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Report

The Towards Reality in Nanoscale Materials V workshop was the fifth
in this annual series, although its origins can be traced to a meeting on
wet chemical etching in Levi in 2006. Each year the focus changes, with
one key topic supported by the regular themes of defects and multiscale
modelling, all under the umbrella of nanoscale materials. This year’s key
topic was graphene interfaces, and we had many contributions on this in-
cluding invited titles such as ’Graphene on metal surfaces’, and ’Quantum
confined electronic states in atomically well- defined graphene nanostruc-
tures’. Graphene, as expected, was a dominant topic at the meeting in
general, but all the studies presented results in keeping with overall theme
of towards reality.

In total we had over 80 participants at the meeting, continuing the
trend of increased numbers every year. The programme was split into 9
invited talks, 25 contributed talks and 48 posters. Unlike the chaos caused
last year by a Finnair strike, we lost only four participants at the last minute
- two to the snow in Sweden, one to thieves in Italy and one mysteriously in
Turkey. In general the meeting was very lively, with good discussion during
the presentations, coffee breaks and posters. The switch of the meeting
from the dark of December to February was a major bonus, as we ac-
tually had daytime rather than just twilight/night this year. As always the
traditional Lappish dinner makes a good impression and those braving the
cold afterwards were rewarded with the Northern lights (we are at 50%
observation chance during the history of TRNM). Plans are already being
made for TRNM VI in February 2013.
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Origin of the 2DEG at oxide interfaces, relation with topology
and with redox defects, and possible 1DEG

N. Bristowe1 P. B. Littlewood1,2 E. Artacho1,3,4

1Cavendish Laboratory, University of Cambridge, Cambridge CB3 0HE, UK
2Argonne National Laboratory, Argonne, IL 60439, USA

3CIC Nanogune and DIPC, Tolosa Hiribidea 76, 20018 San Sebastian, Spain
4Basque Foundation for Science Ikerbasque, 48011 Bilbao, Spain

When epitaxially depositing a thin film of lanthanum aluminate (LAO) on a stron-
tium titanate (STO) substrate, both band-like insulators, a two-dimensional elec-
tron gas (2DEG) emerges at their interface displaying quite interesting and promis-
ing properties. The origin of such 2DEG is ascribed to the electrostatic energy
build-up in the film due to an effective “chemical" or “compositional" charge at
the interface, which destabilises the system towards the appearing of free carriers
at the interface screening that charge.

In this talk we will first describe how such chemical charge comes about [1,2],
in terms of a discontinuity in the polarisation of both bulk materials. Both STO
and LAO are centrosymmetric and thus should be assigned zero effective polarisa-
tion, but in fact, while the former has zero polarisation, the latter has half a quan-
tum of polarisation, the two possible distinct values for the formal polarisation
of a centrosymmetric material in this context [1,2,3]. The two values correspond
to two different values of the Berry phase for polarisation and therefore analo-
gies can be drawn with the topological insulators arising relating to time inversion
symmetry.

We will then argue how the electrostatic build-up would promote redox pro-
cesses on or at the surface of the film [4], which compete with the proposed
pure electron transfer (or “electronic reconstruction") as the source of carriers for
the 2DEG. Finally, we will propose 1DEG formation possibilities in analogous
stepped interfaces [5]. Such ideas will be reviewed and confronted with available
experimental results and models based on first-principles calculations.

[1] N. C. Bristowe, P. B. Littlewood and E. Artacho, Phys. Rev. B 80, 045425
(2009); J. Phys.: Condens. Matter 23, 081001 (2011).
[2] M. Stengel and D. Vanderbilt, Phys. Rev. B 80, 241103 (2009).
[3] D. Vanderbilt and R. King-Smith, Phys. Rev. B 48, 4442 (1993).
[4] N. C. Bristowe, P. B. Littlewood, and E. Artacho, Phys. Rev. B 83, 205405
(2011).
[5] N. C. Bristowe, T. Fix, M. G. Blamire, P. B. Littlewood and E. Artacho,
arXiv.org:1111.6165 (2011).
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On chip synthesis and characterisation of nanostructures in-
and outside TEM

P. Boggild1, C. Kallesoe1, D. S. Engstrom1, K. Molhave1, A. Lei1, L. Homann1,
D. H. Petersen1, F. Ross2, C.-Y. Wen3, W. Milne4, N. L. Rupesinghe5,

K. B. K. Teo5

1DTU Nanotech, Technical University of Denmark, DK
2IBM Research Division, T. J. Watson Research Center, Yorktown Heights, New York, USA

3Purdue University, West Lafayette, Indiana, USA
4Cambridge University, Eng. Dept., Cambridge, UK

5Aixtron SE, Cambridge, UK

Microfabricated chips with incorporated heater structures allow micro-CVD syn-
thesis of carbon nanotubes and epitaxial silicon nanowires, as well as synthesis
insitu TEM. The microheater approach readily gives the experimenter access to
high temperatures, fast response times and temperature gradients, which is chal-
lenging in any conventional setup. I will overview some of the possibilities that
microchip heaters have to offer for studying thermally induced processes such as
growth, catalyst roughening and annealing. Resistively heated chips were used
to make a linear temperature ramp, which in a single experiment gives a picture
of the carbon nanotube growth rate in a continuous range of temperatures. The
temperatures were calibrated by micro Raman thermometry and finite element
modeling [1]. By using heated single crystalline silicon chips in an environmental
TEM, the growth of epitaxial silicon nanowires was tracked in-situ, giving insight
in the shape and behavior of the gold catalyst as well as into non-equilibrium ef-
fects when hot nanowires form contact to opposing cold silicon walls [2]. Finally,
I will point out some of the possibilities for rapid (20 minutes) D.I.Y. fabrication
of electron-transparent in-situ TEM heater devices with custom electrode layout
by focused ion beam milling of template membrane chips [3], show how this may
be used to monitor catalyst surface dynamics directly in TEM, and discuss what
else such chips could be used for.

[1] C. Kallesoe, Cheng-Yen Wen. K. Molhave, P. Boggild and F. Ross, Small,
DOI: 10.11002/smll.200902187 (2010)
[2] D. S. Engstrom, N. L. Rupesinghe, K. B. K. Teo, W. I. Milne, P. Boggild, J.
Micromech. Microeng., 21, 015004 (2011)
[3] A. Lei, D. H. Petersen, T. Booth, L. V. Homann, C. Kallesoe, O. Sardan Sukas,
Y. Gyrsting, K. Molhave, P. Boggild, Nanotechnology, 21, 40, 405304 (2010); L.
Homann, T. Booth, A. Lei, D. H. Petersen, Z. D. Davis, P. Boggild, J. of Micro-
electromech. Systems, 1074-1080, 2011



14 TRNM V: Monday 20/02/2012

Ab initio study of mechanical and magnetic properties of
Mn-Pt compounds and nanocomposites

T. Káňa1, M. Šob2,3,1

1Institute of Physics of Materials, Academy of Sciences of the Czech Republic, Brno, Czech
Republic

2Central European Institute of Technology, CEITEC MU, Masaryk University, Brno, Czech
Republic

3Department of Chemistry, Faculty of Science, Masaryk University, Brno, Czech Republic

An analysis of mechanical and magnetic properties of Mn–Pt compounds and
nanocomposites is provided using DFT calculations. Adding manganese to plat-
inum matrix reduces the bulk modulus and enhances the Young moduli and shear
moduli. With increasing Mn content, the theoretical tensile strength is also en-
hanced and the corresponding maximum deformation is reduced. On the whole,
manganese addition makes the Mn–Pt compounds softer, but increases their re-
sistance to shape deformation. Many of these compounds may be considered as
natural linear nanocomposites. We studied the magnetic configurations of recently
found MnPt7 ordered structure and predict an antiferromagnetic state with spins
altering along the [100] direction to be the ground state of this compound. The
ferromagnetic state and an alternative antiferromagnetic state with spins altering
along the [111] direction have a higher total energy. We further studied Mn–Pt
nanocomposites exhibiting the composition of MnPt15. The preferential occu-
pation sites of Mn atoms are the corners and centers of the faces of the 2x2x2
supercell. Such a structure with an antiferromagnetic ordering with spins altering
along the [100] direction is the ground state of MnPt15 nanocomposite. Con-
trary to MnPt7, the alternative ferromagnetic configurations of different MnPt15
nanocomposites exhibit the screening of magnetic moments of Mn atoms by flip-
ping the moments induced on Pt atoms in the opposite direction. This indicates
that the Mn spins can be coupled through the Pt atoms similarly as spins of Mn
dimers on CuN substrate can be coupled through nitrogen atoms [Phys. Rev. B
83, 014413 (2011)].

This research was supported by the Ministry of Education of the Czech Repub-
lic (Project No. COST OC10008), Grant Agency of the Czech Republic (Project
No. 202/09/1786), the Grant Agency of the Academy of Sciences of the Czech
Republic (Project No. IAA100100920), by the Research Projects AV0Z20410507
and MSM0021622410, and by the Project CEITEC-Central European Institute of
Technology (CZ.1.05/1.1.00/02.0068) from the European Regional Development
Fund.
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Electronic transport and magnetization dynamics in realistic
devices: a multiscale approach

S. Borlenghi1,2, V. Rychkov2, C. Petitjean3, G. De Loubens2, O. Klein2,
X. Waintal3

1Department of Material Science and Engineering, KTH, SE-10044 Stockholm, Sweden
2Nanoelectronic group, SPEC, CEA Saclay F-91191 Gif-sur-Yvette Cedex, France

3SPSMS, UMR-E 9001, CEA-INAC/ UJF-Grenoble 1,17 rue des martyrs, 38054 Grenoble cedex
9, France

The mutual interaction between spin transport and magnetization dynamics in hy-
brid nano-devices is at the origin of physical effects, such as Spin Transfer (ST) [1]
and Giant Magneto Resistance [2], which act at very different length scales, and
depend both on the microscopic characteristics of the material and on the geome-
try of the device. These effects opened a potential for various applications, such
as magnetic memories, reprogrammable logic, and Spin Torque Nano Oscillators
(STNO) [3]. The physics of those devices cannot be captured by simple (ana-
lytically tractable) models, and numerical simulations that can be easily adapted
to different geometries, length scales and materials are of primary importance to
describe realistic systems.

We report on a theoretical model, based on Continuous Random Matrix The-
ory (CRMT) [4] and Non Equilibrium Green Functions [5], that describes on an
equal footing transport and magnetic degrees of freedom in realistic devices. The
model has been implemented in a simulation code [4,6] that allows one to compute
local (spin torque, spin accumulation and spin/charge current) and macroscopic
(resistance) transport properties of spin valves. Our approach offers a systematic
way to perform multiscale simulations [7] in heterogeneus systems with arbitrary
geometry, connected to an arbitrary number of electron reservoirs. Bulk and in-
terface properties of very different materials (magnetic and non-magnetic metals,
insulators, semiconductors, superconductors) are properly captured by our model,
which can be parametrized using both experimentally accessible parameters and
ab initio calculations. As an application of our method, we have coupled CRMT to
a micromagnetic simulation code, in order to model a spectroscopic experiment
[8], based on a mechanical detection of the ferromagnetic resonance, and per-
formed on a STNO. Our simulations predict correctly the selection rules for spin
wave (SW) modes excited by ST, and give a description of the complex dynamics
of the magnetization in qualitative agreement with experiments [9]. Our multi-
scale approach can be coupled to other micromagnetic or spin dynamics codes,
and offer a systematic way to compute current driven dynamics in different sys-
tems.

[1] J. Slonczewski, J. Magn. Mater. 159 (1996), L1.
[2] T. Valet and A. Fert, Phys. Rev. B 48 (1993), 7099.
[3] A. Slavin, V. Tiberkevich, IEEE Transactions on Magn. 45, 4 (2009), 1825.
[4] V. Rychkov et al., Phys. Rev. Lett. 103 (2009), 066602.



16 TRNM V: Monday 20/02/2012

[5] K. Kazymyrenko and X. Waintal, Phys. Rev. B 77 (2009), 115119
[6] I. Rychckova et al., arXiv: 1010.2627v1 (2010).
[7] S. Borlenghi et al., Phys. Rev. B 84 (2011), 035412.
[8] V. V. Naletov et al., arXiv: 1107.5699 (2011).
[9] S. Borlenghi et al., "Identification of spin wave modes excited by spin torque
in a nanopillar", in preparation.
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Developing realistic models of interfaces from simulation

Matthew Watkins1

1London Centre for Nanotechnology and Dept. of Physics and Astronomy, University College
London, UK

I will describe several recent pieces of work focussing on developing an atomistic-
level understanding of a range of interfaces. A variety of computational ap-
proaches are used, and connected to state-of-the-art experiments, often using the
non-contact atomic force microscope (NC-AFM).

(i) Insulator - molecule - metal. In collaboration with NC-AFM experimental
researchers at the University of Hamburg, we unambiguously identified the ad-
sorption configurations of a complex molecule on ionic crystals (NaCl, NiO) and
the nature of surface ions [1,2]. These systems can provide a sensitive test system
to calibrate the accuracy of computational approaches and also act as a tape mea-
sure, providing an accurate measure of tip-sample distance, which is extremely
hard to estimate independently.

(ii) Insulator - water. High-resolution imaging and force spectroscopy using
AFM in solution opens a wide area of possible applications allowing real-time
and real-space imaging of surfaces in solution. To obtain full benefit and provide
a significant new analytical ability, it is vital to understand the underlying imag-
ing mechanism(s) that can lead to high (atomic or molecular) resolution. Our
simulations of solvated nanoparticles near surfaces show several possible mech-
anisms that lead to measurable force differences and image contrast over surface
sites [3]. We used free-energy perturbation theory to calculate the free energies
of nanoparticle-surface interaction. Water-mediated interactions can cause signif-
icant force differences above different surface sites, and are in most cases larger,
and longer ranged, than the direct vacuum-like interactions.

(iii) Water ice - vacuum. Resolving the atomic structure of the surface of
ice particles within clouds, over the temperature range encountered in the atmo-
sphere and relevant to understanding heterogeneous catalysis on ice, remains an
experimental challenge. By using first-principles calculations, we show that the
surface of crystalline ice exhibits a remarkable variance in vacancy formation en-
ergies, akin to an amorphous material. We find vacancy formation energies as
low as 0.1-0.2 eV, which leads to a higher than expected vacancy concentration.
Because a vacancy’s reactivity correlates with its formation energy, ice particles
may be more reactive than previously thought. We also show that vacancies sig-
nificantly reduce the formation energy of neighbouring vacancies, thus facilitat-
ing pitting and contributing to pre-melting and quasi-liquid layer formation [4].
These surface properties arise from proton disorder and the relaxation of geomet-
ric constraints, which suggests that other frustrated materials may possess unusual
surface characteristics.

[1] G. Teobaldi, K. Lammle, T. Trevethan, M. Watkins, A. Schwarz, R. Wiesen-
danger and A. L. Shluger, Phys. Rev. Lett., 106 (2011) 216102
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[2] K. Lämmle, T. Trevethan, A. Schwarz, M. Watkins, A. L. Shluger and R.
Wiesendanger, Nano Letters, 10 (2010) 2965
[3] M. Watkins, A. L. Shluger, Phys. Rev. Lett., 105 (2010) 196101
[4] M. Watkins, D. Pan, E. G. Wang, J. VandeVondele, A. M. Michaelides and B.
Slater, Nature Materials, 10 (2011) 794
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Two-dimensional growth of nanoclusters and molecules on
Suzuki surfaces

B. Hoff1, M. Gingras1, A. Gulans3, T. Hynninen2, R. Peresutti1, C. R. Henry1,
A. S. Foster2, C. Barth1

1CINaM-CNRS, Aix-Marseille University, Marseille, France
2Dep. of Physics, Tampere University of Technology, Tampere, Finland

3Dep. of Applied Physics, Aalto University School of Science, Helsinki, Finland

Patterned surfaces are used for confining the growth of molecules and clusters
into nanostructured surface regions, which finds nowadays many applications in
nanotechnology. In this contribution it is shown that the nanopatterned surface of
Cd doped NaCl crystals [1] (Suzuki surface) can be used to confine the growth
of palladium clusters and functionalized brominated pentahelicene molecules [2]
into the Suzuki regions of the surface. It is shown that especially the combina-
tion of noncontact AFM (nc-AFM) and Kelvin probe force microscopy (KPFM)
in ultra-high vacuum (UHV) greatly helps in the characterization of the structure
and morphology but also the electrostatics of the considered surfaces [3]. The
growth of palladium onto the Suzuki surface results into nanometre sized clus-
ters, which form two-dimensional cluster arrays inside the Suzuki regions. The
clusters exhibit a high cluster density, are uniform in size, and due to the spe-
cific Suzuki structure the clusters are polarized or charged. Brominated pentahe-
licene molecules perfectly decorate the Suzuki regions and form two-dimensional
islands whereas no molecules can be found inside the pure NaCl regions. The
molecules are in a flat configuration, which finds strong support from first prin-
ciple calculations. Due to the specific adsorption of the molecules, the surface
dipole of the Suzuki regions is modified by the molecules. It is shown that chang-
ing the functional group of the helicene molecules leads to different adsorption
characteristics, self-assembly phenomena and different surface dipoles [4].

[1] C. Barth and C. R. Henry, New J. Phys., 11, 043003, (2009)
[2] S. Goretta, Ch. Tasciotti, S. Mathieu, et al., Organic Lett., 11, 3846, (2009)
[3] C. Barth, A. S. Foster, C. R. Henry and A. L. Shluger, Adv. Mater, 23, 477,
(2011)
[4] C. Barth, M. Gingras, A. S. Foster, A. Gulans, T. Hynninen, et al., submitted,
(2011)
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Reaction studies of Al-O clusters in water

Giorgio Lanzani1, Jaakko Saukkoriipi1, Kari Laasonen1

1Department of Chemistry, Aalto University

We present several AIMD studies of reactions related on Al-O clusters in water.
We have done reaction driven with distance constraint [1,2] and MetaDynam-
ics simulations [3]. Of constraint driven reactions we have studied Cl dissocia-
tion from Al2O6H8Cl2 [1] and Al2O8H12 + AlO4H6 association reaction. With
MetaDynamics we studied Al3OnHm internal reactions. Also a more general dis-
cussion of reaction studies using AIMD is given.

[1] J. Saukkoriipi and K. Laasonen, J. Phys. Chem. A. 2008; 112:10873-80.
[2] G.Lanzani et al. to be published
[3] G.Lanzani et al. to be published
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Towards large-scale accurate Kohn-Sham DFT for the cost of
tight-binding

M. J. Rayson1, S. Öberg1, P. R. Briddon2,

1 Luleå University of Technology, Sweden
2 Newcastle University, UK

We present recent, and ongoing, work aimed at highly accurate calculations for
large-scale systems. The implementation of the filtration method [1,2,3] in the
AIMPRO Gaussian orbital code is described. Timings and accuracy results are
presented for defective semiconducting and metallic systems and a range of quan-
tities, such as formation energies, forces, relaxed structures, vibrational modes
and free energies. For example, the time taken to calculate a self-consistent to-
tal energy of 1000 silicon atoms (to achieve an average error of less than 10�4

angstrom in relaxed structures) is shown to be currently possible in less than 30
minutes on a single 2.8 GHz Intel i7 core.

