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Preface

This volume is based on some representative contributions presented in the work-
shop: “Trends in nanophysics: theory, experiment, technology”, which took place
in Sibiu, Romania, 23–29 August 2009, being organized by ICTP-Trieste, IAEA,
IFIN-HH – Bucharest and ULB – Sibiu. The aim of this workshop was to facili-
tate experts and active researchers to exchange ideas and information on the most
recent results in nanophysics and nanotechnology. It was also an opportunity for
young researchers and for researchers from developing countries to enlarge their
knowledge and to approach new themes in this area.

In fact, the articles contained in this book represent written and enriched versions
of the workshop oral presentations. The topics covered by them are the following:

1. Ordered atomic-scale structures
2. Nanowires: growth and properties
3. Transport phenomena in nanostructures
4. Optical properties of nanostructures
5. Magnetic nanophases; magnetic and non-magnetic nanocomposites
6. Nanofluids and flows at nanoscale

1 Ordered Atomic-Scale Structures

The quest of a reliable method for fabricating ordered atomic-scale structures is a
prerequisite for future atomic-scale technology – the ultimate goal of nanosciences.
In his lecture devoted to this subject, Schneider reviews selected examples con-
cerning atomic and supra-molecular self-assembly investigated by low temperature
scanning tunneling microscopy: two-dimensional arrays of individual Ce atoms on
a metal surface; the behaviour of the superconductor energy gap in ultra-thin Pb
islands and the conservation of chirality in a hierarchical supra-molecular self-
assembly of pentagonal symmetry of rubene on an Au surface. Another key issue
for the success of many nanotechnologies is our ability to understand the mechan-
ics of nano-objects, such as nanotubes and nanobelts. Dumitrica’s contribution is
devoted to an ingenious symmetry-adapted atomistic scheme, based on a quantum-
mechanical description of chemical bonding, that performs calculations under
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vi Preface

helical boundary conditions. As an application, the nanomechanical response of
carbon nanotubes and thermodynamical stability of silicon nanowires are obtained.

2 Nanowires: Growth and Properties

Growths and properties of nanowires are a central issue of nanoscience and nan-
otechnology. Lakhtakis’s paper presents a new class of assemblies of nanowires,
named sculptured thin films, that can be fabricated typically via physical vapor
deposition onto rotating substrates. Their optical properties can be tailored by vary-
ing their morphology. The optical, thermal, chemical, and biological applications
of sculptured thin films are reviewed. Stoica’s contribution is focused on growths
and optical properties of an important class of semiconductor nanowires – GaN and
InN ones, obtained by self-assambling, with a catalist-free molecular beam epitaxy
technique. The optoelectronic properties, as well as the influence of surface effects
on the growth and properties of these nanowires are carefully analyzed.

3 Transport Phenomena in Nanostructures

The permanent requirement of shrinking the semiconductor devices in inte-
grated circuits request a good understanding of transport phenomena in nanos-
tructures. A comprehensive review of such topics is given in the presentation
of Kuhn and Paraoanu, devoted to electronic and thermal sequential transport in
metallic and superconducting two-junction arrays. The authors analyse Coulomb-
blockade thermometers, superconductor-insulator-normal-insulator-superconductor
structures, and superconducting single-electron transistors. Racec et al. present a
general theory of multi-channel scattering for a general two-dimensional poten-
tial, based on the R-matrix formalism; it allows a semi-analytical treatment of
the problem, and yields a powerful and efficient numerical method, with applica-
tions to nanostructures with quantum dots. In the review of Nemnes et al., pla-
nar nanoscale transistors and cylindrical nanowire transistors are analyzed in the
framework of coherent transport. The Landauer-Buttiker formalism is efficiently
implemented using also a R-matrix approach. The advantages of new geometries,
like the cylindrical nanowire transistors, are discussed. As charge fractionalization
has been observed experimentally in quantum wires, this fundamental phenomenon
deserves special attention. In his lecture, Leinaas discusses the issue of fractional
charge and statistics in Luttinger liquids – one of the most popular models describing
one-dimensional systems of fermions.

4 Optical Properties of Nanostructures

If trapping and moving of dielectric nanoparticles with laser beams constitute a well
understood issue, the situation of metallic nanoparticle is quite different. In Prof.
Crozier’s contribution, it is explained how the propulsion of gold nanoparticles by
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surface plasmon polaritons was demonstrated experimentally. The optical forces
are enhanced, due to the field enhancement provided by plasmon polaritons and
near-field coupling between the gold particle and the film. The plasmon spectra of
plasmons excited in metallic nanoparticles and nanowires are discussed also in a
theoretical paper, by Villo-Perez, Mišković, and Arista. They apply Bloch’s hydro-
dynamic model of an electron gas to describe plasma excitations in thin metallic
films, obtaining a good description of the excitation, propagation and decay of bulk
and surface modes, in different geometries. A two-fluid model, in which the σ and
π electrons of carbon are the constituents of these fluids, is used in order to obtain
the plasmon spectra in carbon nanotubes.

