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Report

The ’Atomic structure of nanosystems from first-principles simulations
and microscopy experiments’ workshop (physics.aalto.fi/pub/boat) was the
second in the series of Physics Boat meetings, although its origins can be
traced to irradiation meetings organised by other colleagues in earlier years.
Each year the focus changes, with one key topic supported by the regular
themes of microscopy and modelling, all under the umbrella of nanoscale ma-
terials. This year’s key topic was nanoconstruction, and we had many contri-
butions on this, including invited titles such as ’Atomic structure and dynam-
ics of supported, size-selected metal nanoclusters’, ’Molecular self-assembly
on graphene on SiO2 and h-BN substrates’ and ‘Electrical transport in atomic
carbon chains measured by in-situ electron microscopy’.

In total we had more than 50 participants at the meeting, continuing
the trend of increased numbers every year. The programme was split into
14 invited talks, 9 contributed talks and over 20 posters. In general the
meeting was very lively, with good discussion during the presentations, coffee
breaks and posters. The invited speakers came from all around the world
and presented a very high level of research.
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6 Physics Boat 2013

Alongside the scientific programme, the social programme provided an
important opportunity to meet colleagues in a relaxed environment. The boat
environment means that the participants remain together also during dinners
and afterwards encouraging extensive discussions. More passive relaxation
could be found in watching the passing sea and occasional island during the
long voyage. The ESF/Psi-k support was critical in making it a successful
meeting and plans are already being made for another meeting in June 2014.
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Atomic structure and dynamics of supported, size-selected
metal nanoclusters (and prospects for super-abundant
production)

R. E. Palmer1
1Nanoscale Physics Research Laboratory, University of Birmingham, Birmingham B15 2TT, UK

The controlled deposition of size-selected nanoclusters (nanoparticles), assem-
bled from atoms in the gas phase, is a novel (and economically efficient) route
to the fabrication of surface features of size <10 nm [1]. However theoretical
treatments of the atomic structure of clusters far outstrip direct experimental
measurements. In this talk I will focus on the creation and imaging of stable,
monodispersed, monometallic and bimetallic [2] cluster arrays which represent
new model systems for precision catalysis [3] and can also be used to trap
and orientate individual protein molecules [4]. The atomic structure of the de-
posited clusters is revealed [5] by aberration-corrected scanning transmission
electron microscopy (STEM) in the high-angle annular dark field (HAADF)
regime with a spatial resolution of 0.1 nm; measuring the intensity of the in-
coherent scattering from individual atomic columns enables us to count atoms
[6] and thus obtain 3D information rather than just 2D projections. Results
include mass spectrometry of passivated Au clusters [7], atomic imaging of Au
adatom dynamics on the surface of Au923 magic-number nanoclusters [8], the
purposeful transformation of the same Au923 clusters under the electron beam
to obtain more stable structures [9] and first atomic imaging results for small
Au clusters, notably Au55 and Au20 [10,11]. We hope that these new data will
help to enhance theoretical treatments of both structure and dynamics, e.g., via
the refinement of semi-empirical potentials. One issue of particular interest
which seems to arise from our work on Au923 clusters is the distinction - for a
given initial, non-equilibrium atomic configuration - between the lowest energy
(ground) state and the most accessible state in manipulation experiments. Fi-
nally I will also propose a new kind of cluster beam source with the potential
to allow super-abundant generation of such size-selected nanoclusters; proof
of principle experiments will be reported.

[1] R.E. Palmer et al., Nature Materials 2, 443 (2003).
[2] F. Yin et al., J. Am. Chem. Soc. 133, 10325 (2011).
[3] F. Yin et al., J. Chem. Phys. 134, 141101 (2011).
[4] R.E. Palmer, Trends in Biotechnology 25, 48 (2007).
[5] Z.Y. Li et al., Nature 451, 46 (2008).
[6] N.P. Young et al., Phys. Rev. Lett. 101, 246103 (2008).
[7] Z.W. Wang, J. Am. Chem. Soc. 132, 2854 (2010).
[8] Z.W. Wang, R.E. Palmer, Nano Lett. 12, 91 (2012).
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[9] Z.W. Wang, R.E. Palmer, Phys. Rev. Lett. 108, 245502 (2012).
[10] Z.W. Wang, R.E. Palmer, Nanoscale 4, 4947 (2012).
[11] Z.W. Wang, R.E. Palmer, Nano Lett. 12, 5510 (2012).

Tu
e

sd
a

y



14 Oral presentations

Quantum transport from first principles

T. Frederiksen1,2

1Donostia International Physics Center (DIPC), Donostia-San Sebastian, Spain
2IKERBASQUE, Basque Foundation for Science, Bilbao, Spain

Electron transport in atomic-scale devices is an important research area where
both fundamental physics and technological opportunities are simultaneously
addressed. From the theoretical point of view one of the great challenges is to
develop general methods for quantitative simulations of real devices taking into
account the atomistic details. One widespread approach is based on ground-
state density-functional theory (DFT) for the electronic structure in combination
with nonequilibrium Green’s functions (NEGF) for the transport.

In this talk I will describe recent developments based on the DFT+NEGF
approach and discuss capabilities and limitations to various quantum transport
problems. Some recent results obtained with the DFT+NEGF code TranSI-
ESTA [1] will be used to demonstrate how calculated low-bias conductances of
single-C60 junctions compare with experimental findings and yield insight into
the transport mechanisms [2].

NEGF theory also provides a framework for describing electron-vibration
interactions in quantum transport, such as the signatures of vibrational excita-
tion revealed in inelastic electron tunneling spectroscopy (IETS). I will describe
our efforts to extend the DFT+NEGF methods to include inelastic scattering
and local heating effects in the code Inelastica [3]. The methods allow us to
address questions such as: (i) What are the fingerprints of specific molecules
in IETS? (ii) How are IETS signals modified by tip functionalization [4]? (iii)
How does vibrational excitations manifest themselves in shot noise [5]?

[1] M. Brandbyge, J. L. Mozos, P. Ordejon, J. Taylor, K. Stokbro, PRB 65, 165401 (2002).
[2] G. Schull, T. Frederiksen, A. Arnau, D. Sanchez-Portal, R. Berndt, Nature Nanotechnology 6,

23 (2011).
[3] T. Frederiksen, M. Paulsson, M. Brandbyge, A-P. Jauho, PRB 75, 205413 (2007).
[4] A. Garcia-Lekue, D. Sanchez-Portal, A. Arnau, T. Frederiksen, PRB 83, 155417 (2011).
[5] R. Avriller, T. Frederiksen, PRB 86, 155411 (2012).
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Structure and structural changes in gold clusters containing 55
to 3000 atoms

A. Pedersen1 H. Jónsson1,2

1Science Institute of the Univ. of Iceland
2Aalto Univ., Dept. of Applied Physics

We have carried out global optimization and long time scale simulations of gold
clusters of magic size containing 55 to 5083 atoms. An algorithm which brings
the clusters from one local minimum to another via first order saddle points is
used to explore the energy surface and optimize the atomic ordering [1]. The
local atomic structure was analyzed using common neighbor analysis [2]. The
same minimum, supposedly the global minimum, was obtained starting from a
wide variety of initial structures for clusters with up to 561 atoms. EMT and
Gupta potentials were used for the most computationally intense simulations
but the results for clusters with up to 561 atoms were also tested and refined
with DFT using the PBE functional approximation. The 55 and 147 atom
clusters were found to have distorted icosahedral structure. The transition from
cuboctahedral to icosahedral ordering of the 147 atom cluster was found to occur
through a low saddle point of only 0.7 eV an d involve nucleation at one of the
corner sites. An unexpected distortion of the icosahedral structure was observed
for the 561 and 923 atom clusters. As the clusters grown, face centered cubic
local order becomes more and more abundant until at 5083 atoms the optimal
structure becomes that of the face centered cubic crystal. For clusters with 309
atoms, a detailed comparison could be made with aberration-corrected scanning
transmission electron microscopy measurements [3] and excellent agreement was
found between the measured and calculated structures.

[1] A. Pedersen, J-C. Berthet and H. Jonsson, Lecture Notes in Computer Science 7134, 34 (2012).
[2] D. Faken and H. Jonsson, Computational Materials Science 2, 279 (1994).
[3] Z. Y. Li, N. P. Young, M. Di Vece, S. Palomba, R. E. Palmer, A. L. Bleloch, B. C. Curley, R. L.

Johnston, J. Jiang and J. Yuan, Nature 451, 46 (2008).

Tu
e

sd
a

y



16 Oral presentations

Understanding molecular interactions using NC-AFM

A. Sweetman1 S. Jarvis1 A. Stannard1 A. Lakin1 C. Chiutu1 L. Kantarovich2

J. Dunn1 P. Moriarty1

1University of Nottingham, Nottingham, UK
2Kings College London, London, UK

Both NC-AFM and STM have been used to great success in understanding
the role of molecule-molecule interactions on surfaces, and recently impres-
sive results have been obtained showing sub-molecular resolution during the
imaging of single molecules by the controlled functionlisation of a scanning
probe tip with inert molecular and atomic species [1-3]. Measurement of inter-
molecular interactions has also been shown by using ’inverse’ imaging, that
is, functionalising the tip with the molecule of interest and ’inverse’ imaging
the adsorbed molecule with both well characterised surface features and other
adsorbed molecules [4-5]. Using these techniques allows for the exciting pos-
sibility of directly probing intermolecular interactions in three dimensions with
sub-molecular resolution. Such experiments might offer a fascinating insight
into molecular interactions, but a key issue in interpreting data produced in
such ’tip-functionalised’ experiments remains that the orientation of the tip ad-
sorbed molecule is (in general) unknown. In this talk I will offer an overview of
molecule-on-molecule interactions measured using NC-AFM at cryogenic tem-
peratures, and suggest possible routes by which the tip molecule orientation
might be determined.

[1] L Gross et al, Science 325, 1110 (2009).
[2] L Gross et al, Science 337, 1326 (2012).
[3] G Kichin et al, PRB 87, 081408 (2013).
[4] G Schull et al, Nat. Nano 6, 23 (2010).
[5] C Chiutu et al, PRL 108, 268302 (2012).
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The non-contact atomic force / Kelvin probe force microscope
simulator: a tool to address atomistic processes influencing
imaging

L. Nony1 F. Bocquet1 C. Loppacher1 F. Castanie2 S. Gauthier2 X. Bouju2

1IM2NP, UMR CNRS 7334
2CEMES, UPR CNRS 8011, Toulouse, FRANCE

The non-contact atomic force / Kelvin probe force microscope (nc-AFM/KPFM)
simulator is a realistic numerical implementation of the electronics of a nc-AFM
setup including KPFM operational modes [1,2]. The simulator has been demon-
strated to be able to reproduce the dynamical performances of the instrument
upon the operating conditions and the used probe (cantilever or tuning fork) [3].
The code may either receive a pre-computed ab initio interaction force field, or
computes it at run time by means of analytical expressions or semi-empirical
potentials. Thus, the simulator is able to perform virtual experiments such as
images at constant ∆f or constant height, or spectroscopic measurements: ∆f
vs. z or bias voltage. In the near past, the simulator has been used to unravel
the origin of the atomic-scale contrast in KPFM images on a bulk KBr(001)
single crystal [2]. Thus, the influence of the polarizability of both, the foremost
tip atom and surface atoms has been pointed out. Recently, following the re-
sults from the IBM Zurich group [5,6], the code has been upgraded and targeted
at the calculation of images of molecules on surfaces and molecular systems on
surfaces with stiff sensors such as tuning forks [3,4]. In this talk, the numerical
scheme of the simulator will be presented along with a set of results illustrat-
ing the potential of such a tool to address the atomistic processes influencing
imaging and spectroscopic measurements in nc-AFM and KPFM.

