the two possibili-
ties for the positions of the two hydrogens 
by an inelastic tunneling current. To induce 
this tautomerization reaction, the voltage 
has to be increased considerably beyond 
the voltage, at which the LUMO can be 
imaged (to about 1.4 V). This implies that 
the position of the hydrogens can be ‘read 
out’ by taking an image of the LUMO 
without unintended switching. When the 

tip is placed outside the central region of 
the molecule, the tautomerization reaction 
is expressed as considerable changes in 
the conductance through the molecule, as 
can be seen in Fig. 5. The switching can 
not only be initiated by an inelastic cur-
rent directly injected into the central region 
of the molecule, but also at the periphery 
of the molecule. This situation allows for 
an interesting two-probe experiment. The 
tautomerization reaction site is known to 
be localized to the very center of the mol-

Fig. 4. Structural model, bias-dependent STM images and differential conductance (dI/dV) spectrum of a 6-gold-pentacene complex formed out of 
a gold atom and a pentacene molecule on a NaCl film. The dI/dV spectrum of the 6-gold-pentacene complex exhibits two distinct peaks at –1.2 and 
+1.5 V. At biases corresponding to the two peaks of the dI/dV spectrum, the 6-gold-pentacene complex yield STM images of the singly occupied 
molecular orbital and look similar. 

Fig. 5. Switching of a single naphthalocyanine molecule by the tunneling current. (Top-left) 
Current-trace obtained at a bias of 1.7 V when the tip was positioned at one end of the molecule 
(red dot in STM images). (Top-right) Orbital images showing the orientation of the LUMO 
corresponding to the high- or low-current state (2 pA, 0.7 V). (Bottom-left) Schematic of the 
hydrogen tautomerization reaction responsible for the switching. (Bottom-right) Spatial map of the 
switching rate for the hydrogen tautomerization reaction for a tunneling current of 1 pA at a bias 
of 1.825 V. For reference, the structure of the molecule is displayed to scale. Adapted from  
ref. [46].
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ecule, the injection of the current is also 
very local and determined by the tip posi-
tion. The switching rate as a function of the 
position of current injection allows one to 
obtain direct information on the electron 
and/or energy transport within a single 
molecule in a different way than in usual 
conductance measurements. This was in-
vestigated in a statistical analysis and pro-
vided a direct spatial map of the switching 
yield. Interestingly this map shows distinct 
intramolecular resolution and strikingly 
the largest switching rate is achieved when 
the tip is above the far periphery of the 
molecule (i.e. >10 Å away from the reac-
tion site). 

Switching phenomena within individ-
ual molecules could potentially be used 
as nonvolatile memory with extremely 
high density, as has been proposed many 
times.[47–49] In contrast to previously in-
vestigated systems, the present molecular 
switch is planar, does not involve con-
formational changes at the periphery of 
the molecule, and is well-suited for use 
in self-assembled monolayers. It is an-
ticipated that the switching will also work 
with molecules embedded in all solid-state 
devices and in multicore porphyrin-class 
molecules acting as more complex devic-
es. As a first step in this direction we also 
demonstrated a coupling of the switching 
process so that the charge injection in one 
molecule induced tautomerization in an 
adjacent molecule.

Conclusion

We addressed issues relevant to molec-
ular electronics by STM and STS measure-
ments of adsorbates on ultrathin insulating 
films. The ultrathin insulating films imply 
a weak coupling of the molecular levels to 
the leads, which are represented by the tip 
and substrate. It turned out that the insulat-
ing films play a much more important role 
than just providing an additional tunneling 
barrier. They also can lead to a self-stabili-
zation mechanism of an additional charge 
in the adsorbate due to ionic relaxations in 
the insulator. This can result in a charge 
bistability as we observed for individual 
metal adatoms. In the case of molecules a 
charge bistability is less likely, but should 
still be possible. In the case of individual 
pentacene molecules on NaCl/Cu(111), 
the electronic decoupling from the metal 
states brought about by the insulator opens 
up the unique possibility to directly image 
the apparently unperturbed molecular or-
bitals by means of STM and gaining in-
sight into the electronic level alignment. 
The strong electron–phonon coupling that 
leads to the charge stabilization also leads 
to a strong broadening of the molecular 
resonances in conductance spectroscopy. 

We used STM-based manipulation to form 
a covalent bond between a gold atom and 
an individual pentacene molecule. The or-
ganometallic bond formation transforms a 
closed-shell molecule into a radical. Dif-
ferent isomers could be created, by which 
a control of both the nodal structure itself 
as well as the relative weight of the prob-
ability distribution in different parts of the 
molecule could be demonstrated. Finally 
we employed the bistability in the position 
of the two hydrogen atoms in the inner cav-
ity of single free-base naphthalocyanine 
molecules as a two-level molecular switch 
that could be manipulated and probed by 
the STM.
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