5 Magnetic Nanophases; Magnetic and Non-Magnetic
Nanocomposites

Nanomagnetism is important for both fundamental and applicative reasons. Func-
tionalized nanocomposites consisting of magnetic nanoparticles (Co, Fe), embed-
ded in dielectric matrices, have a significant potential for the electronics industry.
In the contribution of Timonen et al., the theory of such materials is reviewed;
also, the authors present a novel measurement method used for the characteriza-
tion of the electromagnetic properties of composites with nano-magnetic insertions.
The article of Tolea et al. is devoted to spring magnets, consisting of interfaced
hard (containing rare earths, iron and boron) and soft (containing iron and boron)
magnetic nanophases, coupled by exchange interactions. Their magnetic properties
depend on the thermal treatment and of amount of added iron, the optimal situation
corresponding when hard and soft magnetic phases coexist with a small amorphous
phase. Kuncser et al. describe how Mossbauer spectroscopy, applyed in complemen-
tarity with magnetic and structural techniques, can be used in order to obtain a com-
prehensive characterization of the magnetic configuration and magnetic relaxation
of nanoparticles. The contribution of Jovanovic et al. is devoted to non-magnetic
nanocomposites: silver nanoparticles embedded in a hydrogel, synthetized in situ
by gamma iradiation. The plasmon spectra of nanoparticles are described and the
biomedical applications are discussed.

6 Nanofluids and Flows at Nanoscale

The characterization of nanofluids, consisting of dispersed magnetic nanoparticles
in a liquid carrier, is important mainly due to the the specific applications of such
complex magnetic systems. Prof. Chicea’s contribution is focused on magnetite
nanoparticle aggregation dynamics in an aqueous suspension and on its effects on
the modification of the rheological properties of the fluid.The time variation of the
average diameter of the aggregates is obtained using light scattering techniques. Last
but not the least, Prof. Niemela’s contribution reviews some of the nano-physics
appearing in the turbulent flow of classical and quantum fluids.
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We hope that the diversity of themes and the clarity of contributions, written
by leading experimental and theoretical researchers in these fields, recommend this
volume as a useful and attractive lecture for researchers or students interested in
nanophysics.

Bucharest, Romania Alexandru Aldea
Victor Bârsan
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Ž. Jovanović Faculty of Technology and Metallurgy, University of Belgrade,
PO Box 3503, 11120 Belgrade, Serbia, zjovanovic@tmf.bg.ac.rs
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Fabrication and Characterization of Ordered
Atomic-scale Structures – A Step towards
Future Nanoscale Technology

Wolf-Dieter Schneider

Abstract The quest of a reliable method for fabricating ordered atomic-scale struc-
tures is a prequisite for future atomic-scale technology. The interest in such nanos-
tructured materials, consisting of building blocks of a small number of atoms or
molecules, arises from their promising new optic, catalytic, magnetic and electronic
poperties, which are fundamentally different from their macroscopic bulk counter-
parts: small is different. Here we review selected examples concerning atomic and
supramolecular self-assembly investigated by low-temperature scanning tunneling
microscopy (STM). (i) The self-assembly and the melting of a two-dimensional
array of individual Ce adatoms (the smallest possible building block) on a metal
surface based on long-range interactions between adatoms mediated by surface
state electrons. Ce is a magnetic atom, and such hexagonal superlattices of mag-
netic adatoms might be useful for the development of future atomic-scale magnetic
devices. (ii) The reduction of the superconducting energy gap in ultrathin Pb islands
grown on Si(111), when the thickness is reduced down to a few atomic with mono-
layers (MLs). (iii) The conservation of chirality in a hierarchical supramolecular
self-assembly of pentagonal symmetry of the organic molecule rubrene on a recon-
structed Au(111) surface. We show the spontaneous chiral resolution of the race-
mate into disjoint homochiral complex architectures and demonstrate the ability
to monitor directly the evolution of chiral recognition processes on the molecular
and supramolecular level. (iv) Taking advantage of inelastic electron tunneling pro-
cesses, we excite luminescence from C60 and C70 molecules in the surface layer of
fullerene nanocrystals self-assembled on an ultrathin NaCl film on Au(111). The
observed fluorescence and phosphorescence spectra are found to be characteristic
for the two molecular species, leading to unambiguous chemical recognition on the
molecular scale.