[1] L.Nony et al., Phys.Rev.B 74, 235439 (2006).
[2] L.Nony et al., Phys.Rev.Lett. 103, 036802 (2009).
[3] F.Castanie et al., Beilstein J.Nanotechnol. 3, 301 (2012).
[4] F.Castanie et al., submitted to J.Phys.Chem.C xxx, xxx (2013).
[5] L.Gross et al., Science 337, 1326 (2012).
[6] F.Mohn et al., Nature Nanotechnology 7, 227 (2012).
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Simple models for efficient simulation of AFM

M. Watkins1
1Department of Physics and Astonomy, University College London

Even with recent advances in computational power the simulation of AFM imag-
ing remains challenging. The problem is that it has been found that in almost
all cases the atomically sharp tip must be included explicitly in the simulation
at each lateral and vertical position above the surface: this can easily lead to
10,000s of simulations needed to be carried out to construct and image of a
complex surface, molecule or defect. Our recent work suggests two classes of
problem when this difficulty can be alleviated, and images constructed from a
single simulation leading to 3-4 orders of magnitude speed-up in image simu-
lation: (i) Ionic materials, such as NaCl or NiO, when imaged using a carefully
prepared metallic tip at large tip-surface separations. (ii) AFM in liquid when
a sharp tip with a closely bound water molecule or hydroxyl group is primarily
responsible for imaging. In the first case we find we can obtain quantitative
agreement with experiment by considering only the electrostatic contributions
from the tip and the surface [1]. In the second class of problems we show that
an argument based on statistical mechanical properties of the adsorbed liquid
above a surface can be used to construct approximate images of the surface.[2]

[1] G. Teobaldi, K. Lammle, T. Trevethan, M. Watkins, A. Schwarz, R. Wiesendanger and A. L.
Shluger, Phys. Rev. Lett 106, 216102 (2011).

[2] M. Watkins and B. Reischl, J. Phys Chem submitted, - (2013).
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Electrical transport in atomic carbon chains measured by
in-situ electron microscopy

O. Cretu1 A. R. Botello-Mendez2 I. Janowska3 C. Pham-Huu3 J-C. Charlier2
F. Banhart1
1Institut de Physique et Chimie des Materiaux, University of Strasbourg, France
2Institute of Condensed Matter and Nanosciences, Universite Catholique de Louvain, Belgium
3Laboratoire des Materiaux, Surfaces et Procedes pour la Catalyse, CNRS, Strasbourg, France

It is known since a few years that one-dimensional carbon exists, represented
by chains of carbon atoms. These may be bonded by either alternating sin-
gle/triple carbon-carbon bonds (polyyne) or by double bonds throughout the
chain (cumulene). By using a combination of STM and TEM in an in-situ
electron microscopy study, carbon atom chains have not only been made but
also characterized electrically [1]. The chains were obtained by unraveling car-
bon atoms from graphene ribbons while an electrical current flowed through
the ribbon and, successively, through the chain. The electrical conductivity of
the chains was found to be much lower than predicted for ideal chains. First-
principles calculations show that strain in the chains determines the conductiv-
ity in a decisive way. Indeed, carbon chains are always under varying non-zero
strain that transforms their atomic structure from cumulene to polyyne, thus
inducing a tunable band gap. The modified electronic structure and the charac-
teristics of the contact to the graphitic periphery explain the conductivity of the
locally constrained carbon chains. These are the first electrical measurements
on atomic carbon chains and show a perspective toward their synthesis and
application as the smallest possible interconnects or even as one-dimensional
semiconducting devices.

[1] O. Cretu, A. R. Botello-Mendez, J.-C. Charlier, I. Janowska, C. Pham-Huu, F. Banhart, arXiv 0,
1302.5207 (2013).
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Aberration Corrected Imaging of Defects in Graphene

A. I. Kirkland1 J. Warner1
1Oxford University, Department of Materials, Parks Road, Oxford, OX13PH, UK

To usefully deploy Graphene and related materials in electronic applications
[1-3] it is essential to understand the behavior of point defects which have
been the subject of extensive research over decades for silicon devices. High
resolution Transmission Electron Microscopy is the ideal characterization tool
for studying the formation and evolution of defects in Graphene in real space.
Moreover, recent instrumental advances make it possible to image these defects
at primary energies below those that cause significant specimen damage whilst
retaining sufficient spatial resolution to resolve the local atomic configuration
in the Graphene lattice around the defect site. In this paper we will discuss
the controlled formation of several defect types in Graphene, including mono-
and di-vacancies and will demonstrate that the evolution of these into more
complex extended defects can be controlled by electron beam irradiation. In
the case of the simplest vacancy type (the mono vacancy) two configurations
have been observed and we have quantitatively measured the strain in the
lattice surrounding these. Density functional theory (DFT) calculations have
been used to evaluate the energetics of the two configurations and to indicate
pathways by which this defect can evolve. We will also report dynamic studies
of small defect structures in Graphene, which enable reaction pathways between
different structural forms to be evaluated. Finally we will show how quantitative
measurement of local bond lengths in various defect structures and dislocations
when compared with DFT calculations provides an insight into the local charge
distribution at defect sites.

[1] K. S. Novoselov, et al. , Nature 490, 192 (2012).
[2] F. Schwierz, Nature Nanotech 5, 487 (2010).
[3] L. Britnell et al. , Science 335, 947 (2012).
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The role of the quantum size effect on the growth of metallic
nanostructures

T. R. J. Bollmann1

1Fachbereich Physik, Universität Osnabrück, Barbarastrasse 7, 49076 Osnabrück, Germany

In the 1990s a novel growth mode was found, which resembles Stranski-Krastanov
growth, but is qualitatively different from the classical growth modes in that
quantum size effects (QSEs) seem to dominate, leading to non-trivial smooth
film growth described as electronic or quantum growth. In this novel growth
mode, the growth of thin Pb(111) films has attracted particular interest, since
its Fermi wavelength is nearly commensurate to the bilayer atomic spacing and
QSE driven growth sometimes persists even over 30 layer thick islands [1]. An-
other candidate we propose is Bi, a material that is ’hovering’ between being
a metal and a semiconductor, making electronic effects more pronounced than
strain effects. This property makes thin Bi films prime candidates for allotropism
and a candidate for electronic growth.

QSEs are usually found on surfaces with a bandgap in the surface projected
bulk bands, making a direct coupling between the electrons of the film and the
substrate bulk impossible. Examples are semi-conductors such as Si(111) and
Ge(111), as well as metals such as Cu(111) and Ag(111), but the substrate of our
choice, Ni(111), just misses such a bandgap. We will demonstrate a route, where
the intrinsic modification of the electronic properties of the Ni(111) surface by
the mere presence of a Bi- or Pb-film may just suffice, to generate a situation
with a surface projected bandgap.

We present (I/V-) Low Energy Electron Microscopy (LEEM) and selective
area (I/V-) Low Energy Electron Diffraction (µLEED) measurements in combina-
tion with modeling and Tensor LEED calculations, illustrating indeed the QSE
driven growth for Pb on Ni(111) in comparison to the key examples of QSEs
[2,3]. We demonstrate the importance of the QSE on the growth of thin films
by showing the influence in thin Bi films, where the QSE determines the thin
film structure, density and interlayerdistance, in order to embrace the standing
Fermi waves with a wavelength far smaller than in the bulk material [4]. We
expect the structures found in the thin bismuth films to be far better conductors
than ordinary bismuth, and expect other physical and chemical properties of
the newly discovered crystal structures to differ from those in the bulk bismuth
as well.

[1] M. M. Özer, C.-Z. Wang, Z. Zhang, and H. H. Weitering, J., J. Low Temp. Phys. 157, 221
(2009).
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[2] T. R. J. Bollmann, R. van Gastel, H. J. W. Zandvliet, and B. Poelsema, Phys. Rev. Lett. 107,
136103 (2011).

[3] T. R. J. Bollmann, R. van Gastel, H. J. W. Zandvliet, and B. Poelsema, New J. Phys. 13,
103025 (2011).

[4] T. R. J. Bollmann, R. van Gastel, H. J. W. Zandvliet, and B. Poelsema, Phys. Rev. Lett. 107,
176102 (2011).
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First-principles low-loss EELS of HfO2

L. Hung1 F. Sottile1
1Ecole Polytechnique, France

HfO2 is a high-κ dielectric material with applications in microelectronics. Its
structure has been studied at nanoscale resolution using transmission elec-
tron microscopy (TEM) in conjunction with electron energy loss spectroscopy
(EELS). We describe how theoretical spectroscopy can be used to validate, in-
terpret, and complement experimental measurements. We simulate the ground
state electronic structure of crystalline HfO2 with Kohn-Sham density func-
tional theory (DFT) and a planewave pseudopotential implementation; the va-
lence (or low-loss) EEL spectra of HfO2 are computed using time-dependent
DFT. Results from the random phase approximation are found to be in good
agreement with experimental measurements. The spectra of the monoclinic,
tetragonal, and cubic polymorphs of HfO2 are characterized, and we demon-
strate how the presence and relative energy of the f-band affect the spectra.
We also model the dispersion of plasmons with increasing momentum transfer,
and Fourier transform the spectra to visualize the electron density response to
external perturbations. Tu
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Recent advances in TEM-EELS

R. F. Egerton1

1University of Alberta, Canada

The commercial development of electron-lens aberration correctors has improved
the spatial resolution of the transmission electron microscope (TEM) to below
0.1 nm, while electron-beam monochromators have improved the energy resolu-
tion of transmission electron energy-loss spectroscopy (EELS) to below 0.1 eV.
In many cases, the spatial resolution of TEM-EELS is therefore determined by
basic principles: radiation damage and the delocalization of inelastic scatter-
ing, while the energy resolution of core-loss spectroscopy is limited by initial-
or final-state broadening.
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Probing complex systems with a combination of density
functional theory and scanning transmission electron
microscopy

S. T. Pantelides1
1Vanderbilt University and Oak Ridge National Laboratory

The talk will describe recent developments in linking density functional the-
ory (DFT) calculations for electron excitations in a solid with diffraction theory
for the focused electron beam of a scanning transmission electron microscope
to simulate measured probe-position-dependent electron-energy-loss spectra
(EELS) and extract information about the local bonding and electronic prop-
erties.[1] It will also describe several examples of using a combination of DFT,
Z-contrast imaging, and EELS to demonstrate the role of oxygen vacancies in
several transition-metal oxide systems. Primary collaborator: S.J. Pennycook
Work supported in part by the Department of Energy Basic Energy Sciences
Directorate.

[1] M. Prange, M. P. Oxley, M. Varela, S. J. Pennycook, and S. T. Pantelides„ Phys. Rev. Lett.
109, 246101 ( 2012).
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Free-standing single-atom iron layers suspended in graphene
perforations

J. Zhao1 Q. Deng1 A. Bachmatiuk2 M. Rümmeli1
1IFW Dresden, Dresden, Germany
2Wroclawskie Centrum Badan EIT+, 54-066 Wroclaw, Poland

Atomic mono-layers which are truly two dimensional (2D) exhibit a variety
of novel properties due to electron confinement and loss of coordination in
the thickness direction. Examples include graphene, monolayer hexagonal-BN,
WS2 and MoS2 [1] Metallic mono-layers, in particular, magnetic mono-layers
(e.g. Fe & Mn) are also attractive, however, thus far they have only been
demonstrated whilst supported on a substrate [2,3]. The magnetic properties of
atomically thin Fe are of great interest as they have an unusual enhancement of
the magnetic moment as compared to bulk Fe as well as a large perpendicular
magnetic anisotropy. For these reasons Fe mono-layers are considered promis-
ing candidates for next generation recording media with both high density and
high read-write rates [4]. The graphene samples used in our experiments are
grown by CVD over Ni/Mo substrates and then transferred on to lacey carbon
transmission electron microscopy (TEM) grids. An FeCl3 etching solution was
used in the transfer process [5]. The transfer process tends to leave behind
residual Fe atoms and clusters on the graphene surface. These atoms and clus-
ters can move on the surface relatively freely and move to perforations in the
graphene membrane forming novel structures in the process. By using Cs aber-
ration corrected TEM, image simulations and first principles calculations, we
conclusively show the structure of single-atom free-standing iron crystal layers
for the first time. Because there are no underlying substrate interactions, all
the advantages of 2D structures are preserved. Different kinds of mono-layer
Fe-graphene interface atomic arrangements are explicitly investigated and com-
pared with the ab-initio calculations. These atomic interface arrangements are
shown to have crucial effects on the stability and strain/stress distributions
of 2D Fe crystals. The dynamics of suspended mono-layer Fe under electron
beam irradiation are also investigated in-situ showing both their formation as
well as their bending. The structure we present is of great importance for
various reasons. Firstly, this is the first direct observation of suspended mono-
layer Fe crystals. Secondly, since the magnetic properties are very sensitive
to the lattice type and lattice constant, these studies now provide invaluable
experimental data for more accurate theoretical investigations. Moreover, we
show that perforated graphene can be used as an in-plane support tool for other
two dimensional structures which are usually unstable at the macroscopic scale.
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This makes perforated graphene a promising candidate for high density packag-
ing of 2D structures which could be attractive for magnetic recording, photonic
and electronic applications.

[1] Q Wang et al., Nature Nanotechnology 7, 699 (2012).
[2] J Izquierdo et al., Phys. Rev. B 61, 13639 (2000).
[3] W Lu et al., Phys. Rev. B 48, 18159 (1993).
[4] T Maruyama et al., Nature Nanotechnology 4, 158 (2009).
[5] YC Lin et al., ACS Nano 5, 2362 (2011).
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Hexagonal boron nitride on transition metal surfaces: A
perspective from density functional theory

J. Gomez Diaz1 Y. Ding1 R. Koitz1 A. P. Seitsonen1 M. Iannuzzi1 J. Hutter1
1Physikalisch-Chemisches Institut, University of Zurich, Winterthurerstrasse 190, CH-8057 Zurich

Single layer of hexagonal boron nitride (h-BN) can form both commensurate and
incommensurate structures when adsorbed on surfaces of transition and noble
metals. The latter form Moire patterns that lead to different vertical corrugation,
sometimes up to about 1 A. These have periodities of several nanometres and can
act as templates for adsorbed atoms and molecules (http://www.nanomesh.ch/).

In this contribution we shall review our recent calculations [1] using density
functional theory (DFT) to support and explain recent experiments on the h-BN
structures on Ni(111), Cu(111), Ru(0001) and Rh(111). We make connections
to methods which provide information of the geometrical (LEED, STM, SXRD)
and electronic (STM, STS, ARPES) structure of these systems.

[1] J Gomez Diaz et alia, Theoretical Chemistry Accounts 132, 1350 (2013).
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Molecular self-assembly on graphene on SiO2 and h-BN
substrates

P. Järvinen1 S. K. Hämäläinen1 K. Banerjee1 P. Häkkinen2 M. Ijäs3 A. Harju3

P. Liljeroth1

1Department of Applied Physics, Aalto University School of Science, PO Box 15100, 00076
Aalto, Finland

2Low Temperature Laboratory, Aalto University, PO Box 15100, 00076 AALTO, Finland
3COMP Centre of Excellence and Helsinki Institute of Physics, Department of Applied Physics,
Aalto University School of Science, PO Box 14100, 00076 Aalto, Finland

After almost a full decade of experimental work on graphene, a controllable
way to manipulate its electronic properties is lacking. The ability to control
the graphene band structure, including the possibility of opening a band gap,
would be crucial in paving the way for graphene-based electronics. One of
the suggested ways of controlling the electronic properties of graphene is to
establish a periodic potential modulation on it, which could be achieved by self-
assembly of ordered molecular lattices. The use of molecular lattices for this
purpose would allow the interaction strength and the period of the potential
modulation to be tuned through the choice of the molecules.

We have studied the self-assembly of cobalt phthalocyanines (CoPc) on
graphene grown by chemical vapor deposition (CVD) transferred onto silicon
dioxide (SiO2) and hexagonal boron nitride (h-BN) substrates. Our scanning
tunneling microscopy (STM) experiments show that on both substrates, CoPc
forms a square lattice. However, on graphene on SiO2, the domain size is
limited by the surface corrugation, whereas on h-BN, the domain size is limited
only by the step edges of the underlying h-BN. In addition to the increased
domain size, the molecular ordering within one domain is better on G/h-BN
than on G/SiO2. Additionally, scanning tunneling spectroscopy (STS) shows
that the energies of the molecular orbitals shift from one molecule to another.
This implies that CoPc molecules are doped by the substrate, and that the level
of doping varies from molecule to molecule. This variation is larger on graphene
on SiO2, which is likely to be due to the larger charge fluctuations compared
to G/h-BN. The peaks in the tunneling spectra have a lorentzian lineshape
and their width yields the tunneling coupling of the molecular orbitals with the
graphene substrate. These results suggest that graphene on h-BN is an ideal
substrate for the study of molecular self-assembly towards engineered potential
landscapes on graphene.
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Intricate Mechanism of Lateral and Vertical Manipulation of
Super-Cu Atoms on the Cu:O Surface: Experiment and Theory

J. Bamidele1 K. Kinoshita2 R. Turansky3 S. H. Lee2 Y. Naitoh2 Y. J. Li2
Y. Sugawara2 I. Stich3 L. Kantorovich1

1Dept. of Physics, King’s College London, U.K.
2Dept. of Applied Physics, Osaka University, Osaka, Japan
3Cntr. for Computational Materials Science, Inst. of Physics, Bratislava, Slovakia

We present a joint experimental and theoretical study of lateral and vertical
manipulations of super-Cu atoms on the oxygen-terminated p(2×1) Cu(110)
surface with Non-Contact Atomic Force Microscopy (NC-AFM). The surface
consists of rows of alternating Cu and O atoms on the bare Cu(110) surface.
Cu adatoms occupy positions between two adjacent Cu-O rows opposite two O
atoms in each of them. Using NC-AFM we find that using an O terminated tip
[1] vertical manipulation events, consisting of both removal and deposition of Cu
atoms, are frequently seen. Interestingly, no change of contrast is observed. At
the same time, lateral manipulation events were observed only at the edges of
c(6×2) islands, no lateral manipulation was found to be possible on the p(2×1)
terraces.

In order to understand these observations, we attempted a comprehensive
theoretical study of both lateral and vertical manipulations of the super-Cu
atoms on the p(2×1) Cu(110):O surface with the O-terminated NC-AFM tip.
Using DFT calculations in conjunction with nudged elastic band method for
calculating transition barriers, as well as kinetic Monte Carlo (KMC) simula-
tions, we propose detailed mechanisms of both lateral and vertical manipula-
tions, which fully explain experimental observations. The mechanism consists
of several stages: two stochastic (thermal with en energy barrier) and one con-
servative (dragging), which happens in between. KMC simulations confirm the
viability of this mechanism and give statistics information.

We find that lateral manipulation can only be rationalized if the tip comes
much closer to the surface, which explains why these particular events were not
frequently observed.

[1] J. Bamidele et al., Phys. Rev. B 86, 155422 (2012).
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Self-assembly of p-Terphenyl-m-Dicarbonitrile on the Ag(111)
surface: Simulations of assisted isomerisation reaction
mechanism

D. Abbasi1 J. M. Recio1 L. Kantorovich2

1University of Oviedo, Oviedo, Spain
2King’s College London, London, U.K

Transformation of molecules during the growth of their assemblies on crystal
surfaces is the most intriguing feature in molecular self-assembly. This effect
may be either undesirable (e.g. degradation of the growing network) or de-
sirable as the only way to formation of new stable structures. One such case,
which has been recently studied experimentally using Scanning Tunnelling Mi-
croscopy (STM), is the adsorption at room temperature (RT) of p-Terphenyl-m-
Dicarbonitrile molecules on the Ag(111) surface [1]. The molecule has Cis and
Trans isomers, but on the surface Trans isomers appear as chiral (L and D).
Initially there were approximately 50% of Cis and 25% of each Trans isomers
on the surface; however, when STM images were taken, almost no Cis isomers
were found. The authors explained the effect by Cis-to-Trans isomerization,
which must have happened during the growth of the nanostructures. In this
study we attempted to understand this phenomenon using a tool kit of various
types of theoretical modeling. Using ab initio density functional theory (DFT)
calculations, we found that the molecules adopt geometries in which their N
atoms make direct bonding with Ag atoms underneath, i.e. the molecules prefer
standing on the surface with two legs making two strong covalent bonds. Using
Nudged Elastic Band (NEB) calculations, we then established their diffusion
mechanism. We find that the molecules walk, i.e. they perform a rocking motion
whereby at each time only a single leg changes its position pivoting around the
other leg, with the barriers of the order of several tens of meV. These results
confirm an experimental observation that the molecules are quite mobile on the
surface at RT. In order to explain formation of molecular chains, extensive calcu-
lations were performed in the gas phase and with molecules on the surface. We
argue that the chains are formed by Trans homochiral molecules making double
hydrogen (H) bonding with each other. However, NEB calculations for the Cis-
to-Trans and back isomerization reactions on the surface for a single molecule
do not show any preference towards any of the isomers. Instead, we find that
Cis-to-Trans isomerization can be preferred (as opposed to the back reaction) if
it is assisted by a neighboring Trans molecule in which case the free energy of
the system is lowered by approximately 0.3 eV due ability of them forming two
H bonds with each other. This observation is sufficient in our view to explain
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the observed disappearance of the Cis isomers during the growth. Correspond-
ing Kinetic Monte Carlo simulations of the assembly based on molecules being
able to walk, bond to each other and change their iso merization, are currently
in progress.

[1] M. Marschall et al, ChemPhysChem 11, 1446 (2010).
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Density-functional study of alkyne adsorption on Si(001) and
comparison to STM results

C. Schober1 R. Tonner1
1Fachbereich Chemie and Materials Sciences Centre, Philipps-Universität Marburg, Germany

The organic functionalization of semiconductor surfaces is an important task
in order to improve upon existing devices (e.g. molecular electronics) in the
long-term. To this end, an accurate experimental and theoretical description of
promising organic molecules on these surfaces is necessary.[1] In this compu-
tational study, we used dispersion-corrected density-functional theory (PBE-
D3)[2,3] in order to shed light on the adsorption of acetylene and cyclooctyne on
the Si(001)c(4x2) surface. While the adsorption of simple unsaturated molecules
like ethylene[4] and acetylene has been thoroughly explored in the past, the
smallest cyclic molecule with a carbon-carbon triple-bond — cyclooctyne —
and its interactions with this highly relevant surface was not known prior. Start-
ing from a high-resolution STM study of this system by our collaborators in
Marburg[5], we explored the adsorption behavior of cyclooctyne from the low to
the high coverage regime. The focus of these computational investigations was
the explanation of the observed features in the STM pictures.[5] To this end,
we conducted STM simulation of the adsorption modes found in the Tersoff-
Hamann approximation[6] and were able to shed light on the observed features
and could test the experimental hypotheses of possible adsorption modes. We
could conclusively explain the adsorption mode of cyclooctyne in agreement
with the experimental observations.

[1] S.F. Bent, Surface Chemistry in Chemical Bonding at Surfaces and Interfaces (Eds.: A.
Nilsson, L. G. M. Pettersson, J. Norskov), Elsevier, Amsterdam 323 (2007).