We finish with a summary of realistic near-term aims, most notably an aim
which can be summarised as ‘plane-wave accuracy for the cost of a tight-binding
calculation’.

[1] M. J. Rayson and P. R. Briddon, Phys. Rev. B 80, 205104 (2009).
[2] M. J. Rayson, Comput. Phys. Commun. 181 1051 (2010).
[3] P. R. Briddon and M. J. Rayson, Phys. Status Solidi B 248 1309 (2011).



22 TRNM V: Monday 20/02/2012

Towards a unified description of ground and excited state
properties: RPA vs GW

Patrick Rinke1,2

1 Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4–6, 14195 Berlin

In the quest for finding an “optimal” electronic structure method, that com-
bines accuracy and tractability with transferability across different chemical en-
vironments and dimensionalities (e.g. molecules, wires/tubes, surfaces, solids),
the treatment of exchange and correlation in terms of “exact-exchange plus cor-
relation in the random-phase approximation (EX+cRPA)” offers a promising av-
enue. For quasiparticle spectra as measured by direct and inverse photoemission
the GW approach is on the same level of theory as EX+cRPA for the ground
state. For molecules and nanosystems the application of GW has steadily gained
in popularity and a full assessment of its performance is emerging. In this talk
I will extend the assessment of EX+cRPA and GW to small molecules [1] and
molecules on surfaces [2,3]. Based on this I will comment on the prospects of
these approaches for nanoscience, address current challenges and present avenues
for going beyond RPA/GW .

[1] X. Ren, A. Tkatchenko, P. Rinke, and M. Scheffler, Phys. Rev. Lett. 106,
153003 (2011).
[2] X. Ren, P. Rinke, and M. Scheffler, Phys. Rev. B 80, 045402 (2009)
[3] C. Freysoldt, P. Rinke, and M. Scheffler, Phys. Rev. Lett. 103, 056803 (2009)
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Core level binding energies of defected and functionalized
graphene

T. Susi1, M. Kaukonen1, M. Ljungberg2, P. Ayala3, E. I. Kauppinen1

1NanoMaterials Group, Department of Applied Physics, Aalto University School of Science,
Finland

2Chemical Physics Group, Department of Physics, Faculty of Science, Stockholm University,
Sweden

3Faculty of Physics, University of Vienna, Austria

X-ray photoelectron spectroscopy (XPS) is a widely used tool for probing carbon-
based nanomaterials. To interpret the binding energies measured by XPS, refer-
ences to which such energies can be compared is needed. We have employed core-
hole calculations utilizing a Delta Kohn-Sham total energy differences method
recently implemented [1] in the real-space grid-based projector-augmented wave
(GPAW [2]) DFT code to calculate reference core level energies for defected and
functionalized graphene.

Our graphene system had a 9x9 unit cell with periodic boundary conditions,
treated with 3x3x1 k-points. Using the PBE functional, we calculated C1s and
O1s core level energies for simple oxygen and hydrogen functionalities such as
the hydroxide, epoxide and carboxylic groups. In addition, we considered the ele-
mentary atomic defects [3]: single and double vacancies, and the Stone-Thrower-
Wales defect. Finally, modifications of the reactive single vacancy with O and
H containing groups were considered. The calculated C1s and formation ener-
gies were compared to data in the literature, and Bader analysis [4] employed to
elucidate the effect of charge transfer to the observed shifts.

[1] M.P. Ljungberg, J.J. Mortensen, and L.G.M. Pettersson, J. Electron Spectros.
Related Phenom. 10.1016/j.elspec.2011.05.004 (2011)
[2] J. Mortensen, L. Hansen, and K. Jacobsen, Phys. Rev. B 71 (2005) 035109
[3] W. Tang, E. Sanville, and G. Henkelman, J. Phys. Condens. Matter 21 (2009)
084204
[4] F. Banhart, J. Kotakoski, and A.V. Krasheninnikov, ACS Nano 5 (2011) 26
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Spatial Analysis of Ion Beam induced Defects in Graphene

S. Standop1, G. Lewes-Malandrakis1, C. Herbig1, O. Lehtinen2, A. V.
Krasheninnikov2, T. Michely1, C. Busse1

1University of Cologne, Germany
2University of Helsinki, Finland

Defects are expected to play a crucial role when preparing graphene for nanoscaled
applications. Only recently the chemically inert graphene layer was found to form
chemical bonds to an underlying metal support once vacancies are formed [1]. We
employed the impact of noble gas ions on the graphene layer grown on Ir(111) to
purposefully create defects. Ions impinging under an angle of 75� with respect to
the surface normal are to a large extent able to penetrate the graphene layer and
subsequently face scattering with the iridium surface. Depending on the primary
energy (1 - 15 keV) and the ion species (He, Ne, Ar, Xe) manifold and complex
reflection events take place on both faces between these layers. This leads to the
formation of collision trails visible as surface damage in scanning tunneling mi-
croscopy. The resulting defect patterns can thus be spatially analysed. Annealing
studies of these samples performed in-situ reveal these trails to origin from sputter-
ing of the graphene layer and additional adatom production in the iridium crystal.
While the metal surface mainly rebuilds its initial structure, the graphene layer
forms rotational domains upon impact annealing. They result from agglomeration
of rotated carbon bonds [2]. Besides giving an insight into their thermal stability
this enables us to analyse these structures quantitatively and present models for
the manifold defect patterns observed.

[1] M. M. Ugeda, D. Fernandez-Torre, I. Brihuega, P. Pou, A. J. Martinez-Gaelera,
R. Perez, and J. M. Gomez-Rodriguez, arXiv:1104.1594v1
[2] J. Kotakoski, A. V. Krasheninnikov, U. Kaiser, and J. C. Meyer, Phys. Rev.
Lett. 106 (2011) 105505
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Utilizing carbon nanotubes as nanoreactors

T.W. Chamberlain1, A.N. Khlobystov1

1University of Nottingham, UK

Carbon nanotubes (CNTs) - atomically thin cylinders of sp2 hybridized carbon -
have high mechanical and chemical stability and are available in different diame-
ters from sub-nanometre to hundreds of nanometres. Due to the hollow nature of
CNTs, it is possible to insert a wide variety of atoms and molecules into the inter-
nal cavity resulting in the formation of 1D molecular arrays, some of which do not
exist outside of carbon nanotubes and thus can be regarded as products of confine-
ment at the nanoscale.[1] The relative chemical inertness of the concave side of
the CNTs makes them ideal candidates for use as both reaction vessels, in which
the reactants can be combined, and a 1D template for the controlled formation
of products which are unfavoured in the bulk phase.[2] Low-voltage, aberration-
corrected high-resolution transmission electron microscopy (AC-HRTEM) can be
used to visualize these transformations and reactions within the nanotube in real
time.[3,4] Encapsulation of the appropriate elemental building blocks, carbon and
sulphur, within CNTs results in the formation of sulphur terminated graphene
nanoribbons (S-GNRs) in the CNT channel. Such structures represent a new, un-
expected hybrid form of carbon, with potentially exciting functional properties.[5]
Details of the atomic structure of the novel GNR and the effects of the 1D confine-
ment imposed on the nanoribbon by the CNT have been probed by AC-HRTEM
which reveals unusual dynamic behaviour in which the nanoribbon adopts a spiral
shape within the CNT. Though the interior surface of carbon nanotubes is known
to be chemically inert and typically remains unaffected by reactive species, we
have demonstrated that catalytically active atoms of transition metals, when in-
serted into the internal cavity, can engage the nanotube sidewall in chemical reac-
tions from the inside leading to the formation of nanoprotrusions in the CNT.[6]

[1] D.A. Britz, A.N. Khlobystov, Chem. Soc. Rev. 35 (2006) 637.
[2] D.A. Britz, A.N. Khlobystov, K. Porfyrakis, A. Ardavan, G.A.D. Briggs,
Chem. Commun. 1 (2005) 37.
[3] T.W. Chamberlain, N.R. Champness, M. Schroder, A.N. Khlobystov, Chem.
Eur. J., 17 (2011) 668.
[4] A. Chuvilin, A.N. Khlobystov, D. Obergfell, M. Haluska, S, Yang, S. Roth, U.
Kaiser Ang. Chem. Int. Ed. 49 (2010) 193.
[5] A. Chuvilin, E. Bichoutskaia, M.C. Gimenez-Lopez, T.W. Chamberlain, G.A.
Rance, N. Kuganathan, J. Biskupek, U. Kaiser, A.N. Khlobystov, Nature Materi-
als 10 (2011) 687.
[6] T.W. Chamberlain, J.C. Meyer, J. Biskupek, J. Leschner, A. Santana,N. A.
Besley, E. Bichoutskaia, U. Kaiser, A.N. Khlobystov, Nature Chemistry 3 (2011)
732.
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Molecular self-assembly of covalent nanostructures:
Unravelingtheir formation mechanisms

J. Björk1, F. Hanke2, S. Stafström1

1Department of Physics, Chemistry and Biology (IFM), Linköping University, Sweden
2Surface Science Research Centre & Department of Chemistry, University of Liverpool, UK

Several experimental studies have illustrated how large macromolecular structures
can be formed through molecular self-assembly on surfaces. This success has
mainly been obtained via trial and error coupled to insights from organic chem-
istry, and to date there is little theoretical understanding of how covalent self-
assembly proceeds on a submolecular level. We work towards this understanding
for two important reaction mechanisms.

A successful approach to generate covalently linked nanostructures through
self-assembly is to use molecular building blocks with specific hydrogen atoms
replaced by bromine atoms [1]. By splitting-off the bromine atoms one enables the
molecules to covalently couple into various structures. In a recent experimental
study it was illustrated how graphene nanoribbons (GNRs) self-assemble on the
Au(111) surface [2]. In a first step, the debromination strategy is employed to
create poly-anthracene from a bianthracene derivative. Secondly, poly-anthracene
undergoes a cyclodehydrogenation, resulting in the GNR.

Here we aim to obtain a detailed atomistic view into both of these reaction
mechanisms from first principles density functional calculations. In a first part, the
mechanism of the debromination will be discussed from a more general viewpoint.
The reaction has been studied for bromobenzene on the close-packed (111)-facets
of commonly used coinage metals, and we illustrate how the different surfaces
catalyzes the reaction.

Secondly, the mechanisms controlling the cyclodehydrogenation of polyan-
thracene into the GNR on Au(111) will be elucidated. The catalytic role of the Au
surface will be discussed by comparing possible reaction pathways. We find that
the most favorable transition path is associated with only one barrier, while the
other conceivable paths have a second high energetic barrier. Finally, we discuss
the cooperative effects involved in the subsequent cyclodehydrogenation, show-
ing how the reaction propagates with a domino-like effect throughout the poly-
anthracene [3].

[1] L. Grill, M. Dyer, L. Lafferentz, M. Persson, M. V. Peters and S. Hecht, Nature
Nanotechnol. 2 (2007) 687.
[2] J. Cai, P. Ruffieux, R. Jaafar, M. Bieri, T. Braun, S. Blankenburg, M. Muoth,
A. P. Seitsonen, M. Saleh, X. Feng, K. Müllen and R. Fasel, Nature 466 (2010)
470.
[3] J. Björk, S. Stafström and F. Hanke, J. Am. Chem. Soc. 133 (2011) 14884.
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Simulation of defect formation and sputtering of Si(100)
surface under low-energy oxygen bombardment using a

reactive force field

P. Philipp1, P. Barry1, J. Kieffer2, T. Wirtz1,

1Department "Science and Analysis of Materials" (SAM), Centre de Recherche Public - Gabriel
Lippmann, Belvaux, Luxembourg

2Department of Materials Science and Engineering, University of Michigan, Ann Arbor,
Michigan, USA

The interaction of oxygen atoms with surfaces is of interest for a series of issues
and applications. They include the formation of oxides, the interaction of oxygen
atoms and ions with surfaces in plasma surface treatments or the bombardment
of surfaces with oxygen atoms for sputtering and nano-patterning. For silicon,
the formation of the native oxide layer as well as irradiation-induced damage and
sputtering has major importance. In previous studies [1-2], results on single im-
pacts of oxygen atoms on amorphous and Si(100) surfaces have been presented.
It was shown that the sputtering of Si atoms and clusters largely depends on the
damage in the target, i.e. more sputtering and formation of larger Si and SiO clus-
ters was observed for the amorphous target.

In this presentation, we will study the interaction of low-energy oxygen atoms
with a silicon surface by Molecular Dynamics (MD) simulations using the reac-
tive force field developed by John Kieffer at the University of Michigan [3-5]. We
will show results on continuous 250eV oxygen bombardment of a Si(100) surface
and compare them to the aforementioned results. Amorphization, oxide formation
and sputter mechanisms are studied with respect to oxygen fluence. Defects are
monitored as function of time after a given oxygen impact.

[1] P. Philipp, L. Briquet, T. Wirtz, J. Kieffer, Nucl. Instrum. Methods Phys. Res.
B 269 (2011) 1555.
[2] P. Philipp, T. Wirtz, J. Kieffer, "Sputtering of silicon by low-energy oxygen
bombardment studied by MD simulations", submitted to Surf. Interface Anal.
[3] L.P. Huang, J. Kieffer, J. Chem. Phys. 118 (2003) 1487.
[4] L.P. Huang, J. Kieffer, Phys. Rev. B 74 (2006).
[5] J.H. Zhou, J. Kieffer, J. Phys. Chem. C 112 (2008) 3473.
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Graphene on metal surfaces

C. Busse1

1Universität zu Köln, Germany

The new material graphene (Noble Prize in Physics 2010) currently receives an
enormous attention for its exciting properties [1], caused by its monoatomic thick-
ness and the unique band structure arising from its lattice symmetry.

We study the epitaxial growth of graphene on a metal surface (here: Ir(111)),
which leads to graphene of high structural quality which is only weakly bonded
to the substrate [1, 2]. Complementing scanning tunneling microscopy (STM), we
determined key structural parameters using an x-ray standing wave (XSW) analy-
sis. The results are corroborated by extensive density functional theory (DFT) cal-
culations incorporating non-local interactions [3]. The key finding is that graphene
is weakly bound to Ir(111) by global van der Waals forces with an added local
covalent-like contribution.

The electronic and geometric properties of graphene can be modified by inter-
calating alkali metals, rare earths, or oxygen. Important for the subsequent use of
epitaxially grown graphene, the intercalation also makes exfoliation of the carbon
sheet possible.

[1] J. Coraux, A. T. N’Diaye, C. Busse, T. Michely, Nano Lett. 8 (2008) 565.
[2] I. Pletikosić, M. Kralj, P. Pervan, R. Brako, J. Coraux, A. T. N’Diaye, C. Busse,
T. Michely, Phys. Rev. Lett. 102 (2009) 056808.
[3] C. Busse, P. Lazić, 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 (2011) 036101.
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Detailed structure and transformations of grain boundaries in
graphene

O. Lehtinen1, J. Kotakoski2, S. Kurasch3, J.C. Meyer2, V. Skakalova2,
U. Kaiser3, A.V. Krasheninnikov1,4

1University of Helsinki, Finland
2University of Vienna, Austria
3University of Ulm, Germany
4Aalto University, Finland

Ideal graphene is formed our of an infinite array of interconnected carbon
hexagons. However, large real-life graphene sheets are often not formed of a
single crystal domain, but rather consist of multiple differently oriented grains
connected by grain boundaries (albeit micromechanically cleaved graphene flakes
are monocrystalline). With chemical vapour desposition (CVD) technique, which
is perhaps the most promising route to large scale fabrication of graphene, grain
boundaries are always present, although recent developments have significantly
increased the typical crystal domain sizes.

Several works have been dedicated to the structure of graphene grain bound-
aries, as they can significantly alter the properties of graphene. However, often
the detailed structure of observed grain boundaries in, e.g., high resolution trans-
mission electron microscope (HRTEM) experiments [1] differ significantly from
the theoretically proposed optimal boundaries [2].

In this work the gap between the experimental and theoretical observations
is bridged by means of multiscale atomistic simulations and HRTEM experi-
ments. A theoretical model is presented, which reproduces charasteristic features
observed in real grain boundaries and predicts low energy transformation routes
connecting different low-energy boundary configurations.

[1] P. Y. Huang, et al. Nature 469 (2011) 389-392
[2] O. V. Yazyev and S. G. Louie Phys. Rev. B. 81 (2010) 195420
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Graph theory meets ab-initio molecular dynamics: atomic
structures and transformations at the nanoscale

F. Pietrucci1, W. Andreoni1,2

1CECAM - EPFL Lausanne, Switzerland
2Institute of Theoretical Physics - EPFL Lausanne, Switzerland

We introduce a set of coordinates which describe the topology of the network
of bonds among atoms. These coordinates are obtained from the contact matrix,
they are invariant under permutation of identical atoms, and provide a clear signa-
ture of the transition between ordered and disordered structures. In combination
with first-principles molecular dynamics and metadynamics, the topological co-
ordinates are employed to explore low-energy structures of silicon clusters and
organic molecules, demonstrating the possibility of automatically simulating iso-
merization, association, and decomposition reactions without prior knowledge of
the products or mechanisms involved.

Finally we discuss the application of this new approach to the simulation of
carbon nanostructures: we obtain transformation pathways for the reconstruc-
tion of zig-zag edges of graphene ribbons to 5-7 rings, as well as the folding
of graphene into fullerene-like cages. Our results show that it is now feasible the
blind exploration of complex structural rearrangements of nanostructures at finite
temperature and at density-functional theory level of accuracy.

[1] F. Pietrucci and W. Andreoni, Phys. Rev. Lett. 107 (2011) 085504.
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Discrete removal of carbon atoms by silver nanoparticles in
suspended graphene

T. Booth1, F. Pizzocchero1, J. Jinsheck2, M. Vanin3, J. B. Wagner4,
T. W. Hansen4, R. Dunin-Borkowski5, P. Boggild1

1DTU Department of Micro- and Nanotechnology
2FEI Eindhoven bb

3DTU Department of Physics
4DTU Center for Electron Nanoscopy

5Ernst Ruska Center fo Electron Microscopy

In order to realise a number of future applications of graphene, new lithographic
technologies capable of patterning graphene down to the few-atom scale are needed.
It is critical that these new techniques maintain the desirable proerties of graphene
- i.e. high mobility, lack of contamination from resists and applicability to sus-
pended graphene, whilst remaining capable of patterning features down to the few
nanometer scale with sub-nanometer edge roughness.

The oxidative channeling behaviour of silver nanoparticles in suspended graphene
is a process which can provide these benefits, and in addition produce channels ex-
actly aligned with the <100> (zigzag) direction in monlayer suspended graphene.
In-situ TEM provides unparalleled insight into this process [1], and highlights
some hitherto unforeseen challenges in the patterning of graphene on the few-
atom scale.