W.-D. Schneider (B)
Ecole Polytechnique Fédérale de Lausanne (EPFL), Institut de Physique de la Matière Condensée,
CH-1015 Lausanne, Switzerland
e-mail: wolf-dieter.schneider@epfl.ch

A. Aldea, V. Bârsan (eds.), Trends in Nanophysics, Engineering Materials,
DOI 10.1007/978-3-642-12070-1_1, C© Springer-Verlag Berlin Heidelberg 2010
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4 W.-D. Schneider

1 Introduction

A promising route leading towards the fabrication of ordered nano-scale structures
is based on self-assembly of basic building blocks of matter, i.e., of atoms and/or
molecules [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 properties as well as the chemical identity of
the molecular building blocks and of the resulting nanostructures on the molecular
level. Here we address both aspects of this challenge employing low-temperature
scanning probe techniques. In the first example we present the self-assembly and
the melting of 2-D arrays of individual Ce adatoms on Ag(111) and on Cu(111)
surfaces, which is based on long-range interactions between adatoms mediated by
surface state electrons [2–5]. In the second example we discuss the reduction of
the superconducting gap upon the thickness reduction of Pb nano-islands grown
on Si(111) [6, 7]. In the third example we discuss the chiral supermolecular self-
assembly and the electronic structure of the organic molecule rubrene [8–11], and
in the forth example we report on the chemical recognition of C60 and C70 molecules
within the surface layer of self-assembled fullerene nanocrystals by tip-induced flu-
orescence and phosphorescence [12, 13].

2 Experimental

The experiments were performed with a home-built low-temperature ultra-high-
vacuum (UHV) STM operating at a pressure of 10−11 mbar and a temperature of
5 K and of 50 K, using cut PtIr tips. Ce atoms were deposited from a thoroughly
degassed tungsten filament onto well prepared Ag(111) and Cu(111) surfaces held
at 4.8 K. During specific experiments the temperature of the sample was lowered to
3.0 K by pumping on the He-bath [14].

Pb was thermally evaporated on the Si(111)-7×7 or on the Pb-
√

3×√3/Si(111)
substrate [15] kept at room temperature (RT) favoring the growth of Pb single crys-
tals with their (111) axis perpendicular to the surface [16, 15]. Differential con-
ductance (d I/dV ) measurements were performed with open feedback loop, using
lock-in technique with a modulation voltage of 0.2–0.5 mVpp at ∼ 277 Hz, with
a typical tunneling current of 1 nA. Radio frequency (rf) noise has been carefully
filtered.

The rubrene molecules were deposited at low coverage (0.3 ML) in situ by
sublimation from a homebuilt evaporator onto a clean Au(111) substrate at room
temperature.

C60 and C70 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 have been
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performed at a temperature of 50 K, using etched W tips. Photons emitted from
the tunnel junction were collected by a plano-convex lens (NA = 0.34) near the
tip-sample gap along the direction 60◦ with respect to the surface normal. The col-
lected beam was then transmitted 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 junction (10% of the signal). For the light
emission measurements, the tip was positioned over a target location with a fixed
tunnel resistance. Spectra were not corrected for the wavelength dependent sensi-
tivity of the detection system. The wavelength resolution of the experiment was 8
nm, corresponding 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 acquisition time of 300 s. Bias
voltages V refer to the sample voltage with respect to the tip.

3 Results and Discussion

3.1 Self-Assembly of Adatom Superlattices

An interesting possibility to achieve long-range self-assembly of individual atoms
with interatomic distances of several lattice constants of the supporting substrate
is to take advantage of surface-state-mediated adatom interactions [17] that have
been found on noble metal (111) surfaces [18–20]. While the experiments of Refs.
[19, 20] displayed preferential adatom-adatom separations illustrating the oscilla-
tory behaviour of the potential of the adatom-adatom interaction mediated by the
surface state electrons, no large ordered atomic superlattice was produced. This
situation changed when Silly et al. [2, 21] reported on the discovery of the forma-
tion of a 2D hexagonal superlattice of Ce adatoms on Ag(111). The control of the
temperature permits to tune the adatom mobility on the surface, while the control
of the adatom concentration influences the adatom-adatom interaction and, most
interestingly, the interatomic distance of the adatoms in the superlattice [2, 3]. The
surface state electron scattering at the adatom sites sets the scale of the superlattice
constant at a temperature of 4.8 K and a concentration of 1% of a monolayer (ML)
of Ce adatoms to 3.2 nm, corresponding closely to half of the Fermi wavelength of
the suface state electrons.