[2] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys. 132, 154104 (2010).
[3] J. Moellmann, S. Ehrlich, R. Tonner, S. Grimme, J. Phys. Condens. Matter. 24, 424206 (2012).
[4] G. Mette, C. H. Schwalb, M. Dürr, U. Höfer, Chem. Phys. Lett. 483, 209 (2009).
[5] G. Mette, M. Dürr, R. Bartholomäus, U. Koert, U. Höfer, Chem. Phys. Lett. 556, 70 (2013).
[6] J. Tersoff, D. R. Hamann, Phys. Rev. Lett. 50, 1998 (1983).
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Advances in monochromators and aberration correctors

O. L. Krivanek1 T. C. Lovejoy1 N. J. Bacon1 G. J. Corbin1 M. F. Murfitt1
N. Dellby1

1Nion Co., 1102 8th St., Kirkland, WA 98033, USA

Electron-optical instrumentation and its applications have advanced rapidly in
the last few years. In this paper, the Nion contribution to the general progress
is reviewed. The scanning transmission electron microscope (STEM) which we
recently introduced combines a bright, stable and mono-energetic cold field
emission electron gun (CFEG) with an ultra-stable probe-forming column cor-
rected to 5th order and a high-stability sample stage operating in an ultra-high
vacuum [1,2]. It has allowed experiments to be carried out that seemed unthink-
able only a few years ago. Examples include the determination of the position
and type of every atom in a monolayer material [3], detecting single atoms by X-
ray spectroscopy [4], and even exploring the atomic environment of single atoms,
based on their near-edge EELS fine structures [5,6]. More recently still, we have
developed a High Energy Resolution Monochromated EELS-STEM (HERMES)
system that uses several new design principles [7,8]. The monochromation is
carried out at the ground potential (i.e., at the full primary energy) rather than
inside the electron gun, with an all-magnetic monochromator (MC) consisting
of a main energy-dispersing prism, spectrum-magnifying quadrupoles, auxiliary
prisms that bend the beam into an alpha-type trajectory, an energy-selecting
slit equipped with intensity sensing, and aberration-correcting sextupoles and
octupoles. The MC uses dispersing-undispersing optics such that the energy
dispersion of the beam is precisely cancelled at its exit. The MC’s main prism
winding is connected in series with the prism of an all-magnetic EEL spectrom-
eter, which means that the energy spectra formed at the slit and at the EELS
detector track each other, and small instabilities in the prism supply current do
not change the position of th e spectrum on the final detector. The high tension
(HT) of the microscope is stabilized by sensing the electron current falling on
the two halves of the MC’s slit in a feedback scheme that adjusts the HT such
that the energy-dispersed beam remains precisely centered on the slit opening.
HERMES has been able to reach 12 meV full-width at half-maximum (FWHM)
of the EELS zero loss peak (ZLP) in a short-exposure spectrum at a primary
energy of 60 keV, and 20 meV FWHM in spectra acquired for several seconds.
For inner shell loss pectra, it routinely reaches a resolution of about 40 meV
and has resolved a rich variety of near-edge fine structures, for instance in Si
L2,3 spectra of an SiO2 layer in a MOSFET and in elemental silicon. Further
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improvements in energy resolution, to 10 meV and beyond, should become pos-
sible once the detector part of the column and the EELS are brought up to the
ultra-stable design standards used in the probe-forming part of the column, and
we are now working in this direction. When the energy-selecting slit is opened
to admit an electron beam about 100 meV wide at 60 keV primary energy,
the spatial resolution of the system is improved compared to running with the
MC turned off (and the beam going straight through it), or the MC on and the
energy-selecting slit withdrawn from the beam [8]. This is because at primary
energies <100 keV, the size of the unmonochromated probe in the Nion STEM
is mainly limited by chromatic aberration (Cc), and decreasing the beam en-
ergy spread reduces Cc’s influence. Bypassing the chromatic resolution barrier
shifts the attention back to geometric aberrations. We are presently working on
incorporating extra sextupoles in the Nion C3/C5 quadrupole-octupole probe
corrector [9] for more flexible control of parasitic aberrations. The sextupoles
work together with other multipoles of the corrector and produce a rich set of
combination aberrations, which allows all the important parasitic aberrations up
to fifth order to be adjusted via a small subset of controls that addresses each
aberration in turn. This should allow HERMES to form aberration-corrected
electron probes with semi-angles of up to about 50 mrad, and to reach probe
sizes of about 0.8 Å at 60 keV and about 1.2 Å at 30 keV.

[1] O.L. Krivanek et al., Ultramicroscopy 108, 179 (2008).
[2] N. Dellby et al. , Europ. Phys. J. Appl. Phys. 54, 33505 (2011).
[3] O.L. Krivanek et al., Nature 464, 571 (2010).
[4] T.C. Lovejoy et al., Appl. Phys. Lett. 100, 154101 (2012).
[5] W. Zhou et al., Phys. Rev. Lett. 109, 206803 (2012).
[6] Q.M. Ramasse et al., Nano Lett. DOI: 10.1021/nl304187e NA, NA (2012).
[7] O.L. Krivanek et al., Phil. Trans. Roy. Soc. A36, 3683 (2009).
[8] O.L. Krivanek et al., Microscopy 62, 3 (2013).
[9] N. Dellby et al., Physics Procedia 1, 179 (2008).
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Electronic structure and imaging contrast of graphene moire on
metals: combined STM/AFM/Kelvin-probe and DFT studies

Y. S. Dedkov1 T. Haenke1 O. Schaff1 T. Kampen1 A. Thissen1 E. N. Voloshina2

1SPECS Surface Nano Analysis GmbH, Voltastrasse 5, 13355 Berlin, Germany
2Institut f. Chemie, Humblodt-Universität zu Berlin, 12489 Berlin, Germany

Graphene layer on metal surfaces have been attracting the attention of sci-
entists since several decades, starting from middle of the 60s, when catalytic
properties of the close-packed surfaces of transition metals were in the focus
of the surface science research [1,2]. The recent demonstration of the fascinat-
ing electronic properties of the free-standing graphene renewed the interest in
the graphene/metal systems, which are considered as the main and the most
perspective way for the large-scale preparation of high-quality graphene lay-
ers with controllable properties. For this purpose single-crystalline as well as
polycrystalline substrates of 3d − 5d metals can be used. One of the particu-
larly exciting questions concerning the graphene/metal interface is the origin
of the bonding mechanism in such systems [2-4]. This graphene-metal puz-
zle is valid for both cases: graphene adsorption on metallic surfaces as well
as for the opposite situation of the metal deposition on the free-standing or
substrate-supported graphene. In the last case the close-packed surfaces of 4d
and 5d metals are often used as substrates. A graphene layer prepared on such
surfaces, i. e. Ru(0001), Rh(111, Ir(111), or Pt(111), forms so-called moire struc-
tures due to the relatively large lattice mismatch between graphene and metal
substrates. As a consequence of the lattice mismatch the interaction strength
between graphene and the metallic substrate is spatially modulated leading
to the spatially periodic electronic structure. Such lateral graphene superlat-
tices are known to exhibit selective adsorption for organic molecules or metal
clusters. Especially, the adsorption of different metals - Ir, Ru, Au, or Pt - on
graphene/Ir(111) has been intensively studied showing a preferential nucleation
around the so-called FCC or HCP high-symmetry positions within the moire
unit cell [5], which was explained via local sp2 to sp3 rehybridization of carbon
atoms with the bond formation between graphene and the cluster. However, a
fully consistent description of the local electronic structure of graphene/Ir(111),
the observed imaging contrast in scanning probe experiments and the bond-
ing mechanism of molecules or clusters on it is still lacking, motivating the
present research. Here we present the systematic studies of a graphene layer
on different lattice mismatched surfaces [Ru(0001), Rh(111), and Ir(111)] with
the focus on the graphene/Ir(111) system [6]. This research was performed via
a combination of the density functional theory (DFT) calculations, low-energy
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electron diffraction, angle-resolved photoelectron spectroscopy (ARPES), and
scanning tunneling and atomic force microscopy (STM and AFM) as well as
Kelvin-probe techniques. The microscopy experiments were performed in con-
stant current / constant frequency shift (CC/CFS) and constant height (CH)
modes (combination of SPECS SPM Aarhus 150 and KolibriSensor). ARPES
data clearly demonstrate a free-standing-like character of the electronic states
of graphene in this system. Our further results obtained via combination of DFT
calculations and scanning probe microscopy imaging allow to discriminate the
topographic and electronic contributions in these measurements and to explain
the observed contrast features. We found that in STM imaging the electronic
contribution is prevailing compared to the topographic one and the inversion of
the contrast can be assigned to the particular features in the electronic struc-
ture of graphene on Ir(111). Contrast changes observed in constant height AFM
measurements are analyzed on the basis of the energy, force, and frequency
shift curves, obtained in DFT calculations, reflecting the interaction of the W-
tip with the surface and are attributed to the difference in the height and the
different interaction strength for high-symmetry cites within the moire unit cell
of graphene on Ir(111). The presented findings are of general importance for the
understanding of the properties of the lattice-mismatched graphene/metal sys-
tems especially with regard to possible applications as templates for molecules
or clusters.

[1] A. Tontegode, Prog. Surf. Sci. 38, 201 (1991).
[2] J. Wintterlin and M. L. Bocquet, Surf. Sci. 603, 1841 (2009).
[3] M. Batzill, Surf. Sci. Rep. 67, 83 (2012).
[4] Yu. S. Dedkov et al., Graphene Nanoelectronics ed. H. Raza, Springer, Berlin (2012).
[5] A. T. N’Diae et al., New J. Phys. 11, 103045 (2009).
[6] E. N. Voloshina et al., Nature Sci. Rep. 3, 1072 (2013).
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Silicene: first Combined non-Contact Atomic Force Microscopy
and Scanning Tunnelling Microscopy Observations

A. Resta1 T. Leoni1 C. Barth1 A. Ranguis1 C. Becker1 P. Vogt2 G. Lelay1

1CINaM-CNRS Campus de Luminy Case 913 13288 Marseille Cedex 9
2Technische Universität Berlin, Institut für Festkörperphysik, Hardenbergstrasse 36, 10623
Berlin, Germany

Silicene is a honeycomb arrangement of silicon atoms forming a new synthetic
atom-thin two dimensional honeycomb silicon allotrope. This new silicon struc-
ture, which does not exist in nature, has recently generated a very strong inter-
ests [1] since it was first grown by silicon deposition on Ag(111) substrates [2].
Silicene first layer synthesis appears now as well recognized by the research
community. Recently the research effort has been on the growth of silicene
multilayers. Here, we report observations of the two major silicene structures,
single layer and double-layer, epitaxially grown on silver (111) surfaces. For
the first time they are observed by combining non-contact Atomic Force Mi-
croscopy and Scanning Tunneling Microscopy. Comparison of consecutively ac-
quired AFM and STM images reveals the dominant role of geometry over elec-
tronic effects, typically, in the appearance of the archetype single silicene layer,
which is 3x3 reconstructed (4x4 supercell in terms of Ag(111)). We further es-
tablish that the following

√
3x
√

3R(30) silicene reconstruction (4/
√

3x
√

3R(30)
with reference to Ag(111)) is observed upon further silicon deposition, stems
from the second layer grown, thus suggesting the existence of bi-layer silicene.
We also extend the interpretation of the Ag(111)

√
7x
√

13R(13.9) reconstruction
[3], recognizing the four domains arising from the rotational epitaxy of first layer√

7x
√

7R(19.1) honeycomb domains in coincidence with the silver superstruc-
ture, therefore suggesting that also this arrangement might effectively belong
to silicene.

[1] M. Xu et al., Chemical Reviews 10.1021/cr300263a (2013).
[2] P. Vogt et al., Phys. Rev. Lett. 108, 55501 (2012).
[3] C.L. Lin et al., Appl. Phys. Exp. 5, 045802 (2012).
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Intercalation between graphene and a metal

A. Kimouche1 S. Vlaic1 S. Samaddar1 S. Martin1 C. Vo-Van1 A. T. N’Diaye2
A. K. Schmid2 O. Renault3 O. Fruchart1 C. Winkelmann1 N. Rougemaille1
J. Coraux1
1Institut Neel, CNRS & Universite Joseph Fourier
2National Center for Electron Microscopy, Lawrence Berkeley National Laboratory
3CEA LETI

The exploration of the unique properties of graphene, an atomically-thin sheet
of sp2-hybridized carbon, has fostered remarkable efforts since 2004. Recently
the possibility to insert graphene into heterostructures, by successive exfolia-
tions of various lamellar materials (e.g. graphite, MoS2, BN) has opened new
perspectives, of which mostly those concerning electronic transport have been
considered thus far. Surface science allowed to broaden this scope, from the
point of view of both the experimental probes and the preparation of graphene-
based heterostructures. Intercalation of various species between graphene and
a metallic substrate, a method which has been known since the 1980’s [1], en-
counters renewed interest in this respect. It was for instance shown accordingly
that the weak spin-orbit constant of pristine graphene could be considerably
enhanced by the immediate proximity of a gold atomic layer [2], or that graphene
could recover the electronic properties of free-standing graphene when decou-
pled from its substrate by an intercalated atomically-thin oxygen layer [3].
Though intercalation is now routinely used in a number of research groups, the
mechanisms by which it occurs remain essentially speculated.

Using a combination of microscopy (with electrons and scanning probes)
and spectroscopy (X-ray photoemission, Raman, tunneling) techniques we have
investigated the intercalation of various species under various conditions be-
tween graphene and Ir(111), a prototypical system for high quality [4] quasi
free-standing graphene [5]. In this presentation I will present the in situ study
of the ultra-high vacuum intercalation of Co ultra-thin films, and of how the
magnetic properties of Co are deeply influenced by the interface with graphene
[6,7]. I will then address the intercalation of oxygen under atmospheric condi-
tions, and will describe the local formation of an intercalated ultra-thin oxide
that it involves as well as the resulting changes in the electronic properties
of graphene, which becomes fully decoupled from its substrate [8]. On these
two examples I will illustrate the role of defects in graphene (vacancies, edges,
wrinkles) in the intercalation process.

[1] A. Y. Tontegode, Progress Surf. Sci. 38, 201 (1991).
[2] A. Varykhalov et al., Phys. Rev. Lett. 101, 157601 (2008).
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[3] P. Sutter, J. T. Sadowski, E. A. Sutter, J. Am. Chem. Soc. 132, 8175 (2010).
[4] J. Coraux et al., Nano Lett. 8, 565 (2008).
[5] C. Busse et al., Phys. Rev. Lett. 107, 036101 (2011).
[6] J. Coraux et al., J. Phys. Chem. Lett. 3, 2059 (2012).
[7] N. Rougemaille et al., Appl. Phys. Lett. 101, 142403 (2012).
[8] A. Kimouche et al., submitted (2013).
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Ion beam induced defects in graphene studied by STM, MDS,
and DFT

C. Busse1 S. Standop1 O. Lehtinen2 C. Herbig1 J. Kotakoski3
A. V. Krasheninnikov4 T. Michely1

1Universität zu Köln
2University of Ulm
3University of Vienna
4Aalto University

Graphene grown epitaxially on metal surfaces can be used as a model system
to study fundamental properties of this new material using surface science
methods. Here, the system of graphene on Ir(111) is of special importance
as the interaction between the carbon atoms and the substrate is weak [1],
leaving the electronic structure largely identical to the one of free graphene
[2]. Furthermore, the carbon sheet can be grown as an extended layer of high
structural quality [3].

In this model system, we study defects induced by ion irradiation using
STM. The experiments are corroborated by MDS and DFT calculations. Un-
der grazing incidence, ions are channeled between graphene and its substrate,
giving rise to chains of vacancy clusters. The presence of the metallic substrate
induces a funnel-shape to these clusters as the broken C-C bonds saturate by
binding to the metal. By tuning the balance between defect creation, annihi-
lation, and migration, we were able to create a periodic pattern of holes in the
graphene (nanomesh) [4].

[1] C. Busse, P. Lazic, R. Djemour, J. Coraux, T. Gerber, N. Atodiresei, V. Caciuc, R. Brako, A. T.
N’Diaye, S. Blügel, J. Zegenhagen, T. Michely, Phys. Rev. Lett. 107, 036101 (2011).

[2] I. Pletikosic, M. Kralj, P. Pervan, R. Brako, J. Coraux, A. T. N’Diaye, C. Busse, T. Michely,
Phys. Rev. Lett. 102, 056808 (2009).

[3] J. Coraux, A. T. N’Diaye, C. Busse, T. Michely, Nano Lett. 8, 565 (2008).
[4] S. Standop, O. Lehtinen, C. Herbig, G. Lewes-Malandrakis, F. Craes, J. Kotakoski, A. V.

Krasheninnikov, C. Busse, Nano Lett. (2013) in press.
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Density functional simulations of phase-change materials:
Insights on crystallization

J. Akola1,2,3

1Department of Physics, Tampere University of Technology, Finland
2COMP, Aalto University, Finland
3PGI-1, Forschungszentrum Jülich, Germany

Phase change materials (PCM) function in commercial rewriteable optical disks
(DVDs, Blu-ray Disc) and nonvolatile computer memory (PC-RAM) because
the amorphous-crystalline transition is rapid, reversible, and accompanied by
changes in the optical and electrical properties. The amorphous structures of
PCMs are difficult to determine, and the nature of the ultra-fast crystallization
mechanism remains the subject of much study and speculation. We have per-
formed two large scale density functional simulations (several hundred atoms
over hundreds of picoseconds) of crystallization in the prototype "nucleation
dominated" phase change material Ge2Sb2Te5 (GST-225) and can provide de-
tails of the changes in order as crystallization proceeds.

Our first DF/MD simulations [1] were on a 460-atom sample at 500, 600,
and 700 K for up to 600 picoseconds, where crystallization was promoted by
fixing the structure of a crystalline "seed" (58 atoms, 10% vacancies). The second
simulations were also on a 460-atom sample at 600 K, but with no constraints
on the geometry. The density was adjusted during the simulation to allow for
the difference between the amorphous and crystalline forms. Crystallization oc-
curs in stages and was complete within 0.3-1.1 ns, depending on the simulation
parameters (constraints, temperature). The structural changes were monitored
by calculating the pair distribution functions, appropriate order parameters, the
number of "wrong bonds" (bond pairs that do not occur in the ordered form),
the variation in the cavities, and the electronic density of states. The simu-
lations reveal the course of the crystallization process at the atomistic level,
and the important stages include pre-structuring, nucleation, percolation, and
final (rapid) collapse to the crystalline state. Interestingly, the behavior of the
individual elements (Ge, Sb, Te) is temperature-dependent.

[1] J. Kalikka, J. Akola, J. Larrucea, R. O. Jones, Phys. Rev. B 86, 144113 (2012).
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Unexpected strong interaction at a single-layer
graphene/α-Al2O3(0001) interface

L. Y. Antipina1 S. Entani2 P. B. Sorokin1,3 P. V. Avramov2 M. Ohtomo2
Y. Matsumoto2 H. Naramoto2 S. Sakai2
1FSBI TISNCM, 142190, Russia
2JAEA, 319-1195, Japan
3IBCP RAS, 119334, Russia

We have studied the vertical atomic structure of a single-layer graphene/α-
Al2O3(0001) interface by the density-functional theory. The vertical distance
between the top of sapphire surface (0001) and the graphene sheet is predicted
to be about 0.26 nm which is exactly equaled to the experimental value. We
consider that the small distance is caused by the strong interaction at the in-
terface. An electronic structure calculation supports the existence of the strong
interaction that originates from the electrostatic interaction between graphene
π-system and unsaturated electrons of surface oxygen layer rather than van der
Waals interaction.
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On stability of silicon nanoclusters passivated by hydrogen
atoms

V. S. Baturin1 S. V. Lepeshkin1 N. L. Matsko1
1Lebedev Institute, Moscow

Silicon nanoclusters are very promising objects in constructing of nanoelectronic
devices. Particularly for their compatibility with existing silicon semiconductor
technology. Our aim is to determine the cluster ensemble’s phase composi-
tion. We developed the algorithm based on linear programming methods which
allows to compute reaction energies and phase composition using given clus-
ters energies, concentration of passivating H2 molecules. The most important
results are the following: 1) The reaction energy as a function of passivation
degree has irregular behavior; 2) There are H2 concentrations favorable for ho-
mogenic ensemble of stable clusters (Si10, Si10H14, Si10H16, Si10H22). Other
H2 concentrations lead to the binary mixture compositions. 3) The structures
with minimal dangling bonds number are the most stable.
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In-situ growth of cellular two-dimensional silica layers on
metal substrates

F. Ben Romdhane1 F. Banhart1
1IPCMS, UMR 7504 CNRS, Universite de Strasbourg, 67034 Strasbourg, France

Silicon dioxide films have attracted much interest due to their potential use
in many technological applications, e.g., as insulating barriers in devices, as
a gate oxide in field effect transistors, for applications in catalysis, or for pro-
tecting metal surfaces. Recently, the preparation and the atomic structure of a
new quasi-two-dimensional phase of silica have been reported. Corner-sharing
SiO4 tetrahedra form a mono- or bilayer structure on substrates. The phase
shows either a disordered (vitreous) network or a honeycomb lattice on metal
surfaces with hexagonal symmetry. This novel phase of silica has a well-defined
thickness and might be superior to amorphous silicon dioxide films in nanotech-
nology. All studies of the synthesis of the 2D silica layer have hitherto been
carried out ex-situ and could not reveal details about the growth mechanism.
Here a new route is reported towards the synthesis of 2D silica in a solid-
state growth process that was carried out in-situ in a transmission electron
microscope [1]. The experiments allow us to obtain detailed information on the
nucleation, growth, and the epitaxial relationship with the crystalline symme-
try of the metal surface. The cellular structure was grown on different metals
substrates (Fe, Co, Ru) at temperatures around 500◦C in the heating speci-
men stage of an electron microscope. The growth was monitored at high image
resolution and by electron energy-loss spectroscopy. Whereas the cells form
a hexagonally ordered network on the (0001)-surfaces of hexagonally close-
packed Co and Ru layers, growth on other metal surfaces shows a disordered
arrangement of the cells and the appearance of defective structures. The de-
fects resemble in a striking way the known non-hexagonal rings in graphene
(pentagons, heptagons etc.).

[1] F. Ben Romdhane, T. Björkman, J. A. Rodriguez-Manzo, O. Cretu, A. V. Krasheninnikov, F.
Banhart, submitted for publication (2013).
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Rupture and folding of exfoliated graphene and the role of the
interfacial layer

T. R. J. Bollmann1 M. Temmen1 O. Ochedowski2 B. Kleine Bussmann2

M. Schleberger2 M. Reichling1

1Fachbereich Physik, Universität Osnabrück, Barbarastrasse 7, 49076 Osnabrück, Germany
2Fakultät für Physik and CeNIDE, Universität Duisburg-Essen, 47048 Duisburg, Germany

We demonstrate three different methods to modify single layer graphene (SLG)
sheets mechanically exfoliated under ambient conditions on 6H-SiC(0001) namely,
(i) swift heavy ion (SHI) irradiation, (ii) rupture by a force microscope tip and
(iii) severe heating where we anticipate the interfacial layer (IFL) to play a
major role [1]. SHI irradiation results in rupture of the SLG sheets, creating
foldings and bilayer graphene (BLG) [2]. Applying the other modification meth-
ods enlarges foldings with rupture along zigzag and armchair edges. Peeling
at a folding under an angle can create twisted BLG, with a similar height as
Bernal stacked BLG. Twisted BLG, however, exhibits a significant contrast in
the local contact potential [1].

The role of the IFL is investigated in more detail by annealing few layer
graphene (FLG) on CaF2(111). Reducing the IFL by annealing to temperatures
up to 600K, yields ordered arrays of pits and mounds similar to (inverse) droplet
phases found for Langmuir films. Annealing to temperatures over 700K results
in the rupture of FLG areas, where for SLG protrusions of several nm in height
are found. The stress due to boiling in the IFL is anticipated to drive this
rupture.

[1] M. Temmen, et al., Submitted for publication - (2013).
[2] S. Akcltekin, et. al., Appl. Phys. Lett. 98, 103103 (2011).
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Ab-initio calculations of the photoelastic constants of the large
band gap II-VI type semiconductors

K. Bouamama1 P. Djemia2

1LOC, Departement de Physique, Universite Ferhat Abbas, 19000 Setif, Algeria
2LSPM-CNRS, Sorbonne Paris Cite, Universite Paris 13, 99 Avenue J.B. Clement, 93430
Villetaneuse, France

Abstract: Residual defects after growth of semiconductors crystals is a hot issue
to be solved for manufacturing new efficient electronic or optic devices. These
defects can be conveniently observed using birefringence optical microscopy for
extended defects that will create a local strain field which in turn can cause a
nominally isotropic optical material to become anisotropic and induce birefrin-
gence. In order to perform a quantitative analysis, the knowledge of the photoe-
lastic constants (Pij) of the material that measure the strength of the change of
the refractive index under application of strains or stresses is necessary. As an
experimental determination of the whole set of constants is not always possible,
a theoretical evaluation can be of valuable interest. In this work, we propose
ab-initio calculations by the WIEN2k program of the optical properties of the
zinc blende II-VI type semiconductors with a self-consistent scheme by solving
the Kohn-Sham equations using a full potential linearized augmented plane
waves (FPLAPW) method in the framework of the density functional theory
(DFT) along with the generalized gradient approximation (GGA). A combina-
tion of specific compressive and tensile strains is applied to the two atoms unit
cell and the tensor containing each specific combination of the Pij constants is
extracted.
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Ab initio molecular dynamics study of liquid water on
NaCl(100) surface

J-C. Chen1,2 B. Reischl1 A. Foster1 K. Laasonen2

1Department of Applied Physics, FI-00076 Aalto, Finland
2Department of Chemistry, Aalto University, FI-00076 Aalto, Finland

By employing ab initio molecular dynamics (AIMD) [1], we have simulated the
liquid water-solid surface interaction of 256 water water on a (4x4) NaCl(100)
unitcell. In this system, our AIMD results show that these water molecules
occupy approximately in four layers. The liquid water density distribution has
a maximum peak of 1.40 g/cm3 in the first layer 2.8 Åabove the NaCl surface,
which agrees with the previous AIMD results [2, 3] . The water density de-
creases to 1.10 g/cm3 in the fourth layer. The first layer water is about 1 ML
on NaCl(100) surface, in which the oxygen atoms mainly occupy Na sites sta-
tistically. The liquid water structure appears when water is further away from
the NaCl(100) surface by about 7.0 Åfrom oxygen–oxygen radial distribution
function.

To understand the dissolving process of NaCl into liquid water, we have
calculated the dissolve barriers of Cl- and Na+ ions from flat, vacancies,stepped
and the corner of the island on the NaCl(100) surfaces using constraint method.

The barrier heights for producing Cl- or Na+ ions on flat NaCl(100) surface
are 0.78 eV and 0.75 eV, respectively. The dissolve barriers for Cl- and Na+
ions on stepped surface are 0.19 eV and 0.13 eV respectively. The barriers for
producing Cl- or Na+ ions from the corners of island on NaCl(100) surface
are 0.12 eV and 0.11 eV, respectively. These results indicate that NaCl crystal
dissolves starting from the corners of an island or a step surface. Thus, the
departure of a Na+ ion has slightly lower barriers than dissolving Cl- ion at
the initial stage. However when more Na+ ions are dissolved, the Na+ and
Cl- ions have approximately the same barrier as tested on the stepped surface.

[1] J. VandeVondele et al., Comput. Phys. Commun. 167, 103 (2005).
[2] L. M. Liu et al., J. Chem. Phys. 130, 234702 (2009).
[3] L. M. Liu et al., Phys. Chem. Chem. Phys. 13, 13162 (2011).
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Hydrogen adsorption in carbon nanotubes bundles mediated by
various gas environments at the gamma-irradiation.

B. A. Danilchenko1 I. Y. Uvarova1 I. I. Yaskovets1 R. M. Basnukaeva2

A. V. Dolbin2 V. G. Manzhelii2
1Institute of Physics NASU, Kiev, Ukraine
2B. Verkin Institute for Low Temperature Physics & Engineering NASU, Kharkov, Ukraine

Results of experimental studies Co-60 gamma-irradiation influence on the hy-
drogen adsorption in bundles of carbon nanotubes are presented. In contrast to
other studies, we have conducted the radiation treatment of carbon nanotubes
in the different gases before the hydrogen saturation. Investigated nanotube
bundles have metallic conductivity [1] and Raman spectroscopy measurements
shows two peaks for the breathing modes that correspond to vibration of individ-
ual nanotubes with diameter (1.02-1.05) nm and (1.68-1.73) nm [2]. Irradiation
of carbon nanotubes was performed at room temperature in hermetic cell filled
with hydrogen, deuterium, oxygen or nitrogen at atmospheric pressure. For
the comparison, the irradiation of nanotubes was carried out in a vacuum, too.
The exposure dose of gamma-irradiation was (1.5-1.7) 107 rad. The hydro-
gen sorption - desorption of irradiated nanotubes was investigated in the wide
temperature interval 10K-1270K. Obtained results were compared to sorption
properties of nonirradiated nanotubes. We have observed an essential influ-
ence of preliminary irradiation of nanotubes in gases on physical and chemical
absorption of hydrogen. In the low temperature range 10–100K the highest
increase of physically absorbed hydrogen in nanotubes was observed after ir-
radiation in deuterium. The ratio of the total amount of physically absorbed
hydrogen after irradiation in deuterium in comparison with non-irradiated nan-
otubes reached 3.6 times. We found no change in the hydrogen adsorption
capacity after irradiation in vacuum with the same dose. Before high tempera-
ture measurements of chemically adsorbed hydrogen the irradiated nanotubes
were kept in vacuum at room temperature during 48 hours in order to remove
the residual gases. Then, the saturation with hydrogen was carried out at at-
mosphere pressure and room temperature for 48 hours. After that the hydrogen
has been pumped away and nanotubes were heated from room temperature to
1270K in steps of one hundred degrees. In such series of measurements the
hydrogen desorbtion started after the heating to 800K and have continued up
to 1270K . In carbon nanotubes irradiated in a hydrogen atmosphere, the to-
tal amount of chemically absorbed hydrogen which we have collected after the
heating in the temperature interval 300–1270K, was reached 3.85% of hydrogen
molecules per carbon atom. This value is more than ten times higher than for
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the non-irradiated carbon nanotubes [3]. The results obtained are discussed
in a view of our recently developed model the gas environment contribution on
defects introduction rate into carbon nanotube at the gamma irradiation [4] and
calculations of friction force for high energy atoms in nanotubes [5].

[1] B.A.Danilchenko, L.I. Shpinar, N.A. Tripachko, E.A. Voitsihovska, S.E. Zelensky, B.Sundqvist,
Appl.Phys. Lett. 97, 072106 (2010).

[2] B.A. Danilchenko, N.A. Tripachko, E.A. Voytsihovska, I.A. Obukhov, I.I. Yaskovets, B.Sundqvist ,
Low Temp. Phys. 37, 710 (2011).

[3] A. V. Dolbin, V. B. Essel’son, V. G. Gavrilko, V. G. Manzhelii, N. A. Vinnikov, S. N. Popov, B. A.
Danilchenko, N. A. Tripachko, Low Temp. Phys. 37, 589 (2011).

[4] B.A. Danilchenko, N.A. Tripachko, I.Y. Uvarova, I.I. Yaskovets, Phys.Stat.Sol. Excepted (2013).
[5] A. V. Krasheninnikov and K. Nordlund, J. Appl. Phys. 107, 07 1301 (2010).
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Gold-embedded zigzag graphene nanoribbons as spin gapless
semiconductors

X. Hu1,2 L. Sun1 A. Krasheninnikov2,3
1SEU-FEI Nano-Pico Center, Key Lab of MEMS of Ministry of Education, Southeast University,
210096 Nanjing, China

2Department of Applied Physics, Aalto University, FI-00076 Aalto, Finland
3Department of Physics, University of Helsinki, FI-00014 Helsinki, Finland

Recently, the new concept of spin gapless semiconductor (SGS) [1] has been
proposed by Xiaolin Wang, who analyzed the electronic properties of doped
PbPdO2 systems using first-principles calculations. The SGS materials have
unique band structures. The top of the valence band of a spin channel and the
bottom of the conduction band of at least one spin channel touch at the Fermi
level. The SGS materials have more interesting features than the conventional
semiconductors [2, 3]. For example, no energy is required to excite electrons
from the valence band to the conduction band, while the density of states at the
Fermi level is zero, and both electrons and holes can be 100% spin polarized
at the Fermi level, which is the most desirable property of semiconductors in
spintronics.

Using density-functional theory calculations, we studied the electronic and
magnetic properties of zigzag graphene nanoribbons (ZGNRs) with gold (Au)
atoms embedded into different sites of the ZGNRs [4]. Strong site dependence
was found, and the system had the ferromagnetic or antiferromagnetic ground
state depending on the Au atom position. The SGS behavior was observed
when the Au atom was embedded into the center and edge sites of the ZGNRs.
The simulations showed that the electronic structure of the ribbon strongly
depends on ZGNR width, but the SGS behavior is always present when the
Au atom is embedded into the center and edge sites. The SGS properties were
also found to be dependent on impurity atom concentration, so that they can
be tuned by either selecting the proper positions of Au atoms or changing their
concentration. Our results suggest a flexible way of designing SGSs, which
could be used in various spintronic, electronic, and optoelectronic applications.

[1] X. L. Wang, Phys. Rev. Lett. 100, 156404 (2008).
[2] X. L. Wang, G. Peleckis, C. Zhang, H. Kimura, and S. X. Dou, Adv. Mater. 21, 2196 (2009).
[3] X. L. Wang, S. X. Dou, C. Zhang, NPG Asia Mater. 2, 31 (2010).
[4] X. H. Hu, W. Zhang, L. T. Sun, and A. V. Krasheninnikov, Phys. Rev. B. 86, 195418 (2012).
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Defect mediated manipulation of nanoclusters on an insulator

T. Hynninen1,2 G. Cabailh3 A. S. Foster1 C. Barth3

1Aalto University, Finland
2Tampere University of Technology, Finland
3CiNAM-CNRS, France

Metallic nanoclusters adsorbed on insulating surfaces and thin films are promis-
ing candidates as next generation catalysts in many industrial processes. Non-
contact Atomic Force Microscopy (nc-AFM) has recently begun to be applied
to these systems, potentially providing atomic resolution of the surface and the
adsorbed nanoclusters. Furthermore, atomic control on the size of deposited
nanoclusters and nc-AFM’s ability to manipulate the clusters on the surface
means one can examine the properties of clusters of specific sizes at chosen
sites on the surface.

We study Au cluster manipulation on NaCl (001), a prototype system, by
both experiments and simulations [1]. Two types of clusters are found exper-
imentally: isotropically and anisotropically moving ones, the latter only mov-
ing in 〈110〉 surface directions. Density functional calculations show that the
anisotropy in preferred paths of clusters depends on the type of vacancy they
attach to. The anisotropic movement can be explained as a result of the clus-
ters attaching to a row of Cl ions in the presence of Na vacancies. Since the
clusters can slide along rows of Cl ions on the surface, they prefer to move in
the [110] direction. In contrast, clusters attached to Cl vacancies are expected
to move in all directions. The results demonstrate how the behavior of metallic
clusters on insulators during manipulation can be dominated by the interaction
between the clusters and the defects found on the surface.

[1] T. Hynninen, G. Cabailh, A.S. Foster, C. Barth, Scientific Reports 3, 1270 (2013).
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STM study of argon ion sputtering of epitaxial graphene on
Ir(111)

S. K. Hämäläinen1 E. H. Åhlgren2 J. Kotakoski2,3 P. Liljeroth1

1Department of Applied Physics, Aalto University School of Science, P.O. Box 15100, 00076
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2Department of Physics, University of Helsinki, P.O. Box 43, 00014 University of Helsinki,
Finland

3Department of Physics, University of Vienna, Boltzmanngasse 5, 1090 Wien, Austria

The electronic structure of pristine graphene has been studied extensively in
recent years, both experimentally and computationally. Graphene in reality is
however never completely defect free. Even individual defects begin to play a
significant role when graphene devices are decreased in size. Individual de-
fects in graphene have been shown by ab initio calculations to change many
of graphenes properties locally, giving rise to magnetism, for instance. Experi-
ments on defects are however lacking behind the computational effort.

We have studied defects induced by argon ion borbardment in epitaxial
graphene on iridium by scanning tunneling microscopy (STM) and electron
spectroscopies. In addition to simple point defects we also observe trapped
atoms in the graphene iridium interface. We compare the yield of various types
of defects as a function of the kinetic energy of the ions and compare the
experimental results to molecular dynamics simulations.
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Spin split of the zigzag end state in finite armchair graphene
nanoribbons in the presence of doping and defects
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A. Harju1

1COMP Centre of Excellence and Helsinki Institute of Physics, Department of Applied Physics,
Aalto University School of Science, PO Box 14100, 00076 Aalto, Finland

2Condensed Matter and Interfaces, Debye Institute for Nanomaterials Science, Utrecht
University, PO Box 80000, 3508 TA Utrecht, the Netherlands

3Department of Applied Physics, Aalto University School of Science, PO Box 15100, 00076
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Theoretically, an antiferromagnetic zigzag edge state has been predicted in
infinite zigzag nanoribbons, associated with antiferromagnetic order between
the ribbon edges and the opening of a band gap [1]. The interpretation of
experiments regarding these spin-split states [2,3] might not be straightfor-
ward. Recently, finite armchair graphene nanoribbons have been synthesized
on Au(111), and in scanning tunneling spectroscopy (STS) measurements, a
double peak structure in the state close to zero bias localized at the zigzag-
terminated end has been observed [4]. By creating a defect at one end of the
ribbon using a voltage pulse from the scanning tunneling microscope tip, thus
connecting the ribbon to the substrate, the intensity of the split peak was found
to decrease. Instead of a spin-split zigzag end state, the peak structure was at-
tributed to phonon-assisted tunneling, the decrease in peak intensity reflecting
a shorter lifetime of the electrons in the substrate-connected ribbon.

Here, we provide density-functional theory calculations to further support
this interpretation. We consider the effect of different edge hydrogen termi-
nations for the finite ribbons, as well as the effect of doping and structural
defects on the end-localized states, and their corresponding energy gaps. We
show that, in general, introducing a defect at one end has little effect on the
electronic states at the other, intact end. Moreover, even minor doping, for
instance due to the gold substrate, destroys the spin-split of the end state. We
also provide simulated STS maps suitable for identification of the different edge
hydrogen terminations.

[1] Y.-W. Son et al., Nature 444, 417 (2006).
[2] C. Tao et al., Nature Phys. 7, 616 (2011).
[3] M. Pan et al., Nano Lett. 12, 1928 (2012).
[4] J. van der Lit et al., submitted (2013).
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Encapsulated Inorganic Nanowires within Single-Walled
Carbon Nanotubes: On-Tube Potential Modulation Effects and
Self-Repair Dynamics

A. Ilie1,2
1Centre for Graphene Science, University of Bath
2Department of Physics, University of Bath

The large variety of hybrid carbon nanotube systems synthesized to date (e.g.,
by encapsulation, wrapping, or stacking) has provided a body of interactions
with which to modify the host nanotubes to produce new functionalities and con-
trol their behavior. Each, however, has limitations: hybridization can strongly
degrade desirable nanotube properties; noncovalent interactions with molecular
systems are generally weak; and interlayer interactions in layered nanotubes
are strongly dependent upon the precise stacking sequence. Here we show that
the electrostatic/polarization interaction provides a generic route to designing
unprecedented, sizable and highly modulated (1 eV range), noncovalent on-tube
potentials via encapsulation of inorganic partially ionic phases where charge
anisotropy is maximized. Such potentials lead to significant redistribution of
the wave function around the nanotube, with implications for conceptually new
single-nanotube electronic devices and molecular assembly.

On the other hand, realizing robust nanoscale systems requires them to have
the ability to self-repair. Therefore, understanding what can drive self-repair is
critical for a good design. We show that single-walled carbon nanotubes (SWC-
NTs) filled with inorganic nanowires do indeed sustain reconfiguring dynamic
phenomena that involve both the nanotube and the filling, and allow them to
self-repair. We studied competing dynamic phenomena of ejection, motion and
repair and uncovered regimes and interactions that favor repair, highlighting a
pathway towards a more general mechanism for nanowire repair. These results
demonstrate remarkable capabilities nanostructures can possess to self-repair
and reconfigure when subjected to extreme confining environments.

These phenomena are investigated with ab-initio and molecular dynamics
simulations combined with high resolution transmission electron microscopy,
and in the first case, also with scanning tunnelling microscopy and spectroscopy.
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Defects in two-dimensional transition metal dichalcogenides:
From vacancies to substitutional random alloys
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Transition metal dichalcogenides (TMDs) are a class of layered materials, sim-
ilar to graphite and BN, with promising future in nanoelectronic and photonic
applications. Due to recent advances in succesful production of two-dimensional
monolayers they have started to attract considerable attention. In order to take
full advantage of the promise of these materials, a good control over the defect
production is required. In particular, defects could be produced intentionally
during chemical vapor deposition growth or by ion irradiation, whereas unin-
tentional production may be expected during transmission electron microscope
(TEM) imaging.

In this work, we first investigate vacancy formation under electron irradia-
tion in TMD materials. Displacement thresholds are evaluated from molecular
dynamics calculations and compared to the experiments in the case of S va-
cancy formation in MoS2 [1]. Isolated vacancies are stable, but with increasing
exposure and vacancy concentration, they are found to agglomerate to form
lines. With the help of first-principles calculations, we determine their atomic
structure and also discuss possible formation mechanisms.

Filling of the vacancies is observed in TEM images. Thus, we examine
chalcogenide substitution processes within these materials. Substitution by
other atomic species is found to be energetically favorable, thereby suggest-
ing a way for doping of these materials [1]. Finally, as extended substitution
by isoelectronic ions leads to alloying, we study the stability and electronic
structure of alloys consisting of MoS2, MoSe2, and MoTe2 [2].

[1] H.-P. Komsa et al., Phys. Rev. Lett. 109, 035503 (2012).
[2] H.-P. Komsa and A. V. Krasheninnikov, J. Phys. Chem. Lett. 3, 3652 (2012).
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Theoretical study of changes of the work function of graphene
nanostructures. The way to high electronic emission from pure
carbon medium.

D. G. Kvashnin1 P. B. Sorokin2 L. A. Chernozatonskii1
1Emanuel Institute of Biochemical Physics RAS
2Technological Institute of Superhard and Novel Carbon Materials

It is well known that Graphene is currently considered as a base for the whole
future nanoelectronics. For example, for the field electron emission (FEE) an in-
dividual single-layer graphene has been applied [1, 2]. The work function value
decrease is highly desirable for successful graphene application in the FEE
area. The electrons emit mainly from the graphene edges [3]. Here the impact
of the edges and presence of dopants to the work function (WF) of graphene
nanoribbons (GNR) and nanoflakes was studied by ab initio approach. The
strong dependence of the WF upon the GNR structure and on the presence of
the donor type impurities was observed. Basing on that impact of the nanos-
tructure edges to the emission properties, the small graphene flakes were in-
vestigated as a possible source for the electron emission. It was found the weak
dependence of the low WF values of the graphene flakes on their size and shape
which allows to suggest that the pure carbon medium with high and uniform
emission properties can be fabricated by today technology. This work is cur-
rently in press in the Applied Physics Letters and was supported by the Russian
Foundation for Basic Research (project no. 11-02-01453/12). The authors are
grateful to the Joint Supercomputer Center of the Russian Academy of Sciences
and "Lomonosov" research computing center for the possibilities of using a clus-
ter computer for the quantum-chemical calculations. P.B.S. also acknowledges
the Russian Foundation for Basic Research (project no. 12-02-31261) and the
Russian Ministry of Education and Science (Contract No. 14.B37.21.1645).
D.G.K. also acknowledges the support from the Russian Ministry of Education
and Science (No. 948 from 21 of November 2012).

[1] J. Hwang, H. K. Choi, J, Moon, T. Y. Kim, J. Shin, C. W. Joo, J. Han, D. Cho, J. W. Huh, S. Choi,
J. Lee, H. Y. Chu, Appl. Phys. Lett. 100, 133304 (2012).

[2] S. Watcharotone, R. S. Ruoff, F. H. Read, Phys Procedia 1, 71 (2008).
[3] M. Araidai, Y. Nakamura, K. Watanabe, Phys. Rev. B. 70, 2454105 (2004).
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Identification and study of the most stable clusters Si10H2m (m
= 0 ... 11)

S. V. Lepeshkin1 V. S. Baturin1 N. L. Matsko1
1P.N.Lebedev Physical Institute of the RAS

The most stable structures of silicon clusters Si10H2m (m = 0 ... 11) passi-
vated by hydrogen have been identified using an evolutionary algorithm and the
characteristics of their electronic spectrum have been studied. It was found that
the arrangement of atoms in the clusters studied, except Si10H16, significantly
differs from that of crystalline silicon. The performed analysis has shown that
the most energetically favorable structures are those in which all the valence
electrons form interatomic bonds and there are no electrons corresponding to
broken bonds. For the clusters considered this means that each silicon atom
has four nearest-neighbor atoms.

To study the optical and other electronic properties of clusters the knowl-
edge of the one-electron spectrum is important. Performed calculations of the
electronic structure of stable clusters using density functional theory showed
that as a number of hydrogen atoms grows, the gap in the electronic spectrum at
first decreases slightly and then increases. The behavior of the gap, in general,
correlates with the change in the degree of stability of the clusters.
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Electron transfer at the semiconductor-dye interface in
dye-sensitised solar cells

N. Martsinovich1 E. Maggio1 F. Ambrosio1 A. Troisi1
1Department of Chemistry, University of Warwick, UK

Solar cells are among the most promising ways of producing renewable energy.
They are semiconductor-based devices which convert solar energy to electric-
ity. However, their cost and efficiency is still below that of fossil fuels. The
efficiency of solar cells is controlled by the rates of charge transfer processes
in the cell. In this work, we study the rates of charge transfer processes in
dye-sensitised solar cells (DSSCs). DSSCs are composed of semiconductor
nanoparticles with adsorbed dye molecules in electrolyte solution. We focus on
the processes taking place at the semiconductor-dye interface: electron injec-
tion from semiconductor to dye and electron recombination from semiconductor
to dye cation.

Our computational approach combines density-functional theory (DFT) de-
scription of the dye-semiconductor (TiO2) interface with non-adiabatic electron
transfer theory for the calculation of charge transfer rates. [1] We investigate
the influence of the dye-semiconductor interface on electron injection by vary-
ing the dyes’ structures [1], chemistry of the dyes’ anchoring to TiO2 [2], and
TiO2 crystallographic surface orientation [3].

We also model electron recombination (the undesirable electron transfer
from semiconductor to dye cation, resulting in efficiency loss), taking into ac-
count the presence of the electrolyte, and rank dyes according to their re-
combination rates [4]. Based on our model for injection and recombination, we
propose a new design for DSSC dyes, where injection is fast and recombination
forbidden by symmetry [5], thus leading to efficient solar cells.

[1] N.Martsinovich, A.Troisi, J.Phys.Chem. C 115, 11781 (2011).
[2] F.Ambrosio, N.Martsinovich, A.Troisi, J.Phys.Chem. Lett. 3, 1531 (2012).
[3] N.Martsinovich, A.Troisi, Phys.Chem.Chem.Phys. 14, 13392 (2012).
[4] E.Maggio, N.Martsinovich, A.Troisi, J.Phys.Chem. C 116, 7638 (2012).
[5] E.Maggio, N.Martsinovich, A.Troisi, Angew.Chem. 52, 973 (2013).
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Control of the morhology and the organization of colloidal
nanoparticles by template assisted method
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University, Hadath, Beirut, Lebanon
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9 Av. A. Savary, BP 47870 F-21078 Dijon Cedex, France
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Metallic nanostructures with various morphologies have been a subject of in-
tensive research in recent years because it provides an effective strategy for
tuning the electronic, magnetic, optical, and catalytic properties. Especially,
the controllable preparation of metal nanostructures with different shapes is of
great interest because it allows one to fine-tune the properties with a greater
versatility in many cases. Among these structures, silver nanoparticles (NPs)
have received high attention due to their potential applications in areas such as
biomedicine, optical filters, and nanoelectronics. In this work, we report our in-
vestigation on both, the control of the morphology and the organization of silver
NPs on a steel substrate using a template-assisted process. Their electrochemi-
cal activities were then studied vs their 3D self-assembly. First, the phase sepa-
ration of a poly(styrene-block-4vinylpyridine) (PS-P4VP) block copolymer thin
film was used to create highly organized nanopores onto the substrate. Then,
gold nanocolloids or evaporated gold clusters were confined into the nanoholes
leading to the facile fabrication of hexagonally arranged gold NPs onto the
substrate. Finally, silver nanocrystals were grown by a soft chemical method
over these templated surfaces. The resulting hybrid nanocomposite has been
then characterized by Atomic Force Microscopy (AFM), Energy-dispersive X-
ray spectroscopy and X-Ray Spectroscopy (XPS). The electrochemical response
of these patterned metallic substrates was investigated by Scanning Electro-
chemical Microscopy. The effectiveness of these nanostructured electrodes were
compared to those of raw ones. It was found that by organizing these silver
nanocrystals into specific pattern the electrochemical sensitivity can be further
enhanced by several times and this enhancement was highly dependent on the
separation distance of the lattice patterns.
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Dynamic charge transfer potential for modeling oxide interfaces
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In order to develop future economical, efficient and reliable microelectronic
devices, it’s of great importance to model and understand novel semiconduc-
tor/oxide interfaces. High-k dielectrics like HfO2 are promising new materi-
als in this direction. In this work the charge-optimized many-body potential
(COMB), an empirical potential that is being parameterized for Si/SiO2 [1,2]
and Hf/HfO2 systems [3], has been used. It allows for the adjustment of atomic
charges in response to changing atomic environment, so it’s particularly well
suited for the interfaces at the heart of next generation devices.

The COMB potential has been implemented within Pysic, an ASE calcula-
tor in an object-based Python environment that allows charges to dynamically
evolve during the simulation. The implemented potential has been tested sim-
ulating Si3Oy (y = 1:6) clusters, using COMB10 parameters [2]. We will
present the methodology of the potential implementation in Pysic and provide
preliminary test results regarding the same. Once the potential works for Si3Oy
clusters, the COMB potential will be implemented for Hf/HfO2 systems as well,
and tested for HfOn (n=2:6) clusters. The final objective is to simulate new
kind of semiconductor/oxide interfaces, like Si/SiO2/HfO2, that can be used in
next-generation CMOS devices.

[1] Jianguo Yu, Susan B. Sinnott, and Simon R. Phillpot , Phys. Rev. B 75, 085311 (2007).
[2] Tzu-Ray Shan, Bryce D. Devine, Jeffery M. Hawkins, Aravind Asthagiri, Simon R. Phillpot,

and Susan B. Sinnott, Phys. Rev. B 82, 235302 (2010).
[3] Tzu-Ray Shan, Bryce D. Devine, Travis W. Kemper, Susan B. Sinnott, and Simon R. Phillpot,

Phys. Rev. B 81, 125328 (2010).
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Field emission resonances on hexagonal boron nitride on
Ir(111)
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1Department of Applied Physics, Aalto University School of Science
2Physical Chemistry Institute, University of Zurich

Monolayers and thin layers of the wide-gap insulator hexagonal boron nitride
(h-BN) have attracted growing interest from the research community in recent
years. This is due to its electronic properties and geometric structure; h-BN
offers a wide range of potential applications as either an atomically smooth
insulating substrate or, when grown on a suitable support, as a well-defined
nanopatterned surface to be used as a nano template.

Owing to its insulating character, it allows for efficient electronic decou-
pling of nanostructures from conducting or semiconducting substrates, while its
crystalline structure assures an atomically flat surface. This has been demon-
strated previously for graphene (G) on h-BN on silicon oxide. Here, the electron
mobilities measured in G approach those measured in suspended graphene [1].

Growing single layers of h-BN on suitable metal surfaces can lead to the
formation of moire superstructures with periodicities of a few nanometers. This
effect is caused by a lattice mismatch between the h-BN layer and the underly-
ing substrate. Sometimes termed ’nanomesh’ [2], these kind of superstructures
offer a route to pattern nanostructures grown in a bottom-up fashion on top
of the h-BN. As the moire pattern induces local changes of the sample work
function [3], it might allow to periodically modify the electronic properties of
those nanostructures. Mapping these local variations in the work function and
understanding their origin as a consequence of the interaction between the
h-BN layer and the metal substrate is a crucial task in order to make use of
h-BN as a nano template.

We grow single layers of h-BN on the surface of an Iridium (111) sin-
gle crystal by thermal cracking of the precursor molecule borazine [4]. Using
low temperature scanning tunneling microscopy (LT-STM) we probe the atomic
structure of the h-BN/Ir(111) sample. Apart from the atomic scale contrast,
we verify the formation of a moire superstructure with a periodicity of about 3
nanometers. Probing the differential conductance by scanning tunneling spec-
troscopy (STS), field emission resonances (FER) forming within the tunneling
junction are measured with high spatial resolution on top of the h-BN moire.
The energy of these FERs is well known to depend on the local work function
of the sample [5]. Thus, the spatial variation of the h-BN/Ir(111) work func-
tion within the moire unit cell can be extracted by analyzing the FER spectra.
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Finally, the experimental results are combined with state-of-the-art density
functional theory calculations. As a result, we are able to track back the vari-
ations in the work function to modifications in the atomic interactions between
the h-BN layer and the Ir(111) surface, as the B-N-hexagons occupy different
adsorption sites within the moire unit cell.

[1] C. R. Dean et al., Nature Nanotechnology 5, 722 (2010).
[2] M. Corso et al., Science 303, 217 (2004).
[3] S. Joshi et al., Nano Letters 12, 5821 (2012).
[4] F. Orlando et al., The Journal of Physical Chemistry C 116, 157 (2011).
[5] G. Binnig et al., Physical Review Letters 55, 991 (1985).
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Theoretical aspects of unzipping of WS2 nanotubes
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3National University of Science and Technology
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The results of the theoretical analysis of experimental data of unzipping of
multilayered WS2 nanotubes by consequent intercalation of lithium atoms and
organic molecules are presented. The extension of the tube was described
in the framework of elastic shell theory with parameters evaluated from the
ab initio calculations. In assumption that the driving force of attraction organic
molecule is its interaction with the intercalated Li ions, the ab initio calculation
of connection of organic molecule with Li+ was carried out. In addition, non-
chemical interaction of dipole of organic molecule with array of negative point
charges represented Li+ was taken into account. The comparison between
energy gain from the interaction and elastic strain energy allows to evaluate
the value of tube layers deformation after the organic molecules implantation.
The ab initio molecular dynamics simulation confirmed the estimations and
shows that stretched nanotube unzip into the WS2 nanoribbon.
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Modelling the MOVPE Growth of GaP on Si(001) by DFT:
from Gas Phase Decompositions to thin Layer Structures

A. Stegmueller1 R. Tonner1
1Department of Chemistry, University of Marburg, Germany

Decomposition mechanism classes of triethylgallane and tert-butyl phosphine,
which are used as precursors for the MOVPE coating of Si-integrated III/V-
semiconductor materials[1,2], were examined with quantum chemical methods.
MP2 and dispersion-corrected GGA[3] were used to calculate thermodynamic
and kinetic properties at realistic reactor conditions. Our results provide chem-
ical understanding of class-specific elementary reactions and thermodynami-
cally motivated decomposition networks show pathways to resulting species
like atomic Ga and P, respectively. However, due to large thermal barriers,
the most likely candidates for adsorption were identified as the two original
precursors next to GaH3 (gallane) and GaH. This study provides fund under-
standing of pure gas phase decompositions and its methods will consistently be
applied to related surface processes in periodic models[4] in the future. This is
heterogeneous decompositions, surface diffusion and layer growth resulting in
interface structures as known from HR-TEM imaging[5]. Multiscale modeling
approaches[6] like kinetic MC or AIMD will complement this project.

[1] A. Beyer, J. Ohlmann, S. Liebich, H. Heim, G. Witte, W. Stolz, K. Volz, Journal of Applied
Physics 111, 08534 (2012).

[2] K. Volz, A. Beyer, W. Witte, J. Ohlmann, I. Nemeth, B. Kunert, W. Stolz, Journal of Crystal
Growth 315, 37 (2011).

[3] S. Grimme, S. Ehrlich, L. Goerigk, Journal of computational Chemistry 32, 1456 and references
therein (2011).

[4] J. Hafner, Journal of Computational Chemistry 29, 2044 and references therein (2008).
[5] A. Beyer, I. Neemeth, S. Liebich, J. Ohlmann, W. Stolz, K. Volz, Journal of Applied Physics

109, 083529 (2011).
[6] K. Reuter, First Principles Kinetic Monte Carlo Simulations for Heterogeneous Catalysis:

Concepts, Status and Frontiers in: Modeling Heterogeneous Catalytic Reactions: From the
Molecular Process to the Technical System, O. Deutschmann, Wiley-VCH, Weinheim (2009).
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Butterfly defect in bilayer graphene: creation in HRTEM for
low radiation energies
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1Nanogune, Tolosa Hiribidea 76, 20018 Donostia-San Sebastian, Spain
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We observe by HRTEM that one type of divacancy, which we refer to as the
butterfly defect, is formed in bilayer graphene for radiation energies for which
in monolayer graphene no vacancies are formed, thus raising the question of
the defect formation mechanism. By using first principles calculations based
on DFT, we analyze two possible causes related with the presence of a second
layer that could explain the observed phenomenon: the increase of the defect
stability or a catalytic effect during its creation. For the former, the obtained
formation energies of the defect in monolayer and bilayer systems show that
the change on its stability is negligible. For the latter, we simulate by ab
initio Molecular Dynamics the kinetic process of the creation of a vacancy by
the expulsion of an atom and creation of a Frenkel pair. In both cases, we
do not observe the formation of the vacancy below the monolayer expulsion
threshold energy. Finally, we conclude that the mechanism of the creation of
the butterfly defect for bilayer graphene is not simple and we suggest a more
complex pathway where we obtain a divacancy defect within the energetically
permitted region.
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Freestanding vs supported graphene - Simulated ion irradiation

E. H. Åhlgren1 O. Lehtinen2 J. Kotakoski3 A. V. Krasheninnikov1,4
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3University of Vienna, Austria
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Defects in nanomaterials can have drastic effects on the properties of these ma-
terials. This allows, in principle, controlled modification of these materials for
example with ion irradiation. While nanomaterials can have a different response
to irradiation than their bulk counterparts, existing theories only occasionally
apply in their case. Therefore, to answer the question of what are the specific
defect production mechanisms in graphene under ion irradiation, we have stud-
ied ion irradiation of graphene using molecular dynamics simulations [1,2,3].
We show that the defect types in freestanding graphene depend strongly on
the energy of the specific ion, defects occurring at distinct energy ranges that
differ from one defect to the next. Our results also indicate, that with growing
amount of defects, the membrane is stable, even with defect concentrations up
to 35% of the atoms missing. Besides freestanding graphene, we have recently
extended our studies for graphene on a Pt(111) surface to analyze the effect
of the substrate to the defect production mechanisms in graphene under ion
irradiation.

[1] E. H. Åhlgren, J. Kotakoski, A. V. Krasheninnikov, Phys. Rev. B 83, 115424 (2011).
[2] E. H. Åhlgren, J. Kotakoski, O. Lehtinen, A. V. Krasheninnikov, APL 100, 233108 (2012).
[3] O. Lehtinen, J. Kotakoski, A. V. Krasheninnikov, A. Tolvanen, K. Nordlund, J. Keinonen, Phys.

Rev. B 81, 153401 (2010).
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