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Abstract: Recent advances in low-temperature scanning tunneling microscopy (STM) and spectroscopy (STS)
have provided new opportunities for the investigation of the local geometric, electronic, magnetic, and optical
properties of nanostructures. This review focuses on the presentation and discussion of single molecules,
supramolecular assemblies, and other nanostructures; all research results obtained in our laboratory. The
emphasis is directed to the observation of new effects, where the properties of matter at the nanoscale differ
from those at the mesoscopic or macroscopic scale: small is different. This fact is illustrated for the conservation
of chirality in a hierarchical supramolecular assembly of organic molecules and for local light emission from
supported molecules. The latter indicates a possible route towards an optical spectroscopic analysis on the
scale of single molecules.
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1. Introduction

The quest for a reliable method for fab-
ricating ordered atomic-scale structures is
a prerequisite for future atomic-scale tech-
nology. The interest in such nanostructured
materials, consisting of building blocks of
a small number of atoms or molecules,
arises from their promising new optical,
catalytic, magnetic and electronic prop-
erties, which are fundamentally different
from their macroscopic bulk counterparts.
A promising route leading towards the fab-
rication of ordered nanoscale structures is
based on self-assembly of basic building
blocks of matter, i.e. of atoms and/or mol-
ecules.[1] The key challenges are on one
hand, to observe and to characterize the
atomic and molecular processes leading
to self-assembly and, on the other hand, to
determine the electronic and optical prop-
erties as well as the chemical identity of
the molecular building blocks and of the
resulting nanostructures on the molecu-
lar level. Here we address two aspects of
this challenge employing low-temperature
scanning probe techniques. We discuss

the chirality and supramolecular self-as-
sembly of two organic molecules on the
reconstructed Au(111) surface. The con-
finement of 1-nitronaphthalene (NN) to
two dimensions introduces chirality not
present in the gas phase,[2–7] and chirality is
conserved in a hierarchical supramolecular
self-assembly of pentagonal symmetry of
the organic molecule rubrene.We show the
spontaneous chiral resolution of the race-
mate into disjointed homochiral complex
architectures and demonstrate the ability
to monitor directly the evolution of chiral
recognition processes on the molecular
and supramolecular level.[8–13] In the sec-
ond example, taking advantage of inelastic
electron tunneling processes, we report on
the excitation of luminescence from C

60
and C

70
molecules in the surface layer of

fullerene nanocrystals self-assembled on
an ultrathin NaCl film onAu(111). The ob-
served fluorescence and phosphorescence
spectra are found to be characteristic for
the two molecular species, leading to un-
ambiguous chemical recognition on the
molecular scale.[14–16]

2. Experimental

The experiments were performed with
a home-built low-temperature ultrahigh
vacuum (UHV) STM operating at a pres-
sure of 10−11 mbar and a temperature of 5
K or 50 K, using cut PtIr or etched W tips.
The rubrene molecules were deposited at
low coverage (0.3 ML) in situ by sublima-
tion from a home-built evaporator onto a
clean Au(111) substrate at room tempera-

ture. C
60
and C

70
nanocrystals were grown

on thin insulating NaCl layers deposited
onto an atomically flat Au(111) substrate.
NaCl was deposited from a resistively
heated evaporator onto a clean Au(111)
surface at room temperature. Subsequently,
the fullerenes were sublimated onto the
NaCl-covered substrate forming fullerene
nanocrystals of hexagonal and truncated
triangular shape. Experiments were per-
formed at a temperature of 50 K. Photons
emitted from the tunnel junction were col-
lected by a plano-convex lens (NA = 0.34)
near the tip-sample gap along the direction
60° with respect to the surface normal.
The collected beam was then transmit-
ted through a view port outside the UHV
chamber and guided simultaneously to (i) a
grating spectrometer (50 l/mm) coupled to
a liquid-nitrogen-cooled CCD camera for
spectral analysis (90% of the signal) and
to (ii) an avalanche photodiode to record
the total light intensity and to optimize the
alignment of the lens with the tunnel junc-
tion (10% of the signal). For the light emis-
sion measurements, the tip was positioned
over a target location with a fixed tunnel
resistance. Spectra were not corrected for
the wavelength dependent sensitivity of
the detection system. Thewavelength reso-
lution of the experiment was 8 nm, corre-
sponding to ≈20 meV in the energy range
of interest. The spectra were acquired with
closed feedback loop while tunneling over
a defined position on the sample, e.g. over
a single molecule, with a typical acquisi-
tion time of 300 s. Bias voltages V refer
to the sample voltage with respect to the
tip.[14–16]
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modeling led to a detailed understanding
of the stability and the internal geometry of
self-assembled supramolecular structures
of the 2D chiral molecule 1-nitronaphtha-
lene on Au(111). Recently, these tools al-
lowed us to understand the supramolecular
self-assembly and selective step decora-
tion of these molecules on the Au(111)
surface[22] and to follow in real space a
coverage-driven chiral phase transition
from a conglomerate to a racemate.[4,23]
Moreover, the formation of surface-sup-
ported supramolecular structures whose
size and aggregation pattern were ratio-
nally controlled by tuning the non-covalent
interactions between individual absorbed
molecules has been reported recently for
substituted porphyrin molecules adsorbed
on a gold surface.[24]