Figure 1 shows a STM topograph after deposition of about 1% of a ML of Ce
onto Ag(111). The Ce adatoms form a hexagonal superlattice covering the Ag(111)
surface. The distance between two neighboring adatoms is determined to be 32 ±
2 Å . The superlattice is visible on all large scale STM images but also at different
regions of the sample separated by macroscopic distances (2 mm). Such a long-
range ordered superlattice was not observed before, neither with Cu on Cu(111)
[18, 19] nor with Co adatoms deposited on Ag(111) [20].
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Fig. 1 155× 108 nm2 STM topography of a Ag(111) surface covered by 1% ML of Ce atadoms at
a temperature of 3.9 K (Us =−90 mV, Is = 40 pA). Nearest neighbor adatatom-adatom separations
are 3.2 nm. Dark (bright) contrast: lower (upper) terrace separated by a monatomic Ag step. After
Ref. [4]

The two-body interaction energy decays as 1/ρ2 where ρ is the distance between
two adatoms, and oscillates with a period of λF/2, half of the Fermi wavelength of
the surface state electrons. A quantitative analysis of the phase shift δ0 of the surface
state electrons scattered at the adatom sites, which can be obtained independently
from an analysis of the standing wave patterns, and of the observed adatom mobility
around their superlattice sites enabled the determination of the depth of the first
minimum in the oscillating two-body interaction potential [22] to 0.8 meV [2, 21].

Thus the self-assembly of the adatom superlattice is a consequence of a sub-
tle balance between the sample temperature, the surface diffusion barrier, and the
concentration-dependent adatom interaction potential generated by the surface state
electrons. We note that recent kinetic Monte Carlo (kMC) simulations of the self-
organisation of Ce adatoms on Ag(111) confirm quantitatively our conclusions
[23, 24]. Variation of support and of adatom element as well as adatom concen-
tration may allow us to tune the lattice constant of the superlattice over a wide range
[21]. One recent example is the observation of such a superlattice for the adsorption
of Cs on Cu(111) where the adatom distance was found to be 1.1 nm, in agreement
with the value of half of the Fermi wavelength of the Cu(111) surface state electrons
[25, 21].

3.2 Melting of Adatom Superlattices

The first order phase transition which occurs when regular three-dimensional (3D)
crystals melt and the highly ordered crystal structure changes into the irregular
order of a liquid is well known. In 2D systems, however, melting is fundamentally
different. This difference stems from the radical change of the intrinsic properties
of matter in reduced dimensions. The long-range order which defines the periodic
structure of a 3D crystal changes in 2D to only quasi-long-range translational (or
positional) order [26, 27].
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According to the Kosterlitz-Thouless-Halperin-Nelson-Young (KTHNY) theory
[28–31], a true 2D solid melts in two steps via two distinct successive phase tran-
sitions occurring at temperatures Tm and Th , respectively. The intermediate hexatic
phase, is thereby characterized by the loss of translational order as for the liquid
phase and by the subsistence of a certain degree of orientational order, in contrast to
the liquid isotropic phase. For the melting of a 2D solid in the presence of a substrate
potential, Nelson and Halperin predicted that the existence of the hexatic phase is
hindered and melting directly occurs from the solid into the liquid phase [30].

Many experimental and numerical investigations have been devoted to study the
melting transitions in 2D and to verify the KTHNY theory (for a review see [32])
but this new class of atomic 2D superlattices allowed us to directly investigate the
melting transition in two dimensions on the atomic scale[5, 21].

For Ce on Ag(111) the adatoms diffuse in the minimum of the superlattice poten-
tial already at 4.8 K. Therefore, this system is not well adapted for a detailed melting
study because the relatively large adatom-adatom distance and the relatively small
interaction energy compared to the diffusion barrier lead to a predicted melting tem-
perature of only Tm � 5 K [5]. Thus, we have examined the temperature evolution
of the superlattice of Ce adatoms on Cu(111) [5].

STM images obtained at a temperature of 8 K, 9 K and 14 K, respectively, are
shown in Fig. 2a–c. At the elevated temperatures, the Ce adatoms become more
mobile on the surface, inducing a modification of the apparent contrast between
adatoms and aggregates. The gray-scale insets display the 2D Fourier transformation
(FT), corresponding to the structure factor of the positional data. Six sharp and
distinct Bragg reflexes, signature of a 2D crystalline order, are observed at 8 K. At
9 K and 14 K the Bragg spots become more diffuse, and a ring appears, indicating
melting of the 2D crystal. A weak hexagonal symmetry, however, is still visible in
the Fourier transformation even at the elevated temperatures.