[1] Booth, T.J. et al. Nano Letters 11, 2689-2692 (2011).
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Quantum confined electronic states in atomically well-defined
graphene nanostructures

P. Liljeroth1, S.K. Hämäläinen1, Z. Sun2, M.P. Boneschanscher2, J. van der Lit2,
A. Uppstu1, M. Ias1, A. Harju1, D. Vanmaekelbergh2

1Department of Applied Physics, Aalto University, FI-00076 Aalto, Finland
2Condensed Matter and Interfaces, Debye Institute for Nanomaterials Science, University of

Utrecht, 3508 TA Utrecht, the Netherlands

Despite the availability of good quality, large scale graphene layers, the realiza-
tion of both the room-temperature graphene transistor as well as the more ad-
vanced theoretical ideas require well-defined samples, in particular in terms of the
graphene edge structure. This level of control is currently not available through
conventional lithographic techniques and there is a lack of experimental data on
atomically well-defined graphene nanostructures. For example, opening a suffi-
cient gap for room-temperature operation through quantum confinement requires
structures in the size range of 10 nm. Furthermore, the electronic structure of
graphene nanostructures is sensitive to the structure of the edges (e.g. zig-zag vs.
armchair) [1]. There is a possibility of edge reconstructions and attachment of var-
ious functional groups, which further complicate the comparison between theory
and experiment [2].

We use chemical vapor deposition (CVD) to grow small graphene flakes and
on-surface polymerization from molecular precursors to form narrow graphene
nanoribbons (GNRs) with well-defined edge structures [3 � 6]. Graphene inter-
acts only weakly with the underlying Ir(111) or Au(111) substrates and retains
the electronic structure of isolated graphene. We explore the size-dependent elec-
tronic properties of the atomically well-defined graphene nanostructures using
low-temperature scanning tunneling microscopy (STM). The CVD growth yields
a relatively broad distribution of different GQD sizes and shapes ranging from a
couple of nanometers up to ca. 20 nm with a roughly hexagonal shape. All the
flakes have edges in the zig-zag direction with a very small roughness (we see
steps with a height of a single atomic row at the flake edges). On the contrary, the
on-surface polymerization yields very narrow GNRs with arm-chair edge struc-
ture. We can readily access individual GQDs and GNRs and measure their atomic
structure using STM. The local electronic properties can be probed by scanning
tunneling spectroscopy (STS), which shows the presence of quantum confined
states with different envelope wavefunction symmetries. We are able to reproduce
the experimental results using tight-binding calculations of free-standing GQDs
and GNRs with the experimentally determined atomic structure. Our measure-
ments provide the necessary experimental input on the electronic properties of
atomically well-defined graphene nanostructures for future electronic devices.

[1] A.H. Castro Neto et al., Rev. Mod. Phys. 81, (2009) 109.
[2] P. Koskinen, S. Malola, H. Häkkinen, Phys. Rev. Lett. 101, (2008) 115502.
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[3] J. Coraux et al., New J. Phys. 11, (2009) 023006.
[4] S.K. Hämäläinen et al., Phys. Rev. Lett. 107, (2011) 236803.
[5] J. Cai et al., Nature 466, (2010) 470.
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Distorting graphene through mechanics and edge chemistry

C. Ewels1

1Institute of Materials, University of Nantes

Interface formation in three-dimensional crystal lattices involves well characterised
processes such as rebonding and rehybridisation, localised strain and dislocation
formation. In contrast two dimensional crystal lattices, of which graphene is the
archetype, are terminated by lines, and the additional available dimension opens
up new topological interfacial possibilities. We show via DFT calculations that
graphene sheet edges can adopt a range of topological distortions depending on
their nature. Rehybridisation, local bond reordering, chemical functionalisation
with bulky, charged, or multi-functional groups can lead to edge buckling to re-
lieve strain [1], folding, rolling [2] and even tube formation [3]. As a result care-
ful chemical control of sheet edge functionalisation allows radical modification of
ribbon electronic, mechanical and chemical properties, for example reducing the
Young’s modulus of thinner ribbons by up to 40

After one-dimensional strain relief at edges we next examine the importance
of lattice strain when considering point defect behaviour, and explore the possi-
bilities for formation and glide of dislocation dipoles at vacancy sites [4]. Finally
we show how the mechanical constraints of the graphene lattice can lead to new
chemistry, taking the example of gas absorption on graphene surfaces [5].

[1] Ph. Wagner, C. Ewels, V. V. Ivanovskaya, P. R. Briddon, A. Pateau, B. Hum-
bert, Phys. Rev. B 84 (13) 134110 (2011)
[2] V. V. Ivanovskaya, Ph. Wagner, A. Zobelli, I. Suarez-Martinez, A. Yaya, C. P.
Ewels, accepted (Proc. GraphITA 2011, Wiley, 2011)
[3] V. V. Ivanovskaya, A. Zobelli, Ph. Wagner, M. Heggie, P. R. Briddon, M. J.
Rayson, C. P. Ewels, Phys. Rev. Lett. 107, 065502 (2011)
[4] C. P. Ewels, V. V. Ivanovskaya, M. I. Heggie, C. D. Latham, U. Bangert, sub-
mitted (2011)
[5] A. Yaya, C. P. Ewels, I. Suarez-Martinez, Ph. Wagner, S. Lefrant, A. Okotrub,
L. Bulusheva, P. R. Briddon, Phys. Rev. B 83 (4), 045411 (2011)
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Healing Mechanisms During The Growth of Carbon Nanotubes

M. Diarra1, H. Amara2, C. Bichara1, F. Ducastelle2

1CINaM, CNRS and Aix-Marseille University, Marseille, France
2LEM, ONERA-CNRS, Châtillon, France

Despite considerable progress in synthesis processes, the detailed microscopic
mechanisms involved in the growth of carbon nanostructures are still lacking.
In situ experimental atomic scale investigations are very difficult, whereas com-
puter simulations allow such investigations. Nevertheless, whether the employed
method is empirical or semiempirical, all final configurations are plagued by a
high concentration of atomic-scale defects. These include, but are not limited to,
heptagon-pentagon topological defects, adatoms, and atomic vacancies.

In the present work, we investigate the healing processes of defective carbon
nanotubes at atomic scale. We have developed a tight binding (TB) model for
nickel and carbon that uses Monte Carlo simulations in the grand canonical en-
semble to study the formation of carbon structures (graphene and nanotubes) from
a metallic substrate [1, 2]. In particular, we have recently discussed the key role
played by metallic atoms in the reconstruction of a defected graphene sheet by
annealing defects [3].

We use our TB model to study the evolution at finite temperatures of defected
nanotubes. Different lengths and diameters of nanotubes have been investigated
at various temperatures ranging from 500 to 3000 K. We have also investigated
the role played by the metal catalyst and a vapor of carbon atoms in the healing
process. The building up of the tube chirality is analyzed and discussed through
electron diffraction patterns. The approach proposed here could help identify in-
dividual healing mechanisms during growth that produces perfect tube structures
and those favoring a definite chirality [4].

[1] H. Amara, C. Bichara, and F. Ducastelle, Phys. Rev. Lett. 100 (2008) 056105.
[2] H. Amara, J.-M. Roussel, C. Bichara, J.-P. Gaspard and F. Ducastelle, Phys.
Rev. B 79 (2009) 014109.
[3] S. Karoui, H. Amara, C. Bichara, and F. Ducastelle, ACS Nano 4 (2010) 6114.
[4] M. Diarra, H. Amara, C. Bichara and F. Ducastelle (submitted).
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Graphene: An ideal substrate for TEM imaging and
spectroscopy

S. Kurasch1, P.Y. Huang2, V. Skakalova3, A. Srivastava3, J. Kotakoski4,
A.V. Krasheninnikov4, R.M. Hovden2, Q. Mao2, J.C. Meyer5, J. Smet3,

D.A. Muller2, U. Kaiser1, 1

1University of Ulm, Germany
2Cornell University, Ithaca, USA

3Max Planck Institute for Solid State Research, Stuttgart, Germany
4University of Helsinki, Finland
5University of Vienna, Austria

Due to the extremely low thickness, high mechanical stability, low contrast and
good electrical and thermal conductivity graphene is an ideal TEM substrate for
high resolution studies of deposited crystals or molecules [1,2]. Furthermore it is
crystalline and the in-plane lattice spacing is very small. By this the contribution
to the HRTEM image is known very well and can presisely be taken into account
in the evaluation or be remove by Fourier filtering. This allows to determine the
presise atomic configuration of grain boundaries in multiple layers of graphene
that are found in CVD grown graphene samples and in high temperature in-situ
experiments [3].

Here we demonstrate the strength of this approach for a 2D silica we dis-
covered on graphene: For the first time it is possible to perform structural and
spectroscopic (S)TEM studies of glassy materials on an atomic scale. It has been
reported previously that crystalline 2D silica forms on Ru (0001) surfaces [4].
Additionally, on graphene we find an amorphous phase as well. The structural
images strikingly resemble Zachariasen’s cartoons of a 2D continuous random
network glass [4].

[1] J. C. Meyer, A. K. Geim, M. I. Katsnelson, K. S. Novoselov, T. J. Booth and
S. Roth , Nature, 446, 7131 (2007)
[2] R. S. Pantelic, J. W. Suk, C. W. Magnuson, J. C. Meyer, P. Wachsmuth, U.
Kaiser, R. S. Ruoff and H. Stahlberg, Journal of Structural Biology, 174, 1 (2011)
[3] B. Westenfelder et al., Nano Lett., 10.1021/nl203224z (2011)
[4] B. Westenfelder, J. C. Meyer, J. Biskupek, S. Kurasch, F. Scholz, C. E. Krill
III and U. Kaiser, Nano Letters, 10.1021/nl203224z (2011)
[5] D. Löffler, J. J. Uhlrich, M. Baron, B. Yang, X. Yu, L. Lichtenstein, L. Heinke,
C. Büchner, M. Heyde, S. Shaikhutdinov, H.-J. Freund, R. Wodarczyk, M. Sierka
and J. Sauer, PRL 105, 146104 (2010)
[6] W. H. Zachariasen, J. Am. Chem. Soc. 54, 3841–3851 (1932)
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Transport Properties in Disordered Graphene : Effects of
Atomic Hydrogen and Structural Defects

Stephan Roche 1,2

1CIN2 (ICN-CSIC) and Universitat Autónoma de Barcelona, Catalan Institute of
Nanotechnology, Campus UAB, 08193 Bellaterra (Barcelona), Spain

2 ICREA, Institució Catalana de Recerca i Estudis Avançats, 08070 Barcelona, Spain

This talk will focus on the presentation of transport properties in graphene-
based-materials, driven by chemical functionalization and structural defects. To
circumvent the current hurdles preventing the advent of graphene nanoelectron-
ics, it has become urgent to benefit from engineering complexity at the nanoscale
and the unique potential of graphene as a bridging platform between top-down
conventional CMOS technologies and (bio)-chemistry self-assembling processes
[1].

Here, by using state-of-the-art multiscale simulations (combining first-principles
with tight-binding schemes), we present several electronic transport features in
complex forms of chemically modified graphene based materials [2, 3]. Past ex-
amples include the use of boron or nitrogen-doped to produce graphene-based
nanoribbons exhibiting “mobility gaps” of width as large as 1eV, providing an ef-
ficient switching behavior principle even in the presence of a vanishing electronic
band-gap. The possibility to design a switching effect based on mechanical de-
formation of graphene nanoribbons. Here, we will explore the effect of atomic
hydrogen driving intrinsic magnetic ordering will be presented from a theoretical
perspective and in comparison with most recent experiments [3, 4, 5, 6].

It will be shown that the existence of a long range ferromagnetic state in
weakly hydrogenated graphene could be related to a highly robust metallic state
down to cryogenic temperatures, in contrast to the localization regime obtained in
absence of ferromagnetic order. Additionally, the possibility to observe measur-
able magnetoresistance signals due to magnetism in graphene will be discussed.
As a second issue, the presence of structural defects will be shown to yield con-
ventional localization effects.

[1] Mark H. Rommeli et al., 23, 4471-4490 (2011)
[2] F. Ortmann, A. Cresti, G. Montambaux and S. Roche, European Physics Let-
ters, 94, 47006 (2011)
[3] D. Soriano, N. Leconte, P Ordejon, J.-Ch. Charlier, J.-J. Palacios, and S.
Roche, Physical Review Letters 107, 016602 (2011)
[4] A. Lherbier, S.M.M. Dubois, X. Declerck, Sr. Roche, Y.-M. Niquet and J.C.
Charlier, Physical Review Letters, 106, 046803 (2011)
[5] N. Leconte, D. Soriano, S. Roche, P. Ordejon, J.-Ch. Charlier, and J. J. Pala-
cios, ACS Nano 5, 3987 (2011); DOI: 10.1021/nn200558d
[6] A. Cresti, A. Lopez-Bezanilla, P. Ordejon and S. Roche, ACS Nano 5 (11),
9271-9277 (2011)
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Size dependence of electronic transport in multiwalled carbon
nanotubes

M. Ahlskog1, D. Mtsuko1, O. Herranen1, M. Hokkanen1, A. Koshio2, M.
Yudasaka2, S. Iijima2

1University of Jyväskylä, Finland
2NEC Corp., Tsukuba, Japan

In a semiconducting single walled carbon nanotube (SWNT), the electronic con-
duction can be modulated with a (capacitively) strongly coupled gate electrode.
The bandgap Eg, has (in the simple tight-binding theory) the inverse dependence
on diameter (D). As graphene does not possess a bandgap, an important direction
in current research is to create constricted channels, graphene nanoribbons, where
a gap is created via quantum confinement due to the narrow width of the channel.
The size of the gap is then roughly in a similar inverse relation with the width
of the constriction as in the case of the diameter dependence of semiconducting
SWNT’s. In SWNT’s, however, the diameter range is rather narrow; 1-3 nm.

Reported transport measurements on multiwalled nanotubes (MWNT) have
been performed on tubes with diameters of 10 nm or more. In most studies the
working assumption has been that the outer layer is solely responsible for the low
bias transport properties. In MWNT’s with D larger than 10 nm, the semiconduct-
ing behavior of the outer wall is smeared out at room temperature. Our group has
done pioneering work on the basic transport data of intermediate sized MWNTs
ranging in diameter from 2 to almost 20 nm.

We have measured low temperature transport properties of the MWNT’s of
different diameters. In nearly all samples the gate dependent conductance exhibits
a gap whose size increases with decreasing tube diameter and increasing electrode
separation. This so called transport gap is attributed, based on the experimental
findings, on a combination of localization effects and narrow diameter induced
gaps in the electronic band structure.

Our work complements and bridges previous works on both SWNTs and MWNTs.
We also find substantial similarities between our results on the size dependence of
MWNT’s and the comparable current intense research on graphene nanoribbons,
whose dimensions are relatively easy to control.
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Edge states versus in-plane defects in graphite magnetism

T. Makarova1, V. Zagainova1, A. Okotrub2, L. Bulusheva2, G. Chekhova2,
D. Pinakov2, N. Yudanov2, A. Shames3

1Umea University, Sweden
2Nikolaev Institute of Inorganic Chemistry SBRAS, Russia

3Ben-Gurion University of the Negev, Israel

Inclusion compound C2F with the molecules intercalated between layers of graphite
fluoride matrix represent a system of loosely bound bilayer graphenes and serve as
an excellent model for studying low-dimensional magnetism. We have experimen-
tally studied correlation of the magnetic properties of the samples with the edge
structure and the in-plane structure. Fluorination starts from the edges CF termi-
nation which causes strong paramagnetism, and the samples obey the Curie-Weiss
behaviour. Further fluorination forms CF2 edges which drastically reduce local-
ized spin concentration. At these stages the samples exhibit only low-temperature
(< 3K) short-range antiferromagnetic ordering. This is consistent with the pre-
dictions that magnetism originates from the localized edge states that give rise to
a high density of states at the Fermi level rendering spin-polarization instability.
The 1D system is sensitive to thermal disorder destroying the spin arrangement,
and magnetism appears only at low T. When fluorine starts to attack the basal
plane, it results in strongly coupled localized magnetic moments. The mecha-
nism of fluorination assumes the random attachment of primary fluorine atom to
graphite network and further random direction of chain formation. Fluorine fills
the basal planes forming both zigzag and armchair chains with the stoichiome-
try CF-CF-CF-CF alternating with the chains of non-fluorinated C-C-C-C. The
areas of formation of C2F structure have limited size and form domains consist-
ing of the C2F bands ordered at different angles. When the formation of chain
structures inside the basal planes starts, a kink appears on susceptibility curves
at about 150 K. When the wet process is finished, the fluorine atoms continue
reorganizing on the basal plane: isolated fluorine atoms diffuse rapidly along a
path above C-C bonds till the structure reaches the energetically preferable state.
The chains are self-organizing, the metastable lone spins disappear and finally
the temperature dependences of magnetic properties does not have anything in
common with paramagnetism: susceptibility decays exponentially at low temper-
atures, which is a characteristic feature of a spin-gap system. Simultaneously a
ferrimagnetic contribution to susceptibility is developed due to uncomplete can-
cellation of magnetic moments; the latter is seen from the M(H) curves. Thus,
we observe the formation of bulk magnetic carbon in a self-assembly process. In-
trinsic nature of novel carbon magnetism results in its sensitivity to the thermal
treatment. Heating up to 400 K destroys antiferromagnetically ordered chains and
simultaneously destroys bulk magnetic order. On ageing, room-temperature ferro-
magnetism spontaneously restores; carbon magnetism is switched ON/OFF. ESR
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studies and ab initio calculations provide the evidence that magnetic units are the
areas of delocalized ?-system between the fluorinated chains.
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Defect controlled conductivity of graphene with vacancies and
N impurities

K. Carva1,2, B. Sanyal2, J. Fransson2, O. Eriksson2

1Charles University in Prague, Czech Republic
2Uppsala University, Sweden

The possibility to influence the electronic structure of graphene and hence control
its conductivity by adsorption or doping with adatoms is crucial in view of elec-
tronics applications. We study electronic structure and transport properties of sin-
gle and bilayer graphene with vacancy defects, as well as N doped graphene. The
theory is based on first principles DFT calculations employing coherent potential
approximation (CPA) to describe disorder. We show that increasing the defect
concentration increases drastically the conductivity in the limit of zero applied
gate voltage [1], by establishing mid-gap states and carriers in originally carrier-
free graphene, a fact which is in agreement with recent observations [2]. We
calculate the amount of defects needed for a transition from a non-conducting to a
conducting regime (i.e. a metal-insulator transition) and establish the threshold of
the defect concentration where the increase of impurity scattering dominates over
the increase of carrier induced conductivity [1].