As a second example for 2D-supra-
molecular self-assembly the aromatic
hydrocarbon rubrene (5,6,11,12-tetra
phenylnaphthacene, C

48
H

28
) is chosen.

This molecule is chiral and non-planar due
to intramolecular steric hindrance,[25,26]
which causes a twisting of the central tetra-
cene-backbone around its axis and forces
the four phenyl-groups to rotate out of the
backbone plane. Its highly efficient lumi-
nescence established the success of ru-
brene as a dopant for organic light-emitting
diodes to improve the efficiency and stabil-
ity of the devices.[27] Despite this growing
interest in the application of rubrene, there
have been no nanoscale investigations of
the self-assembly process and the molecu-
lar and supramolecular chirality of rubrene
until recently.[8] Fig. 2 shows the surprising
hierarchical complexity of the nested two-
dimensional supramolecular assembly of
rubrene on gold with its three successive
generations: single molecules, pentagonal
supermolecules and supramolecular deca-
gons. Recently, theoretical modeling has
shown that the self-assembly of rubrene
pentagons into 1D chains and rings is due
to the competition between short-range
attractive van der Waals forces and long-
range repulsive interactions. The latter
arise caused by charge transfer from the
metallic substrate to the molecules lead-
ing to the formation of mutually repulsive
standing dipoles.[13] In the hierarchical as-
sembly steps the chirality of the individual
molecules is conserved. Due to the chi-
rality-dependent rotation of the building
blocks, both resulting generations of the
progression are chiral on their own. Since
this self-organization of increasing com-
plexity is enantioselective on the molecu-
lar and supramolecular level, we obtain a
spontaneous resolution of the original ra-
cemic mixture of individual molecules into
homochiral architectures. Our findings on
the conservation and recognition of chiral-
ity on all stages of the supramolecular self-
assembly of rubrene may have an impact

3. Results and Discussion

3.1 Chiral Self-assembly of Organic
Molecules on Au(111)

Surface nanostructuring by molecu-
lar self-organization is a relevant process
in the growing field of nanotechnology.
Depending on the characteristics of the
molecules and on the type of interactions
among them and with the substrate, a vari-
ety of surface patterns have been observed
by means of scanning tunneling microsco-
py (STM).[17] An early contribution to this
field were our investigations on the self-
assembly of the aromatic molecule 1-nitro-
naphthalene (NN, Fig. 1, inset) adsorbed
on the reconstructed Au(111) surface.[18]
The confinement of NN to two dimensions
introduces chirality not present in the gas
phase. On the surface both enantiomers are
present in equal amounts, thus forming a
racemic mixture. TheAu(111) sample was
held at room temperature during the depo-
sition and below 50 K during the measure-
ments. In order to minimize tip-induced
motion of the molecules at submonolayer
coverages[6,19,20] small tunneling currents
(I = 10 pA) were used.