In a true 2D system the solid, hexatic, and liquid phases can be identified by
a characteristic decay behavior of the pair correlation function f (r), the density-
density correlation function gr (r) and the bond-angular correlation function g6(r):

f (r) = 〈
∑

i

∑

j �=i

δ(r − |ri − r j |)〉 (1)

gr (|r− r′|) =< exp(ib[u(r)− u(r′)]) >, (2)

g6(|r− r′|) =< exp(i6[θ(r)− θ(r′)]) >, (3)

where b denotes a reciprocal lattice vector of the superlattice, u(r) is the particle
displacement field, θ(r) is the angle (with respect to a fix axis) of the bond centered
at position r. The solid phase is characterized by a quasi-long range positional order
and a long range orientational order, corresponding to an algebraic decay of gr (r)
and to the absence of decay of g6(r) for r →∞. In the hexatic phase, the positional
order is only short range, i. e. decays exponential, while the orientational order is
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Fig. 2 (a–c) STM images (75 × 37 nm2, V = −20 mV, I = 20 pA) acquired on Ce/Cu(111)
for increasing temperatures T : (a) 8 K; (b) 9 K; (c) 14 K. About 0.04 ML of Ce adatoms form
a macroscopic-ordered superlattice with an interatomic distance of 1.4 nm, as shown in the color
inset to (a) (9.3× 9.3 nm2, V = +1.8 V, I = 20 pA). The grey-scale insets display the FT of each
image. (d–f) Results of kMC simulations for about 0.04 ML Ce on Cu(111) at (a) 9 K; (b) 10 K;
(c) 13 K. Black atoms are sixfold coordinated, red sevenfold, and green fivefold. The insets show
the FT of each snapshot (Adapted from [5])

quasi-long range (algebraic decay of g6(r)). Finally, in the liquid phase both order
parameters are short range, i. e. gr (r) and g6(r) decay exponentially.

The extraction of gr (r) from the experimental data is difficult because it would
require a large number of STM images for each temperature. However, from our
data it was possible to compute the pair correlation function. For T = 8 K a
power-law decay f (r) ∼ r−a with a ≈ 0.9 was found. For T = 9 and 14 K we
observed an exponential decay, see Fig. 3a. This finding unambiguously shows that
at 8 K the system is in the solid phase, while at T ≥ 9 K the translational order is
destroyed. The results for g6(r), deduced from the STM images of figure 2(a-c) and
summarized in Fig. 3(b), reveal that in the solid state at T = 8 K, g6(r) tends to a
finite value in agreement with the prediction of the KTNHY theory. The behavior of
g6(r) for 9 and 14 K, however, is not the one expected for a true 2D system: g6(r)
approaches a constant value for large r , and does not decay to zero despite the fact
that the translational order is destroyed.

An extensive theoretical investigation has been performed to clarify the 2D
melting process for the Ce superlattice on Cu(111) [5]. The long-range interaction
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Fig. 3 (a) Pair correlation function f (r) and (b) bond-angular correlation function g6(r) extracted
from the experimental data shown in figure 2(a-c) (Adapted from [5])

between two single Ce adatoms at different interatomic separations was deduced
using ab initio density functional theory. This calculated long-range interaction
potential was then used in a large-scale kinetic Monte-Carlo simulation [5] in which
the surface was represented by a triangular lattice of equivalent fcc and hcp hollow
sites.

The results obtained for different temperatures are presented in Fig. 2d–f. For
T = 8 K a 2D ordered solid is formed by the Ce adatoms, as confirmed by the
Fourier transformation in the inset. Almost all atoms are found to be sixfold coor-
dinated (black color code). In the snapshots at elevated temperatures (Fig. 2e, f),
the number of adatoms with six nearest neighbors decreases, while the amount
of sevenfold (red) and fivefold (green) coordinated atoms increases. In the Fourier
transformation of the images a ring appears, indicating that a melting transition has
taken place. However, the hexagonal symmetry persists, with a striking resemblance
to the experimental data of Fig. 2a–c.

Figure 4a shows the density-density correlation function gr (r) obtained for the
Ce/Cu(111) kinetic Monte Carlo simulations at different temperatures. At tem-
peratures T ≤ 9 K, the system exhibits crystalline long-range order, as seen in

Fig. 4 (a) Density-density gr (r), (b) bond-angular g6(r) correlation functions calculated for about
0.04 ML of Ce on Cu(111) generated by kinetic Monte Carlo simulations (Adapted from [5])
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the slow r−η, η < 0.1 decay of gr (r). The melting of the 2D Ce lattice occurs
between 9 and 10 K. Between these two temperatures the behavior of gr (r) changes
dramatically – the correlation function decays exponentially above the melting tem-
perature.