[1] K. Carva, B. Sanyal, J. Fransson, O. Eriksson, Phys. Rev. B 81 (2010) 245405.
[2] S. H. M. Jafri et al., J. Phys. D: Applied Physics 43 (2010) 045404.
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Topics in graphene

S. Pantelides1

1Department of Physics and Astronomy and Department of Electrical Engineering and Computer
Science, Vanderbilt University, Nashville, TN 37235 USA

2Materials Sciecne and Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN
37831 USA

The talk will cover purely theoretical results on doping of graphene by N, oxygen
adsorbates, and the formation and healing of self-interstitial complexes; observa-
tions using electron-energy-loss spectrum imaging in scanning transmission elec-
tron microscopy (STEM), combined with theory, showing that a) a single point de-
fect can act as an atomic antenna in the petaHertz (1015 Hz) frequency range, lead-
ing to plasmon resonances at the sub-nanometer scale, and b) graphene has highly
localized d-states in the conduction bands; and measurements, combined with the-
ory, of electrical transport in multiterminal graphene devices suspended in liquids,
showing that non-polar liquids enhance mobility, polar liquids degrade mobility,
while all liquids suppress scattering by out-of-plane flexural phonons, which is a
dominant scattering mechanism in suspended graphene at room temeperature.

Theory collaborators: Y. S. Puzyrev, J. Lee, L. Tsetseris, B. Wang; microscopy
collaborators: W. Zhou, J. C. Idrobo, S. J. Pennycook; graphene device collabora-
tors: A. K. M. Newaz, K. Bolotin. Work supported in part by DTRA, NSF, and by
the U.S. Department of Energy, Materials Science and Engineering, Basic Energy
Science.
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Mechanism of organic chemical reactions on nano-porous gold

Taketoshi Minato1,2, Eisuke Ito2, Yoshifumi Ishikawa3, Naoya Hatakeyama3,
Masahiko Hara2,4, Yousoo Kim2, Naoki Asao5, Yoshinori Yamamoto5

1International Advanced Research and Education Organization, Tohoku University, Japan
2Advanced Science Institute, RIKEN, Japan

3Department of Chemistry, Tohoku Universityu
4Interdisciplinary Graduate School of Science and Engineering, Tokyo Institute of Technology,

5WPI-Advanced Institute for Materials Research, Tohoku University, Japan

Recently, the catalytic activities of nano-porous (several tens nm) gold for gas
phase reactions such as CO or methanol oxidations have been found by several
groups [1-3]. The activity of the nano-porous gold is characteristic and is not ob-
served on other catalysts. For example, gold is a chemically stable metal in the
bulk form, however, by the formation of nano-porous structure, gold show high
catalytic activity for CO or methanol oxidation [1-3]. Although the nano-particle
(2-3 nm) of gold also show the catalytic activities, usually supporting materials
(metal oxides or carbon materials) which modify the geometric/electronic struc-
ture of the gold is necessary to observe the catalytic activity [4-6]. The nano-
porous gold show the catalytic activity without supporting materials. Therefore,
the elucidation of the reaction mechanism on nano-porous gold catalysts is im-
portant to develop new catalysts. We have found that the nano-porous gold show
new catalytic activity for organic reactions in liquid phases [7-8]. However, the
reaction mechanism is still unclear. To develop new catalysts, we have studied the
reaction mechanism of the organic reaction by using surface science techniques
(photo-electron spectroscopy and thermal desorption spectroscopy). Based on the
observation of surface structure, electronic structure and adsorption structure, we
will discuss the mechanism to produce the characteristic reactivity on nano-porous
gold.

[1] V. Zielasek, B. Jurgens, C. Schulz, J. Biener, M. M. Biener, A. V. Hamza, M.
Baumer, Angew. Chem. 118, 8421-8425 (2006).
[2] C. Xu, J. Su, X. Xu, P. Liu, H. Zhao, F. Tian, Y. Ding, J. Am. Chem. Soc.,
129, 42-43 (2007).
[3] A. Wittstock, V. Zielasek, J. Biener, C. M. Friend, M. Baumer, Science, 327,
319-322 (2010).
[4] M. Haruta, S. Tsubota, T. Kobayashi, H. Kageyama, M.J. Genet and B. Del-
mon, J. Catal. 144, 175 (1993).
[5] M. Haruta, Gold Bull. 37, 27 (2004).
[6] T. Minato, T. Susaki, S. Shiraki, H.S. Kato, M. Kawai, and K.-I. Aika: Surf.
Sci. 566, 1012 (2004).
[7] N. Asao, Y. Ishikawa, N. Hatakeyama, Menggenbateer, Y. Yamamoto,M. Chen,
W. Zhang, A. Inoue, Angew. Chem., 122, 10291- 10293 (2010).
[8] N. Asao, Y. Ishikawa, N. Hatakeyama, Menggenbateer, Y. Yamamoto,M. Chen,
W. Zhang, A. Inoue, Angew. Chem. Int. Ed., 49, 10093-10095 (2010).
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Coupling experiments and simulations for the radiation
hardening of fiber optics: (I) Experimental results on canonical

samples of pure and doped silica

N. Richard1, S. Girard1, L. Martin-Samos2, Y. Ouerdane3, A. Boukenter3,
J.-P. Meunier3

1CEA, DAM, DIF, F91297 Arpajon, France
2CNR-IOM, DEMOCRITOS, via Bonomea 265 34136 Trieste, Italy

3Laboratoire Hubert Curien, Université de Saint-Etienne, UMR-CNRS 5516, 42000
Saint-Etienne, France

Silica-based glasses and fibers are considered for use in future facilities associ-
ated with very extreme radiative environments like ITER, LMJ, IFMIF, ...For
such applications, optical fibers have strong advantages but their integration re-
mains limited by the increase of their linear attenuation observed under irradi-
ation (Radiation-Induced Attenuation). This macroscopic degradation is due to
radiation-induced changes at the microscopic level: the generation of point de-
fects in the silica glass of the fiber core and cladding. A predictive model appears
necessary to design radiation-hardened fibers and glasses to these challenging en-
vironments. The codes necessary for such a prediction are still under develop-
ment (abstract II by Richard) and need dedicated experimental data allowing the
comparison between the simulation results ant the experimental results obtained
on comparable samples. We will discuss the approach that we put in place in
collaboration between our 4 labs and that is based on the development of specific
samples of glasses and fibers (canonical samples), directly comparable to our sim-
ulation cells and designed to highlight the impact of one composition or process
parameter on the point defects generation. A review of our more recent results
based on the spectroscopic analysis (absorption, luminescence, ESR,...) on these
canonical samples will be presented.
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Electronic transport in graphene-based structures: An effective
cross section approach

A. Uppstu1, K. Saloriutta1, A. Harju1,2, M. Puska1, A.-P. Jauho1,3,

1Helsinki University of Technology, Finland
2Helsinki Institute of Physics, Finland

3Technical University of Denmark, Denmark

We show that transport in low-dimensional carbon structures with finite concen-
trations of scatterers can be modeled by utilising scaling theory and effective cross
sections [1]. Our reults are based on large scale numerical simulations of carbon
nanotubes and graphene nanoribbons, using a tight-binding model with parame-
ters obtained from first principles electronic structure calculations. As shown by
a comprehensive statistical analysis, the scattering cross sections can be used to
estimate the conductance of a quasi-1D system both in the Ohmic and localized
regimes. They can be computed with good accuracy from the transmission func-
tions of single defects, greatly reducing the computational cost and paving the way
towards using first principles methods to evaluate the conductance of mesoscopic
systems, consisting of millions of atoms.

[1] A. Uppstu, K. Saloriutta, A. Harju, M. Puska and A.-P. Jauho,
arXiv:1111.0148v1



TRNM V: Wednesday 22/02/2012 49

Charge Optimized Many-Body (COMB) Potentials for
Interfacial Studies

S. Sinnott1

1Department of Materials Science and Engineering, University of Florida, Gainesville, FL,
32611-6400

Graphene has attracted tremendous attention owing to its interesting properties
and unique structure. A key intermediate product in the chemical production
of graphene is graphene oxide sheets, which are often heavily oxygenated with
hydroxyl or epoxide functional groups on the surface and carbonyl or carboxyl
groups at the edges. The energetics associated with the interaction of graphene
sheets with various levels of oxidation with metal and oxide interfaces is examined
in molecular dynamics simulations using charge optimized many-body (COMB)
potentials, which enable the investigation of heterogeneous interfacial structures
within a single unit cell. The properties of the COMB potentials and their appli-
cations to other heterogeneous interfacial systems will also be reviewed.
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Graphene on Ni(111): Strong Interaction and Weak Adsorption

F. Mittendorfer1, J. Harl2, G. Kresse2

1 Vienna University of Technology, Austria
2 University of Vienna, Austria

In the recent years, ab-initio modeling has been established as a complementary
approach to the experimental nanoscience research. Density functional theory
(DFT) based methods usually offer reliable structural models and energetics, and
allow to treat systems containing several hundreds of atoms. Yet the accuracy of
commonly used semi-local functionals for adsorption studies involving graphene
is severely limited, as non-local (van der Waals) contributions are completely ne-
glected. In a recent publication [1], we could demonstrate that the evaluation
of the correlation energy in a many-electron approach based on the adiabatic-
connection fluctuation-dissipation theorem (ACFDT) in the random phase approx-
imation (RPA) leads to a significant improvement.

In this presentation, I will discuss our recent results [2] for the adsorption
of graphene on Ni(111) on the basis of RPA calculations. Although we find a
significant hybridization between the graphene ⇡ orbitals and Ni d

z

2 states at an
optimized binding distance of 2.17 Å, the adsorption energy is still in the range of
a typical physisorption (67 meV per carbon). An important contribution to the en-
ergy is related to an decrease in the exchange energy resulting from the adsorption-
induced lower symmetry in the graphene layer. The energetics can be well re-
produced using the computationally significantly cheaper van der Waals density
functional theory (vdW-DF) with an appropriately chosen exchange-correlation
functional.

[1] L. Schimka, J. Harl, A. Stroppa, et al., Nature Materials 9 (2010) 741.
[2] F. Mittendorfen, A. Garhofer, J. Redinger, J. Klimeš, J. Harl, and G. Kresse,
submitted
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Probing nanostructures with forces and currents: From
atomic-scale contrast on graphene and carbon nanotubes to
heterofullerene synthesis with planar aromatic precursors

R. Perez1

1SPM Theory and Nanomechanics Group, Departamento de Fisica Teorica de la Materia
Condensada, Universidad Autonoma de Madrid, Spain

http://www.uam.es/spmth/

In this talk, we focus on the application of Scanning Tunneling (STM) and Frequency-
Modulation Atomic Force (AFM) microscopy [1] to carbon nanostructures (graphene,
carbon nanotubes and fullerenes). The simple honeycomb structure shared by
these materials represents both a perfect testing ground and a fundamental chal-
lenge for scanning microscopy imaging. STM can achieve atomic resolution in
graphite even in ambient conditions but, after 25 years of research, still there is no
consensus whether the maxima in the atomic scale images correspond to atoms or
to the hollow sites. To tackle this long-standing problem, we have performed com-
plex first-principles calculations of forces and currents between a tip and carbon
nanostructures. Our results explain the rich variety of image patterns observed in
both AFM and STM experiments in terms of two factors: (i) the tip-sample dis-
tance and (ii) the chemical reactivity of the tip [2]. Based on this work, we have
explored the electronic properties of epitaxial graphene on metals, both in the
case of the pristine layer and in the presence of carbon vacancies, where the cal-
culations help to correlate the structure of the defect with the experimental STM
images [3]. These calculations also shed light on the possible magnetic state asso-
ciated with these defects, predicted but not experimentally confirmed, in graphite
[4].

Finally, we’ll discuss the microscopic mechanisms behind the different steps
involved in our recent proposal for a controlled synthesis of heterofullerenes based
on a surface-catalysed cyclo-dehydrogenation process [5, 6]. With this approach
it is possible to transform with an almost 100% efficiency polycyclic aromatic
hydrocarbons like C60H30 and C57N3H33, deposited on Pt(111) surfaces, into
C60 fullerenes and triazafullerenes C57N3.

[1] S. Morita et al, Noncontact Atomic Force Microscopy, 2nd vol. (Springer-
Verlag, Berlin, 2010).
[2] M. Ondracek et al., Phys. Rev. Lett. 106 (2011) 171101 (Editors’ Suggestion).
[3] M. M. Ugeda et al., Phys. Rev. Lett. 107 (2011) 116803.
[4] D. Martinez et al., Phys. Rev. Lett. 105 (2010) 257203.
[5] G. Otero et al., Nature 454 (2008) 865.
[6] G. Otero et al., Chem. Eur. J. 16 (2010) 13920.
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Ion irradiation induced defects in freestanding graphene: an
atomistic simulation study

E. H. Åhlgren1, J. Kotakoski1,2, A. V. Krasheninnikov1,3, O. Lehtinen1

1University of Helsinki, Finland
2University of Vienna, Austria

3Aalto University, Finland

We study defect production in graphene using low-energy ion irradiation via
atomistic simulations. We show that carbon atoms can be substituted with boron
and nitrogen via low energy irradiation with probabilities of 55% for N and 40%
for B with the optimum irradiation energy of 50 eV [1]. We have further inves-
tigated the effect of pre-existing defects on the irradiation response of graphene,
and show that graphene can withstand up to 35% vacancy concentration before
subtantial change in its behavior. After this point, the sputtering from graphene
increases substantially and leads to breakage of the material.

[1] E. H. Åhlgren, J. Kotakoski, and A.V. Krasheninnikov, Phys. Rev. B 83 (2011)
115424.
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A density functional theory study of functionalised silicon
surfaces

H. Arefi1,2, G. Fagas2
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Molecular adsorption on silicon surface is studied from first-principles calcula-
tions within Density Functional Theory. In particular, we consider the stability of
benzene, fluorinated benzene, hexane and thiolated hexane, on [111]- and [100]-
silicon slabs and the effect of adsorption on the electronic structure of the slab.
Our calculations reveal that fluorinated benzene shows the strongest bonding to
the surface whereas thiolated alkanes produce the most significant shift at the edge
of the conduction band. A charge analysis at the various sites of slab before and
after functionalization allows us to investigate molecular induced charge transfer.

[1] X. Blase and M.-V. Fernandez-Serra, Phys. Rev. Lett. 100, 046802 (2008)
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The role of dispersion forces in the surface stability of oxidised
Cu(110)

J. Bamidele1, L. Kantorovich1

1Department of Physics, King’s College London

There are several methods proposed that can account for or qualitative describe
dispersion interactions, with several implementations now available in many den-
sity functional theory (DFT) codes. This is largely because it is of current inter-
est, used for studying layered materials, large protein molecules, molecules on
surfaces and recently bulk materials. We investigate an additional application for
such methods, in surface reconstructions. We performed thermodynamic calcu-
lations on several reconstructions of the oxidised Cu(110) surface with different
functionals (PBE, PW-91, vdW-DF1 and vdW-DF1) and with the semi-empirical
Grimme method (DFT-D2); in addition, in all cases contributions of atomic vi-
brations to the Gibbs free energy were accounted for. Oxidised Cu(110) has
two ground states depending on the pressure oxygen is introduced to the surface,
p(2x1) and at higher pressures c(6x2). Our results indicate that without taking
into account dispersion forces, the observed p(2x1) appears favourable but recon-
structions other than c(6x2) are equally as energetically favourable as the c(6x2)
with marginal energy differences. Also taking into account energy due to vibra-
tions had little effect on these results, changing the ordering but not the energy
gaps. However, upon accounting for van der Waals (vdW), the c(6x2) reconstruc-
tion becomes energetically favourable for the vdW-DF1 and vdW-DF2 function-
als and for the DFT-D2 method, with a significantly large energy gap. Thus also
demonstrating the importance of describing vdW interactions in a wider scope of
materials science.
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On heat capacity of superconducting nanoclusters

Vladimir Baturin1
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The subject of our investigation are ultrasmall Al nanoclusters. Recent experi-
ments have shown that the heat capacity of such systems has a peculiar behavior.
Namely there is a peak in the capacity as a function of temperature. This peak is
believed to be the sign of superconducting transition, with T

C

200K. So we had an
idea to trace the effects of pairing correlations and shell structure on heat capacity
using a simple model with finite particle number. We used the BCS hamiltonian,
were the electronic spectrum was represented by two shells but took into account
that the particle number was finite. So we obtained qualitative agreement with
experiments suggesting the increasing of transition temperature due to increasing
of degeneracy of electronic shells and coupling constant. The peak position also
appeared to be parity-dependent.
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Imaging the carbon K near-edge polarization dependence of a
few layer graphene by NEXAFS-TXM
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The near-edge X-ray absorption fine structure technique (NEXAFS) is ideally
suited to study graphene-based materials, because the C K-edge is very sensitive
to the bonding environment, providing diagnostic information about the structure,
defects and doping. Using the NEXAFS method electrons are excited from the
initial K-shell state into s* and p* final states, depending on the orientation of the
incident photon polarization with respect to the basal plane. The peak positions
and lineshapes of the observed NEXAFS resonances represent, to first approxi-
mation, a replica of the unoccupied density of states modified by core-hole in-
teractions. Because, in a graphene-based material the C p* exhibits strong linear
dichroism, using linearly polarized X-rays, NEXAFS can probe local anisotropy
and structural order by varying its relative orientation to a chosen axis of the sam-
ple. When combined with microscopy, NEXAFS can be used to study isolated,
free-standing, nanostructures.

We use the NEXAFS spectroscopy in a full-field transmission X-ray micro-
scope TXM, to study electronic structure of a few layer graphene. The assignment
of the most intense peaks was straightforwardly obtained by comparing the peak
positions of the graphite band structure. A pre-peak structure was associated to
metal doping due to the presence of metal impurities in the raw material used.



TRNM V: Posters 59

Alternative methods for doping nanocrystals and designing
junction offsets
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Low dimensional semiconductor nanostructures have unique properties with no
parallel in their bulk counterparts. For this reason, some of the processes long
used in the semiconductor industry have to be adapted or reformulated in order to
be adopted for the future mass-production of nanostructure-based devices. One
example is the doping. In silicon nanocrystals, group-III and group-V elements
have higher activation energies and the potential to segregate to the surface where
they can lose their dopant character. Using first-principles theoretical calculations,
we have investigated possible alternative procedures to change the free carrier con-
centration or mobility in nanocrystal films, or to tune the electron level offset in
silicon nanocrystal hetero-junctions. These include surface doping[1] and cov-
erage with chlorine atoms[2,3]. We explain how the electronic properties of the
nanocrystals are changed and how this can be explored for engineering purposes.

[1] Carvalho et al. Phys. Rev. B 84, 125437 (2011)
[2] Martinez et al. J. Phys. Chem. C 114, 12427 (2010).
[3] Ma et al. J. Phys. Chem. C 115, 12822 (2011).
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DFT modeling of the interaction of small analyte molecules
with a dye/silica receptor center

V. Chashchikhin1,2, E. Rykova1, A. Scherbinin3, A. Bagaturyants1, M. Alfimov1

1Photochemistry Center, Russia
2National Research Nuclear University, Russia

3Moscow State University, Russia

The adsorption of small analyte molecules (H2O, NH3, C2H5OH, and (CH3)2CO)
and an indicator dye, 9-(diphenylamino)acridine (DPAA), on the surface of amor-
phous silica particles is studied using electronic structure calculations at the DFT-
D level of theory taking into account explicit corrections for van der Waals forces.
Cluster models of three different types are used; two of them (Si10O11(OH)18
and Si20O27(OH)29) have been constructed using classical MD methods. The ef-
fect of particle size, local environment, and the choice of the exchange-correlation
functional and basis set on the adsorption energies is studied, and adsorption en-
ergies are extrapolated to nanosized clusters. It is shown that the dye is more
strongly bound to amorphous silica particles than the studied analyte molecules
and that the energy of DPAA adsorption increases with the particle size, being
at least twice as high as the energy of analyte adsorption for nanosized clusters.
Electrostatic interactions play an important role in the adsorption of acridine dyes
on the surface of silica nanoparticles [1]. We also studied the interaction of ana-
lyte molecules in the gas phase with DPAA on dye/silica system. The electronic
absorption spectra of the adsorbed dye are calculated within the TDDFT formal-
ism and the effects of dye/analyte interactions are investigated. The spectral line
broadening due to molecular vibrations is estimated within the Pekar model. A
computationally efficient procedure is proposed for the prediction of changes in
the absorption spectra of organic dyes adsorbed on silica upon their interaction
with analytes.

[1] V. Chashchikhin, E. Rykova and A. Bagaturyants, Phys. Chem. Chem. Phys.
13 (2011)1440-1447.
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NC-AFM energy dissipation mechanisms
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NC-AFM is an invaluable tool when probing surfaces, providing atomic resolu-
tion topography and detailed 3D force maps. As the tip scans the surface, the
feedback gain signal associated to the energy dissipated in the oscillation cycles is
also recorded, and this often differs from conventional topography images, show-
ing different contrast patterns, periodicity and tip-surface distance dependence.
Although many different surfaces have been studied with atomic resolution, a
routine interpretation of these measurement has yet to be found, since the atomic
processes at the surface responsible for energy dissipation are not well understood
and the influence of the tip is not clear. In order to understand better the role of the
tip in measured dissipation, we carried out extensive atomistic calculations using
a wide variety of different tip materials and structures, and a simple NaCl (100)
surface. After studying simple processes with quasi-static calculations [1], testing
several tip geometries and materials [2], we are now investigating the atomic-scale
dissipative processes using GPU accelerated finite temperature molecular dynam-
ics (MD) simulations, and comparing directly to static force spectroscopy (SFS)
and dynamic force spectroscopy (DFS) experiments. Ideal NaCl tips are too stable
and do not give dissipation although in presence of defects at the apex, the system
shows reversible reconstructions involving the tip and the surface, giving an aver-
age dissipation up to 0.02 eV/cycle, smaller than experimentally seen. MgO tips
are even more stable but the oxygen’s charge at the apex makes the surface unsta-
ble leading to formation of atomic chain and, consequently, irreversible surface
alteration, which is again in contrast with the experiment, showing no decoration
and stable operation. Finally we focused our efforts on simulating the experiment
from the very beginning, where an oxidized tip indents the surface adsorbing a
NaCl nanocluster at the apex. The average dissipation we calculate with this tip
is in a quantitative agreement with DFS data and the distance dependence is also
reproduced. We found that dissipation comes from stochastic formation of atomic
chains of different lengths.

[1] L.N. Kantorovich and T. Trevethan, Phys. Rev. Lett. 93, 236102, (2004).
[2] F. Federici Canova and A. S. Foster, Nanotechnology 22, 045702, (2011).
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Atomic scale dynamics of frictional processes
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Friction has generated a lot of scientific interest in recent years due to its recur-
rence in almost every aspect of our life. It is one of the most fundamental pro-
cesses in nature, and remains a key design concept in machines and devices. Fric-
tion and wear are the main source of failure in every kind of machinery, macro-
and microscopic, as well as biological applications, from prosthetics to drug de-
sign/delivery; efforts to reduce and control their effects forms a wide research
area. As this field of research has developed alongside modern experimental tech-
niques, it has become evident that friction originates at the nanoscale thus atomic
force microscopy became the tool of choice for creating a controllable nanocon-
tact with a surface, where the friction and wear properties and can be studied in
detail. Torsional resonance (TR) AFM offers the opportunity to map lateral forces
on a sample at extremely high resolution, without damaging the surface as it relies
on the same principles of non-contact AFM. The TR frequency shift is related to
the lateral force while the excitation signal (or damping) is related to the energy
lost to atomic scale frictional processes. While the former is well understood, in-
terpretation of the latter, remains challenging, and an area of intense research, and
as yet there are no theoretical or experimental studies of lateral dissipation in TR-
AFM. Studying frictional processes at the atomic scale can provide understanding
of how materials degrade due to wear, aiding design to improve durability. Our
studies focus on NaCl (001) surface, which is an important benchmark system
for theoretical models and is easily prepared in the laboratory. Experimental data
showed that the vertical interaction with the tip was too weak to give a distinct
topography of the surface, whereas lateral interaction, detected via the lateral fre-
quency shift provided surface images with atomic resolution. Although the lateral
frequency shift map showed the checkerboard pattern typical of ionic crystals, the
damping image looked different. Along a scanline along the atomic rows, the
damping signal gives two peaks around one site. In order to understand this, we
performed classical molecular dynamics (MD) simulations of the torsional oscil-
lation cycles. We create the model tip via MD, following a procedure similar to
the experimental one, and we process it so that vertical dissipative processes are
inhibited, as we know from the experiments that no dissipation was detected in
the vertical mode. We simulate several cycles, and we repeat the whole calcula-
tion placing the tip in several positions on the scanline. Preliminary results show
that, while the frequency shift contrast reveals intuitively the surface pattern, the
dissipated energy gives a double feature close to one of the two atomic species.
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insulating step edge
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Understanding potential variations near step edges of surfaces is of cardinal im-
portance to control surface processes such as adsorption, growth, catalysis and
friction. Ionic crystal surfaces attract the scientific attention due to their high
band gap, and in particular, there is a large interest in studying step edges, for
their key role in the adsorption chemistry. In our dynamic force spectroscopy
(DFS) experiments, we study the potential variations near a LiF (001) step edge
using the flexural and torsional resonance of the cantilever. The flexural oscilla-
tion is used to regulate the tip-sample distance, while the torsional one detects the
site-dependent interaction. The lateral oscillation is not affected by long range
site-independent interactions and thus has a very high sensitivity to the lateral
potential gradient. Our measurements show how the vertical interaction is quite
weak across the step edge and it does not show a strong dependence on the applied
bias voltage. However, the torsional frequency shift, shows a remarkable contrast,
and far away from the step, it has a linear dependence on the bias voltage. In
order to better understand this effect we performed atomistic calculations with the
shell model, using a model LiF (001) surface with a step edge, a planar electrode
below the surface and a spherical electrode representing the tip. Because the elec-
trodes in the simulation are applied few atomic layers below the surface, while the
real ones have few millimetres of insulating material on top, the effective bias to
be used in the atomistic model was evaluated from a finite elements calculation
considering the whole cantilever, the macroscopic LiF sample and the grounded
vacuum chamber. Such details were found to be quite important since the effec-
tive potential calculated in a simpler setup can be 10% larger. After relaxing the
surface at different bias voltages and tip positions, we evaluated the gradient of
the Coulomb interaction between the resulting surface and a dipole fixed on the
tip, and from this, the torsional frequency shift. We found the same linear trend
seen in the experiment. The potential change can then be related to the different
reconstruction at the step edge, when the ions are more free to move and affect
the surface dipole.
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Theoretical investigation of the diamond films with implanted
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The presented work is devoted to the investigation of the diamond films doped by
oxygen atoms. Oxygen doping of diamond is interesting both from the theoreti-
cal and experimental points of view because diamond despite of different useful
properties has the fundamental problem which is prevented to apply in electronics:
insulating properties. The doping of diamond by various atoms (e.g. by oxygen)
allows to significantly reduce the band gap and transform insulating diamond to
semiconducting one with n-type of conductivity. Despite of high perspectives
there is only few experimental and theoretical works devoted to the topic of oxy-
gen doping of diamond [1, 2].

The presented work is the result of theoretical and experimental studies. The
main goal of our theoretical investigation is the support of experiment where oxy-
gen doped diamond films were manufactured. The main goal of present work
is the investigation of dependence of electronic properties of diamond upon the
oxygen concentration.

At first step, the dependence of depth lying of implanted oxygen in diamond
film depended upon the initial ion energies was established. The good correspon-
dence between experimental and theoretical data was found. At the next step, DFT
approach was applied for the analysis of stability of oxygen defects with different
charge implanted in different sites of diamond. The investigation of interaction of
oxygen with vacancy defects was carried out. Vacancies are a kind of traps, so,
oxygen located in an interstitial site could move to the vacancy by directly binding
with neighbored to the vacancy carbon atoms. Nudged elastic bend method was
applied for the calculation of transition barriers between separate oxygen defects.
At the next step the electronic structure of doped diamond was evaluated and com-
pared with available experimental data. Significant contribution of oxygen defects
to the band structure was observed. Finally the Raman spectrum of the stablest
doped diamond structures was calculated and comparison with experiment was
provided.

[1] J. F. Prins, Phys. Rev. B. 61 (2000) 7191-7194.
[2] A. Gali, J. E. Lowther, P. Deák, J. Phys.: Condens. Matter. 13 (2001) 11607-
11613.
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From short- to long-range correlations in layered materials
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Exfoliated layered materials commonly exhibit unusual properties in comparison
to their bulk counterparts. Apart from a fundamental interest, this attracts an atten-
tion also from a practical point of view, having new electronic, optical and other
applications in perspective. Reliable theoretical studies of these materials often
require more than just the standard density functional theory. Then, such methods
as the random-phase approximation and the GW approximation are applied. Re-
cent papers [1,2] show, however, that these two approaches converge slowly with
respect to the basis size used in linear-response calculations. We argue that this
problem stems from the electron-electron interaction cusp of correlated wavefunc-
tions. Our analysis of the uniform electron gas shows that RPA correlation ener-
gies as well as GW quasiparticle energies converge as the negative third power of
the cut-off wavevector, and also a further asymptotic expansion is possible. This
result is applied for a study of binding in 30 layered solids and the quasiparticle
band structure of BN and MoS2. All obtained exfoliation energies are surpris-
ingly similar and fit into a narrow range around the value of 20 meV/Å2. The
quasiparticle calculations show that the band gaps strongly depend on the width
of the vacuum gap between periodic images of single layers, which is another
long-range correlation effect along with the van der Waals interaction. Interest-
ingly, the accuracy of these results is strongly influenced by the treatment of the
electron-electron interaction in the short range. More generally, if the many-body
perturbation theory is applied, the short-range correlation effects have to be taken
into account not only for layered materials, but also for all kinds of materials.

[1] J. Harl and G. Kresse, Phys. Rev. B 77, 045136 (2008)
[2] B.-C. Shih, Y. Xue, P. Zhang, M. L. Cohen and S. G. Louie, Phys. Rev. Lett.
105, 146401 (2010)
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beam thinning of Si lamellae
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The rise of nanoscience has created an ever-increasing need to probe systems
on the atomic scale, to which transmission electron microscopy has largely been
the answer. Currently, the only method for efficiently thinning an arbitrary bulk
sample into a thin lamella in preparation for transmission electron microscopy is
using a focused ion beam. However, the conventional method suffers from three
harmful effects on the sample which prevent thinning below ⇠20 nm: warping,
shrinking and amorphization. Using atomistic simulations coupled with state-
of-the-art experiments to study the thinning of a Si lamella by a focused Ga+
ion beam, we identify the atomistic processes responsible for the shrinkage of
the lamella and explain how they define a fundamental limit for the conventional
thinning method. Moreover, we provide insight into why a recently proposed
double-tilt method is free of the forementioned effects and may thus be applied
below the critical limit of the established method.
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It was not long after the discovery of carbon nanotubes that the sythesis of BN
nanotubes, which is a III-V compounds, was reported. Novel physical properties
re expected in nanotube geometry due to its quasi-1D nature. Therefore, sev-
eral works [1-3] were devoted to finding nanotubes of common compounds in
the semiconducting industry, such as GaN, Si, AlN, AlP, and GaAs. Inspired by
these studies, we combine first principles calculations with Tersoff potential based
molecular dynamics simulations to predict the structural and electronic properties
of single and multi wall Gallium Arsenide nanotubes (GaAs-NTs). Inspired by the
geometry of the recently reported GaAs clusters, we choose achiral nanotubes. In
GaAs nanotubes, not all atoms are at the same distance from the tube axis, and
thus the nanotube surface is corrugated. Therefore, we first determined which el-
ement should form the outermost shell in the nanotube surface. We find that As
atoms prefer to be the farther from the tube axis, and Ga atoms prefer to be closer
to the tube axis. This is due to the charge transfer from Ga to the As atom as it hap-
pens also on the GaAs (001) surface. For this reason, even a single wall nanotube
could be regarded as dipolar shell. Our calculated bindings energies per formula
unit GaAs nanotubes are similar both for armchair and zigzag nanotubes, and they
are comparable to that of bulk GaAs. Unless the diameters of the nanotubes are
too narrow, the strain due to the bending is eliminated by the corrugated structure
of the surface. As to electronic structure of the GaAs nanotubes, we find that all
GaAs nanotubes are semiconducting regardless of their chirality. Starting from
the atomic structures that we obtained from density functional calculations, we
formed multi wall nanotubes, and determined their structural properties in Tersoff
potential. We find that strain energies could be modified by formation of multi-
wall structures.

[1] J.Goldberger, R. He, Y. Zang, S. Lee, H. Yan, H. Choi, P. Yang, Nature(London)
422, (2003) 599.
[2] S. J. Sha, J. Niu, X. Ma, J. Xu, X. Zhang, Q. Yang, D. Yang, Adv. Mater.
(Weinheim, Ger) 14, (2002) 1219.
[3] E. Durgun, S. Tongay and S. Ciraci, Physical Rev. B. 72, (2005) 075420.
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Hollow CdS clusters are predicted to trap alkali metals and halogen atoms in-
side them [1]. Furthermore, the electron affinities (EA) of halogen doped clusters
and the potential ionizations (IE) of the alkali doped clusters are calculated to be
very similar. This makes them suitable to form cluster-assembled materials, in
the same vein as related ZnO, ZnS and MgO porous materials [2 � 3]. With this
aim we have focused on the assembling of bare Cd
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i

-
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i

(i=12, 16, X= Cl, Br) clusters in order to obtain new solids with taylored
semiconducting and structural properties.

These hollow nanoclusters are built by squares and hexagons, and based on
their structures three different orientations have been considered. Namely, edge-
to-edge (E-E) square-to-square (S-S) and hexagon-to-hexagon (H-H). These three
orientations lead to different zeolite-like nanoporous bulk CdS phases, namely,
SOD, LTA and FAU.

Our calculations predict stable solids, with cohesive energies comparable to
many soft solids. They exhibit the above mentioned SOD, LTA and FAU zeolite-
like structures, with pores of around 0.0, 1.5 and 2 nm respectively. Since en-
dohedral doping decreases the band gaps by 0.5 eV, these solids may be seen as
narrow-gap semiconducting materials with potential application in optoelectron-
ics. Moreover, their pore-structure makes them suitable for many other applica-
tions such as heterogeneous catalysis, storage, etc.

[1] E. Jimenez-Izal, J. M. Matxain, M. Piris and J. M. Ugalde, J. Phys. Chem. C
114 (2010) 2476.
[2] J. M. Matxain, M. Piris, X. Lopez and J. M. Ugalde, Chem. Eur. J. 15 (2009)
5138.
[3] J. Carrasco, F. Illas and S. T. Bromley, Phys. Rev. Lett. 99 (2007) 235502.
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Graphene is an attractive material for device applications due to its high carrier
mobility in two dimensional charge carrier transport. The transport behavior of
three terminal graphene junction has been studied using T-branch shape device. In
this study, we present a result of experimental electrical properties of the device
at room temperature. We obtained around 10T-branch devices were patterned on
exfoliated single layer graphene prepared on a 300-nm-thick silicon dioxide using
O2 plasma etching. The width and length of the channel from the left to right is
200 nm and 600 nm, respectively. The center branch is around 100 nm wide and
300 nm long. The metal contact is formed with Ti/Au (5 nm/40 nm) by e-beam
evaporation. In the measurement anti-symmetric voltage sources, so-called push-
pull configuration (VL=-VR), are applied to the left and right terminals simulta-
neously and the output voltage is measured at the center branch with various the
backgate voltages. The substrate of highly doped silicon is used as a global back
gate electrode. All measurements were carried out at room temperature. When the
left and right terminals are biased by push-pull manner with a backgate voltage,
the output voltage at the center branch is dominantly negative or positive regard-
less of the sign of input voltage. Moreover, the output voltage becomes almost
zero when the backgate voltage reaches the carrier neutrality point as expected.
Also, the curvature of rectification becomes stronger when the Fermi level is in-
creased by the backgate voltage. This implies that the curvature of rectification is
dependent on the carrier density. Furthermore, the sign of the rectified curve is al-
tered by changing the carrier (hole or electron) type. Positive rectification occurs
at electron transport region and negative rectification at the hole transport region.
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Aluminium-oxide films are actively used in nano-electronic devices due to their
high dielectric constant and high barrier for electron tunneling as well as strong
resistance to corrosion, significant thermal and mechanical stabilities and good
adhesion.

As generally, properties of the system at the nano-scale are sensitive to the ge-
ometry, performance of the nano-devices is also strongly affected by the geometry
of its components. One manifestation of such correlation is the fact that tunneling
current is strongly dependent on the structure of the interface between the metal
and the oxide. Therefore, above all, it is important to learn the properties and
kinetics of oxide formation. Regardless a large amount of work addressed to this
issue, clear picture of the oxide formation is not yet achieved. What is more, most
of the works consider only initial stages of oxidation at low coverages.

The goal of the proposed work is to perform atomistic modeling and simula-
tion of tunneling phenomena and barrier structure for metal-oxide interfaces, and
to correlate tunneling current properties to the geometry of the barrier. There-
fore, the first and the foremost step is to develop detailed understanding of oxide
growth. Further, quantitative description of transport relevant barriers can be de-
duced.

The choice of the inter-atomic potential in the presented problem is crucial.
It must be environment-dependent and must be able to describe charge transfer.
For our simulations we choose Reactive Force Field (ReaxFF) [1] employed in
LAMMPS [2] molecular dynamics code. ReaxFF has been successfully used for
aluminum and for Al/Al2O3 interface and is claimed to be fully transferable for
the description of the oxidation process [3]. Simulated results for the properties
and growth kinetics of aluminum oxidation at room temperature will be presented,
thereby assessing the applicability of ReaxFF to the current problem.

[1] A.C.T. van Duin, S. Dasgupta, F. Lorant and W.A. Goddard, J. Phys. Chem. A
105 (2001) 9396.
[2] S. Plimpton, J. Comp. Phys, 117 (1995) 1.
[3] Q. Zhang, T. Cagin, A.C.T. van Duin, W.A. Goddard, Y. Qi and L.G. Hector,
Phys. Rev. B 69 (2004) 045423.
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Defects in electron irradiated transition metal dichalcogenides

H.-P. Komsa, J. Kotakoski, A. Krasheninnikov

University of Helsinki, Finland

Transition metal dichalcogenides are a class of layered materials, similar to
graphite and BN. Due to recent advances in succesful production of two-dimensional
monolayers they have started to attract considerable attention. The prototypical
material MoS2 has been previously used as a dry lubricant, but it also shows
promise in applications such as hydrogen production, solar cells, and photocatal-
ysis. In addition, applications in electronics are enabled by the fairly high carrier
mobilities. Importantly, as the transition metal chalcogenides comprise of a fairly
large set of materials, they offer natural engineering possibilities which are of-
ten lacking in other 2D materials. In order to take full advantage of the promise
of these materials, a good control over the defect production is required. In par-
ticular, defects could be produced intentionally under electron or ion irradiation,
whereas unintentional production may be expected during transmission electron
microscope (TEM) imaging.

In this work, we investigate the vacancy formation under electron irradiation
for a large set of materials. We consider several transition metal species, such
as Mo, W, Nb, and Pt, together with S, Se, and Te chalcogenides. We first per-
form first-principles calculations of vacancy formation energies, which are then
complemented with molecular dynamics simulations of the displacement thresh-
olds. In addition, we examine chalcogenide substitution processes within these
materials.
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Atomic oxygen chemisorption on a zig-zag carbon nanotube

Jaap Kroes1, Wanda Andreoni1, Alessandro Curioni2, Fabio Pietrucci1, Oliver
Gröning3

1Ecole Polytechnique Federale de Lausanne, Lausanne, Switzerland
2IBM Research – Zürich, Rueschlikon, Switzerland

3Swiss Federal Laboratories for Materials Testing and Research (EMPA), Dübendorf,
Switzerland

The interaction of oxygen with carbon nanotubes is of crucial importance for the
understanding of their behavior in real environments and also their response to co-
valent functionalization [1]. However relatively limited attention has been paid to
the study of chemisorption of atomic oxygen, especially with theoretical methods
(see however [2]).

We present a series of large-scale simulations based on density-functional the-
ory and using different choices for the exchange-correlation functionals aimed at
identifying in particular the characteristic configurations of oxygen adsorbates on
the side walls of a carbon nanotube as well as the dynamics of desorption and mi-
gration processes. In analogy with our previous study of hydrogen chemisorption
[3], we shall investigate the variations induced on the electronic and vibrational
spectrum of the bare tube. Comparison of our results with recent data from scan-
ning tunneling spectroscopy.

This research was funded in part by Nano-Tera.ch, a program of the Swiss
Confederation, evaluated by the SNSF. Part of the computational work was sup-
ported by a grant from the Swiss National Supercomputing Centre - CSCS under
project ID 245.

[1] P. G. Collins, K. Bradley, M. Ishigami and A. Zettl, Science 287, 1801 (2000)
[2] V. Barone, J. Heyd, G. E. Scuseria, Chem. Phys. Lett. 389, 289 (2004)
[3] W. Andreoni, A. Curioni, J. Kroes, F. Pietrucci, O. Groening, J. Phys. Chem.
C (to appear).
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Atomic scale characterization of alumina films grown on the
MgAl2O4 (100) surface

S. Kulju1, T. N. Jensen2, F. Besenbacher2, A. S. Foster1,3, J. V. Lauritsen2

1Dept. of Physics, Tampere University of Technology, Finland
2Interdisciplinary Nanoscience Center (iNANO), Aarhus University, Denmark

3Dept. of Applied Physics, Aalto University School of Science and Technology, Finland

Metal oxide spinels are an important class of materials in both ceramics technol-
ogy and materials science. The prototypical ternary metal oxide spinel, mag-
nesium aluminate spinel (MgAl2O4), is widely used, for instance, as a mem-
brane in solid oxide fuel cells and in heterogeneous catalysis, either as a sup-
port for active metal nanoclusters or as a catalyst in its own right. MgAl2O4 is a
ternary metal oxide with the prototypical spinel structure. Its crystal structure de-
fines a larger group of so-called spinel minerals, which adopt the general formula
A2+B23+O42-. Recently it was possible in interplay between NC-AFM and sur-
face x-ray diffraction (SXRD) experiment together with density functional theory
calculations and NC-AFM simulations to reveal an atomistic model of the (100)
surface structure and the prevalent defect types on this metal oxide [1,2]. This was
a key step in developing the potential applications of this surface.

In a further step, we used the MgAl2O4 (100) surface as a substrate to grow
thin films of aluminium oxide – a particularly common material in studies of
catalysis. By combining high- resolution non-contact atomic force microscopy
with first principles simulations we demonstrate that this film remains crystalline
through several layers of growth. Simulations characterize the structure of the alu-
mina film and its interface, and predict its electronic properties – with particular
emphasis on its role as a nanocatalytic substrate.

[1] M. Rasmussen, A. S. Foster, B. Hinnemann, F. Canova, S. Helveg, K. Meinan-
der, N. Martin, J. Knudsen, A. Vlad, E. Lundgren, A. Stierle, F. Besenbacher, and
J. V. Lauritsen, Phys Rev Lett 107, (2011).
[2] M. Rasmussen, A. S. Foster, F. Canova, B. Hinnemann, S. Helveg, K. Meinan-
der, F. Besenbacher, and J. V. Lauritsen, Phys. Rev. B (2011, submitted)
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Ultrathin diamond nanofilms as possible two-dimensional
insulator: electronic and elastic properties

A. G. Kvashnin1,3, P. B. Sorokin1, L. A. Chernozatonskii2

1Technological Institute for Superhard and Novel Carbon Materials, Russian Federation
2Emanuel Institute of Biochemical Physics, Russian Academy of Sciences, Russian Federation

3Moscow Institute of Physics and Technology, Russian Federation

Hydrogenation of graphene [1] enlarges its potential application in nanoelec-
tronics. Regular adsorption of hydrogen atoms changes graphene electronic struc-
ture and opens the band gap depending upon the distance between hydrogen re-
gions. Total hydrogenation of graphene changes the nature of electronic states
due to changing of sp2 hybridization of C-C bonds to sp3 one and opens the di-
electric band gap. Such two-dimensional insulator was called as graphane [2].
Graphane is an offspring of graphene along with graphene nanoribbons and car-
bon nanotubes. The other type of carbon bonding opens a new way for developing
of two-dimensional carbon based materials.

Graphane is only first member in a series of sp3 bonded diamond films with
nanometer thickness (or diamanes) consist of a number of adjusted <111> ori-
ented layers which display unique physical properties [3]. The consequent study
of graphene, graphane and proposed diamanes can be considered as bottom-up
nanotechnological approach opposite to ordinary top-down paradigm. The main
goal of this work is the theoretically study of diamane physical properties. We
considered diamanes with different thickness; we investigated their stability and
compared them with known data for sp3-hybridized hydrocarbon clusters. We
studied the elastic properties of the structures and obtained phonon dispersion (as
well as Raman spectra), wave velocities and elastic constants of the films. We cal-
culated phase diagram depended upon the diamond film thickness and discussed
possible ways of synthesis of the considered structures and their application in
nanoelectronics and nanooptics.

[1] D. C. Elias, R. R. Nair, T. M. G. Mohiuddin, S. V. Morozov, P. Blake, M P.
Halsall, A. C. Ferrari, D. W. Boukhvalov, M. I. Katsnelson, A. K. Geim and K. S.
Novoselov, Science. 320 (2009) 610
[2] J. O. Sofo, A. S. Chaudhari, G. D. Barber, Phys. Rev. B. 75 (2007) 153401
[3] L. A. Chernozatonskii, P. B. Sorokin, A. A. Kuzubov, B. P. Sorokin, A. G.
Kvashnin, D. G. Kvashnin, P. V. Avramov, and B. I. Yakobson, J. Phys. Chem. C.
115 (2011) 132.
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Transport properties of graphene-based branched
nanoribbons. Theoretical study

D.G. Kvashnin1,2, L.A. Chernozatonskii1,

1Emanuel Institute of Biochemical Physics, Russia
2Moscow Institute of Physics and Technology (state university), Russia

Today scientific hot topic is graphene [1]. Graphene have attracted consider-
able attension as a main candidate material for future nanoscale electronics. But
because of unique electronic properties graphene application in nanoelectronis be-
comes difficult because of a lack of band gap in the electronic structure. Therefore
it seems that more usefull to use graphene nanoribbons as possible semiconduct-
ing devices in nanotechnologies because it displays such large band gap due to
quantum confienment effect. In recent report different types of graphene nanorib-
bons in particular Y-junctions were considered. The I-V characteristics of current
objects were studied All investigations in recent work were making with density
function theory (DFT-GGA implemented in TranSiesta package [2]). The trans-
mission spectrum of such systems were obtained. As a result, it was found that
the transmission spectrum has a similar behavior as the spectrum of Y-junctions
carbon nanotubes [3].

[1] K. S. Novoselov, et al., Proc. Nat. Acad. Sci. USA 102 (2005) 10451
[2] P. Ordejon, E. Artacho, J. M. Soler, Phys. Rev. B, 53 (1996) R10441; J.M.
Soler, E. Artacho, J. D. Gale, A. Garcia, J. Junquera, P. Ordejon, D. J. Sanchez-
Portal, Phys.: Condens. Matt. 14 (2002) 2745
[3] A. N. Andriotis, M. Menon, Appl. Phys. Lett. 89 (2006) 132116.
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Optical properties of thermocromic VO2 nanoparticles

K. Laaksonen1, S.-Y. Li2, S. R. Puisto3, G. A. Niklasson2, T. Ala-Nissilä1, R. M.
Nieminen1

1Aalto University, Finland
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3Matox Ltd, United Kingdom

Thermochromic VO2 undergoes metal-insulator transition at temperatures rela-
tively near room temperature. The transition affects its optical properties espe-
cially at the near-infrared (NIR) wavelengths. Consequently, thin films of VO2

have been proposed for energy-saving applications such as window coatings. At
high temperatures, metal VO2 has high reflectivity of NIR light which is absorbed
or transmitted at low temperatures. However, if used as nanoparticles instead of
thin films, the optical properties of the high-temperature metal VO2 are signif-
icantly different.[1] Metal nanoparticles show strong surface plasmon resonance
absorption which for VO2 is at NIR wavelengths changing the high reflectivity of
NIR light in thin films to absorption in nanoparticles.

We have studied the optical spectrum of VO2 nanoparticles using two different
methods suitable for the calculation of optical properties of nanoparticles embed-
ded in a dielectric coating layer. Effective medium theory (EMT), in this case
in the form of Maxwell Garnett theory, can describe the absorption properties of
nanoparticles but does not consider scattering of light. It can be taken into ac-
count by using the four-flux method with scattering and absorption efficiencies
calculated with the Mie theory. The results from the two methods agree well at
both low and high temperatures for small VO2 nanoparticles where the scattering
contribution to the spectrum is small.

[1] S.-Y. Li, G. A. Niklasson, and C. G. Granqvist, J. Appl. Phys. 108 (2010)
063525
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Imaging and energy dissipation mechanisms on metallic and
insulating surfaces studied with AFM in pendulum geometry

M. Langer1, M. Kisiel1, U. Gysin1, E. Meyer1

1Department of Physics, University of Basel, Klingelbergstrasse 82, CH-4056, Switzerland

Mechanism of the energy dissipation and accompanied friction in the nanoscale
is a widely studied field. For a surfaces in contact the dissipation is dominated by
the Van der Waals (VdW) and short range (SR) forces. Surfaces seperated by a
finite distance, larger than the decay length of short range forces, dissipate energy
via (VdW) and electronic interaction. To investigate the electronic contribution
to the non-contact energy dissipation [1], we successfully utilize an Atomic Force
Microscope (AFM) in the pendulum geometry [2].
In pendulum geometry the Cantilever is oscillating perpendicular to the sample
surface. This opens the possibility to use ultra sensitive cantilever with spring
constants of mN/m with a force sensitivity of 10aN/

p
Hz. For surface char-

acterisation of mixed materials its useful to image the surface topography first.
Calculations show that in pendulum geometry the contrast mechanism is influ-
enced by two types of forces - the axial force and the lateral force gradient. This
is confirmed experimentally. To study the electronic contribution in detail, it is
necessary to compensate the electrostatic force present due to contact potential
difference between the cantilever tip and the sample surface. We used frequency
modulated - Kelvin Probe Force Microscopy (fm-KPFM) to compensate the con-
tact potential.
We can distinguish between metallic and insulating surfaces an determine the elec-
tronic contribution to the energy dissipation. This effect is enhanced, if we gently
functionalize the probe, by covering the tip apex with an insulator or metal.
The measurements are performed on Cu(100) substrate with 0.6ML coverage of
NaCl. All experiments are done under UHV and cryogenic conditions (77K).

[1] M. Kisiel, E. Gnecco, U. Gysin, L.Marot, E. Meyer, Nature Materials, 10, 199-
122, (2011)
[2] B. C. Stipe, H. J. Mamin, T. D. Stowe, T. W. Kenny, D. Rugar, Noncontact
friction and force fluctuations between closely spaced bodies. Phys. Rev. Lett.87,
096801 (2001)
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Lattice parameter local determination for trigonal crystal
systems using several coplanar X-ray reflections

N. Marchenkov1, A. Blagov1, Yu. Pisarevsky1, P. Prosekov1

1Shubnikov Institute of Crystallography RAS, Russia

The method for determining the local lattice parameters using quasi-multiple
X-ray diffraction (which was proposed and used only for crystals of the cubic sys-
tem [1]) has been expanded to measure the local crystal lattice parameters for the
trigonal, hexagonal, and tetragonal systems [2]. Local variations in the lattice pa-
rameters in the trigonal lanthanum-gallium tantalite (La3Ga5.5Ta0.5O14) crystals
have been investigated. Reflections necessary for implementing the quasi-multiple
X-ray diffraction scheme are found for these crystals.

The pairs of reflections that were found were used to complete quasi-multiple
X-ray diffraction schemes on a laboratory X-ray source and determine the vari-
ation in the lattice parameter a along the surface of these crystals. The relative
measurement error was 4 ⇥ 10�6 at a spatial resolution of 140 m.

The results of determination of the linear coefficient of thermal expansion of
the crystal LGT were obtained. Measurement of the relative variation of the lat-
tice parameter a at different temperatures and linear approximation of these re-
sults gave the value of the coefficient of thermal 11 expansion equals to 4,6 - 10�6

(K�1).The accuracy of the method and the parameters determining this character-
istic were analyzed based on the results. The locality of the method and the limits
of the spatial resolution of an X-ray diffraction measurement of lattice parameters
are estimated.

[1] Isomae S., Kishino S., Takagi et al. J.Appl.Cryst. (1976) 9, 342; Physica B,
(2005) 357, 130-135.
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Atomic defects on titanium dioxide surface
-Electronic structure and manipulation-
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6WPI-Advanced Institute for Materials Research, Tohoku University, Japan
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Titanium dioxide (TiO2) has many important applications in chemistry and physics.
The chemical and physical properties of TiO2 are strongly affected by atomic de-
fects like hydrogen atoms (H), oxygen vacancies and Ti interstitials [1-4]. The
control of atomic defects on the TiO2 surface is important for creating new prop-
erties. Previously, it was found that by applying a bias voltage from a scanning
tunneling microscope (STM) tip, individual H can be desorbed from the TiO2
surface [1-4]. This gives ideal control of an atomic defect. However, the reaction
mechanism is not well understood. In this work, we have studied the H desorption
mechanism on the TiO2 surface by measuring how the reaction yield. By apply-
ing a voltage pulse (positive sample bias) to the H from an STM tip, desorption of
an individual H is observed. The reaction yield for injected electrons showed two
threshold voltages for H desorption in the positive sample voltage range. With
decreasing tip-sample distance, these threshold voltages shifted towards a lower
energy region. In contrast, H desorption was not observed in the negative sample
voltage range. From density functional theory and by probing isotope effects on
the reaction yields, the shift of the spectrum was explained by changes of the bar-
rier width of the potential curve for H desorption induced by the electronic field
between tip and sample.

[1] C.L. Pang et al., Chem. Soc. Rev., 37, 2328 (2008)
[2] S. Wendt et al., Science 320, 1755 (2008)
[3] T. Minato et al., J. Chem. Phys., 130, 124502 (2009)
[4] S. Suzuki et al., Phys. Rev. Lett., 84, 2156 (2000)
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d0 ferromagnetic interface between non-magnetic perovskites

R. Oja, R. M. Nieminen

Aalto University, Finland

d0 magnetism results from spin-polarized p orbitals, whereas conventional mag-
netic materials have partially filled d or f states. Magnetic effects in hole-doped
oxides are a common experimental observation, and holes in oxygen p orbitals
have been widely predicted to result in magnetic moments [1]. In perovskite ox-
ides, oxygen p bands are narrow and have a high density of states just below the
band gap. Also, oxygen p electrons have a strong exchange coupling. Hence,
Stoner’s criterion for itinerant ferromagnetism is fulfilled, if the hole density is
high enough [2].

Obtaining such high hole densities, moving the Fermi level to the oxygen p
band, is easily done by so-called intrinsic doping, by a charge-imbalanced inter-
face between two d0 perovskites. In our model KTaO3/SrTiO3 interface, SrO and
TiO2 layers are nominally neutral, but (KO)� and (TaO2)+ layers have preferred
ionic charges. To retain charge neutrality and compensate for interface dipole, 0.5
holes per p type interface unit cell are localized in the interface region. The n
type interface, on the other hand, introduces 0.5 electrons per unit cell above the
band gap, on the Ti d orbitals. Usually, a 2D electron gas is formed at a charge-
imbalanced perovskite interface [3].

We have performed LSDA, LSDA+U and GGA+U calculations of p and n
type KTaO3/SrTiO3 interfaces. The hole on oxygen 2p orbitals is partially mag-
netized. Very small values of on-site Hubbard interaction U on oxygen p orbitals
stabilize complete spin-polarization and half-metallic, ferromagnetic holes. For
the n type interface, on the other hand, the electrons on Ti d orbitals do not mag-
netize completely, and doped electrons can have a variety of competing magnetic
states [4]. The density of states at the top of the O p band is higher than at the bot-
tom of the Ti d band, making p type interfaces between d0 perovskites candidate
materials for combining ferromagnetism and ferroelectricity.

[1] O. Volnianska and P. Boguslawski, J. Phys.: Condens. Matter 22 (2010)
073202.
[2] H. Peng, H. J. Xiang, S.-H. Wei, S.-S. Li, J.-B. Xia and J. Li, Phys. Rev. Lett.
102 (2009) 017201.
[3] A. Brinkman, M. Huijben, M. van Zalk, J. Huijben, U. Zeitler, J. C. Maan, W.
G. van der Wiel, G. Rijnders, D. H. A. Blank and H. Hilgenkamp, Nature Materi-
als 6 (2007) 493.
[4] S. Okamoto, A. Millis and N. Spaldin, Phys. Rev. Lett. 97 (2006) 56802.
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Modeling nonadiabatic processes, such as ion-atom collisions and electron trans-
fer in molecular and biological systems, represents major computational chal-
lenges because multiple potential energy surfaces (PES) are involved in the dy-
namics. Consequently, traditional ab initio molecular dynamics (AIMD) meth-
ods, founded on the assumption that the electronic subsystem is in its ground
state, cannot be used. Ehrenfest molecular dynamics (Ehrenfest MD) within time-
dependent density functional theory (TDDFT) offers a computationally affordable
approach to simulating nonadiabatic processes by coupling the quantum equations
of motion for electrons with classical equations of motion for nuclei via an average
potential surface.

In ion bombardment of materials, the projectile loses kinetic energy while
traversing the target due to two different processes. In nuclear stopping, the energy
loss is due to the collisions with the nuclei in the target, whereas in electronic
stopping, the projectile loses energy due to the interaction with the electrons of
the target material. Ab initio modeling of electronic stopping is difficult because
of the nonadiabatic nature of the process.

We have implemented [1] Ehrenfest MD within the projector augmented wave
(PAW) method. The electronic structure program used for the implementation is
GPAW [2, 3], which uses real space grids and finite differences. First, we present
and discuss the Ehrenfest TD Kohn-Sham equations within the PAW method and
their implementation in GPAW. Second, we demonstrate the applicability of our
method by studying electronic stopping in graphene and boron nitride. We find
that our PAW-based Ehrenfest MD results agree well with experiments as long as
the effect of core electron excitations is small.

[1] A. Ojanperä, V. Havu. L. Lehtovaara and M. Puska, submitted to J. Chem.
Phys. (2011).
[2] J. J. Mortensen, L. B. Hansen and K. W. Jacobsen, Phys. Rev. B 71 (2005)
035109.
[3] J. Enkovaara et al., J. Phys. Cond. Mat. 22 (2010) 253202.



82 TRNM V: Posters

Interfacial characteristics of in situ CVD-seeded ALD oxide
layers on graphene

A. Perros1, W. Kim1
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As pristine graphene does not possess dangling bonds atomic layer deposition
(ALD) generally should be preceded with surface funcionalization to initiate uni-
form growth. Currently, metal oxide seed layers for ALD have been deposited by
physical vapour deposition with success by others [1]. In addition, the oxidation
of a thin aluminum layer on graphene has also been demonstrated[2]. Other meth-
ods exist such as functionalization using nitrogen dioxide (NO2) and trimethyla-
luminum (Al[CH3]3) or using parlyene have been demonstrated [3,4].

In the present work, interfacial characteristics of graphene and ALD oxides of
Al2O3 and TiO2 films, which are preceded with in situ chemical vapour deposi-
tion CVD-seeding, are examined.

[1] M. Hollander, M. LaBella, Z. Hughes, M. Zhu, K. Trumbull, R. Cavalero, D.
Snyder, X. Wang, E. Hwang, S. Datta, and J. Robinson, Nano Lett. 11, (2011)
3601.
[2] S. Kim, J. Nah, I. Jo, D. Shahrjerdi1, L. Colombo, Z. Yao, E. Tutuc, and S.
Banerjee, App. Phys. Lett. 94, (2009) 062107.
[3] X. Wang, S. Tabakman,and H. Dai Am. Chem. Soc.130 (2008), 8152.
[4] D. Farmer, R. Gordon, Nano Lett. 6 (2006) 699.
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High resolution transmission electron microscopy now enables the study of ma-
terials on the few atom level in real-time. We describe here our recent efforts to
model using density functional theory single sequential exposures of suspended
graphene obtained in the high brightness gun equipped, chromatically and Cs cor-
rected PICO transmission electron microscope based at the Ernst Ruska Center,
Jülich.

Single frames obtained in recent experiments show unprecedented levels of
detail, enabling a one-to-one mapping between DFT models and experimental
results. The rate of knock on damage and motion of adatoms can be inferred on a
frame-by-frames basis, allowing more information to be extracted about nanoscale
systems than ever before.
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Coupling experiments and simulations for the radiation
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The changes of the transmitted signal in optical fibers occurring under irradiation
depend on the point defects generated at atomic scale in the amorphous silica core
of the fiber and of their optical properties. The goal of this study is to characterize
using ab initio the electronic and optical properties of some of these defects, in
order to help the design of specific fibers dedicated for use in the future radia-
tive environments. The first step of our study was to generate an amorphous silica
cell. This 108 atoms amorphous silica cell is then used in the framework of the the
Density Functional Theory (DFT) with the Local Density Approximation (LDA)
to obtain defect configurations (in particular oxygen vacancies and oxygen inter-
stitials) in pure and doped silica. Starting from these configurations, we applied
the GW approximation to obtain a right value of the band gap and to evaluate
the effects of point defects, dopants and impurities on the electronic properties of
silica. Finally, the optical properties (particularly the absorption spectra) of pure
and doped silica are given including excitonic effects with resolution of the Bethe-
Salpeter equation (BSE). The results obtained and the theoretical spectra obtained
will be discussed and compared to the results coming from the literature and from
our experiments (abstract I by Girard).
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Nuclear magnetic resonance (NMR) and electron paramagnetic resonance (EPR)
are modes of spectroscopy applied to chemical species with zero, one or more
unpaired electrons. They allow, e.g., the determination of molecular structures by
exciting nuclear (NMR) or electron (EPR) spins of a sample by using an external
magnetic field and studying the electromagnetic response of interactions caused
by the perturbation.

Endohedral fullerenes are hollow carbon structures enclosing atoms or small
clusters. These nanomaterials have become a subject of great interest because of
their properties and potential applications, e.g., in medicine [1] and technology
[2]. In the present work, the magnetic resonance parameters of Sc3C2@C80 are
studied computationally, continuing earlier research by S. Taubert et al. [3] by
extending the study to finite temperature effects. Quantum chemical calculations
and molecular dynamics simulations at various temperatures are used to obtain
time-averaged properties comparable to real-life experimental results [4, 5, 6].

[1] C.-Y. Shu, L.-H. Gan, C.-R. Wang, X.-L. Pei and H.-B. Han, Carbon 44 (2006)
496.
[2] H. Shinohara, Rep. Prog. Phys. 63 (2000) 843.
[3] S. Taubert, M. Straka, T. O. Pennanen, D. Sundholm and J. Vaara, Phys. Chem.
Chem. Phys. 10 (2008) 7158.
[4] Y. Iiduka, T. Wakahara, T. Nakahodo, T. Tsuchiya, A. Sakuraba, Y. Maeda, T.
Akasaka, K. Yoza, E. Horn, T. Kato, M. T. H. Liu, N. Mizorogi, K. Kobayashi
and S. Nagase, J. Am. Chem. Soc. 127 (2005) 12500.
[5] M. Takata, E. Nishibori, M. Sakata, M. Inakuma, E. Yamamoto and H. Shino-
hara, Phys. Rev. Lett. 83 (1999) 2214.
[6] J. Rahmer, L. Dunsch, H. Dorn, J. Mende and M. Mehring, Magn. Reson.
Chem. 43 (2005) S192.
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Spectroscopic methods can probe the electronic structure and excitations of con-
densed matter systems. Non-resonant inelastic x-ray scattering (NRIXS) provides
the dynamic structure factor (analogous to the electron energy loss function) that
closely relates to the macroscopic dielectric function of the studied material, and
is applicable in an exceptionally wide energy range: vibrational, valence and core
electron excitations of various materials can be studied with this technique. Due
to the rapid development of the experimental techniques, there is an increasing
need for reliable computational methods that can simulate the scattering event.
This work reviews our recent developments for calculating the NRIXS energy
loss spectrum using time-dependent density functional theory (TDDFT).[1,2] We
describe the theory behind our scheme and demonstrate the applicability for vari-
ous molecular systems. We discuss the information that can be obtained from the
momentum transfer dependent NRIXS spectrum, and give an overview for future
developments.

[1] A. Sakko, A. Rubio, M. Hakala, and K. Hämäläinen, J. Chem. Phys. 133,
174111 (2010).
[2] J. Lehtola, M. Hakala, A. Sakko, and K. Hämäläinen, Submitted to J. Chem. Phys.
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Resonant scattering in graphene: adsorbate fingerprints from
ab initio calculations

K. Saloriutta1, M.J. Puska1, A.-P. Jauho1,2

1Department of Applied Physics, Aalto University School of Science, Finland
2Department of Micro- and Nanotechnology, DTU Nanotech, Technical University of Denmark,

Denmark

Experimental evidence indicates that the presence of resonant impurities, such as
vacancies and adsorbates, is a key factor in explaining the conductance of intrinsic
graphene samples [1]. Understanding of resonant scattering is also important if
graphene is to be functionalized: a transport gap can be created by adsorbates
while Klein tunneling makes electrostatic gating ineffective.

We have recently shown that by using a scaling approach for randomly dis-
tributed defects reliable estimates for transmission properties can be calculated
based on even single defect calculations [2]. This is done by defining a scattering
cross-section, a quantity that only depends on energy and defect type. Estimates of
transmission and all the related transport properties, such as localization lengths
and mean free paths, can then be calculated for a macroscopic system with an
arbitrary defect density.

We now extend our analysis to the case of adsorbates on graphene by study-
ing the experimentally important epoxide and hydroxyl groups. We calculate
the transmission using a first-principles density functional theory nonequilibrium
Green’s function method [3, 4] and use the scattering cross section approach to
generalize into larger and more experimentally relevant systems.

We show that a qualitative understanding of resonant scattering can be gained
even from a single bulk graphene calculation, which thus provides an useful trans-
mission “fingerprint” for each adsorbate. For graphene nanoribbons on the other
hand the scattering cross section needs to be calculated from an ensemble con-
taining all the relevant adsorption sites across the whole ribbon. The transmission
in ribbons is also strongly affected by the van Hove singularities at band edges
making the scattering cross section specific to a particular ribbon width.

[1] M. Monteverde, C. Ojeda-Aristizabal, R. Weil, K. Bennaceur, M. Ferrier, S.
Guéron, C. Glattli, H. Bouchiat, J. N. Fuchs, and D. L. Maslov, Phys. Rev. Lett.
104 (2010) 126801.
[2] A. Uppstu, K. Saloriutta, A. Harju, M.J. Puska and A.-P. Jauho, arxiv:1111.0148v1
[3] J. M. Soler, E. Artacho, J. D. Gale, A. García, J. Junquera, P. Ordejón, and D.
Sánchez-Portal, J. Phys.: Cond. Matt. 14 (2002) 2745.
[4] M. Brandbyge, J.-L. Mozos, P. Ordejón, J. Taylor, and K. Stokbro, Phys. Rev.
B 65 (2002) 165401.
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Nanoscale friction of ice

Nino Samadashvili1,2, Teemu Hynninen1,2, Vili Heinonen2, Cristiano L. Dias3,4,
Mikko Karttunen3, Tapio Ala-Nissilä2,5 Adam Foster1,2

1Department of Physice, Tampere University of Technology, Tampere, Finland
2Department of Applied Physics, Aalto University School of Science and Technology, Espoo,

Finland
3Department of Applied Mathematics, University of Western Ontario, London, Canada

4Department of Biochemistry, University of Toronto, Toronto, Canada
5Department of Physics, Brown University, Providence, USA

The freezing of water and melting of ice are among the most dramatic examples of
phase transitions is nature. Everyday experience suggests why ice surface should
be slippery: water spilled on a kitchen floor or rainwater on asphalt creates some
kinds of hazards for walkers. Presumably, the liquid makes the surface slippery
because liquids are mobile. Since the ice crystal structure demonstrates lower
friction coefficient than other solids, asking why ice is slippery is thus roughly
equivalent to asking how a liquid or liquid-like layer can appear on the ice sur-
face. Significant efforts have been made to understand the properties of this liquid
layer, particularly its thickness and atomic structure. However, very little work has
been done to study the friction or slipperiness at the atomic scale. This contrasts
strongly with the development of the field of atomic friction in general (AFM).
In this work we use atomistic simulations to understand the atomic processes in-
volved dominating friction in ice. As a first test of our simulation tools, we study
regelation in bulk ice around a nanowire using Molecular Dynamics. In particular,
we show that the symmetry and continuity of the transition from a stationary to
a moving system due to increased driving force changes if a hydrophilic wire is
replaced by a hydrophobic one. We then investigate the frictional contact between
a model polymer and an ice surface, and study how the predicted forces depend on
tempereture and sliding velocity. Particular emphasis is placed on understanding
the formation of the liquid layer at the surface of ice and its role in the observed
properties of the interface.
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Interplay of geometric and electronic structure in metalloid
gallium clusters

Dmitri Schebarchov1

1Industrial Research Ltd.

Over the last two decades, the so-called “renaissance of main group chemistry”
has led to significant advances in the synthesis, isolation and characterization of
metalloid gallium clusters. What distinguishes these from other metalloid species
(e.g. ligand-protected gold, silver, palladium, etc.) is their structural diversity,
with the existence of four different Ga22 frameworks being a particularly striking
example. To gain more insight into this polymorphism, we carried out electronic
structure calculations using density functional theory. Our calculations verify that
two of the ligand-protected Ga22 isomers can to some degree be viewed as super-
atom complexes - their respective metalloid cores are more or less close-packed,
roughly spherical, and exhibit a well-defined electronic shell structure with a com-
pletely filled outer-most shell. The other two frameworks contain a slightly dis-
torted icosahedral Ga12 core without a central atom - an unusual arrangement for
metals - and the underlying electronic structure is more complex. This talk will
serve as a summary of our calculations and illustrate the interplay of geometric
and electronic structure in metalloid gallium clusters.
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Local tunneling spectroscopy of the Hydrogen-induced
impurity state in quasi-freestanding graphene

M. Scheffler1, D. Haberer1, R. Pohle1, T. Hänke1, R. Schlegel1, D. Baumann1, A.
Grüneis1,2, M. Knupfer1, C. Hess1, B. Büchner1

1Leibniz Institute for Solid State and Materials Research Dresden, Germany
2University of Vienna, Austria

Graphene has a unique electronic structure, which is expected to exhibit a
linear dispersion near the Fermi edge. Usually this peculiar feature is difficult to
observe due to proximity effect from the substrate. However, the fabrication of
quasi-freestanding graphene on specific multi-layer metal surfaces has recently
been demonstrated [1].

Manipulation of such graphene through selective insertion of impurities may
allow to tune the electronic structure and thus to open up new routes towards
graphene based device functionalities. Hydrogenation leads to a reversible gap
opening at the Fermi edge. Also a dispersionless, hydrogen-induced state appears
in the center of this gap [2]. The precise adsorption nature of this kind of func-
tionalization is unclear up to the present.

Here we use scanning tunneling microscopy and spectroscopy (STM/STS) to
study graphene samples with an outstanding cleanness obtained by in-situ prepa-
ration under UHV conditions. The surfaces are investigated by STM and atomi-
cally resolved images of the pristine graphene as well as the hydrogen adsorbate
sites were achieved. STS measurements reveal an enhanced DOS near the Fermi
edge after hydrogenation, consistent with theoretical predictions and ARPES ex-
periments [3].

[1] A. Varykhalov, J. Sánchez-Barriga, A. M. Shikin, C. Biswas, E. Vescovo, A.
Rybkin, D. Marchenko and O. Rader, Phys. Rev. Lett. 101 (2008) 157601.
[2] D. Haberer, L. Petaccia, M. Farjam, S. Taioli, S. A. Jafari, A. Nefedov, W.
Zhang, L. Calliari, G. Scarduelli, B. Dora, D. V. Vyalikh, T. Pichler, Ch. Wöll, D.
Alfè, S. Simonucci, M. S. Dresselhaus, M. Knupfer, B. Büchner and A. Grüneis,
Phys. Rev. B 83 (2011) 165433.
[3] E. J. Duplock, M. Scheffler and P. J. D. Lindan, Phys. Rev. Lett. 92 (2004)
225502.
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Corrugation-enhanced graphene reactivity boosting the
graphene/SiC(0001) interface stability

G. Sclauzero1, A. Pasquarello1

1Chaire de Simulation à l’Echelle Atomique (CSEA), Ecole Polytechnique Fédérale de Lausanne
(EPFL), CH-1015 Lausanne, Switzerland

Epitaxial graphenes can be grown on SiC by thermal decomposition, offering a
convenient template for future carbon-based electronic devices [1]. On the Si-
face, a thin carbon interface layer, usually called “buffer layer”, forms between
the SiC surface and the epitaxial graphene, partially decoupling electronically the
latter from the substrate. This interface structure is commonly understood as a
coincidence lattice between a 6

p
3⇥6

p
3R30� SiC(0001) surface reconstruction

and a 13 ⇥ 13 graphene layer, with part of the buffer C atoms covalently bonded
to the underlying surface Si atoms [2]. Using large-scale density functional theory
(DFT) simulations, we have recently addressed the energetic stability of the buffer
layer, poorly explored by theory so-far, showing that a model interface with the ex-
perimentally observed 6

p
3⇥6

p
3R30� periodicity is indeed stable [3]. However,

the mechanism which drives the energetics has not been clarified until now: the
fact that the 6

p
3⇥6

p
3R30� SiC and the 13⇥ 13 unstrained graphene lattices are

perfectly commensurate does not provide alone an explanation [3, 4]. In this work,
we perform DFT structural optimizations for a set of model graphene/SiC(0001)
interface structures with low graphene strains [4] and we show that the energetic
stability is closely related to the degree of local corrugation of the graphene (at the
atomic scale) superimposed on the long-range Moiré rippling. We find that the
most stable interfaces generally present larger deformation energies of the buffer
layer due to the corrugation. This can be explained by the increased reactivity
of the C atoms undergoing a partial sp2 to sp3 rehybridization (pyramidalization)
associated with the atomic-scale buckling in the graphene. Those buffer C atoms
which participate in the formation of covalent bonds with the surface Si atoms are
found to have, on average, a considerably larger degree of pyramidalization than
the others. Moreover, this component of Si-bonded C atoms is more reactive (i.e.,
has larger pyramidalization angles) in the more stable interfaces, thus explaining
their higher binding energies. Finally, we find a strong dependence of the inter-
facial binding energies on the rotation angle between SiC and graphene favoring
those interface structures with angles close to 30�, which is also the experimen-
tally observed relative rotation for graphene on SiC(0001).

[1] P.N. First et al., MRS Bullettin 35 (2010) 296.
[2] K. V. Emtsev et al., Phys. Rev. B 77 (2008) 155303; S. Kim et al., Phys. Rev. Lett.
100 (2008) 176802; F. Varchon et al, Phys. Rev. B. 77 (2008) 235412.
[3] G. Sclauzero and A. Pasquarello, Microelectron. Eng. 88 (2011) 1478.
[4] G. Sclauzero and A. Pasquarello, to appear in Diam. Rel. Mater.
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New Method for Measuring Rocking Curves in X- Ray
Diffractometry for time resolving observation of the crystal
defects by Ultrasonic Modulation of the Lattice Parameter

A. Targonsky1, A. Blagov1, M. Kovalchuk1,2, P. Prosekov1, Yu. Pisarevsky1

1Shubnikov institute of Crystallography Russian academy of science, Russia
2National research centre "Kurchatov institute", Russia

A new method for measuring angular distribution of X-ray beam diffraction in-
tensity (method for measuring X-Ray rocking curves) is represented. Intensity
distribution analysis in this method is conducted by ultrasonic modulation of a
lattice parameter of X-ray acoustic crystal, used as an analyzer. The distinctive
feature of this method is the possibility to lead precise time-resolved measure-
ments of X-ray rocking curves without using sophisticated goniometry system.

Special elements of the X-ray acoustooptics - X-ray acoustic resonators, con-
sisting of a piezoelectric crystal (quartz) and X-ray optical crystal (silicone) was
developed to implement the method. Piezoelectric crystal was used to create a
standing acoustic wave and control effectively a tension-compression deforma-
tion in the X-ray optical crystal [1]. Developed X-ray optical scheme and optical
elements allow us to create uniform (within X-ray beam footprint) time-variable
deformation of crystal lattice [2] and use these X-ray acoustic resonators as ana-
lyzers of scattered X-rays beam.

Rocking curves, measured by proposed X-ray acoustic method by shape and
halfwidth agrees well to curves measured according to traditional way - by rotat-
ing a crystal. Experimental results of method approbation - examples of rocking
curves of (440) reflection silicon crystal and (220) paratellurite crystals measured
on laboratory diffractometer using X-ray acoustic method will be presented.

The angular and time resolution of the method is determined by speed of de-
tecting apparatus (the minimum possible changing of phase and minimal width
of stroboscopic window or number of channels of the multichannel scaler) and
depends on parameters such as ultrasound frequency and amplitude of ultrasonic
oscillation. Experimentally achieved resolution of the method is 0.1 arcsec. Accu-
racy can be increased by no less than an order by using an ultra-fast multichannel
scaler. Developed method and experimental schemes are totally applicable for
synchrotron radiation conditions.

[1] A. Blagov , M. Kovalchuk , V. Kohn , V. Lider , Yu. Pisarevsky JETP (2005),
128, 893
[2] A. Blagov , M. Kovalchuk , V. Kohn , Yu. Pisarevsky Cryst. Rep. (2006), 51,
701
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Molecular dynamics simulations of initial stages of growth of
nitrogen-doped carbon nanotubes

S. Taubert1, K. Laasonen1

1Aalto University, Finland

Although growing carbon nanotubes on catalytic metal nanoparticles is today a
routine task, the reaction mechanisms involved remain elusive. Recently, efforts
have been made to synthesize nitrogen-doped carbon nanotube in a controlled
manner, since every nitrogen atom affects the properties of the doped nanotube
[1, 2]. Therefore, the mechanisms of nitrogen and carbon diffusion and reactivity
on catalyst nanoparticles deserves to be explored.

We have investigated the diffusion and clustering of carbon and nitrogen on the
surface of the Fe55 nanoparticle by means of molecular dynamics simulations at
the density-functional tight-binding (DFTB) level. The transport and clustering of
carbon and nitrogen atoms on the catalytic nanoparticles are the first steps towards
the nanotube formation and growth. Different degrees of carbon coverage on the
Fe55 nanoparticle surface are considered. Short molecular dynamics simulations
on nitrogen-doped carbon nanotube segments on a catalytic iron nanoparticle are
also presented.

[1] P. Ayala, R. Arenal, M Rümelli, A Rubio, and T. Pichler, Carbon 48 (2010)
575-586.
[2] T. Susi, A. Kaskela, Z. Zhu, P. Ayala, R. Arenal, Y. Tian, P. Laiho, J. Mali,
A. G. Nasibulin, H. Jiang, G. Lanzani, O. Stephan, K Laasonen, T. Pichler, A.
Loiseau, and E. I. Kauppinen, Chem. Mater 23 (2011) 2201-2208.
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Modelling of radiation damage recovery in concentrated Fe-Cr
alloys: a multi-scale modelling approach

D. Terentyev1, N. Castin1, C. Ortiz2

1SCK-CEN, Nuclear Material Science Institute, Boeretang 200, B-2400 Mol, Belgium
2Laboratorio Nacional de Fusion por Confinamiento Magnetico - CIEMAT Avenida

Complutense 22, 28040 Madrid, Spain

High-Cr ferritic/martensitic steels (containing 7-14Currently, an essential empha-
sis is made on the development of numerical models to describe accumulation and
annealing of radiation damage in Fe-Cr alloys depending on Cr content so as to
optimize composition of the high-Cr steels. The mean field theory is the only ap-
proach currently available to study the accumulation of damage over substantial
period of time (i.e. dose) at the relevant space scale. Development, parameteri-
zation and validation of the mean field theory model for the concentrated Fe-Cr
alloys is the subject of the present work. Here, we apply a combination of simula-
tion tools such as Density Functional Theory (DFT), molecular dynamics (MD),
atomistic kinetic Monte Carlo (AKMC) and mean field theory (MFT) to model
recovery in electron-irradiated concentrated Fe-Cr alloys and provide compari-
son with experimental resistivity recovery studies. MD simulations were used to
generate the primary damage state due to electron bombardment to be used in
AKMC. The latter method was used to model short term annealing i.e. correlated
and close-pair recombination processes. An applied AKMC techniques was pa-
rameterized using Artificial Neural Network (ANN) method, trained with a set
of DFT-fitted interatomic potentials. Firstly, the migration energy of diffusing
point defects (i.e. vacancies or self-interstitials) is calculated using the nudged
elastic band method, as a function of the local atomic environment (i.e. solutes
and other point defects), which become variables describing the migrating de-
fect’s neighbourhood in the ANN regression. The defect distribution after short
term annealing obtained from AKMC was then passed to MFT model, where the
mobility of point defects (depending on Cr content) was parameterized with the
same AKMC tool. The stability and mobility of clusters of point defects was ob-
tained by means of MD and partially fitted to achieve agreement with experiment.
The above constructed setup was used to simulate defect recovery up to stage III
(vacancy migration) in electron-irradiated Fe-5Cr, Fe-10Cr and Fe-15Cr alloys
during isochronal annealing.
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Nanomanipulation of Graphene using E-beam and Block
Copolymers

L. K. Tschammer1, B. S. Jessen1, M. B. Klarskov1, S. Ndoni1, K. Almdal1, P.
Bøggild1

1Technical University of Denmark, Denmark

Since the discovery of graphene, the possibilities for manipulating the properties
have been intensively studied. Generation of a customised electron bandgap in
combination with a high carrier mobility is an key issue for electronic applica-
tions. There are numerous possibilities for opening a bandgap, and a pathway
studied recently is that of dense periodic lattices, either antidot lattices (periodic
holes) [1], [2], [3], [4] or chemical functionalisation [5]. While conventional top-
down approaches are inadequate in terms of reaching the dimensions predicted
to result in bandgaps of a useful size [1], self-assembled structures such as block
copolymers (BCP) and hydrogen superstructures can be used to deliver the ultra-
high density of structures needed, with the periodicities down to 5 nm.

In the present work, several options for tuning the properties of graphene
through lithographic modulation are studied; either by partially suspending graphene
on nanoporous surfaces or structuring graphene as has already been demonstrated
experimentally [3], [4]. These are compared to graphene structured with conven-
tional lithography teqniques. Apart from the direct influence of the periodic, al-
ternating contact with polymer/substrate and air for partially suspended graphene,
which may itself open a bandgap, it has been predicted that graphene may con-
form mechanically to a nanostructured surface, which should contribute to the
electronic bandgap as well. The properties of nanomanipulated graphene will be
investigated in a controlled environment and in ambient conditions.

[1] T. G. Pedersen, C. Flindt, J. Pedersen, N. A. Mortensen, A.-P. Jauho, and K.
Pedersen, Phys. Rev. Lett. 100 (2008) 136804.
[2] F. Ouyang, S. Peng, Z. Liu, and Z. Liu, ACS Nano 5 (2011) 4023.
[3] J. Bai, X. Zhong, Y. Huang, and X. Duan, Nature Nanotechnology 3 (2010)
190.
[4] M. Kim, N. S. Safron, E. Han, M. S. Arnold, and P. Gopalan, Nano Lett. 10
(2010) 1125.
[5] D. W. Boukhvalov and M. I. Katsnelson, Nano Lett. 8 (2008) 4373.
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NMR parameter of chemically modified graphanes

J.Vähäkangas1, P.Lantto1, J.Vaara 1,

1University of Oulu, Finland

Two dimensional carbon layer, graphene has reached high interest among many
fields. It serves many interesting physical phenomena due to the unique elec-
tron structure [1]. Graphene’s chemically modified counterparts, hydrogenated
(graphane), and fluorinated graphene (F-graphene), are also under active study in
material science [2].

In this work NMR parameters are calculated with density functional level
(DFT) for graphane and F-graphene. Calculations are implemented using two
different kinds of basis set paradigm; i) periodic plane wave based and ii) clus-
ter method based with Gaussian type basis set. In latter case, the method of
completeness-optimized (co) basis set is used [3]. The utilization of co enables
to generate basis set close to the basis set limit for desired molecular properties.

Graphene’s NMR parameters were first ever predicted some years ago [4].
This work offers not only predictions of NMR parameters of graphane and F-
graphane for use of experimentalists, but also comparison of two different kinds
of computational methods with interesting way.

[1] K.S. Novoselov, et al. Science, 306 (2004) 666.
[2] D.C. Elias, et al. Science, 5914 (2009) 610.
[3] P. Manninen, J. Vaara, J Comput. Chem. 27 (2006) 434.
[4] S, Ikäläinen, P. Lantto, P. Manninen, J. Vaara,PCCP, 11 (2009) 11404.
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Hybrid-Functional Study of Band-Structures of GaAs1�x

N
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and GaSb1�x

N
x

Alloys

V. Virkkala1, V. Havu1, F. Tuomisto1, M. J. Puska1,

1Aalto University, P.O. Box 11100, FI-00076 Aalto, Finland

Conduction band-structures of III-V nitrides can be strongly modified by replac-
ing the V component by just a small fraction of nitrogen. That is why dilute
III-V nitrides have attained considerable attention during the past two decades in
research. Opposite to the expectations arising from large nitride band gaps, the
band gaps in dilute nitride alloys decrease with increasing nitrogen concentration.
Archetypal examples are the GaAs1�x

N
x

alloys that show band gap reduction
with the increasing nitrogen concentration. The effect of nitrogen is even more
dramatic in GaSb1�x

N
x

alloys with the maximum electronegativity difference be-
tween two group-V species.

In this work we consider GaAs1�x

N
x

and GaSb1�x

N
x

alloys. Density func-
tional theory calculations made to this day to model these materials have been
performed within the local or semilocal approximation for the electron exchange
and correlation. The drawback of these methods is a substantial underestimation
of energy band gaps. In contrast, in the present work, we make use of the hy-
brid functionals in which part of the semilocal exchange-correlation functional is
substituted by the Hartree-Fock exchange[1] . Hybrid functionals give band gaps
near to the experimental ones and makes it possible to study band structures of
GaSb1�x

N
x

alloys ab initio without any parameter fitting.
In this work we found that nitrogen affects both GaAs and GaSb in a similar

way, by creating well-localized states above the band gap, related to the bond-
ing of nitrogen to the surrounding Ga atoms. According to our calculations in
the case of a single nitrogen atom in the supercell, the tail in DOS due to the
nitrogen induced states hybridize with bulk conduction band states and extends
towards the band gap by the same amount in both materials. This is due to similar
Ga-N bonds. The tails enter into the bulk band gap regions causing the observed
band gap reductions. The reason for the observed stronger band gap reduction in
GaSb1�x

N
x

than in GaAs1�x

N
x

was found to be the positions of bulk band edges
relative to the Ga-N bond energy, i.e. the position of the nitrogen induced states.
Our findings do not support the common suggestion that the greater electroneg-
ativity mismatch between N and Sb compared to that between N and Ga should
explain the stronger band gap reduction in GaSb1�x

N
x

than in GaAs1�x

N
x

.

[1] J. Heyd, J. E. Peralta, and G. E. Scuseria, Journal of Chemical Physics 123
(2005) 174101.
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The effect of non-magnetic impurities on magnetic and cohesive
properties of grain boundaries in nickel

M. Všianská1,2,3, M. Šob1,2,3
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Republic
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The macroscopic mechanical behaviour of polycrystalline metallic materials is
largely determined by cohesion of the grain boundaries (GB) which is strongly
affected by segregated impurities. Here we present an ab initio study of segrega-
tion of 12 non-magnetic sp-impurities (Al, Si, P, S, Ga, Ge, As, Se, In, Sn, Sb
and Te) at ⌃5(210) GB and (210) free surface (FS) in fcc ferromagnetic nickel
and analyze their effect on structure, magnetic and mechanical properties. We
determine the preferred segregation sites of the impurity atoms at the ⌃5(210)
GB, their segregation enthalpies and strengthening/embrittling energies with their
decomposition into the chemical and mechanical components. We find intersti-
tially segregated Si as a GB cohesion enhancer, substitutionally segregated Al and
interstitially segregated P with none or minimum strengthening effect and inter-
stitially segregated S, Ge, As, Se and substitutionally segregated Ga, In, Sn, Sb
and Te as GB embrittlers in nickel. Interstitial impurities modify the magnetic
moments at the GB and in its immediate neighbourhood stronger than substitu-
tional ones. Whereas there is a slight enhancement of magnetization at the clean
GB and FS with respect to bulk nickel (3-7 % and 24 %, respectively), most of
the above impurities nearly kill or substantially reduce the magnetic moments at
the FS and, when segregating interstitially at the GB (i.e. Si, P, S, Ge, As, and
Se), they produce magnetically dead layers at the boundary, which are caused by
a strong hybridization of sp-states of the impurities with the d-states of nickel and
a redistribution of electron states in both majority and minority bands.

This research was supported by the Grant Agency of the Czech Republic
(Projects No. 202/09/1786 and 106/09/H035), the Grant Agency of the Academy
of Sciences of the Czech Republic (Project No. IAA100100920), by the Research
Projects AV0Z20410507 and MSM0021622410 and by the Project CEITEC-Central
European Institute of Technology (CZ.1.05/1.1.00/02.0068) from the European
Regional Development Fund.



TRNM V: Posters 99

Influence of boron doping on the defect-induced magnetism of
oxygen-eroded graphite

V. Zagaynova1, T. Makarova1,2, A. Mombru3, H. Pardo3, R. Faccio3

1Umea University, Sweden
2Ioffe Institute, Russia

3Universidad de la Republica, Uruguay

Magnetic properties of pure carbon materials or carbon materials, doped with el-
ements of the first rows of the periodic table such as B or N, have been in focus
during the last decade, yet, the true nature of magnetism of carbon remains un-
clear. Pristine graphite is diamagnetic. Structural disorder, topological defects
or absorbed guest atoms are believed to change the localized electronic states
of carbon materials and trigger anomalous behavior in magnetic field. Magnetic
ordering has been observed in irradiated graphite [1-2], as well as nanoporous car-
bon structures [3]. At the same time, very large amount of defects is predicted to
destroy magnetism [4]. Surface oxidation route turns bulk graphite into a foamy-
like highly-defective graphitic structure. Boron is well-known as a catalyst of
graphite-oxidation reaction. On the other hand, it acts as a dopant for carbon sys-
tem and can change the relative occupancy of pi-bands. The theoretical studies
conducted in [5] predict a significant influence of relative concentration of boron
atoms vs vacancies on defect-induced magnetism in graphene. We present a com-
parative experimental study of structural and magnetic properties of nanoporous
oxygen-eroded graphite with varying boron content. DC magnetic measurements
were performed at a Quantum Design SQUID magnetometer (MPMS-XL-1) on
microcrystalline powder samples. The impurity analysis performed with HR-ICP-
MS proved that magnetism of the samples does not correlate with content of mag-
netic impurities.

We have found that introduction of boron affects the magnetic behaviour of
nanoporous carbon in a complex way, changing both paramagnetic and diamag-
netic contributions. Small concentrations of dopant enhance magnetic response
from the system, while higher concentrations suppress magnetism.
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[3] S. D. Li, G. B. Ji, and L. Y. Lu, J. Nanosci. Nanotechnol. 9 (2009) 1133.
[4] Y. Zhang, S. Talapatra, S. Kar, et al., Phys. Rev. Lett. 99 (2007) 107201.
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First-principles investigation of the martensitic transformation
in Co-doped Ni2MnGa shape memory alloys.
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1COMP/Department of Applied Physics, Aalto University School of Science, Finland
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The ferromagnetic Ni2MnGa alloy has attracted a lot of interest because it exhibits
interesting magneto-mechanical effects such as magnetic field-induced martensite
(MIM) and magnetic field-induced reorientation of martensite (MIR) [1]. These
effects are the consequence of coupling between the magnetic microstructure and
twin microstructure of the alloy and high mobility of twin boundaries. The MIM
and MIR occur near or below martensitic transformation temperature, which is
about 200 K for stoichiometric Ni2MnGa. Controlling the martensitic transforma-
tion temperature is important task for the practical exploitation of the MIM and
MIR. The transformation temperature can be adjusted by doping by an additional
element such as Fe, Co or Cu [2].

The purpose of the present contribution is to describe the influence of Co-
doping on the martensitic transformation using the first-principle calculation tech-
niques. The exact muffin-tin orbitals (EMTO) method [3] in combination with
coherent potential approximation (CPA) [4] was found to describe accurately the
total energy of a system with chemical and magnetic disorder. The exchange cor-
relation term is described within the Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation [5]. The EMTO basis sets include s, p and d components.

In this work, we compute the structural parameters, total energy and magnetic
moments of non-modulated structures as a function of tetragonal ratio c/a. We
have found the ground state of tetragonal phase for c/a = 1.33. The metastable
state corresponds to the cubic L21 structure (c/a = 1). Because the previous the-
oretical work shows that Co has a strong tendency to occupy the Ni-sublattice
[6], the effect of Co-doping is also included in the present work. The calculations
shows, that c/a ratio of equilibrium state can be reduced by Co-doping. Also the
structural energy difference between cubic and tetragonal phase decreases with
increasing content of Co.

[1] M. E. Gruner et al., J. Mater. Sci. 43 (2008) 3825.
[2] D. E. Soto-Parra et al., Philos. Mag. 90 (2010) 2771.
[3] L. Vitos, Computational Quantum Mechanics for Materials Engineers (Springer-
Verlag, London 2007).
[4] L Vitos, Phys. Rev. B 64 (2001) 014107.
[5] J. P. Perdew et al., Phys. Rev. Lett. 77 (1996) 3865.
[6] Ch.-M. Li et al., 84 (2011) 024206.
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