At coverages between 0.05 and 0.15
monolayers (ML) self-assembled quasi-
0D clusters of distinct size and structure
appear at the fcc-elbows of the reconstruc-
tion (Fig. 1b). At slightly higher coverage
(0.2 ML) identical clusters are observed
within fcc-domains (Fig. 1c) and, sporadi-
cally, within hcp domains and on domain
walls. All decamers appear identical in
the STM images, except for a mirror sym-
metry (clusters 1 and 2 in Fig. 1c). They
consist of an 8-molecule ring surrounding
a 2-molecule core. Manipulation experi-
ments at decreased tunneling resistance
show that the decamers behave like stable
‘supermolecules’.[12] We conclude that the
structure and stability of the decamers is
determined by highly specific intermolec-
ular forces, while the interaction of these
‘supermolecules’ with the reconstructed

substrate and a mutual repulsion at small
distances determine their lateral spacing.

At medium coverage (0.3–0.75 ML)
the growth mode changes to the formation
of 1D molecular double chains (see Fig.
8a at 0.7 ML, Section 3.2) guided by the
reconstruction domains or by step edges.
At full monolayer coverage 1D and 2D pe-
riodic molecular structures coexist on the
surface.[5] At a tunneling voltage U = −2.3
V, intramolecular structure is resolved and
the contrast pattern shows the expected
handedness.[2] The charge density calcu-
lated for the highest occupied molecular
orbital (HOMO) of the free NN molecule
closely resembles the observed sub-mo-
lecular structure.[2] At lower bias voltage
hybridization with Au-substrate states re-
sults in a nearly symmetric appearance of
the molecules[21]where the long axis of the
ellipsoids coincides with the long axis of
the naphthalene core.

Molecular dynamics simulations ra-
tionalize the observed supramolecular ar-
rangements.[2] Within each single strand
the molecules are arranged in a ‘head-to-
tail’ configuration via hydrogen bonds be-
tween a negatively charged oxygen atom
and the ‘backside’ hydrogen atom at a car-
bon atom of a neighbouring NN molecule.
The second strand is rotated by 180° and
shifted by half a period such that opposite
charges are close to each other. The dou-
ble chains are positively charged outside
and therefore mutually repel as observed
experimentally. We conclude that straight,
defect-free segments of the double chains
consist of exclusively one NN enantiomer
thus representing a 1D conglomerate.[2]
Below a critical density of molecules qua-
si-0D decamers are energetically more fa-
vorable than linear double chains with un-
saturated hydrogen bonds at their ends. In
the decamers a homochiral molecular ring
along the periphery is stabilized by a core
composed of two molecules with opposite
chirality.

Our STM observations and theoretical
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Fig. 1. STM images at 50 K of a reconstructed Au(111) surface with adsorbed NN; (a) 0.7 ML NN.
Inset: Structural formula of NN. The dashed line encloses the ‘exclusion’ area resulting from steric
repulsion. The distance of the full line from the dashed line indicates the strength of a negative
electrostatic potential computed on the dashed line. (b) 0.1 ML NN at 65 K. (c) 0.2 ML NN at 50
K. Inset: 0.2 ML NN at 10 K. Reprinted with permission from M. Böhringer, K. Morgenstern, W.-D.
Schneider, R. Berndt, F. Mauri, A. De Vita, R. Car, Phys. Rev. Lett. 1999, 83, 324; http://link.aps.
org/abstract/PRL/v83/p324. Copyright American Physics Society 1999.
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3a by the two dashed black circles. The
two conformations are presumably due
to the varying small deformations of the
heptagons, offering more circular or more
elliptical holes for the additional inserted
molecules. An arrangement of pentagons,
hexagons and heptagons which is periodic
throughout a whole domain is realized
in another type of supramolecular phase
present in this mixed molecular layer (not
shown).[10]

A beautiful singularity existing inside
these perfectly periodic domains is shown
in the STM image of Fig. 4a. The honey-
comb pattern is locally interrupted by a
circular replacement of twelve hexagons
by a ring of six pentagon–heptagon pairs,
surrounding a core of seven hexagons.
These rosettes are preferentially formed at
elbow sites of the herringbone reconstruc-
tion of the substrate. In this image three
such rosettes are present, with dashed blue
circles highlighting two of them. A sche-
matic representation of the rosette struc-
ture superimposed to the third pattern re-
veals that this symmetric structure with six

on the development of chiral molecular
electronic and optoelectronic devices and
exemplify the working principle of basic
processes in nature.