In order to detect the hexatic phase, the analysis of the bond-angular correlation
function g6(r) extracted for different temperatures and shown in Fig. 4b is required.
In qualitative agreement with the results deduced from the experimental data, sur-
prisingly g6(r) does not decay to zero at any temperature. In fact, these observations
are in complete agreement with the predictions of Nelson and Halperin [30]: for the
melting of a 2D crystal on a ‘fine mesh’ potential, (i) the existence of the hexatic
phase is hindered and melting directly occurs from the solid into the liquid phase,
(ii) in the liquid phase g6(r) tends to a finite value at large r and a substrate-induced
hexagonal symmetry is present. According to the classification described by Nelson
and Halperin [30], the superlattice of Ce/Cu(111) is (i) a commensurate solid at
7 K (gr (r) ∼ r−η, η = 0), (ii) a floating solid at 9 K (gr (r) ∼ r−η, η = 0.09),
(iii) a fluid for T ≥ 10 K.

For a Ce superlattice on Ag(111), a corresponding theoretical analysis has been
performed in which the melting point Tm has been found to be between 4.5 K and
4.9 K [5]. The superlattice of Ce on Ag(111) constitutes a floating solid at 4.0 K
(η = 0.14) and 4.5 K (η = 0.18), and becomes a fluid for T ≥ 4.9 K. These
findings demonstrate that the behavior of g6(r) is intrinsic to the Ce/Cu(111) and
Ce/Ag(111) superlattices, i. e. the absence of hexatic phase is due to the substrate
potential.

The critical parameters defining the surface potential are (i) the adatom diffusion
barrier Ediff and (ii) the periodicity, i. e. the separation between nearest adatoms
in a superlattice d with respect to the mesh density r0. For Ce on Cu(111) the
ratio between d = 1.3 nm and r0 = 0.256 nm sets the relative mesh density
to ≈ 5. For Ce on Ag(111) the ratio is ≈ 11. In both cases, even in the liquid
phase the Ce adatoms occupy discrete positions with respect to each other, and only
a limited number of angles between two bonds are possible. Consequently, g6(r)
doesn’t decay to zero. In the limit of vanishing relative distance between neighbor-
ing adsorption sites (i. e. d/r0 � 1), hexatic phase appears.

On the other hand, the diffusion barrier height Ediff describes the ‘flatness’ of
the surface. The comparison between Ediff and the thermal energy of the adatom
kB T has to be considered. For Ediff < kB T , the adatom is not influenced by the
substrate periodic potential, leading to diffusion on a flat surface: the adatom can
be found at any point of the surface and not only in the hollow (adsorption) sites.
Thus, at a typical temperature of T = 10 K, with kB = 0.086 meV/K, the condition
for the appearance of the hexatic phase corresponds to Ediff < 1 meV. However, as
diffusion barriers Ediff < 1 meV have not been observed, the hexatic phase does not
exist in the considered class of 2D adatom superlattices.

As a final remark we note that the creation of such adatom superlattices with
magnetic adatoms, depending on the relative strength of Kondo scattering versus
RKKY interaction, may lead to the formation of ferromagnetic or antiferromagnetic
adatom pairs at different separations [33]. Such a 2D superlattice may be of interest
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for electron-spin based quantum computing. The ability to control the long range
order of magnetic adatoms opens new possibilities and presents new challenges for
the investigation of 2D magnetism and for the development of novel atomic-scale
magnetic devices.

3.3 Reduction of the Superconducting Gap of Ultrathin
Pb Islands Grown On Si(111)

The fundamental question of how the superconducting properties of a material are
modified when its thickness is reduced down to a few atomic monolayers, has stim-
ulated considerable theoretical and experimental interest since the 1960’s [34–40].
Today, with the emergence of nanoscience and nanotechnology this question is of
special relevance for possible technological applications in superconducting nan-
odevices. The early model of Blatt and Thompson predicted an increase of the crit-
ical temperature (Tc) above the bulk value with decreasing film thickness, together
with Tc oscillations due to quantum size effects (QSE) [34]. However, if proper
boundary conditions allowing for spill-out of the electronic wave functions in thin
films are taken into account, a decreasing Tc with decreasing film thickness was
predicted [37, 38, 41–44]. Depending on the material, early experimental results
showed either a decrease (Pb) or an increase (Al, Ga, Sn, In) in Tc on film thickness
reduction [45, 46], mainly related to disorder in the films composed of small metal-
lic grains [46]. In contrast, pioneering experiments on crystalline Al films reported
no Tc enhancement, allowing to address intrinsic thickness-dependent properties of
crystalline superconducting films [47].

Recently, Pb films grown on Si(111) attracted much attention in this context [16].
Ex situ resistivity [48] and magnetic susceptibility measurements [49] reported a
decrease of Tc with decreasing Pb film thickness. In contrast, recent in situ scan-
ning tunneling spectroscopy (STS) investigations on Pb/Si(111) islands reported no
significant change in Tc upon thickness reduction [50, 51], while the very small Tc

oscillations observed were attributed to QSE [34, 50]. These contradictory experi-
mental results call for a clarification.

Recently, we reported in situ layer-dependent STS measurements of the energy
gap of ultrahigh-vacuum grown single-crystal Pb/Si(111)-7×7 and Pb-

√
3 ×√

3/Si(111) islands in the thickness range of 5 to 60 monolayers (ML). In contrast to
previous STS studies on this system [50, 51], we show that the energy gap decreases
with decreasing island thickness d for both, crystalline and disordered interfaces [6].
Corresponding Tc values, estimated using the bulk gap-to-Tc ratio, decrease with
a −1/d dependence, in quantitative agreement with ex situ measurements of Ozer
et al. [49].

Figure 5 shows an STM image of a flat-top Pb island extending over two Si
terraces separated by a single Si(111) step [52]. The island mainly consists of an
8 ML thick Pb area with respect to the Si surface, as determined from the apparent
height in the STM topograph [7]. The inset shows a magnified view of the Pb surface
lattice with atomic resolution. The observed superstructure, reflects the buried 7×7
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Fig. 5 (Color online). STM
image of a flat-top Pb(111)
single-crystal island grown
on Si(111)-7×7. The island
extends over two Si terraces.
Island thickness includes the
wetting layer. Vbias = −1.0 V,
I = 100 pA. The inset shows a
magnified view, revealing the
Pb lattice with atomic
resolution (Vbias = 20 mV,
I = 1 nA). After Ref. [6]

single Si(111) step

wetting
 layer

Pb(111)

100 nm

3 nm

8 ML

9 ML

interface [52]. Pb areas of constant thickness with a lateral extension larger than the
T = 0 K Pb bulk coherence length (∼ 80 nm) were selected for this study, excluding
transition regions where the island thickness changes.

Figure 6 displays a selected set of measured d I/dV spectra for the indicated
island thicknesses at T = 3.0 K. Measurements have also been performed at 4.6 K
(not shown). Each curve is an average of more than ten individual d I/dV spectra
taken at various locations on one island. The background conductance was sub-
tracted and the curves were normalized. The spectra display a clear superconduct-
ing energy gap 	 decreasing with decreasing island thickness. The observed small
spectral asymmetry between positive and negative bias reflects the limits of the
background subtraction on the 7×7 interface. Two phonon modes (indicated by

Fig. 6 (Color online).
Experimental (dots) and
calculated (continuous lines)
differential conductance
spectra for tunneling between
a PtIr tip and a large
atomically flat Pb island of
selected thickness. All
spectra are measured at 3.0 K
on Pb/Si-7x7, except for the
7ML measured on
Pb/Pb-

√
3×√3/Si.

	Bulk(3.0 K) = 1.23 meV.
Arrows indicate observed
phonon modes. The zero
conductance level is indicated
for the 6 ML spectrum. The
other spectra are vertically
displaced for clarity by
integers. After Ref. [6]
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arrows for the 60 ML curve) are clearly detected. Their energies (the difference
between the local extrema in d2 I/dV 2 and 	) are 4.6 ± 0.2 meV and 8.5 ±0.2
meV, in excellent agreement with the values reported for bulk Pb [53].

The extracted gap values are averaged and plotted in Fig. 7a as a function of
inverse film thickness. The energy gaps for both interfaces show a comparable
reduction upon decreasing thickness. To allow for a comparison with previous
results, the critical temperature Tc was estimated from the measured gap values
using the bulk 	/Tc ratio and assuming the BCS temperature dependence of 	(T ).
The results are displayed in Fig. 7b). The continuous line represents a least squares
analysis of the STS data, leading to the relation Tc(d) = 7.08 × (1 − d0/d) with
d0 = 1.88 ML. Consequently, for d ≤ 2 ML the superconducting properties of Pb
are expected to vanish.

Our estimated Tc’s are in quantitative agreement with the ones of Ozer et al. [49],
obtained ex situ on Ge capped Pb/Pb

√
3×√3/Si(111). The trend observed in in situ

resistivity measurements [54] is consistent with the present findings, the quantitative
differences with respect to our data being most likely caused by the inhomogeneity
of the films. Ex situ resistivity measurements [48] on Au capped Pb/Si(111)-7×7
films show a much faster decrease of Tc with decreasing film thickness than in

Fig. 7 (Color online). (a)
Superconducting energy gap
	 as a function of inverse Pb
island thickness 1/d,
extracted from BCS fits of
d I/dV tunneling spectra, for
the crystalline
(Pb/Pb-