A very interesting aspect in this con-
text is the three-dimensional chirality
transfer in rubrene multilayer islands.[11]
Multilayer islands up to a thickness of six
layers on a Au(111) surface have been in-
vestigated. The molecules self-organize in
parallel twin rows, formingmirror domains
of defined local structural chirality. Each
layer is composed of twin-row domains of
the same structural handedness rotated by
120° with respect to each other. Moreover,
this structural chirality is transferred to all
successive layers in the island, resulting
in the formation of three-dimensional ob-
jects having a defined structural chirality.
The centered rectangular surface unit cell
differs from the one characteristic for the
single-crystal orthorhombic phase.

Two-dimensional (2D) tiling consti-
tutes a fundamental issue in topology,[28]
with fascinating examples in nature and
art, and applications in many domains
such as cellular biology,[29] foam phys-
ics,[30] or crystal growth.[31] Recently, we
presented the first observation of surface
tiling with both non-periodic and periodic
arrangements of slightly distorted penta-
gons, hexagons, and heptagons formed by
rubrene molecules adsorbed on a Au(111)
surface.[10] On adjacent regions of the
sample, ordered honeycomb and hexago-
nal close-packed patterns are found. The
existence of manifold arrangements in the
supramolecular self-assembly of rubrene
on gold originates from the three-dimen-
sional non-planar flexible structure of the
molecule, as well as from the nature of the
intermolecular bonds.

A detail of the latter non-periodic phase
is shown in Fig. 3a. The dashed blue circle
surrounds a single rubrene molecule, with
the sub-molecular contrast revealing three
lobes and a quite regular three-fold sym-
metry.[8,9] The self-assembled pattern is
composed of supramolecular pentagons,
hexagons and filled heptagons, which ap-

pear to be randomly distributed over the
surface. There exist 11 distinct tilings by
regular polygons,[28] however, a combi-
nation of regular pentagons, hexagons,
and heptagons generates empty gaps and
overlapping regions, as inferred from the
consideration of the angles at the corners
of a regular pentagon (108°), hexagon
(120°) and heptagon (≈129°). Only in
the case of joining three hexagons with
one common corner, is the angular sum
exactly 360°. Nevertheless, there exist
three configurations yielding an angular
sum close to 360°, schematized in Fig.
3b: pentagon–hexagon–heptagon (≈357°),
pentagon–heptagon–heptagon (≈366°),
and hexagon–hexagon–heptagon (≈369°).
The introduction of a slight distortion of
the polygons allows a plane-filling tessel-
lation. These three configurations are the
most frequently realized in the non-period-
ic supramolecular tiling shown in Fig. 3a.
An example of each combination is super-
imposed on the STM image. As expected,
the fact that the angular sum of the poly-
gons involved in the patterning is either
smaller or larger than the required 360° for
a true plane-filling leads to small distor-
tions of the side lengths and the angles of
the objects, compared to regular polygons.
The STM image in Fig. 3a also reveals that
the supramolecular heptagons accommo-
date an additional molecule in their cen-
ter. These captured specimens present two
different appearances, highlighted in Fig.
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Fig. 3. a) STM image showing a zoom of
tiling of type B formed by a non-periodic
assembly of pentagons, hexagons, and filled
heptagons. b) Schematic representation of the
combinations of pentagons, hexagons, and
heptagons resulting in three configurations
close to the case of an ideal honeycomb
arrangement. Reprinted with permission from
M. Pivetta, M.-C. Blüm, F. Patthey, W.-D.
Schneider, Angew. Chem. Int. Ed. 2008, 47,
1076. Copyright John Wiley & Sons 2008.
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Fig. 2. Hierarchy and
conservation of chi-
rality in the spontane-
ous two-dimensional
supramolecular as-
sembly. a) STM: A
detail of the latter
non-periodic phase
shows images repre-
senting the three gen-
erations of the nested
two-staged self-orga-
nization. From left to
right: single molecule,
pentagonal supermol-
ecule, supramolecular
decagon. Typical
tunneling parameters
are I = 20 pA and U =
−0.8 V. b) From left to
right: Enantioselective
assembly from L-type
monomers to L-type
pentagons and fur-
ther on to L-type
de-cagons. Reprinted
with permission from
M.-C. Blüm, E. Ćavar,
M. Pivetta, F. Patthey,
W.-D. Schneider,
Angew. Chem. Int.
Ed. 2005, 44, 5334.
Copyright John Wiley
& Sons 2005.
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outer pentagons and six heptagons forms
a regular hexagon, which is perfectly in-
serted into the surrounding honeycomb ar-
rangement. However, the ring of pentagons
and heptagons suffer from the constriction
from two sides due to the presence of an
inner ring as well as an outer ring of hexa-
gons. Moreover, on the outer side of the ro-
sette the combination pentagon–hexagon–
hexagon is present which – with a nominal
angular sum of 348° – induces a more
important deformation of the pentagons.
This angular stress leads to a compression
of both the pentagons and the heptagons
in opposite directions, as illustrated in
Fig. 4b. Again, within the supramolecular
rosettes the heptagons are filled with ad-
ditional molecules, exhibiting mainly the
elongated conformation. We note that the
replacement of two hexagons with a penta-
gon–heptagon pair is one of the most com-
mon topological defects found in honey-
comb structures, such as in graphite and in
carbon nanotubes.[32] The replacement of
all hexagons would generate the so-called
pentaheptite structure, a tiling observed in
crystallography.[33]

In the sub-monolayer regime, the self-
assembly of rubrene on Au(111) results in
a variety of distinct phases. As a function
of the molecular coverage, honeycomb
islets, supramolecular pentagonal chains,
and close-packed islands have been ob-
served.[8,9] The periodic and non-periodic
tilings presented here demonstrate in an

especially fancy manner the conforma-
tional flexibility of the rubrene molecules.
Supramolecular self-assembly results
from the contributions of molecule–sub-
strate andmolecule–molecule interactions.
Intermolecular bonds are mainly based on
weak, non-covalent interactions such as
dipole–dipole (or higher order multipole)
forces, hydrogen bonds, or van der Waals
(vdW) interactions.[17,34]Given the absence
of a dipole moment, the bonding between
rubrene molecules might have contribu-
tions from electrostatic quadrupole–quad-
rupole interactions, vdW forces, π-π and
CH-π bonding. Among them vdW forces
are isotropic, the other interactions are di-
rectional.While the π-π interaction favours
a parallel arrangement of the π-systems,[35]
the CH-π bond is particularly strong for a
CH group pointing perpendicular to a
π system of another molecule.[35] These
forces relying on the existence of π sys-
tems are effectively realized between
rubrene molecules, due to the non-planar
aromatic tetracene backbone, the four
phenyl groups, and the presence of 28 CH
bonds pointing into three dimensions. The
directional interactions can account for the
formation of the ordered hexagonal struc-
tures, in which the bond angle between
molecules is precisely 120°. Intriguingly,
a small modification of the intermolecular
bonds or a slight change in the molecular
conformation results in the formation of
pentagons and heptagons. The adaptive
behaviour of rubrene allows these modi-
fications which leads to the observed 2D
periodic and non-periodic tilings with
pentagons, hexagons, and heptagons.

The fact that the supramolecular self-
assembly of rubrene on Au(111) results
in different adsorption conformations of
the physisorbed molecules is reflected in
a different electronic structure of the ad-
sorbates. Owing to the three-dimensional
geometry of the molecule providing an in-
herent decoupling of the molecular π states
from the substrate the conformers are dis-
tinguished by their submolecular appear-
ance in the scanning tunneling microscopy
images and by the corresponding position
of the highest molecular orbital in the dif-
ferential conductance (dI/dV) spectra. The
application of an electric field induces a
switching of the electronic and geometric
conformation of the self-assembled mol-
ecules.[9]

3.2 STM-induced Light Emission
from Fullerene Molecules on a
Dielectric Substrate

Light emission induced by electrons
tunneling through the junction formed by
the sample and the tip of a STM has been
proposed to characterize the optical prop-
erties of nanoscale objects at surfaces.[36,37]
Contrary to conventional non-local tech-

niques, the local character of this method
offers the unique possibility to select and
probe individual atoms, molecules or
clusters on surfaces. Luminescence from
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Fig. 4. a) STM image showing three supramo-
lecular rosettes embedded in a well-ordered
honeycomb domain. The schematic drawing
of the pattern is superimposed on one of the
three rosettes. b) Schematic representation of
the distortion of the pentagons and heptagons
to compose the tiling. Reprinted with permis-
sion from M. Pivetta, M.-C. Blüm, F. Patthey,
W.-D. Schneider, Angew. Chem. Int. Ed. 2008,
47, 1076. Copyright John Wiley & Sons 2008.
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Fig. 5. (a) STM image of C60 nanocrystals
formed on a NaCl ultrathin film grown on
Au(111) (U = −3 V, I = 0.02 nA). Island A is a
C60 monolayer on Au(111), the small blue tri-
angle below A is part of the bare Au surface.
Hexagonal island B, and truncated triangular
islands C and D consist of up to two, three,
and four C60 molecular layers, respectively, on
NaCl. (b) Sub-molecular resolution on island B
(U = −3 V, I = 0.1 nA). Reprinted with permis-
sion from E. Ćavar, M.-C. Blüm, M. Pivetta, F.
Patthey, M. Chergui, W.-D. Schneider, Phys.
Rev. Lett. 2005, 95, 196102; http://link.aps.
org/abstract/PRL/v95/e196102. Copyright
American Physics Society 2005.
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Fig. 6. (a) STM-LE spectra acquired over a C60

nanocrystal (spectrum 2, U = −3 V, I = 4 nA, t =
60 s) and over the underlying NaCl film (spec-
trum 1, U = −3 V, I = 2 nA, t = 60 s). (b) STM-LE
spectra acquired over a C70 nanocrystal (spec-
tra 2 and 3) and over the NaCl film (spectrum
1), (U = −3 V, I = 1 nA, t = 60 s). Spectra are
vertically shifted for clarity. 0-0 indicates the
pure electronic origins. Reprinted with permis-
sion from F. Rossel, M. Pivetta, F. Patthey, W.-
D. Schneider, Optics Express 2009, 17, 2714.
Copyright The Optics Society 2009.
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supported molecules has been obtained
by successfully decoupling them from the
metallic substrate in order to avoid quench-
ing of the radiative transitions,[38–41] using
either a thin oxide film[38] or several mo-
lecular layers.[39] Recently, Ćavar et al.
and Rossel et al. presented the first obser-
vation of energy-resolved luminescence
from supported C

60
and C

70
molecules,

respectively.[14,15]
Fig. 5 shows C

60
islands grown on

both the bare Au(111) (A) and the NaCl-
covered surface (B–D). The nanocrystals
present a minimum height of two layers of
C

60
molecules (island B). The nucleation

of the C
60
nanocrystals starts at defects of

the NaCl layer (protrusions or vacancies),
monatomic steps of Au(111) (covered
with NaCl), or edges of the second layer
of NaCl. The C

60
molecules form hexago-

nally arranged layers with an intermolecu-
lar distance of 1 nm.

Fig. 6 shows STM-induced light emis-
sion (STM-LE) spectra acquired over a
C

60
(a) and a C

70
(b) nanocrystal, as well as

over the NaCl spacer layers. Luminescence
from the supported fullerenes, clearly dis-
tinguishable from the localized surface
plasmon (LSP) emission, is observed for
negative excitation voltages larger than
−2.3V for C

60
and −2.5V for C

70
. For posi-

tive voltages up to +5 V, no photon emis-
sion was detected for both fullerenes.

The observed bias dependence of the
STM-induced light emission from the
fullerene molecules is characteristic of
a hot electron injection mechanism[38,39]

followed by a radiative decay associated
with the highest occupied molecular or-
bital–lowest unoccupied molecular orbital
(HOMO–LUMO) gap of the molecules.
This interpretation implies that the energy
levels of the emitting molecules are not

pinned to the gold substrate, but shift with
the applied bias, as illustrated in Fig. 7a.
When the substrate is negatively biased
with a voltage above the observed thresh-
old value, the LUMO falls at an energy
level lower than the Fermi energy (E

F
) of

the sample and the HOMO at an energy
level higher than the Fermi energy of the
tip. Electrons tunnel elastically from the
gold substrate into the LUMO through the
NaCl barrier (hot electron injection) and
simultaneously from the HOMO into the
tip through the vacuum barrier to create
electronically and vibrationally excited
states of molecules. The transitions to the
ground state give rise to the observed mo-
lecular luminescence. The fact that the lat-
ter is not observed for positive excitation
voltages may be due to an asymmetry of
the HOMO and LUMO position with re-
spect to E

F
and to different characteristics

for the tip–molecule and molecule–sub-
strate double barrier.[14,42] In order to iden-
tify the electronic transitions giving rise
to the observed molecular light emission
spectra shown in Fig. 6, we compare our
results with laser-induced photolumines-
cence data from fullerene molecules in
different media.

Photoluminescence spectra acquired
for C

60
in rare gas matrices,[43,44] thin

films,[45,46] and single crystals[47,48] have
been considered. This comparison per-
mits the observed spectra to be attributed
to fluorescence from the S1→S0 transi-
tion. In the light of the present results on
the plasmon-mediated amplification, the
previously reported STM-induced lumi-
nescence from C

60
molecules[14] has to be

reinterpreted.We interpret the observed lu-
minescence spectra as fluorescence from
C

60
, although a contribution from a phos-

phorescence channel, corresponding to the

T1→S0 transition, cannot be excluded in
the low energy part of the spectra.

Intriguingly, the observation of both
fluorescence and phosphorescence is real-
ized in the case of C

70
, as deduced from

the comparison of our results with laser-
induced photoluminescence data from dis-
persed C

70
molecules in different media[49]

and from C
70

solids.[50–52] The observed
spectra of type I are attributed to fluo-
rescence from the S1→S0 transition and
the spectra of type II to phosphorescence
from the T1→S0 transition. Because of
a relatively low spectral resolution in the
present experiment (8 nm), only the pure
electronic origin (0-0) corresponding to
the triplet-to-singlet ground state transition
is identified at about 800 nm. The other
spectral features correspond to unresolved
multiplet vibronic structures. Note that the
broad peak at 800 nm in the spectrum of
type I shown in Fig. 6(b) is assigned to the
phosphorescence channel rather than to the
fluorescence one.We indeed observed sev-
eral times emission spectra consisting of
a superposition of components from both
radiative transitions.

The plasmon-enhancement phenom-
enon, also at the heart of tip-enhanced
Raman spectroscopy (TERS),[53] contrib-
utes essentially to the high spatial resolu-
tion of the STM-LE technique, since only
luminescence from molecules lying within
the spatial extension of the localized sur-
face plasmon is subject to be enhanced.
The observed site-dependent rigid shift
of the entire luminescence spectra of C

60
and C

70
nanocrystals[15] gives direct ex-

perimental evidence of the local character
of the technique in the presence of an en-
semble of molecules, since it is likely to be
related, respectively, to the intermolecular
orientational correlation in a pair of C

60
molecules over which the excitation is de-
localized[54–56] and to the sensitivity of the
lowest excited electronic states of the C70
molecule to the environment in which it is
trapped.[57,58] The weak interactions with
the surrounding molecules may vary with
the probed sites due to orientational disor-
der and to the presence of lattice defects.

It is interesting to note that one ML
thick fullerene nanocrystals on NaCl have
been observed, although very rarely. STM-
LE spectra acquired on these extremely
thin crystals clearly show the signature of
the molecular luminescence. A different
behavior has been reported for pentacene
nanocrystals grown on KCl on Au(111):
no luminescence has been found for crys-
tals thinner than 1.5 nm (3 ML).[59] Only
bulk-like excitonic features have been ob-
served in the optical spectra demonstrating
the dominance of inter-molecular coupling
even at the nanocrystal limit for pentacene.

The luminescence of nanocrystals com-
posed of amixture of both fullerene species

(a) (b)

EF
eV
EF

hν e-

S0

S1

e-

e-

LUMO

HOMO
va

cu
um

tipN
aC

l

A
u(
11
1)

T1

fu
lle

re
ne

fluorescence

pho
sph

ore
sce

nce

Fig. 7. (a) Schematic energy diagram of a double-barrier tunnel junction
at negative bias voltage, corresponding to the conditions for lumines-
cence. The simultaneous population and depopulation of the LUMO and
HOMO by tunneling electrons creates an electronically and vibrationally
excited state of the molecule. (b) Fluorescence channel: the molecule
relaxes to the ground vibrational state of the lowest electronic excited
singlet state S1 followed by a radiative transition to the singlet ground
state S0. Phosphorescence channel: a radiationless transition occurs be-
tween the singlet state S1 and triplet state T1 with subsequent radiative
molecular transition to the ground state S0. Reprinted with permission
from F. Rossel, M. Pivetta, F. Patthey, W.-D. Schneider, Optics Express
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has also been investigated. The sample was
prepared by simultaneous sublimation of
high purity powders of each type of fuller-
ene and the selected molecules in the sur-
face layer were identified as C

60
and C

70
by

comparing the STM-imaged orbitals with
DFT calculations.[60] The interesting ob-
servation is that the obtained spectra from
the two mixed species are very similar and
strongly resemble the fluorescence spec-
trum of a C

70
nanocrystal.Although a mod-

ification of the molecular electronic levels
towards the electronic structure of a mixed
fullerene crystal cannot be excluded, the
present finding indicates that themolecular
luminescence induced by tunneling elec-
trons does not originate from an individu-
ally selected molecule in the top layer, in
contrast to what was proposed in ref. [14].
The excitation and emission processes
occurring in such a molecular nanocrys-
tal can be accompanied by non-radiative
energy transfer between molecules.[61–63]
Consequently, the light emission location
will be partly spatially separated from the
excitation location. Luminescence will on-
ly be observed if its origin lies within the
spatial extension of the localized surface
plasmon.

The fact that STM-induced optical
spectra do not necessarily originate from
the sole selected molecule suggests some
limits of the STM-LE technique. The situ-
ation could be different for molecular im-
purities, embedded in a guest molecular
crystal with completely different electron-
ic structure: in this case the host molecule
possibly behaves as an isolated molecule.
Thus, for molecules in an ensemble, such
as for example nanocrystals composed of
a mixture of C

70
and C

60
fullerenes, an un-

ambiguous chemical recognition on the
single-molecular scale is not possible. The
spatial resolution limit is related to the
spatial extension of the tip-induced LSP,
which in turn depends on the tip geometry.
Consequently, considering a typical etched
tip, the spatial resolution of the technique
on molecular layers is expected to be
≈5 nm.

This value is confirmed in the follow-
ing experiment, carried out on fullerene
nanocrystals prepared by successive subli-
mation of C

70
and C

60
molecules. With this

procedure, nanocrystals formed by a cen-
tral part of C

70
and a rim of C

60
can be ob-

tained, see Fig. 8.[60] In the STM-LE mea-
surements, the sole molecular signature
of the considered area is identified down
to a distance of about 1.5–2 nm from the
boundary between both molecular species,
as shown in Fig. 8. Phosphorescence as-
sociated with the transition T1→S0 within
a C

70
molecule (Fig. 8c, spectrum 1) and

fluorescence associated mainly with the
transition S1′→S0 within a C

60
dimer (Fig.

8c, spectrum 2) are clearly identified.

In summary, light emission induced by
tunneling electrons was observed from C

60
and C

70
molecules that were electronically

decoupled from the metal substrate by a
thin NaCl film. The molecular transitions
giving rise to light emission were identi-
fied by comparison with laser-induced
photoluminescence data from dispersed
molecules or molecular crystals reported
in the literature. The key role of local-
ized surface plasmons in the enhancement
of molecular emission is unambiguously
demonstrated. The present observation of
local fluorescence and phosphorescence
represents a crucial step towards chemical
recognition on the nanoscale.[16]

4. Conclusion

In this short review experiments at the
scale of molecules, and supermolecules
have been presented, which exhibit excit-
ing physical effects. These include light
emission from supported molecules, two-
dimensional self-assembly and the forma-
tion of chiral supramolecular architectures.
The common link between these different
topics is the characterization of the struc-
tural and electronic properties of supported
nanostructures at atomic-scale spatial and
sub-meV-scale spectral resolution. The op-
portunities of this concept in the emerging
field of nanotechnology, where size mat-
ters, are evident. For example, a reduc-
tion in size often provides an increase in
speed for electronic or magnetic devices.

Therefore, a further advancement towards
future nanotechnology will depend cru-
cially on the precise control, characteriza-
tion, and, ultimately, functionalization, of
matter at the atomic and molecular level.
This prospect remains an inciting scientific
and technological challenge.
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