√
3×√3/Si) and

disordered (Pb/Si-7×7)
interface. Continuous lines
are guides for the eyes. b)
Estimated critical
temperature Tc as a function
of 1/d, using the bulk 	/Tc
ratio and assuming BCS
temperature dependence of
	(T ), to allow comparison
with previously reported
results. Continuous line is a
fit to the present STS data.
For both (a) and (b) error
bars: experimental dispersion
and uncertainty in the fit
results. After Ref. [6]
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our case, probably a consequence of the inverse proximity effect induced in the
Pb film by the Au capping layer [55]. However the previous in situ STS results on
Pb/Si(111)-7×7, which reported an essentially constant Tc in this thickness range
[50, 51], are at variance with our data. Furthermore, our observed energy gap reduc-
tion is much larger in amplitude than the very small oscillations of Tc as a function
of thickness [50], the amplitude of which is of only 2% of the average Tc.

For thin Pb islands on Si(111) the experimentally observed reduction of the
superconducting energy gap with decreasing film thickness is consistent with the
first principle results of a thickness-dependent electron-phonon coupling constant λ,
where close to the ultrathin Pb film limit the variations of the density of states at EF

play a decisive role. Interestingly, both atomically smooth (Pb/Pb-
√

3×√3/Si) and
disordered (Pb/Si-7×7) interfaces yield similar experimental behavior, in agreement
with results showing that both systems are in the diffusive limit [49, 56].

3.4 Chiral Self-Assembly of Rubrene Molecules on Au(111)

Surface nanostructuring by molecular 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 sub-
strate, a variety of surface patterns have been observed by means of scanning
tunneling microscopy (STM) [57]. The aromatic hydrocarbon rubrene (5,6,11,
12-Tetraphenylnaphthacene, C48H28) is chiral and non-planar due to intramolecular
steric hindrance [58, 59] which causes a twisting of the central tetracene-backbone
around its axis and forces the four phenyl-groups to rotate around their π -bonds.
Its highly efficient luminescence established the success of rubrene as a dopant for
organic light emitting diodes to improve the efficiency and stability of the devices
[60]. Despite this growing interest in the application of rubrene, there have been
no nanoscale investigations of the self-assembly process and the molecular and
supramolecular chirality of rubrene until recently [8].

Figure 8 shows the surprising hierarchical complexity of the nested 2D
supramolecular assembly of rubrene on gold with its three successive generations:
single molecules, pentagonal supermolecules and supramolecular decagons. The
chirality of the individual molecules is conserved in both assembly-steps. Due to
the chirality dependent rotation of the building blocks, both resulting generations
of the progression are chiral on their own. Since this self-organization of increasing
complexity is enantioselective on the molecular and supramolecular level, we obtain
a spontaneous resolution of the original racemic mixture of individual molecules
into homochiral architectures. Our findings on the conservation and recognition of
chirality on all stages of the supramolecular self-assembly of rubrene may have an
impact 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 context is the 3D chirality transfer in rubrene
multilayer islands [11]. Multilayer islands up to a thickness of six layers on a
Au(111) surface have been investigated. The molecules self-organize in parallel



Fabrication and Characterization of Ordered Atomic-scale Structures 15

a

b

5 10 

2 nm 
2 nm 

2 nm 

Fig. 8 Hierarchy and conservation of chirality in the spontaneous 2D supramolecular assembly. a,
STM images representing the three generations of the nested two-staged self-organization. From
left to right: single molecule, pentagonal supermolecule, supramolecular decagon. Typical tunnel-
ing parameters are I = 20 pA and V =−0.8 V. b, From left to right: Enantioselective assembly from
L-type monomers to L-type pentagons and further on to L-type decagons. After Ref. [8]

twin rows, forming mirror 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 3D objects 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 constitutes a fundamental issue in topology [61],
with fascinating examples in nature and art, and applications in many domains such
as cellular biology, [62], foam physics [63], or crystal growth [64]. Recently, we
presented the first observation of surface tiling with both, non-periodic and periodic
arrangements of slightly distorted pentagons, hexagons, and heptagons formed by
rubrene molecules adsorbed on a Au(111) surface [10]. On adjacent regions of the
sample, ordered honeycomb and hexagonal close-packed patterns are found. The
existence of manifold arrangements in the supramolecular self-assembly of rubrene
on gold originates from the 3D 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. 9a. The dashed blue
circle surrounds a single rubrene molecule, with the sub-molecular contrast reveal-
ing three lobes and a quite regular three-fold symmetry [8, 9]. The self-assembled
pattern is composed of supramolecular pentagons, hexagons and filled heptagons,
which appear to be randomly distributed over the surface. There exist 11 distinct
tilings by regular polygons [61], however, a combination 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, the angular sum is exactly 360◦. Nevertheless, there exist
three configurations yielding an angular sum close to 360◦, schematized in Fig. 9b:


