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David ABERGEL
(Room 223, Allen Building, Winnipeg, MB, Canada)

Long range Coulomb interaction in bilayer graphene

We show the results of our studies of electron-electron interactions in biased and unbiased bilayer
graphene in a magnetic field. We demonstrate that the long range Coulomb interactions are highly
important. This manifests itself by causing the mixing of Landau levels in the unbiased bilayer, and by
precipitating spin transitions in the ground state of the biased bilayer for half-filled valence band
Landau levels.

Hideo AOKI
(Hongo, 113-0033 Tokyo, Japan)

Photo-induced Hall Effect in Graphene,

Takashi Oka and Hideo Aoki, Department of Physics, University of Tokyo, Hongo, Tokyo
113-0033, Japan

While transport properties such as the quantum Hall effect are hallmarks of the massless Dirac
dispersion in graphene, fascinating properties should also arise in optical properties. Here we
theoretically propose to irradiate graphene with circularly polarized light, for which we predict a
"photovoltaic Hall effect", i.e., a dc Hall current photo-induced in the absence of static, uniform
magnetic fields. The effect, although not quantized, bears a geometric origin, traced back to the non-
adiabatic (Aharonov-Anandan) phase acquired by the motion of k-points in the Brillouin zone when
they encircle the Dirac cones, so the effect amounts to controlling a transport property via a charge
pumping in the massless Dirac cones.

Analaytically, the Kubo formula is extended to the nonlinear Hall coefficient with the Floquet formalism
for non-equilibrium phenomena in strong ac fields, which is used to calculate the "photo-induced
Berry curvature". Energetically, the irradiation induces a dynamical gap at the Dirac point which gives
rise to a ac Wannier-Stark ladder in Dirac systems. We further combine the Floquet method with the
Keldysh Green's function to analyze finite graphene systems. When we apply a bias across the
electrodes attached to the sample to degrade the K-K' symmetry, the photovoltaic dc Hall current is
confirmed from a numerical calculation. The required strength of the circularly polarized light to
observe these effects is estimated to be O(10*7 eV/m), which is within an accessible range for
present laser sources.

[1] Takashi Oka and Hideo Aoki, arXiv:0807.4767



Jacek BARANOWSKI
(Hoza 69, 00-681 Warsaw, Poland)

Defects in Epitaxial Graphene

J. Borysiuk1,2, R. Bozek2, W. Strupinski 1 and J. M. Baranowski 2
1institute of Electronic Materials Technology, Wolczynska 133, 01-919 Warsaw, Poland
2Institute of Experimental Physics, University of Warsaw, Hoza 69, 00-681 Warsaw, Poland

Transmission Electron Microscopy (TEM), Kelvin Force Microscopy (KFM) and Atomic Force
Microscopy (AFM) investigations of structural defects in graphene layers on Si terminated 4H-SiC are
presented. The graphene layers have been obtain by decomposition of silicon carbide in Epigress
VP508 hot-wall chemical vapor deposition (CVD) reactor.

Two kind of graphene layers have been investigated: 1) grown on substrates with on-axis
orientation, 2) grown on substrates with 4° and 8° off-axis orientation in respect of c-axis of SiC. Three
types of defects: puckers, dislocations, and discontinuities of monolayers were found in those
graphene layers. The puckers were up to 20 nm high, emerged at the locations where graphene
layers loose contact with SiC surface. Those defects created a random network of long undulations.
These defects originate from thermal expansion difference between graphene and SiC as the sample
is cooled after graphitization. They gave contrast in KFM, which showed that they differed in band
structure. The second defect type — edge dislocations were created at atomic steps of SiC substrate.
The discontinuities of graphene monolayers have been observed at the step trains or at macrosteps
of SiC substrate where apparently dislocations could not relax the strain. They extend linearly over
large distances, following the steps arrangement created due to misorientation of the SiC substrate.
These defects are also detected in KFM indicating disturbance of potential distribution on atomic
steps of SiC



Amelia BARREIRO
(CIN2-ICN, Campus UAB, 08193 Bellaterra, Spain)

Ultra-high electron current through graphene devices and its application

Graphene is an appealing system for basic research due to its unusual electronic properties and also
holds promise for technological applications, such as in nanoelectronics. Yet, what makes graphene
an enticing material is also the source of great technological difficulties: being in essence a surface,
graphene proves to be extremely sensitive to contamination by adsorbates, which can modify its
transport properties.

We present a simple yet highly reproducible method to suppress contamination and to improve
sample quality of graphene at low temperature inside the cryostat. The method is based on the
application of a large current around 1 mA through the graphene device, which generates several
tens of mW dissipation over a few um2 large surface. Remarkably, graphene can sustain such
extreme conditions while the adsorbed contamination gets removed.

Graphene layers are contacted by multiple electrodes arranged in a Hall-bar geometry. The
degenerately doped silicon substrate serves as a back gate electrode. We measure the 4-point
conductance of the sample as a function of the back gate voltage, which tunes the carrier density.
Prior to current-induced cleaning, the mobility is typically in the range 800 — 5000 cm2V-1s-1 and the
graphene devices are heavily doped (the conductivity is minimum for gate voltages between 10 and
50 V). After we apply the current-induced cleaning technique, the mobility improves to values typically
15000 — 25000 cm2V-1s-1, while the doping is suppressed to close to 0.

Remarkably, this simple cleaning technique allows us to observe the anomalous, half-integer
quantum Hall effect that is the signature of a clean, single graphene layer. Evidence of very high
quality samples is demonstrated by measuring an additional plateau at the Landau level n=0 at
relatively low magnetic field (9 T). Interestingly, this plateau is visible only after the current- induced
cleaning process.

We will then report on the electron transport properties of graphene devices in the high current
regime. The current is observed to saturate when the applied voltage is increased. The current
saturation depends on the Fermi energy and scales linearly with the width of the device. These results
are compared to a model where high-energy electrons scatter with the optical phonons of graphene.



Fabienne BARROSO-BUJANS
(Centro Mixto CSIC-UPV/EHU, P° Manuel de Lardizabal 3, 20018 San Sebastian, Spain)

Adsorption phenomenon in graphite oxide
F. Barroso-Bujans, S. Cerveny, J.J. del Val, J. M. Alberdi, A. Alegria, J. Colmenero

In this work, we have studied the behavior of graphite oxide (GO) after intercalation and evaporation
of several common solvents. Three different series of solvents were studied: chlorine compounds
(dichloromethane, chloroform, and carbon tetrachloride), aromatic compounds (benzene, toluene, and
p-xylene) and alcohols (1-metanol, 1-propanol, and 1-pentanol). The intercalation process was simply
done by stirring the organic solvent without sonication. After intercalation of each solvent, GO was
filtrated and extensively drying at 110 °C. We will show that this procedure is not enough to
completely evaporate the solvent which remains adsorbed on the graphite oxide galleries in a
permanent way. We have used solid state 13C NMR to confirm the presence of the solvent in GO. On
the other hand, X-ray diffraction (XRD) experiments showed an increase of the graphitic interlayer
distances caused by the intercalation of such solvents. In the case of aromatic compounds, the
intercalation of the solvent was uncompleted leaving unoccupied galleries. Moreover, the C-C
distances of graphite oxide were also perturbed by the presence of solvents, being specially modified
by methanol. Finally, we have studied the decomposition temperature (Td) of GO by using differential
scanning calorimetry (DSC). For all the studied solvent-intercalated compounds Td strongly
decreases when compared with the untreated GO. In addition, Td has shown a particular behavior for
each solvent series. In this work, we will explain these different behaviors for each series. The
synergic effect of the solvent molecules in the thermal decomposition of GO could help to understand,
in future works, the chemical mechanism in the thermal decomposition of this type of materials.

Colin BENJAMIN
(WOODHOUSE LANE, LS2 9JT LEEDS, United Kingdom)

Graphene Josephson Qubit

We propose to combine the advantages of graphene, such as easy tunability and long coherence
times, with Josephson physics to manufacture qubits. These qubits can either be built around a $0$
and $\pi$ junction and controlled by external flux or a d-wave Josephson junction can itself be tuned
via a gate voltage to create superpositions between macroscopically degenerate states. We show that
ferromagnets are not required for realizing $\pi$ junction in graphene, thus considerably simplifying its
physical implementation. We demonstrate that one qubit gates, such as arbitrary phase rotations and
the exchange gate, $\sigma_x$, can be implemented easily.



Keyan BENNACEUR
(CEA, Saclay, 91191 Gif sur Yvette, France)

Hall resistance plateaus in high quality Graphene samples at large currents.

Graphene Hall bars prepared from exfoliated natural graphite of large size and high quality have been
measured in the quantum Hall effect regime. The monolayer Graphene sheet shows Hall quantization
robust upon applying very large current. Low longitudinal resistance is found up to 10 A with finite
width h/2e2 Hall plateau at 4.2 K and 16 T. The TiAu/Graphene contact resistance is found low,
typically 20 ohmsto 50 ohms.

A systematic study of the longitudinal resistance versus applied current points toward a variable range
hopping mechanism

for high bias suppression of the Hall current, (although some samples also show activated law
)(alternative : for most samples studied so far) . The results strongly indicate that Graphene is a
promising new material for quantum metrology.

Rafi BISTRITZER
(1 University Station C1600, 78712-0264 Austin, United States)

High Tc superfluidity in bilayer graphene

We predict a high temperature superfluid state in bilayer graphene that emerges due to electron-hole
pair condensation and study the influence of disorder and screening on the bilayer mean field and
Kosterlitz-Thouless critical temperatures. We find that the zero temperature phase stiffness scales
with the Fermi energy allowing for exceptionally high transition temperatures that may even reach
room temperature under favorable experimental conditions. Exploiting an analogy between a
disordered bilayer system and a superconductor contaminated with magnetic impurities we find the
influence of disorder on the critical temperatures. Applying the Thomas-Fermi approximation
consistently in the condensed state we show that inter-layer coherence survives the influence of
screening. Furthermore, we conjecture a first order normal to superfluid phase transition as a function
of both the temperature and the distance between layers.

Giovanni BORGHI
(International School for Advanced Studies, via Beirut 2-4, 34014 Trieste Miramare-Grignano, ltaly)

Four-band RPA theory of exchange and correlation effects in bilayer graphene

The RPA theory for the Dirac model of single-layer graphene is effective in describing the crystal
energy properties, whose peculiarities come from the linear massless dispersion of the particles and a
large "vacuum" sea of excitations.

In this poster we show the analytical and semi-analytical results for the RPA response function of
bilayer graphene at zero temperature, and the dispersion of the inversion-symmetric and inversion-
antisymmetric plasmons.

We give comments about the effect of the chirality 2 of quasiparticles and the crossover from four to
three bands filling, discussing the effect of the latter on the damping of the plasmons.

We also comment on the reliability of the two band model in capturing the low-doping physics.
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Stefano BORINI
(INRIM, Strada delle Cacce 91, I-10135 Torino, Italy)

Quantitative optical contrast analysis for the assessment of graphene quality.

We describe a method to achieve a quantitative analysis of the optical contrast spectra of graphene
deposited on SiO2 / Si substrates. First, we demonstrate that the optical constants of graphene in the
visible range can be estimated by means of a very simple procedure involving their consistence with
universal optical conductivity and experimentally measured optical spectra, within the framework of
Fresnel coefficients calculation. The obtained complex refractive index allows for accurate prediction
of the optical behavior of graphene in the visible range, from the 2D limit (single atomically thick
graphene layer) to the bulk limit (graphite). Then, we describe how the effect of the objective
numerical aperture should be taken into account in the contrast measurements, basing on an
experimental study of patterned thin films with well known refractive index and thickness. Finally, we
show that the implemented quantitative analysis can successfully be employed in order to assess the
quality of exfoliated graphene as far as the presence of organic contaminants due to devices
processing is concerned. For instance, we show that the graphene cleanness during various process
steps (e.g. resist spin coating and lift-off) can be easily monitored in an easy and effective way by
optical inspection.

Jolanta BORYSIUK
(Institute of Electronic Materials Technology, Wolczynska 133, 01-919 Warsaw, Poland)
(Institute of Experimental Physics, Warsaw University, Hoza 69, 00-681 Warsaw, Poland)

High-resolution transmission electron microscopy (HRTEM) simulations of graphene layers
on 4H-SiC (0001) surface

Institute of Electronic Materials Technology, Wolczynska 133, 01-919 Warsaw, Poland
and
Institute of Experimental Physics, Warsaw University, Hoza 69, 00-681 Warsaw, Poland

High-resolution transmission electron microscopy (HRTEM) was used in investigation of the structure
of graphene layers grown on Si terminated face of 4H-SiC substrate. HRTEM observations were
performed in [11-20] and [1-100] cross-sectional orientations of the SiC sample. Two perpendicular
directions of sample observations provide more information on two-dimensional structure of the
interface between carbon (graphene) layers and the SiC substrate. These observations were carried
out under and at near Scherzer defocus conditions. The observation results indicate that the first
carbon layer was located about 2A above the SiC surface. The subsequent graphene layers have
been found to be spaced by 3.3A, i.e. at the distance similar to the interlayer spacing in the graphite
bulk structure. Additionally, some corrugations of graphene layers about 0.6A high were noticed.
Quantitative interpretation of the HRTEM images was based on the differences in contrast of the
atomic columns or layers created by arrangement of carbon-silicon carbide crystallographic structure.
Image simulations for the structure containing 1-3 graphene layers, located on the SiC substrate were
carried out and compared with experimental images. The simulations of the HRTEM patterns, based
on the calculations employing multi-slice method, were performed using JEMS software {P.A.
Stadelmann, Ultramicroscopy 21 (1987) 131-146}.



Joseph Scott BUNCH
(1111 Engineering Drive, ECME 114, 80309 Boulder, United States)

Impermeable Atomic Membranes from Graphene Sheets

J. Scott Bunch*, Scott S. Verbridge, Jonathan S. Alden, Arend M. van der Zande, Jeevak M.
Parpia, Harold G. Craighead, and Paul L. McEuen

Cornell Center for Materials Research, Cornell University, Ithaca, NY 14853 USA

*Present Address: Department of Mechanical Engineering, University of Colorado, Boulder,
CO 80309 USA

Membranes are fundamental components of a wide variety of physical, chemical, and biological
systems, used in everything from cellular compartmentalization to mechanical pressure sensing. They
divide space into two regions, each capable of possessing different physical or chemical properties. A
simple example is the stretched surface of a balloon, where a pressure difference across the balloon
is balanced by the surface tension in the membrane. Graphene, a single layer of graphite, is the
ultimate limit: a chemically stable and electrically conducting membrane one atom in thickness1-3. An
interesting question is whether such an atomic membrane can be impermeable to atoms, molecules
and ions. In this letter, we address this question for gases. We show that these membranes are
impermeable and can support pressure differences larger than one atmosphere. We use such
pressure differences to tune the mechanical resonance frequency by ~100 MHz. This allows us to
measure the mass and elastic constants of graphene membranes. We demonstrate that atomic layers
of graphene have stiffness similar to bulk graphite (E ~ 1 TPa). These results show that single atomic
sheets can be integrated with microfabricated structures to create a new class of atomic scale
membrane-based devices.

Nicolas CAMARA
(Centro Nacional de Microelectronica , Campus Univ. Autonoma de Barcelona, 08193 Bellaterra,
Spain)

Very Large Graphene Monolayer Grown on SiC

We present the first very large isolated graphene monolayers grown on on-axis semi-insulating 6H-
SiC (000-1) wafers. Using high temperature growth at 1700°C in vacuum with a graphitic wafer
covering the SiC sample, graphene growth takes place from surface defects that act as nucleation
centers. After the SiC surface reconstruction in large terraces, it yields to the formation of very large
and uniform isolated graphene monolayers ribbons (100 um long and 4-5 ym wide). These graphene
islands were investigated by Optical Microscopy (OM), Atomic Force Microscopy (AFM) and Scanning
Electron Microscopy (SEM). Raman spectroscopy allowed distinguishing without any doubt between
monolayer and few layers graphene flakes. This growth method opens the way towards full wafer
processing for application in electronics.



Andres CANO
(European Synchrotron Radiation Facility, 6 rue Jules Horowitz, B.P. 156, 38042 Grenoble, France)

Koshino-Taylor effect in graphene

Institut Laue-Langevin, 6 rue Jules Horowitz, 38042 Grenoble, France
European Synchrotron Radiation Facility, 6 rue Jules Horowitz, 38043 Grenoble, France

The possibility of fabricating free-standing graphene sheets has recently been demonstrated
experimentally [1]. In this form graphene combines its unusual electronic features with additional
mechanical peculiarities, giving rise to new specific properties (see, e.g., Ref. [2]). The resistivity of
suspended graphene, for example, exhibits a clear dependence on temperature [3] unlike in the
samples supported by a substrate [4].

The most distinctive feature of graphene is the Dirac spectrum of its charge carriers, which is a direct
consequence of the honeycomb structure of its lattice. Suspended graphene, in its own turn, is
inevitably subjected to both in-plane and out-of-plane distortions [2]. As shown in Ref. [5], this gives
rise to two different contributions in its low-temperature resistivity. Whereas the scattering of electrons
with in-plane phonons provides a $T”4$ contribution (see also [6]), the scattering with out-of-plane
ones gives an unusual $TA5/2\in T$ behavior. On the other hand, the residual (temperature-
independent) resistivity observed at the lowest temperatures in metals is known to have its origin in
the scattering with defects (impurities, vacancies, etc.) [7]. The renormalization of this scattering due
to electron-electron interaction is another source of temperature-dependent contributions to the
resistivity. Specifically in graphene, Friedel oscillations in the exchange field yield a linear-in-T
behavior (which is absent in the case of Coulomb scatterers) [8].

We consider the phonon-assisted scattering of electrons by defects, i.e., the socalled Koshino-Taylor
effect [9], and show that it is unusually large in graphene. This effect is operative for any kind of defect
and for both in-plane and out-of-plane distortions. The key ingredient in the Koshino-Taylor effect are
the local fluctuations of the lattice which, in graphene, can be considerably larger than in ordinary
metals due to the two-dimensional character of the system. As a result we show that the finite
temperature defect-induced resistivity of graphene formally diverges in the thermodynamic limit,
having a non-analytic $T\In T$ component when finite size effects are taken into account [10].

References:

[1] J.C. Meyer et al., Nature (London) 446, 60 (2007); J.S. Bunch et al., Science 315, 490 (2007).

[2] A.H. Castro Neto et al., arXiv:0709.1163v2.

[3] X. Du et al., Nature Nanotech. 3, 491 (2008).

[4] K.S. Novoselov et al., Science 306, 666 (2004).

[5] E. Mariani and F. von Oppen, Phys. Rev. Lett. 100, 076801 (2008); 249901 (2008).

[6] E.H. Hwang and S. Das Sarma, Phys. Rev. B 77, 115449 (2008).

[7] E.M. Lifshitz and L.P. Pitaevskii, Physical Kinetics (Pergamon Press, Oxford, 1997).

[8] V.V. Cheianov and V.I. Falko, Phys. Rev. Lett. 97, 226801 (2006).

[9] S. Koshino, Prog. Teor. Phys. 24, 484 (1960); 1049 (1960); P.L. Taylor, Proc. Phys. Soc. London,
80, 755 (1962); Phys. Rev. 135, A1333 (1964); S. Koshino, Prog. Teor. Phys. 30, 415 (1963); G.D.
Mahan, Many-Particle Physics, (Plenum Press, NY, 1993), Sec. 7.4.

[10] A. Cano, arXiv:0809.1996.



Eduardo CASTRO
(C/ Sor Juana Ines de la Cruz, 3, Cantoblanco, 28049 Madrid, Spain)

Gaped bilayer graphene in the Hartree-Fock approximation

Eduardo V. Castro

Instituto de Ciencia de Materiales de Madrid, CSIC, Cantoblanco E28049 Madrid, Spain
Balazs Dora and Masaaki Nakamura

Max-Planck-Institut fur Physik Komplexer Systeme, Nothnitzer Str. 38, 01187 Dresden,
Germany

A remarkable property of graphene double layer is the ability to open a gap in the presence of a
perpendicular electric field. Even more remarkable, this gap can be externally controlled by tuning the
applied electric field, which has been demonstrated through ARPES measurements, Shubnikov de
Haas and quantum Hall effect, and transport experiments. A simple tight-binding theory, where the
screening correction of the external field is treated at the Hartree level, has shown to correctly
account for the observed behavior as long as the gap is much smaller than the interlayer coupling.
However, with increasing gap the theory seems to reach its validity limits, as is clearly seen by
comparing theoretical and measured cyclotron mass. Also recent infrared spectroscopy
measurements give evidence for such a failure. Here, we present the the theory extensions in order to
include also the Fock term, within a four-band continuum model, and discuss the obtained results for
the gap behavior and cyclotron mass.



Alessandro CRESTI
(Commissariat & I'Energie Atomique, Leti, Minatec, 17 Rue des Martyrs, Bat. B51, F38054 Grenoble,
France)

Current manipulation in graphene nanoribbons

Alessandro Cresti
CEA, LETI, MINATEC, F38054 Grenoble, France

We propose a model nanoswitch for the control of current flow in graphene nanoribbons. By ‘current
switch,” we mean a multiterminal device able to direct the current to a chosen exit by means of local
gates. Such a system could be useful in the development of nanoelectronics devices or, after further
implementations, in the field of quantum information.

The proposed device [1] is made up of a graphene nanoribbon with a longitudinal semi-infinite septum
over one side. The septum defines two terminals, where the current can be selectively directed by
means of a high magnetic field and an adjustable potential step induced by a top gate. A further back
gate enables the variation of the global charge density. The device working mechanism is based on
the spatial chirality of currents in high magnetic fields [2,3] and on the possibility of determining the
electron-like or hole-like nature of the particles involved in transport by means of the adjustable
potential step. The spatial chirality of currents consists in the spatial separation of the currents flowing
in opposite directions. When a ribbon is threaded by a perpendicular, homogeneous and outgoing
magnetic field, electron-like charges can only move from the right to the left along the lower edge of
the ribbon and from the left to the right along the upper edge. The opposite occurs for hole-like
particles, which are then said to have an opposite chirality with respect to the former. By controlling
the nature of the particles locally, it is thus possible to select the edge involved by transport.

In the perspective of concrete applications, we require that the current switch works at high
temperature and in the presence of a reasonable degree of disorder in the sample. We show that the
device working mechanisms themselves guarantee the fulfilling of these requirements for reasonable
widths of the nanoribbon and reasonable magnetic field strengths.

For our simulations, we adopted a tight-binding Hamiltonian with nearest neighbour interactions and
made use of the Green’s function formalism, which allowed us to obtain global transport and
electronic properties, as conductance and density-of-states, as well as local quantities, as
microscopic current distribution and local density-of-states.

[1] A. Cresti, Nanotechnology 19, 265401 (2008)

[2] A. Cresti, G. Grosso and G. Pastori Parravicini, Phys. Rev. B 77, 115408 (2008)

[3] A. Cresti, N. Nemec, B. Biel, G. Niebler, F. Triozon, G. Cuniberti and S. Roche, Nano Research 1,
361 (2008)



Romain DANNEAU
(Institut fiir Nanotechnologie, Forschungszentrum Karlsruhe, Forschungszentrum Karlsruhe Institut fiir
Nanotechnologie Postfach 3640, 76021 Karlsruhe, Germany)

Shot noise in etched graphene nanoribbons

R. Danneau,1,2,3 F. Wu,1 M.Y. Tomi,1 J.B. Oostinga,4,5 A.F. Morpurgo4,5 and P.J.
Hakonen1

1 Low Temperature Laboratory, Helsinki University of Technology, Espoo, Finland

2 Institut fir Nanotechnologie, Forschungszentrum Karlsruhe, Karlsruhe, Germany

3 Universitét Karlsruhe, Karlsruhe, Germany

4 Kavili Institute of Nanoscience, Delft University of Technology, Delft, The Netherlands

5 Département de Physique de la Matiere Condensée, Université de Geneve, Geneva,
Switzerland

One way to create a gap in the band structure of graphene is to form a constriction or a nano-sized
ribbon in this two-dimensional material [1,2]. A gap was experimentally demonstrated in both etched
[3,4] and smooth edge [5,6] graphene nanoribbons (GNR). However, the early theory did not consider
any effect of disorder at the edges of the ribbons. Indeed, the experiments demonstrated that part of
the nanoribbons near the edges do not conduct. A model suggested that such behaviour could be
explained by representing the nanoribbons not as a perfect ribbon but like a series of dots [7]. Early
experiments tend to validate this idea [4,8]. However, the physical origin of the gap remains unclear.

Here, we present shot noise measurements done in etched GNRs. While a gate dependent Fano
factor of 1/3 was found in large and short graphene strips [9], we have obtained a much smaller Fano
factor in GNR, quasi-independent of the carrier density. In addition to this, we have analysed the
conductance fluctuations using autocorrelation functions. We show that etched GNR conductance
and noise are strongly dominated by disorder arising from the rough edges [10].

[1] K. Nakada, M. Fujita, G. Dresselhaus, and M.S. Dresselhaus, Phys. Rev. B 54, 17954 (1996).

[2] Y.-W. Son, M.L. Cohen, and S.G. Louie, Phys. Rev. Lett. 97, 216803 (2006).

[3] Z. Chen, Y.-M. Lin, M.J. Rooks, and P. Avouris, Physica E 40, 228 (2007).

[4] M.Y. Han, B. Ozyilmaz, Y. Zhang, and P. Kim, Phys. Rev. Lett. 98, 206805 (2007).

[5] X. Li, X. Wang, L. Zhang, S. Lee, and H. Dai, Science 319, 1229 (2008).

[6] X. Wang, Y. Ouyang, X. Li, H. Wang, J. Guo, and H. Dai, Phys. Rev. Lett. 100, 206803 (2008).
[7]1 F. Sols, F. Guinea, and A.H. Castro Neto, Phys. Rev. Lett. 99, 166803 (2007).

[8] B. Ozyilmaz, P. Jarillo-Herrero, D. Efetov, and P. Kim, Appl. Phys. Lett. 91, 192107 (2007).

[9] R. Danneau, F. Wu, M.F. Craciun, S. Russo, M.Y. Tomi, J. Salmilehto, A.F. Morpurgo, and P.J.
Hakonen, Phys. Rev. Lett. 100, 196802 (2008).

[10] R. Danneau, F. Wu, M.Y. Tomi, J.B. Oostinga, A.F. Morpurgo and P.J. Hakonen, in preparation.
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Yuriy DEDKOV
(Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany)

Graphene/Ni(111) System: Spin- and Angle-Resolved Photoemission Studies

Yu. S. Dedkov
Fritz-Haber-Institut der Max-Planck-Gesellschaft, 14195 Berlin, Germany

Here we report spin- and angle-resolved photoemission studies of the inert graphene layer formed on
the surface of a ferromagnetic material, Ni(111). X-ray photoemission and spin-resolved spectroscopy
of secondary electrons reveal that graphene behaves like a protection layer on the Ni(111) surface
preventing its reaction with adsorbed oxygen. Angle-resolved photoelectron spectroscopy of Pl-states
of graphene on Ni(111) shows a strong dependence of binding energy of these states on the direction
of magnetization of the sample. We conclude that the observed extraordinary high "splitting" up to 225
meV of the Pl-band in the graphene layer is a manifestation of the Rashba effect which provides a
direct possibility to a flexible control of an electron spin in a graphene-based spin-FET.

Susanne DROSCHER
(Schafmattstr. 16, 8093 Ziirich, Switzerland)

Local oxidation of graphene

The aim of this project is to establish a high precision process to create nanoscale features on
graphene sheets, which allow for strong charge carrier confinement and desirably even for control
over the edge structure on the atomic scale. SPM-lithography has been shown to be applicable on
graphene sheets deposited on SiO2 substrate.

Using this technique lines down to 20 nm in width have been accomplished on graphite, few layer
graphene and single layer graphene. Depending on the applied bias voltage the sp2-structure either
is transformed to sp3 or the material is etched away completely. Presently, the properties of the
oxidized lines as well as studies of the influence of environmental parameters are investigated.

Joaquin DRUT
(191 W. Woodruff Ave, OH 43210-1117 Columbus, United States)

The semimetal-insulator transition in graphene.

J. E. Drut
The Ohio State University

In this short talk | will outline the lattice Monte Carlo approach recently applied to the study of the
semimetal-

insulator transition in graphene. Using that technique we have computed the chiral condensate and
the corresponding

susceptibility as functions of the Coulomb coupling. Based on that data, we have estimated the
location of the critical

coupling for the transition, which we have found to be consistent with an insulating phase for
graphene in vacuum.

11



Jonathan EROMS
(Universitétsstralle 31, 93040 Regensburg, Germany)

Weak Localization and Transport Gap in Graphene Antidot Lattices

J. Eroms, D. Weiss
Institute of Experimental and Applied Physics, University of Regensburg

We have studied transport in antidot lattices in single layer graphene. The samples were prepared
from exfoliated natural graphite and antidot lattices with a period between 90 nm and 400 nm were
patterned using electron beam lithography and plasma etching.

Going from large periods to small lattice spacings we observe a gradual reduction of the quantum Hall
effect owing to the geometrical condition that a cyclotron orbit has to fit through the constrictions
between the antidots.

Samples with narrow channels between the antidots can be regarded as a network of graphene
nanoribbons and correspondingly show a transport gap of a few mV at low temperatures.

Studying magnetotransport we observe a pronounced weak localization effect. The strong visibility is
due to intervalley scattering at the antidot edges. By a careful examination of the temperature and
geometry dependence we conclude that our short-period antidot lattices are best described as an
array of phase-coherent cavities.

Andrea FISCHER
(Department of Physics, Gibbet Hill Road, Coventry, United Kingdom)

Collective Excitations in Graphene in a Magnetic Field

A.B. Dzyubenko,1 A.M.Fischer,2 R.A. Roemer2

1Department of Physics and Geology, California State University, Bakersfield, US
2Department of Physics/Centre for Scientific Computing, University of Warwick, Coventry,
UK

We study optically-induced excitations in graphene in the presence of a single Coulomb impurity and
an applied strong perpendicular magnetic field. We consider the limits of (i) low electron density in the
lowest zero Landau level and (ii) a completely filled Landau level. In the former limit, the relevant
states are the D- impurity (a positive impurity bound to two electrons). We calculate the energies and
optical transitions of the D-, taking into account the direct and exchange interactions in graphene. In
particular, we predict the absorption pattern consisting of a set of additional lines both above and
below the cyclotron resonance of free electrons in graphene. We also examine the spectrum of
collective excitations (magnetoplasmons) bound to an isolated impurity in a system with filling factor
&#61550;=1 and predict the absorption spectrum of the impurity-modified cyclotron resonance. We
compare our theoretical results with the existing experimental data.
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Michael FOGLER
(9500 Gilman Drive, La Jolla, United States)

Graphene nanoribbons in crossed electric and magnetic fields
M. M. Fogler, UCSD

Effect of strong transverse electric (E) and magnetic (B) fields on ballistic transport and energy
spectrum of a side-gated graphene ribbon is studied analytically and numerically. Qualitatively
different behavior is found depending on which of the two fields dominates. In the

E-field controlled regime, a number of interesting effects is found, including nonmonotonic (e.g.,
Mexican-hat) dispersion of the subband energies and their (avoided) level crossings. Self-consistent
screening leads to a power-law falloff the electric field of the side gate into

the interior of the ribbon. As the B-field increases beyond the local electric field, the subbands evolve
into Landau levels separated by cyclotron gaps. Due to the nonuniformity of the screened electric
field, the onset of Landau quantization sweeps through the ribbon in a gradual

manner. The ballistic magnetoconductance of the ribbon is shown to change as a function of B and
the side-gate voltage in a nontrivial manner.

Jean-Noél FUCHS
(batiment 510, F-91405 Orsay, France)

Collective excitations of doped graphene in a strong magnetic field

A doped graphene layer in the integer quantum Hall regime reveals a highly unusual particle-hole
excitation spectrum, which is calculated from both the dynamical polarizability and by semiclassical
methods. Long-range Coulomb interactions are treated within the random phase approximation. We
find that elementary neutral excitations in graphene in a magnetic field are unlike that of a standard
two-dimensional electron gas: in addition to a plasmon (or

upper-hybrid) mode, the particle-hole spectrum is reorganized in linear magneto-plasmons instead of
the usual magneto-excitons. See

arXiv:0809.2667 .
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Paola GAVA
(IMPMC, 140 rue de Lourmel, 756015 Paris, France)

Title: Band gap opening on doped bilayer graphene by ab-initio calculations.
Authors: Paola Gava, Michele Lazzeri, A. Marco Saitta, and Francesco Mauri.
Affiliation: IMPMC, Universites Paris 6 et 7, CNRS, IPGP

The recent discovery that the application of an external electric field induces a band gap opening in
bilayer graphene [1], attracted a lot of interest on this system,

due to important applications in nanoelectronics.

By means of ab-initio calculations, we investigated the electronic properties of doped bilayer
graphene, in presence of different bottom and top gate. In particular, the dependence of the band gap
on the doping, on the average external electric field and temperature has been analysed.

We find that our ab-initio results differ from those obtained with standard Tight Binding (TB)
calculations [2]. In particular, we show important charge screening effects, which are crucial for the
proper description of the electronic properties of bilayer graphene, and which are not included in TB
models. Interestingly, in agreement with our findings, recent experimental results of infrared
measurements on electrostatically gated bilayer graphene, questioned the TB prediction of gate-
induced band gap [3].

[1] Ohta et al., Science 313, 951 (2006).
[2] Castro et al., PRL 99, 216802 (2007).

[3] Kuzmenko et al., arXiv:0810.2400v1 (2008).

Mark Oliver GOERBIG
(Bat. 510, F-91405 Orsay, France)

Tilted Dirac Cones in Graphene and 2D Organic Materials,

M.O. Goerbig, J.-N. Fuchs, G. Montambaux, F. Piechon,
Laboratoire de Physique des Solides, CNRS UMR 8502, Universite Paris-Sud, F-91405
Orsay Cedex

The Dirac cones, which describe the low-energy electronic properties in graphene, may be tilted if
strain is applied to the graphene sheet. In this case, the Dirac points are shifted away from the K and
K' points with high crystallographical symmetry. Next-nearest-neighbour hopping then yields a linear
correction, which effectively tilts the cones. This situation naturally arises in another 2D (organic)
material, alpha-(BEDT-TTF)_2I_3. We investigate, here, the minimal structure of the model to account
for tilted Dirac cones and how the tilt affects the Landau quantisation in a strong magnetic field. The
problem of the quantum Hall effect, yet unobserved in the organic compound, will also be briefly
discussed.
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Roman GORBACHEV
(Stocker Road, Exeter, United Kingdom)

Electron transport in p-n-p graphene structures with ‘air-bridge’ top gates

R.V.Gorbachev, A.S.Mayorov, A.K.Savchenko, D.W.Horsell, and F.Guinea (*)
School of Physics, University of Exeter, Exeter EX4 4QL, UK
* Instituto de Ciencia de Materiales de Madrid, CSIC, E28049 Madrid, Spain

We describe the fabrication of graphene p-n-p structures with a top gate separated from graphene by
an air gap [1]. Avoiding deposition of a dielectric under the top gate allows one to sustain high
mobility of carriers along the whole sample and clearly observe unusual propagation of chiral carriers
through ballistic p-n junctions, with suppressed transmission at angles away from the normal to the
junctions.

To determine the value of the increase in the resistance and compare it with theory [2], we calculate
the band profile of graphene p-n-p structures taking into account the density of electron states in
graphene. Our results show that the increase in the resistance is only seen in high-mobility structures
with ballistic p-n junctions where its value agrees well with theoretical predictions.

We discuss the origin of resistance oscillations which are observed with varying top-gate voltage, as
well as the origin of the positive magnetoresistance of graphene p-n-p structures.

[1] R. V. Gorbachev et al., Nano Lett. 8, 1995 (2008).
[2] V. V. Cheianov, V. |. Fal'ko, Phys. Rev. B 74, 041403 (2006).
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Alexander GRUNEIS
(University of Vienna, Strudlhofgasse 4, 1090 Vienna, Austria)

Electronic properties of pristine and doped graphene layers from angle-resolved
photoemission spectroscopy

Alexander Griineis, Faculty of Physics, University of Vienna, Strudlhofgasse 4, 1090 Wien,
Austria and

IFW Dresden, P.O. Box 270116, D-01171 Dresden, Germany

Kurt Kummer, Institut fir Festkbérperphysik, TU, Dresden, Mommsenstrasse 13, D-01069
Dresden, Germany

Denis V. Vyalikh, Institut flr Festkérperphysik, TU, Dresden, Mommsenstrasse 13, D-01069
Dresden, Germany

Ludger Wirtz, Institute for Electronics, Microelectronics, and Nanotechnology (CNRS UMR
8520), Department ISEN, 59652 Villeneuve d'Ascq, France}

Hidetsugu Shiozawa, Advanced Technology Institute, University of Surrey, Guildford, GU2
7XH, UK

Riichiro Saito, Department of Physics, Tohoku University, Aoba, Sendai, 980-8578, Japan
Jorg Fink, BESSY I, Albert-Einstein-Str. 15, D-12489 Berlin, Germany

Thomas Pichler, Faculty of Physics, University of Vienna, Strudlhofgasse 4, 1090 Wien,
Austria

Angel Rubio, Dept. Fisica de Materiales, Donostia International Physics Center, Spain,
European Theoretical Spectroscopy Facility (ETSF), Spain

Claudio Attaccalite, Dept. Fisica de Materiales, Donostia International Physics Center, Spain,
European Theoretical Spectroscopy Facility (ETSF), Spain

Electrons in individual graphene layers are a prototype of a two-dimensional gas of massless Dirac
Fermions. In realistic devices,however, the electronic properties are modified by elastic

deformations, interlayer coupling[1], substrate interaction[2] or electron-electron correlation

effects[1]. In order to resolve these problems we unravel the electronic structure of doped graphene
by revisiting the stage one graphite intercalation compound KC8 using a combined angle—resolved
photoemission spectroscopy (ARPES) and ab--initio study[3]. We prove an

almost complete charge transfer to the graphene layers yielding a Fermi level shift of the Dirac point
by 1.35~eV. This highlights that AA stacked graphene sheets in KC8 have negligible interlayer
coupling. Thus Dirac Fermion behaviour is preserved and for the first time we directly determine the
full experimental Dirac cone of graphene.

Based on our ARPES data we provide a new set of tight-binding (TB) parameters

for efficient calculation on the quasiparticle dispersion in pristine and doped few-layer graphene and
graphite including electron-electron correlations[4]. This is the first set of TB parameters that can
describe both the low and high energy optical properties relevant for transport and optical absorption
experiments, respectively. Within a tight-binding picture we examine the transition from few-layer
graphene to graphite and predict a semimetal to metal transition in graphite.

Finally, using in-situ time-resolved photoemission we study the growth dynamics of a graphene
monolayer on a Ni(111) surface from chemical vapour deposition. In order to quantitatively
understand the reaction processes we solve the rate equations that lead to the formation of graphene
and find excellent agreement to the measured photoemission intensities.

[1] A. Grineis et al. Phys. Rev. Lett. 100, 037601(2008).

[2] A. Grineis et al. Phys.Rev. B 77, 193401 (2008).

[3] A. Grineis et al. cond-matt 0808-1613 (2008)

[4] A. Grineis et al. in print Phys. Rev. B. , cond-matt 0808.1467 (2008)
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Johannes GUTTINGER
(HPF E4 Schaffmattstrasse 16, 8093 Zurich, Switzerland)

Energy gaps in etched graphene nanoribbons

J. Guettinger, C. Stampfer, S. Hellmueller, F. Molitor, T. Ihn and K. Ensslin
Solid State Physics Laboratory, ETH Zurich, 8093 Zurich, Switzerland

We report transport measurements on an etched graphene nanoribbon. It is shown that two distinct
voltage scales can be experimentally extracted that characterize the parameter region of suppressed
conductance at low charge densitiy in the ribbon. Finite source—drain voltage measurements in
narrow ranges of voltages applied to local in-plane gates and the back gate reveal the presence of
localized states characterized by a source—drain voltage scale related to a charging energy of 10
meV. Sweeps of the back gate voltage over a large range allow to extract a back gate voltage scale
which is likely to be characteristic mainly for the disorder potential present in the ribbon. The lever
arms of gates vary for different localized states by up to 30% indicating their spread in position along
the ribbon. A single-electron transistor situated close to the nanoribbon is used to prove the addition
of individual electrons to the localized states experimentally. We discuss the relation of the two
experimental voltage scales to the charging energy, the energy gap created by the lateral
confinement, and the magnitude of the disorder potential in the ribbon which is estimated to be of the
order of 100 meV.
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Pertti HAKONEN
(Puumiehenkuja 2B, P.O. BOX 5100, 02015 TKK Espoo, Finland)

Coherence and noise in graphene samples with superconducting contacts
A. Fay™, R. Danneau’1,2, F. Wu*1, J. Wengler*, M.Y. Tomi*1, and P.J. Hakonen™1

A Low Temperature Laboratory, Helsinki University of Technology, Espoo, Finland
A2 Institut fir Nanotechnology, Forschungszentrum Karlsruhe, and Physikalische Institut,
Universitéat Karlsruhe, Karlsruhe, Germany

Superconductor-Graphene-Superconductor (SGS) systems provide interesting objects for studies of
the Josephson effect which is one of the most spectacular phenomena of quantum coherent matter.
The coupling between the ordered states across a Josephson tunnel junction can be described by the
Josephson energy E(\phi) where \phi denotes the phase difference between the order parameter
fields on opposite sides of the junction or, equivalently, the Josephson junction can characterized by
its current-phase relation (CPR) I(\phi).

The distribution of transmission channels influences the CPR: for a nearly ballistic junction the CPR
becomes strongly non-sinusoidal and discontinuous while for a diffusive/pseudodiffusive junction the
CPR is remains nearly sinusoidal. This difference can be observed by measuring the Josephson
inductance of the junctions using microwave reflection measurements [1] that we are set up to do with
graphene junctions. If the number of channels in a ribbon-shaped graphene can be cut down to 1,
Andreev level/Landau-Zener spectroscopy will also be a powerful tool [2].

We have performed both DC and AC transport measurements with 300 nm long and 1.2 micron wide
SGS samples. In our DC experiments, we have been able to tune supercurrents from 5 nA at the
Dirac point to 50 nA far away from it. The measured IV curves present current plateaus at a spacing
of 0.8 microV in bias voltage.

In our AC experiments, the samples are exposed to an increased level of noise, although a circulator
and microwave filters are employed to thermalize the pass band at 600-900 MHz to 30 mK, the base
temperature of the refrigerator. The IV curves are hysteretic and show well controlled phase diffusion
before transition to the voltage state. The measured noise displays a multitude of features in the
subgap regime and analysis for determining the effective Fano-factor is presently going on.

[1] M. Sillanpaa, L. Roschier, and P. Hakonen, Phys. Rev. Lett. 93, 066805-066808 (2004).

[2] M. Sillanpaa, T. Lehtinen, A. Paila, Yu. Makhlin, and P. Hakonen, Phys. Rev. Lett. 96, 187002
(20086).
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Yasuhiro HATSUGAI
(Institute of Physics, 1-1-1 Tennodai, 305-8571 Tsukuba, Japan)

Topological aspects of the n=0 Landau level in graphene : chiral symmetry and Hall plateau
transition

Y.Hatsugai (Institute of Physics, Univ. of Tsukuba), T. Kawarabayashi (Department of
Physics, Toho Univ.) and H. Aoki ( Department of Physics, Univ. of Tokyo)

One important factor governing the electronic structure of graphene in general and graphene
quantum Hall effect(QHE) in particular is the chiral symmetry of the honeycomb lattice, which gives
rise to a topological stability of the QHE as long as the symmetry is preserved [1]. The chiral
symmetry especially makes the n=0 Landau level in graphene special and unusually robust. One
manifestation of this appears in QHE edge states, where, unlike the usual QHE system where the
charge distribution is depleted from the edge, the charge is accumulated along zigzag edges. This
selectively occurs for n=0, with the bulk states hybridizing in the boundary charge via what we call a
"topological compensation" [2], and the effect should be observed by STM experiments. We further
discuss the robustness of the n=0 Landau level and the quantum Hall plateau transition against
randomness based on the lattice model and topological methods [3].

[1] Y. Hatsugai, T. Fukui, and H. Aoki, Phys. Rev. B 74, 205414(2006); Eur. Phys. J. Special Topics
148, 133 (2007).

[2] M. Arikawa, Y. Hatsugai and H. Aoki, Phys. Rev. B 78, 205401 (2008).

[3] T. Kawarabayashi, Y. Hatsugai and H. Aoki, unpublished.

Havard HAUGEN
(Realfagbygget, NTNU, N-7491 Trondheim , Norway)

Superconducting transport properties of a three-terminal kink-junction in graphene

H. Haugen, D. Huertas-Hernando, A. Brataas, Norwegian University of Science and
Technology (NTNU)

We investigate numerically the transport properties of a three-terminal graphene kink-junction, with
one superconducting and two normal terminals. Electron transfer and crossed Andreev processes are
identified, and the competition between the two processes is studied by means of the non-local signal
between the two normal terminals.
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Petr KHOMYAKOV
(P.O. Box 217, 7500 AE Enschede, Netherlands)

Nonlinear screening of charges induced by metal contacts in graphene
P. A. Khomyakov, A. A. Starikov, G. Brocks, and P. J. Kelly

Faculty of Science and Technology and MESA+ Institute for
Nanotechnology, University of Twente, P.O. Box 217, 7500 AE Enschede, The Netherlands.

Making devices with graphene necessarily involves making contacts with metals.

Recently, we have studied how graphene is doped by adsorption on metal substrates [Phys. Rev.
Lett. 101, 026803 (2008)]. Here we extend this work to a device geometry that consists of a graphene
sheet covered with a metal strip (electrode) of finite width. Two regions can then be identified that
correspond to metal-covered and "free-standing" graphene. Understanding of the screening of
charges induced by the metal contact in "free-standing" graphene as well as the electrostatic barrier
formation at the contact is then essential for a graphene-based device. We calculate the induced
potential and charge density using the Thomas-Fermi theory, and find that the screening in graphene
is strongly suppressed as compared to a normal metal due to the ultra-relativistic nature of the
electron spectrum near the Fermi energy. The induced potential slowly decays as x*{-1/2} away from
the metal contact, breaking spatial homogeneity of graphene. At the contact region the metal contact
causes the formation of a p-p, n-n or p-n junction that contributes to the overall resistance of the
graphene sample, and destroys the electron-hole symmetry in graphene.

Dominikus KOLBL
(Klingelbergstrasse 82, 4056 Basel, Switzerland)

Fabrication of side-gated graphene quantum dots

D. Kélbl, D. Zumbuhl, Physics Department, University of Basel

We present the preparation and characterisation of graphene quantum dots etched out of
mechanically exfoliated graphene flakes on silicon dioxide. Cleanliness of the flakes is determined by
atomic force microscopy, while the single layer thickness is verified by quantum hall measurements.

Finally we will investigate the behaviour of the confined states of the quantum dots in magnetic fields
at low temperature.
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Benjamin KRAUSS
(Max Planck Institute for Solid State Research, Heisenbergstr. 1, 70569 Stuttgart, Germany)

Laser-induced disassembly of a graphene single crystal into a nano-crystalline network

B. Krauss, T. Lohmann, D. H. Chae, M. Haluska, K. von Klitzing, J. H. Smet; Max Planck
Institute for Solid State Research, Heisenbergstr. 1, 70569 Stuttgart, Germany

For graphene studies, Raman has proven a valuable tool as it provides information for instance about
disorder, defects and doping. Furthermore it even allows to distinguish monolayer graphene from
bilayers and multilayers. While Raman spectroscopy has usually been considered non-invasive, we
will show here that laser irradiation of graphene or few-layer graphene either has to be dosed
carefully to avoid structural modifications or can on purpose be exploited to induce structural changes
in graphene in a controlled manner. The time evolution of the Raman spectrum of a graphene
monolayer under laser exposure reveals two different effects: on a short time scale, dopants, initially
present on the flake, are removed due to laser heating. This can be seen directly in the redshift of the
G and D* Raman peak as well as in the field effect behavior of the graphene device. The longer time
scale behavior points to a laser induced gradual local decomposition of single crystal graphene into a
network of interconnected nano-crystallites with a characteristic length scale of approximately 10 nm
due to bond-breaking. The effects of phonon confinement due to the small characteristic length scale
are born out in the Raman spectrum. The broken bonds offer additional docking sites for adsorbates
as confirmed in transport and AFM height studies. These controlled structural modifications may for
instance be valuable for enhancing the local reactivity and trimming graphene based gas sensors.

Timo Arvid LAHDE
(3910 15th Ave. NE, Box 351560, 98195-1560 Seattle, United States)

Lattice Monte Carlo studies of quantum critical phenomena in graphene

The study of graphene using the Lattice Monte Carlo method is of very recent date. Such an
approach is non-perturbative and takes full account of quantum fluctuations, and is therefore well
suited to the study of strongly interacting fermionic systems such as the quasirelativistic charge
carriers in graphene. This presentation outlines the status of Lattice Monte Carlo studies

of graphene close to the semimetal-insulator critical point, which is likely to be highly relevant for the
physics of graphene in vacuum (see abstract by Joaquin Drut) as the presence of this critical point
suggests that graphene in vacuum should be an insulator rather than a semimetal.

At this time, the main objective is the establishment of the precise properties of this critical point, in
order to settle the question of whether the transition to an insulating phase is of second order or of
infinite order. In addition, recent Lattice Monte Carlo results for the DC conductivity of graphene are
presented. This observable is of particular interest as current analytical studies underpredict the
experimental data by approximately a factor of 3. Moreover, it has often been pointed out that a
realistic description of the conductivity should account for non-perturbative effects due to the long-
range Coulomb interactions between the fermionic quasiparticles in graphene.
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Michele LAZZERI
(IMPMC, 140 rue de Lourmel, campous Boucicaut, 75015 Paris, France)

Structure, Stability, Edge States and Aromaticity of Graphene Ribbons

M. Lazzeri, T. Wassmann, A.P. Seitsonen, A.M. Saitta, and F. Mauri
IMPMC, Universites Paris 6 et 7, CNRS, IPGP, France

The recent demonstration that graphene sheets spontaneously break into ribbons of narrow width and
smooth edges, by means of chemical methods as solution-dispersion and sonication [1] or by means
of controlled cutting through thermally activated metallic nanoparticles [2], has opened a breakthrough
towards graphene-based nanoelectronics. In fact, the lateral confinement in a ribbon opens an
electronic gap (function of the ribbon width) which makes graphene suitable for direct application as,
e.g., a channel in field-effect transistor. In this regard, the knowledge of the structural and
thermodynamical stability properties of the possible edges is crucial to achieve the experimental
control necessary for technological applications.

By means of ab-initio calculations, we determine the stability, the geometric, the electronic and
magnetic structure of graphene-nanoribbons edges terminated with those molecules which are likely
to be found in the typical experimental condition for the ribbon-formation (hydrogen, oxygen and
H+/OH- ions from water dissociation) as a function of their chemical potential. Antiferromagnetic
mono-hydrogenated zigzag ribbons are stable only at extremely-low ultra-vacuum pressures. At high
hydrogen-concentrations graphene is not stable and spontaneously breaks to form hydrogenated
edges [3]. This fact is the key to explain the spontaneous breaking of graphene into small-width
nanoribbons observed experimentally in organic compounds solution [1]. The stability and the
existence of exotic edge electronic-states and/or magnetism is rationalized in terms of simple
concepts from organic chemistry (Clar's rule). Finally, by simulating scanning tunneling microscopy
(STM) images of the ribbons, we identify those characteristics of the various terminations which could
be made visible in the measured STM, thus providing an effective approach to distinguish
experimentally among various possible terminations.

[1] X. Li et al., Science 319, 1229 (2008); X. Wang et al., Phys. Rev. Lett. 100, 206803 (2008).

[2] S.S. Datta et al., Nano Lett. 8, 1912 (2008); L. Ci et al., Nano Ref. 1, 116 (2208).
[3] T. Wassmann, et al. Phys. Rev. Lett. 101, 096402 (2008).
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Ortwin LEENAERTS
(Groenenborgerlaan , 171 (U208), 2020 Antwerp, Belgium)

'‘Graphene: a perfect nanoballoon’
O. Leenaerts, B. Partoens, and F. M. Peeters, Universiteit Antwerpen

We have performed a first-principles density functional theory investigation of the penetration

of small atoms and molecules through a graphene monolayer with defects. We focused our
examination on the penetration of helium atoms because this is the smallest inert atom. This means
that if helium cannot penetrate through graphene probably nothing can get through. We first examined
the potential barrier for penetration through a fixed intrinsic graphene sheet. Then we did some first-
principles molecular dynamics simulations: we put a helium atom above the centre of a graphene
hexagon and gave it a certain velocity towards the graphene sheet. When the helium atom impinges
on the intrinsic graphene surface, there will be some relaxation of the carbon atoms in the graphene
sheet. However, when we compare the result of the molecular dynamics simulations with the
unrelaxed case, we notice that the relaxation does not have a strong influence on the kinetic energy
of the He atom that is needed for penetration. This is due to the fact that the time scale for relaxation
of the graphene is larger than the time scale during the He atom interacts with the graphene layer.
The relaxation of the graphene layer occurs after the He atom has left the graphene layer. Therefore
we can neglect any relaxation of the graphene layer. Intrinsic graphene appears to be impermeable
for helium atoms and even if small defect are included, this impermeability remains. However, the
penetration barriers decrease exponentially with the size of the defects but they are still sufficiently
high that large defects are needed to make the graphene sheet permeable for small atoms and
molecules. This makes graphene a very promising material for the construction of nanocages and
nanomembranes.

Lian LI
(1900 E Kenwood Bivd, Milwaukee, United States)

Interface structure of epitaxial graphene on SiC(0001)

Y. Qi, S. H. Rhim, G. F. Sun, M. Weinert, and L. Li
University of Wisconsin, Milwaukee, WI, USA

In spite of the enormous efforts devoted to the study of the epitaxial growth of graphene on SiC, no
consensus has been reached regarding the structure of the interface between graphene and the
substrate. Long standing discrepancy exists between low energy electron diffraction (LEED) patterns
and scanning tunneling microscopy (STM) images on the periodicity of graphene on SiC(0001).
Theoretical studies of reconstructions with 6rt3x6rt3 and rt3xrt3 periodicities, while describing some
aspects of the experimental results, disagree in important details with STM observations. In this work,
we present a combined experimental and theoretical study, employing density functional theory
calculations and STM, to investigate this issue. We find that the graphene growth proceeds by first the
formation of a defected carbon layer at the interface, and then the subsequent growth of well-ordered
graphene layers. The calculated energy-dependent densities of states are in good agreement with our
STM images, which provides insights into the details of the interface structure of epitaxial graphene
on SiC(0001).

Work supported by DOE (DE-FG02-05ER46228) and NSF (DMR-0706359).
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Marcus LIEBMANN
(Otto-Blumenthal-Str., 52074 Aachen, Germany)

Oscillating nanomembranes within a monolayer of graphene probed by STM

M. Liebmann (1), M. Pratzer (1), T. Mashoff (1), V. Geringer (1), T. Echtermeyer (2), M. C.
Lemme (2), and M. Morgenstern (1)

(1) Il. Institute of Physics, RWTH Aachen University and JARA-FIT,
Otto-Blumenthal-Strale, 52074 Aachen

(2) Advanced Microelectronic Center Aachen (AMICA), AMO GmbH,
Otto-Blumenthal-Stral3e 25, 52074 Aachen

Using scanning tunneling microscopy (STM) at low temperatures (5 K) in ultra-high vacuum, we
investigate graphene flakes deposited by exfoliation on a Si/SiO2 (300 nm) surface.

On flakes which are partly freely suspended [1], nanometer-sized areas of the flake can be lifted by a
few 100 pm using a voltage applied to the tip while still achieving stable tunneling conditions. From
voltage and distance dependent tunneling data, we separate the influence of Van-der-Waals forces
from electrostatic interaction. A model using a parallel-plate capacitor and a clamped circular
membrane allows the determination of mechanical properties of the nanomembrane, such as
pretension and Young's modulus, in good agreement with previous data using atomic force
microscopy (AFM) [2]. Application of an ac voltage leads to oscillations of the nanomembrane which
are detected by strongly nonlinear in-phase current oscillations.

[1] V. Geringer et al., arXiv:0806.1028v3.
[2] C. Lee et al., Science 321, 385 (2008).

Xing Lan LIU
(Lorentzweg 1, 2628 CJ Delft, Netherlands)

p-n junction in graphene nano-ribbons

X. Liu, D. Hug, A. M. Goossens, L.M.K. Vandersypen
Kavli Institute of Nanoscience, Delft University of Technology, The Netherlands

A graphene nano-ribbon (GNR) is a quasi-one-dimensional system cut out of a two dimensional
graphene sheet. It is currently under extensive investigation both from a fundamental perspective and
for its potential in electronics. We report on electronic transport measurements performed on quantum
dot devices based on graphene nano-ribbons. Local gates on the ribbon define the desired quantum
dots. We observe Coulomb oscillations through such devices, and the coulomb peak spacings
correlate with the designed device area. Finally, we observe that disorder plays a significant role in
the low-temperature transport. Future studies will investigate the single particle energy level spectra
and spin states.
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Timm LOHMANN
(Max Planck Institute for Solid State Research, Heisenbergstrasse 1, 70569 Stuttgart, Germany)

4-terminal transport in chemically doped graphene pn-junctions

Timm Lohmann; Klaus v. Klitzing and Jurgen H. Smet
Max Planck Institute for Solid State Research, Heisenbergstrasse 1, 70569 Stuttgart

We investigated the influence of chemical doping on the transport properties of graphene. Water for
instance causes a strong hysteresis known from carbon nano tubes [1], which depends on the sweep
conditions of the gate voltage and the environment. A strong asymmetry between electron- and hole
mobilities can be observed in freshly prepared flakes similar to what has been seen by other groups
[2]. The asymmetry always vanishes after sufficient annealing. A remarkable observation is that this
asymmetry changes its sign depending on the type of the adsorbed molecule. We see clear
differences between H20, O2 and NH3 for instance. The electron mobility of p-doped graphene is
always below that of holes. After n-doping the electron-mobility becomes larger. The observation is in
qualitative agreement with recent numerical calculations [3] which attribute the asymmetry to the
influence of surface adsorbates. In addition we never observed a lowered mobility after doping with
NH3 in contrast to what has been demonstrated using low-temperature potassium doping by others
[4]. We speculate that because in our experiments doping is performed at room temperature (the
measurement is done at 1.5 K), the adsorbates have a chance to form some equilibrium lattice where
the individual adsorbate cannot be considered as a point scatterer.

The ability to modify graphene’s intrinsic doping has been exploited in a technique for spatially
selective chemical doping. Using this technique we fabricated graphene pn-junctions and studied the
magneto-transport behavior of those devices in 4-terminal geometry. A magnetic field asymmetry in
the longitudinal resistance of opposite edges can be observed. “Fractional” resistance quanta h/e2,
h/3e2, h/15e2 appear in the longitudinal resistance as a result of edge channel mixing at the pn-
interface. The main advantage of graphene pn-junctions formed by chemical doping is that the
mobility is not reduced like in the case of top-gated pn-devices.

[1] Kim, W. et al., Nano Lett. 3, 193 (2003).

[2] Chen, Z. et al., Physica E 40, 228 (2007).

[3] Robinson, J. P et al., cond.mat. 0808.2511, v1 (2008).
[4] Chen, J. H., et al., Nature Phys. 4, 377 (2008).
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Nanowire Lithography on Graphene
A. Lombardo(a), A. Fasoli(a), A. Colli(b), A. C. Ferrari(a)

(a) Department of Engineering, University of Cambridge, Cambridge CB3 0FA, UK
(b) Nokia Research Centre Cambridge UK, c/o Nanoscience Centre, Cambridge CB3 OFF,
UK

Graphene nanoribbons (GNRs) are the counterpart of nanotubes in graphene nanoelectronics.
Electron confinement opens a bandgap, making them suitable for the realization of devices. Current
GNRs fabrication techniques mostly rely on e-beam lithography [1]. However, the search for a cheap,
parallel and deterministic technique for practical implementation of these structures is still open.
Nanowire-lithography (NWL) consists in using NWs as etch masks to transfer their one-dimensional
morphology to an underlying substrate [2,3]. Here, we show that oxidised silicon NWs (SiNWs) are a
simple and compatible system to implement the NWL concept on graphene. SiNWs are grown by
chemical methods [4], and mechanically transferred or dispersed from solution onto graphene flakes
produced on SiO2 by exfoliation [5]. The NW morphology is then mirrored into the graphene flake by
a low power O2 plasma in a deep-reactive-ion-etcher. The process leads to conformal GNRs with
diameter comparable to the overlaying NW lateral dimensions (down to 15 nm) [6]. The diameter can
be further reduced by multiple O2 etching steps. Raman spectroscopy is used to characterise the
structure of the resulting GNRs. Field-effect measurements show the transition from semi-metal to
semiconductor. The influence of trap states on the device performance is discussed.

(1) H. Y. Han, et al. Phys. Rev. Lett. 98, 206805 (2007)

(2) A. Colli et al. Nano Lett. 8, 1358 (2008)

(3) D. Whang, et al. Nano Lett. 3, 951 (2003)

(4) A. Colli, et al. J. Appl. Phys. 102, 034302 (2007)

(5) K. S. Novoselov, et al. Proc. Natl. Acad. Sci. U.S.A. 102, 10451 (2005)
(6) A. Fasoli, et al. submitted (2008)
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Transport in decoupled graphene layers

T. Ludtke, 1 H. Schmidt, 1 P. Barthold,1 E. McCann,2 V. I. Fal’ko,2 and R.J.Haug, 1
1 Institut fir Festkérperphysik, Leibniz Universitédt Hannover, Appelstr. 2, 30167 Hannover,
2 Department of Physics, Lancaster University, Lancaster LA1 4YB, United Kingdom

Recently it was shown that it is possible to contact two decoupled monolayers of graphene on top of
each other and to control carrier densities in both layers via top and bottom gates [1].

We present transport measurements through such decoupled layers of graphene as a function of
backgate and topgate voltage as well as magnetic field at temperatures down to 300mK. The
graphene samples were obtained by micromechanical exfoliation of small natural graphite flakes onto
a SiO2 substrate. Folded monolayers are then structured and contacted by using electron beam
lithography (EBL). A PMMA layer (~60nm) is deposited onto the structured part to be able to fabricate
an additional local gate (LG) afterwards.

In a four terminal measurement the resistance of the device was obtained by tuning the potential of
the backgate and the topgate independently. Charge neutrality points of both regions are clearly
visible, separating the different charge configurations (e.g. p-n-p, n-n-n) of the graphene field effect
transistor.

The magnetic field dependence of the localy gated sample shows four different oscillations in the
Shubnikov-de Haas (SdH) measurement. Two of these oscillations are dependent on the potential of
the applied backgate, whereas the other two oscillations changes when tuning the local topgate. SdH
oscillation minima are obtained at filling factors of 4(i+1/2) which is equivalent to a Berry phase of Pi.
Calculations of the carrier concentrations from SdH measurements as well as a Berry phase of Pi
shows the existence of two decoupled monolayers of graphene that can be tuned by gates
independently.

[1] Appl. Phys. Lett. 93, 172108 (2008), H. Schmidt, T. Ludtke, P. Barthold, E. McCann, V. I. Fal’ko,
and R. J. Haug
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Structural and electronic properties of epitaxial graphene on SiC surfaces from ab initio
calculations.

The structural and electronic properties of epitaxial graphene are studied with ab initio calculations
based on the density functional theory. Both SiC polar faces - that is Si (0001) and C (000-1) - are
investigated and the theoretical results are compared to our STM data and ARPES spectra.

On the Si face, the first C layer do not show graphene properties : it forms a buffer layer that
decouples the subsequent graphitic layers from SiC. The strong interaction with the substrate induces
a nanostructuration of the buffer layer that exhibits a complex mosaic like structure in agreement with
what can be seen on STM images. The covalent bonding to the substrate destroys the graphene pi
states in agreement with ARPES data. The actual graphene layer is the second C layer. The small
coupling to the buffer layer generates soft 6x6 ripples in this plane that otherwise shows a free
graphene like linear dispersion. The doping of this graphene layer and the effect of the interface
states will also be discussed.

The interface morphology is quite different on the C face. We will show that a reconstruction
passivates the SiC surface dangling bonds so that no buffer layer is found. In our model based on the
2x2 reconstruction of the C terminated face, interaction with the substrate is small even for the first C
layer that shows graphene electronic structure. The orientation of the graphene layer is not (or
slightly) imposed by the substrate and different orientations can be found both between C layers or
within one C plane. The effect of the orientation disorder in a graphene bilayer will be discussed to
show that it preserves the free graphene linear dispersion.
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(School of Physics and Astronomy, Leeds, United Kingdom)

Growth Studies of Epitaxial Graphene on 4H SiC for nanoelectronics

G. L. Creeth, A. J. Strudwick, M. Newman, G. Burnell, and C. H. Marrows
School of Physics and Astronomy, University of Leeds, Leeds, LS2 9JT, United Kingdom

Here, graphene was grown on single-crystal 4H SiC by radiative heating to above 1250°C in UHV
conditions (10-10 mbar). In-situ LEED performed after each of several annealing steps enables
different reconstructions of the (0001) surface to be used to monitor growth. A 1&#61620;1
reconstruction can be seen following a 600°C anneal,
(6&#8730;3&#61620;6&#8730;3+&#8730;3&#61620;&#8730;3)R30 after 1275°C, and finally
(6&#8730;3&#61620;6&#8730;3)R30 above 1300°C, indicating the growth of a graphitic layer [1].

The samples have been further characterised ex-situ. The ratio of XPS Si to C peak intensity
indicates a carbon-rich surface. Although Raman spectra are well suited to characterising exfoliated
graphene flakes [2], those from graphitised SiC do not indicate layer thickness so clearly [3]. Our
spectra do show the appearance of carbon peaks, with intensity rising for higher annealing
temperatures. AFM/STM images show domains with a 30nm grain size.

Electrical contacts have been patterned onto samples via optical lithography and four-point (V)
measurements have been made at room and cryogenic temperatures. We measure resistance of
295&#937; at room temperature and 27.4k&#937; at 33K with a voltage probe separation of
20&#956;m, within the range of resistances reported by other groups, e.g. [1,4]. More detailed (V)
measurements, and field-dependent transport measurements are in progress.

This work was supported by the EPSRC and Intel Ireland.

[1] C. Berger, Z. Song, T. Li, X. Li, A.Y. Ogbazghi, R. Feng, Z. Dai, A.N. Marchenkov, E.H. Conrad,
P.N. First, and W.A. deHeer, J.Phys. Chem. B, 108, 19912,(2004).

[2] A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F. Mauri, S. Piscanec, D. Jiang,
K. S. Novoselov, S. Roth, and A. K. Geim, Phys. Rev. Lett. 97, 187401 (2006).

[3] Dong Su Lee, Christian Riedl, Benjamin Kraul3, Klaus von Klitzing, Ulrich Starke, Jurgen H. Smet,
arXiv:0807.4049 (2008).

[4] W. A. de Heer, C. Berger, X. Wu, P. N. First, E. H. Conrad, X. Li, T. Li, M. Sprinkle, J. Hass, M. L.
Sadowski, M. Potemski, and G. Martinez, Solid State Commun. 143, 92 (2007).
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Transport gap in side-gated graphene constrictions

We present measurements on side gated graphene constrictions of different geometries. We
characterize the transport gap by its width in back gate voltage and compare this to an analysis based
on Coulomb blockade measurements of localized states. We study the effect of an applied side gate
voltage on the transport gap and show that high side gate voltages lift the suppression of the
conductance. Finally we study the effect of an applied magnetic field and demonstrate the presence
of edge states in the constriction.

Marcin MUCHA-KRUCZYNSKI
(Physics Department, Lancaster University, Lancaster, United Kingdom)

"Theory of ARPES and magnetooptical measurements of bilayer graphene grown on SiC"

M. Mucha-Kruczynski, E. McCann, V.l. Fal'’ko
Department of Physics, Lancaster University

Using the tight-binding approach we investigate the properties of bilayer graphene grown on SiC. We
model interactions with the underlying substrate by including an energy difference between the layers
and sublattice asymmetry in the bottom layer. We show that these

asymmetries affect the band structure and the Landau level spectrum of the system by opening a
gap. In the band structure, "Mexican hat'-like structures appear. In the case of the Landau level
spectrum, the Landau level valley degeneracy is lifted and the zero-energy Landau level is split into
four. Finally, we predict results of angle resolved photoemission spectroscopy (ARPES) and
magnetooptical measurements of bilayer graphene. For ARPES, we show that the anisotropy of
constant-energy maps may be used to extract information about the magnitude and sign of

interlayer coupling as well as the aforementioned symmetry-breaking parameters. For magnetooptical
measurements, we check the robustness of selection rules for inter-Landau-level transitions in the
presence of the asymmetries.

Norbert NEMEC
(19 J J Thomson Ave, TCM Group, CB3 OHZ Cambridge, United Kingdom)

Ab initio Quantum Monte Carlo study of interlayer binding in graphitic nanostructures

The electronic structure of graphitic systems is studied using ab initio quantum Monte Carlo methods
implemented in the CASINO code. The diffusion Monte Carlo method allows the exact handling the
long-ranged correlations responsible for the London dispersion forces that dominate the interlayer
binding. The finite size errors caused by the limited volume of the simulation cell are reduced by a
careful extrapolation to infinite size giving a reliable theoretical prediction of the interlayer binding of
graphite and related nanostructures.

30



Zhen hua NI
(21 Nanyang link, 637371 Singapore, Singapore)

Raman spectroscopy studies of folded graphene

Zhenhua Ni, Yingying Wang, Yumeng You, Ting Yu, and Zexiang Shen
Division of Physics and Applied Physics, School of Physical and Mathematical Sciences,
Nanyang Technological University, Singapore 637371, Singapore

The electronic properties of graphene are highly sensitive to the number of graphene layers and also
the stacking geometry.[1] Raman spectra of graphene are very sensitive to the electronic band
structure of graphene and hence can be used to investigate the electronic structure of multilayer
graphene that deviates from the AB stacking.

In this work, we have successfully made the 1+1 folded graphene with different stacking order and
Raman and contrast imaging were carried out to precisely locate the folded sample.[2] Raman
spectroscopy was also used to determine the edge chirality of graphene [3] and hence estimate the
rotational angle between the two graphene layers.

The Raman results of folded graphene include two parts: Firstly, the 2D band of folded graphene is
similar to that of single layer graphene (SLG) and obvious blueshift of 2D band of folded graphene
was observed. The blueshift is weakly dependent on excitation energy. These phenomena are
interpreted in term of change of electronic structures of folded graphene.[4] It is proposed that the
electronic structure of 1+1 folded graphene is similar to SLG but with smaller Fermi velocity.
Secondly, strong resonance of G band (with intensity 10 to 50 times higher than that of SLG) was
observed on some of the 1+1 folded graphene sample. First principle calculations were carried out to
study the electronic band structure of such folded graphene, with orientation and rotational angle
predetermined by Raman spectroscopy. It is found that the phonon energy of G band may match the
small split of electronic bands of folded graphene when excited by ~2.7 eV laser energy. Therefore,
both the incident and scattered photons (G band) are resonant with real electronic states and hence
result in the strong G band resonance.

Our findings on folded graphene help on the better understanding of electronic structure of graphene
with different stacking geometry.
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Transmission electron microscope observation of the interface between graphene and 6H-
SiC (0001)

Wataru Norimatsu a,b and Michiko Kusunoki a,b ,

a EcoTopia Science Institute, Nagoya University, Furo-cho, Chikusa-ku, Nagoya-shi, Aichi-
ken, 464-8603, Japan

b Materials Research and Development Laboratory, Japan Fine Ceramics Center, 2-4-1,
Mutsuno, Atsuta-ku, Nagoya-shi, Aichi-ken, 456-8587, Japan

Few-layer graphene on the SiC substrate is one of the promising materials for device integration.
The opening of a gap in few-layer graphene due to the interaction with the SiC substrate is also an
advantage in switching-device application. For detailed understanding of the electronic state due to
the interaction between graphene and the SiC substrate, it is important to observe the cross-section
directly from a perspective parallel to the interface. In this study, high-resolution transmission electron
microscopic (TEM) cross-sectional observations were performed to investigate the interface structure
between graphene and 6H-SiC (0001). A first principles calculation combined with high-resolution
TEM allowed us to understand the interface structures together with their electronic states.

Graphene-on-SiC samples were prepared by annealing Si-terminated 6H-SIC single crystals. SiC
substrates were cleaned using HF solution and then annealed at different temperatures, ranging from
1350 to 1500 °C, in a vacuum furnace. Thin specimens for TEM observation were prepared by Ar-ion
thinning method. Cross-sectional observation of the interface structure was carried out using a JEM-
2010-type TEM with an accelerating voltage of 200 kV.

Our observations revealed the presence of a metastable transitional structure formed by
decomposition of a single SiC bilayer as well as fully-packed honeycomb graphene as the interface
structure. The results of our calculation clarified that the difference in the interface structures should
strongly influence the electronic state. Our observation also revealed the process of the layer-by-layer
decomposition of the SiC substrate during the formation of graphene layers. The obtained results of
our observations and calculations will be reported in the conference.

Claudia OJEDA-ARISTIZABAL
(LABORATOIRE DE PHYSIQUE DES SOLIDES, 15 rue Georges Clemenceau Bat 510 91400
ORSAY, 91400 Orsay, France)

Tunning the proximity effect in graphene.

C. M. Ojeda-Aristizabal, M Ferrier, S Guéron and H. Bouchiat.

We have tuned in situ the proximity effect in a single graphene layer coupled to two superconducting
electrodes. An annealing current through the device changed the transmission coefficient of the
electrode/graphene interface, encreasing the probability of multiple Andreev reflections. After three

annealing steps the contact was improved sufficiently for a Josephson current to be induced in
graphene. Universal conductance fluctuations also depended on the annealing step.
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Title: "The insulating state of graphene nanoribbons"
Authors: Jeroen B. Oostinga, Monica F. Craciun, Alberto F. Morpurgo

Affiliations: University of Geneva (Switzerland), Delft University of Technology (The
Netherlands)

The last few years graphene -a single atomic layer of graphite- has attracted a lot of attention,
because of its unusual electronic properties. Besides, the high carrier mobilities measured in
graphene (up to 100,000 cm2/Vs) make it also a new promising candidate for future high-speed
electronic devices. However, since graphene is a zero-gap semiconductor, electrical conduction
cannot be switched off by using control voltages, which is essential for the operation of transistors.

In this presentation | will show that the conduction can be swithed off in narrow graphene ribbons.
Although these ribbons are metallic at high charge densities, they become insulating at low densities.
We have studied the insulating properties as a function of temperature and magnetic field. The
experimental results indicate that the insulating state is a consequence of strong localization of
electronic states. This result makes graphene ribbons possibly interesting for graphene-based field-
effect transisors.

Chuhei OSHIMA
(Waseda University, 3-4-1 Okubo Shinjyuku, Okubo Shinjyuku, 169-8555 Tokyo, Japan)

Self-standing graphene sheets fabricated by a CVD growing technique

C.Oshima
Department of Applied Physics, Waseda University

Because of the small miss-fit of lattice constants and surface periodicity, a graphene sheet of a
monolayer thickness grows in the epitaxial way to the some

substrate lattices by a CVD technique. In particular, high-quality crystalline film grew in the 1x1
structure on Ni (111) surfaces. The orbital mixing of the pai electrons anddelectrons of Ni substrate
produces relatively strong inter-layer bonds, which selects with the unique position of carbon atom on
the Ni substrate; they are three-hold

hollow sites and on-top sites. On the other hands, intra-layer bonds of graphene sheet became week.
Since the surface free energy of Ni (111) was decreased with graphene-

coverage, the faceting phenomena results in the expansion of the (111) surfaces with the step
bunching, which indicates the possibility of fabricating macroscopic graphene sheet.By solving only
the Ni substrate with acids chemically, we successfully fabricated self-standing graphene sheet, which
was now investigated by using TEM. We will discuss the difference between this sheet and the other
ones prepared with the other technique
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Gate controlled non-volatile memory devices using graphene and ferroelectric thin films

We demonstrate a novel non-volatiie memory device using a combination of graphene and a
ferroelectric thin film. The binary information, i.e. “1” and “0”, is represented by the high and low
resistance states of the graphene working channels and is switched by the polarization directions of
the ferroelectric thin film. A highly reproducible resistance change exceeding 300% is achieved in our
graphene-ferroelectric hybrid devices under ambient conditions. By avoiding the chemical
modification of the unique 2D crystalline structure of graphene, this device concept utilizes the
intrinsic field-dependent conductance and retains the high charge carrier mobility in graphene. All
these make this new memory structure a promising candidate for the next generation of ultra-fast non-
volatile memory.

Thomas PICHLER
(university of vienna, Strudlhofqg. 4, 1090 wien, Austria)

Pristine and intercalated graphite revisited: A key to graphene

T. Pichler, A. Griineis, C. Kramberger

Faculty of Physics, University of Vienna

C. Attaccalite, A. Rubio,

Donostia International Physics Center (DIPC), San Sebastian
D.V. Vyalikh, S.L.Modotsov,

TU-Dresden, Institut fiir Festkérperphysik

R. Follath, W. Eberhard, J. Fink,

BESSY I, Berlin

M. Knupfer, B. Biichner

IFW-Dresden, Dresden

R. Hambach, C. Giorgetti, F. Sottile, V. Olevano, A. Marinopoulos, L. Reining
Ecole Polytechnique, Paris

The contribution will give an overview on our current research focus on the electronic and optical
properties of graphite and graphite intercalation compounds using angle resolved Photoemission
(ARPES) and electron energy-loss spectroscopy (EELS) as probes. We clearly proof that we are able
to unravel the complete valence band structure of both graphite and doped graphene, using KC8 as
archetype for the latter. The comparison to ab-initio calculations highlights the importance of the
inclusion of electron-electron interactions on the GW level in describing the electronic band structure
graphite [1] and of doped graphene [2]. In addition, we also analysed the optical properties of
individual large diameter single wall carbon nanotubes [3] and graphite [4] using EELS. We clearly
proof that local field effects are crucial in explaining the momentum dependent optical properties of
this low dimensional carbon systems. The pi plasmon dispersion of in plane graphite is fully explained
by a quadratic dispersion whereas the pi plasmon of isolated SWCNT along the tube axis is strictly
linear and a clear manifestation of the excitation spectrum of graphene.

In summary the detailed understanding of these fundamental electronic and optical properties of
graphite, SWCNT and graphite intercalation compounds is one key to gain new insight into the
underlying electronic structure of graphene.
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Plasmons in ordinary electron liquids with standard parabolic bands are collective density oscillations
whose dispersion, to leading order in momentum in the long-wavelength limit, is rigorously
unrenormalized by many-body effects as a consequence of gauge, Galileian, and translational
invariance. At low energies, electrons in doped graphene sheets are described by a massless Dirac
fermion Hamiltonian, which is not invariant under ordinary Galileian boosts. As a consequence, the
plasmon pole in doped graphene sheets is non-trivially renormalized by electron-electron interactions,
even at the leading order in the long-wavelength limit. This effect is not captured by the simple
Random Phase Approximation (RPA). In this talk we will present a many-body theory of this subtle
effect that goes beyond the RPA. We will also discuss the implications of our findings for theories of
charge transport and cyclotron resonance in graphene sheets.
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Industriale, 95121 Catania, Italy)

Nanoscale capacitive behaviour of graphene on SiO2

Graphene, a flat monolayer of carbon atoms tightly packed into a two-dimensional (2D) honeycomb
lattice, is the object of intense theoretical and experimental investigations, due to its outstanding
electronic properties, making this material the bridge between solid state physics and quantum
electrodynamics. Electronic transport behaviour (extremely high mobility, ballistic transport..) and
electrostatic properties (the occurrence of field effect) have been experimentally studied in graphene
and/or few layer graphene (FLG) crystals obtained by mechanical exfoliation of graphite or by
graphitization of SiC surface. However, no experimental investigation of the capacitive behaviour of
graphene has been reported.

In this work, we present an accurate nanoscale investigation on the capacitive behavior of graphene
deposited on SiO2/n+ Si substrates with different SiO2 thickness (300 or 100 nm). Graphene flakes
were identified by the combination of optical microscopy and atomic force microscopy (AFM). Local
high frequency capacitance-voltage measurements were carried out on an array of well defined
positions both on the graphene flakes and on the bare SiO2 by a Pt coated AFM tip connected to a
high sensitivity capacitance sensor. A bias Vg composed by an AC signal and a slow DC voltage
ramp was applied to the macroscopic n+ Si backgate, while a nanoscale contact was obtained on
graphene by the AFM tip. By comparing the C-V characteristics on the Pt tip/SiO2/Si nanoscale MOS
capacitor with those on the tip/graphene/SiO2/Si capacitor, both the “effective” biased area (Aeff) on
the flake and the local graphene quantum capacitance (Cq) were determined. Interestingly, the
capacitor effective area Aeff responding to the AC bias is much smaller than the geometrical area of
the graphene sheet. This area is related to the length scale on which the externally applied potential
decays in graphene, i.e. the screening length of the graphene 2DEG. The not-stationary charges
(electrons/holes) induced by the AC potential spread within this area around the contact. Aeff
increases linearly with the bias (i.e. proportionally to the induced charge density in graphene) and in a
symmetric way for bias inversion. For each bias Vg, the value of Aeff is related to the minimum area
necessary to accommodate the not stationary charges, according to the graphene density of states
(DOS) at Vg. The local quantum capacitance Cq in the contacted graphene region was calculated
starting from the screening length, and the distribution of the values of Cq for different tip positions
was obtained. Finally the lateral variations of the DOS in graphene was determined.

Kevin RUIT, VAN DE
(Den Dolech 2, spectrum 1.81, P.O. box 513, 5600 MB Eindhoven, Netherlands)

Epitaxial graphene: a correlated system?

A single graphene layer grown on 6H-SiC(0001) exhibits an intriguing gap-like structure near the
Fermi-level in scanning tunneling spectroscopy as well as an asymmetric density of states which is
not well understood. Atomic-resolution tunneling-asymmetry imaging shows spatial variations at
carbon sites indicative for localized Si-C electron states in both the interlayer 6sqrt3x6sqrt3R30
structure and the graphene layer formed on top. Inelastic Electron Tunneling Spectroscopy shows
huge phonon contributions, with a maximum intensity near the Si-C electron states. We propose that
these features can be explained in the context of electron correlation effects and disorder in a single
layer of electron-doped graphene due to a strong interaction between the graphene electrons and the
localized states of the interlayer.
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Tunable band structure in double gated trilayer graphene

S. Russo (1,2), M. F. Craciun(1), M.Yamamoto(1), J.B.Oostinga(3), A. F. Morpurgo(3), S.
Tarucha(1)

(1)Department of Applied Physics, The University of Tokyo, Japan

(2) Delft University of Technology, Kavli Instituted, The Netherlands

(3)DPMC & GAP, University of Geneva, Switzerland

Graphene based materials are promising candidates for nano electronic applications. It is currently
unclear which layer thickness is better suited for a given application, as only the properties of
monolayers and bilayers have been investigated systematically. For the optimization of future
devices, it is important to understand how the electronic properties of graphene based materials
evolve from Dirac particles, in monolayer, to massive particles in bulk graphite. We experimentally
address this question by investigating transport in trilayer graphene —i.e. the thinnest few layer
graphene in which all the parameters determining the band structure of graphite are first found. In this
talk we present the results of a systematic comparison of intrinsic electronic properties measured in
several double gated structures of single, double and triple layer graphene as a function of carrier
density, temperature, and perpendicular electric field. Contrary to monolayer and bilayer (which are
both zero gap semiconductors), we find that trilayer is a semimetal with a finite overlap of conduction
and valence bands. We show that the low energy band structure of trilayer graphene can be tuned by
a large amount by means of an external perpendicular electric field, achieving 100% change in band
overlap a property not known to occur in any other semimetal. The quantitative analysis of the data
further allows the determination of the carrier effective mass, which accounts for large part of the
observed evolution of the carrier mobility with layer thickness.
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Towards graphene epitaxy on Si
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Belgium;

5. ETC-EPI, 16a strada - Pantano d’Arci - Contrada Torre Allegra, I- 95121 Catania, Italy.
Graphene is a single plane of sp2 carbon atoms arranged in a hexagonal lattice. Thanks to its
interesting electronic properties, originating from the linear dispersion of the pi and pi* bands in the
vicinity of the K point of the Brillouin zone, it represents a promising two-dimensional electron gas
system for new high-speed, ballistic-transport based electronic devices [1, 6].

Using exfoliated graphene, a number of impressive results have been obtained, but it is questionable
whether this preparation route is suitable for technological processes where large areas of uniform
graphene would be required. Solid state graphitization of 4H or 6H silicon carbide surfaces by
annealing in UHV at temperatures between 1100 and 1400 °C has been demonstrated to result in
excellent quality material [4], but the large cost and limited size of SiC substrates represent a
significant hurdle for industrial application of this process. If a similar process could be transferred to
SiC grown epitaxially on Si, then the SiC sublimation approach could point the way to an industrial
scale fabrication method for high quality graphene layers on a Si platform.

We have studied few layer graphene formation on 4H-SiC monocrystals (hexagonal C and Si faces)
as well as 3C- SiC epilayers on Si(100) and Si(111). Our data suggests that few layer graphene
formation on 4H-SiC requires a minimum temperature of 1350 °C and occurs preferentially by
nucleation in pits or at SiC surface defects where the density of atomic steps is high, resulting in the
formation of disk-shaped few-layer graphene regions, several tens of micron in diameter. These disks
exhibit a negligible D peak in their Raman spectra, suggesting a low degree of structural defects, as
well as a single component 2D peak, indicating single graphene layer electronic behavior. Meanwhile,
for 3C-SiC layers grown epitaxially on Si, Si sublimation starts at 1300°C, opening the possibility of
synthesizing few-layer graphene on a 3C-SiC/Si stack without melting the underlying substrate.
Peculiar Raman features of the obtained triangular-shaped graphene regions have been investigated.

[1] Berger et al., J. Phys. Chem. B 108, 19912 (2004).

[2] K. S. Novoselov et al., Nature 438, 197 (2005).

[3] Y. Zhang et al., Nature 438, 201 (2005).

[4] C. Berger et al., Science 312, 1191 (2006).

[5] K. S. Novoselov, et al. Science 315, 1379 (2007).

[6] A. K. Geim and K. S. Novoselov, Nat. Mater. 6, 183 (2007).
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(Tsuruga, Ikki-machi, 965-8580 Aizu-Wakamatsu, Japan)

Graphene-based terahertz lasers and detectors: Physics and feasibility of realization

M. Ryzhii 1,6, A. Satou 1,6, V. Ryzhii 1,6, V. Mitin 2, F.T. Vasko 3, V.Ya. Aleshkin 4, A.A.
Dubinov 4, and T. Otsuji 5,6

1 University of Aizu, Aizu-Wakamatsu, Japan

2 Universtity at Buffalo, Buffalo, USA

3 Institute of Semiconductor Physics, Kiev, Ukraine

4 Institute for Microstructures, Nizhni Novgorod, Russia

5 Tohoku University, Sendai, Japan

6 Japan Science and Technology Agency (CREST), Japan

The gapless energy spectrum and possibility of bandgap engineering open up prospects of realization
of novel terahertz (THz) and far infrared (FIR) devices. We consider and analyze terahertz lasers
based on graphene and graphene bilayer heterostructures with optical pumping. We show that the
optical pumping followed by emission of a cascade of optical phonons can result in the population
inversion between the low energy states. The latter implies the negative contribution of the interband
transitions to the graphene (or graphene bilayer) dynamic conductivity in the THz frequency range.
Analytical estimates and numerical simulations demonstrate that despite the intraband (Drude)
absorption and the losses in the device waveguide structure, this can result in the negative net
dynamic conductivity and, hence, provide an opportunity of creating graphene-based THz/FIR lasers.
We also present concepts of THz/FIR detectors with the structure of a field-effect transistor (THz/FIR
phototransistors) made of graphene nanoribbon arrays as well as of a graphene bilayer and analyze
their characteristics (spectral characteristics, responsivity, and detectivity) as functions of the
structural parameters and applied voltages.
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Alex SAVCHENKO
(School of Physics, Stocker Road, EX4 4QL Exeter, United Kingdom)

Quantum Interference in Graphene Structures

A.K.Savchenko, D.W.Horsell, F.V.Tikhonenko, R.V.Gorbachev
School of Physics, University of Exeter, Exeter EX4 4QL, UK

We show that quantum interference of carriers in graphene is very different from that in conventional
2D systems. This is seen both in effects of weak localisation (WL) and universal conductance
fluctuations (UCF) which appear with changing the carrier concentration and magnetic field. In
addition to phase-breaking (inelastic) scattering, both effects are strongly dependent on different
elastic scattering mechanisms that control inter-valley scattering and intra-valley suppression of
quantum interference [1-2].

By performing comparative studies of WL and UCF in different graphene samples fabricated by
mechanical exfoliation, we establish the roles of this elastic scattering for a range of experimental
situations. We show that the interplay between elastic and inelastic scattering controls the change of
the sign of the quantum correction to the conductance and the transition from WL to anti-WL, and at
the same time a noticeable change in the amplitude of UCF. The correlation properties of the
fluctuations, however, can be largely independent of the details of carrier scattering [3].

[11 R.V. Gorbachev et al., Phys. Rev. Lett. 98, 176805 (2007).
[2] F.V.Tikhonenko et al., Phys. Rev. Lett. 100, 056802 (2008).
[3] K.Kechedzhi et al., arXiv:0808.3211 (2008).

Juergen SCHAEFER
(Weimarer Stral3e 32, llmenau, 98693 limenau, Germany)

Growth and analysis of graphene on different nickel substrate surfaces

K. Kloeckner, R. J. Koch, S.I.-U. Ahmed, and J. A. Schaefer
Institut fir Physik und Institut fiir Mikro- und Nanotechnologien
TU limenau, 98684 limenau, Germany

Graphene is one of the most promising advances of the past years in condensed-matter physics. The
two-dimensional graphite structure exhibits exceptionally physical and electronic properties, which
offer innovative applications in future nanotechnologies. On the way to real applications one has to
overcome the difficulties of a controlled synthesis and insulation as well as the difficulties in realizing
an electric contact. Therefore, the main topic of this paper concerns the graphene-synthesis on real
surfaces by comparing the growth on single crystalline Ni(111)-and on polycrystalline nickel-surfaces.
Principle characteristics of adsorption and of the catalytic reactivity of the substrates were examined
by adsorption of carbon monoxide (CO) and propene (C3HG6). High Resolution Electron Energy Loss
Spectroscopy (HREELS), X-ray Photoelectron Spectroscopy (XPS) and Low Energy Electron
Diffraction were used to analyze the differences between the surfaces. The method of epitaxial growth
supplied monolayer graphene on Ni (111) and few-layer graphene on polycrystalline nickel.
Measuring the surface phonon dispersion relation revealed characteristic differences, which are
discussed in detail.
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Silvia SCHMIDMEIER
(Universitétsstrasse 31, 93053 Regensburg, 93053 Regensburg, Germany)

Transport measurements in width modulated graphene nanoribbons
Silvia Schmidmeier, Dieter Weiss, Jonathan Eroms

We investigate electronic transport both in graphene and graphene nanoribbons (GNRs). This allows
us to determine the influence of the dimensionality on the transport properties.

The lateral confinement of the charge carriers in the quasi one-dimensional ribbons creates an energy
gap near the charge neutrality point, where the gap depends on the width of the GNR. The effect of
different widths has already been investigated in previous studies (Han et al. PRL 98, 206805 (2007);
Chen et al. Physica E 40 (2007)). Here we are using this width dependence to create a potential
modulation along the nanoribbon. To this end, the nanoribbon width is varied periodically, which we
expect to affect the electronic transport in an interesting way.

Graphene nanoribbons with different width, flat as well as modulated ribbons, were fabricated by
electron beam lithography and plasma etching techniques. The devices are fully tunable by two
graphene sidegates and a backgate.

Here we present the first measurements on those GNRs. In order to verify the single-layer character
of the investigated devices we performed quantum Hall measurements and found the characteristic
half-integer quantization.

By examining the differential I-V characteristics of the GNRs at different backgate voltages a
transport gap is clearly observed at the Dirac point. These measurements allow us to determine the
size of the energy gap.

We also measured the magnetoconductance in a perpendicular magnetic field for different
temperatures. At low magnetic fields weak localization is clearly visible, therefore the phase
coherence length can be determined by 1D weak localization theory . Additionally the amplitude of
the universal conductance fluctuations allows us to extract the phase coherence length in an
independent way. Both measurements are in good agreement.

Stephan SCHNEZ
(HPF C13, Schafmattstrasse 16, 8093 Zurich, Switzerland)

Electronic Transport in Graphene Quantum Dots

S. Schnez, F. Molitor, C. Stampfer, J. Guettinger, T. Ihn, and K. Ensslin
Solid State Physics Laboratory, ETH Zurich, 8093 Zurich, Switzerland

We demonstrate that excited states in single-layer graphene quantum dots can be detected via direct
transport experiments. Coulomb diamond measurements show distinct features of sequential
tunneling through an excited state. Moreover, the onset of inelastic co-tunneling in the diamond region
could be detected. For low magnetic fields, the position of the single-particle energy levels fluctuate
on the scale of a flux quantum penetrating the dot area. For higher magnetic fields, the transition of
the formation of Landau levels is observed. Estimates based on the linear energymomentum relation
of graphene give carrier numbers of the order of 10 for our device.
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Henning SCHOMERUS
(Lancaster University, Physics Building, LA1 4YB Lancaster, United Kingdom)

Adsorbate-limited conductivity of graphene

J. P. Robinson, H. Schomerus™*, L. Oroszlany, and V. I. Fal'ko
Department of Physics, Lancaster University, Lancaster, LA1 4YB, United Kingdom

This talk presents a theory of electronic transport in graphene in the presence of randomly placed
adsorbates [1].

The analysis predicts a marked asymmetry of the conductivity about the Dirac point, as well as a
negative weak-localization magnetoresistivity. In the region of strong scattering, quantum corrections
drive the system further towards insulating behavior. These results explain key features of recent
experiments, and are validated by numerical transport computations.

[1] Adsorbate-limited conductivity of graphene
J. P. Robinson, H. Schomerus, L. Oroszlany, and V. I. Fal'ko, Phys. Rev. Lett. 101, 196803 (2008)

Frank SCHWIERZ
(Gustav-Kirchhoff-Str. 1, P.O. Box 100565, 98684 limenau, Germany)

Graphene Transistors - Prospects and Problems

Soon after the first realization of graphene samples by Novoselov and Geim in 2004, device
engineers started to explore different options to use this material for electronic applications. Since
early 2007, a limited but steadily growing number of experimental graphene transistors have been
presented and, in parallel, the results of theoretical investigations on the performance of graphene
transistors have been published. While most of the authors made optimistic predictions regarding the
potential of future graphene transistors, a number of quite critical conclusions have been drawn as
well.

The aim of the present paper is to assess the potential and the expected performance limits of future
graphene-based transistors as realistically as it is possible at the present time. In particular, we will
review the low-field and high-field carrier transport properties in graphene and their relation to the
bandgap. It will be shown that, for a given bandgap, graphene does not provide a distinct advantage
over more common semiconductors (i.e., Si, Ge, IlI-V compounds) in terms of the electron mobility. In
connection to this, the effect of carrier mobility on the performance limits of FETs (field-effect
transistor) in general will briefly be discussed.

It is important to recognize that carrier transport is only one issue relevant to the performance of
transistors. Therefore, other factors strongly affecting transistor performance will be discussed. In
particular, we will focus on FETs and highlight the role of electrostatics and short channel effects, and
apply the concept of scale length, which is well established for Si MOSFETs (metal-oxide-
semiconductor FET), to graphene MOSFETSs. It will be shown that, regarding the scale length,
graphene MOSFETs have a clear edge over FETs of any other material. Finally, the importance of
drain current saturation for FET performance will be discussed. Based on experimental data
published by other groups for graphene FETs with either metal-like or semiconducting graphene
channels and results obtained in our lab we will discuss the problem of drain current saturation in
graphene MOSFETSs.

42



Caterina SOLDANO
(CNRS, 29 rue Jeanne Marvig, 94347, 31055 TOULOUSE, France)

Resist-free approach for contacting graphene and few-layer graphene

Caterina Soldano1, Ather Mahmood1, Jérémie Grisolia2, Veronica Savu3, Jirgen Brugger3
and Erik Dujardin1

1 CEMES, Centre d’Elaboration de Matériaux et d’Etudes Structurales, CNRS UPR 8011, 29
rue Jeanne Marvig - 31055 Toulouse, France

2 Départment of Génie Physique, INSA, 135 Avenue de Rangueil, 31077 Toulouse, Cedex 4,
France

3 Ecole Polytechnique Fédérale de Lausanne (EPFL), Laboratoire de Microsystemes, CH-
1015 Lausanne, Switzerland.

Graphene has recently attracted increasing interest due to its exotic properties [1]. In particular,
exceptional electronic transport properties (i.e. &#956;~200,000cm2/Vs in suspended annealed
sample [2]), makes graphene an outstanding candidate for future high-performance robust nanoscale
electronic devices. Conventional techniques currently used to fabricate graphene devices include
resist-based lithographic approaches, which incidentally modify the structure and the surface of
graphene, and therefore its properties by the presence of residual adsorbates. Post-fabrication
treatments have been proposed to partially recover intrinsic properties of graphene [2,3]. Here, we
present a simple single-step approach for contacting graphene and/or few-layers graphene by a
resist-free non-invasive method. Focused ion beam-designed or microfabricated patterned
membranes are used to direct masking samples laying on a substrate, followed by a metal
evaporation to produce metal electrodes for electrical testings. Further, we illustrate some of our
preliminary measurements of the room- and low-temperatures properties of a FLG sample contacted
by such technique. This resist-free approach is of general use, including in UHV, and reveals to be
extremely powerful when surface damaging and/or modification need be avoided to preserve the
intrinsic properties of the material.

[1] A. Geim et al. Nature Mater. 2007, 6, 183-191.

[2] K. I. Bolotin et al. Solid State Commun. 2008, 146, 351-355.
[3] K. I. Bolotin et al. Phys. Rev. Lett. 2008, 101, 096802.
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David SORIANO
(Campus de San Vicente del Raspeig., E-03690 San Vicente del Raspeig, Spain)

Magnetoresistance in hydrogen-doped graphene nanoribbons.

F. Munoz-Rojas, D. Soriano, J. Fernandez-Rossier, J. J. Palacios
Universidad de Alicante

Recent works have focused on hydrogen-doped graphene, both in the diluted and highly doped
concentrations. It is known that a single hydrogen atom on top of a carbon atom in graphene has a
magnetic moment. In the case of a low concentration of hydrogen dopants, it is believed that the
ground state features local moments with zero total spin.

Application of a strong enough magnetic field can spin polarize the system, in analogy with diluted
magnetic

semiconductors. In this work we study whether this spin order changes the resistance of the system.
We study the relation between conductance and spin order for hydrogen-doped graphene armchair
nanoribbons. We use both mean field Hubbard model and density functional theory calculations and
compare results from both approaches. For the latter one, B3LYP hybrid functional is used. The
conductance is calculated for the diluted limit. We use the Landauer formalism with the Green's
Function Approach for the conductance calculation. We find that the conductance in these systems is
significantly affected by spin order. Thus, we predict magnetoresistance in graphene ribbons doped
with Hydrogen.
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Ulrich STARKE
(Max-Planck-Institut fuer Festkoerperforschung, Heisenbergstr. 1, 70569 Stuttgart, Germany)

Growth, characterization, molecular doping and bandstructure engineering of epitaxial
graphene on SiC(0001)

C. Coletti, C. Riedl, D.S. Lee, K. v. Klitzing, J.H. Smet, and U. Starke
Max-Planck-Institut fuer Festkoerperforschung, Heisenbergstr. 1, D-70569 Stuttgart

Graphene with its unconventional two-dimensional electron gas properties promises a pathway
towards nanoscaled carbon electronics. Large scale graphene layers for a possible application can be
grown epitaxially on SiC surfaces by Si sublimation. In the present work we investigate the initial
growth of graphene on SiC(0001) using scanning tunneling microscopy (STM), low energy electron
diffraction (LEED), angle resolved ultraviolet photoelectron spectroscopy (ARUPS) and Raman
spectroscopy. Using ARUPS with UV light from a laboratory based He source we can control the
number of graphene layers grown by monitoring the conical bandstructure of the pi-bands around the
K-point of the graphene Brillouin zone. We show that also the spot intensity spectra in LEED can be
used as fingerprints for the exact determination of the number of layers for the first three graphene
layers. LEED data correlated to the ARUPS results allow for an easy and practical method for the
thickness analysis of epitaxial graphene on SiC(0001) that can be applied continuously during the
preparation procedure. On a micrometer scale the graphene thickness can be controlled by Raman
spectroscopy. By looking at graphene flakes exfoliated from the SiC surface we can isolate those
properties of the graphene layers originating from their interaction with the substrate. Most
importantly, epitaxial graphene layers display an intrinsic n-doping due to the interaction with the SiC
substrate that can be observed by both ARUPS and Raman. We investigate the details of the
electronic structure of mono- and few-layer graphene and show that by the deposition of
tetrafluorotetracyanoquinodimethane (F4-TCNQ) one can neutralize the intrinsic n-doping of the
graphene layers. F4-TCNQ provides a stable functionalization of graphene that is device compatible,
and we show that it can even be attached from chemical solutions. On bilayer samples we show that
during the progressive doping reversal also the details of the band structure are influenced and a
band gap engineering seems possible. With the molecular layer the metallic graphene samples on
SiC can be turned into truely semiconducting layers.
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Graphene on various substrates
U. Stoeberl, U. Wurstbauer, W. Wegscheider, D. Weiss, and J. Eroms
Institut flir Experimentelle und Angewandte Physik, Universitdt Regensburg

So far nearly all transport experiments on graphene have been carried out using silicon dioxide (SiO2)
as a substrate. In transport experiments of suspended graphene it was shown that the substrate has
a strong influence on the carrier mobility. Effects like weak localization or spin relaxation in spin
injection experiments in graphene also strongly depend on the presence of charged and magnetic
impurities. Hence it is of great importance to study electrical transport in graphene on substrates other
than SiO2.

To clarify the influence of the substrate on visibility, morphology and all transport properties of
graphene and few layer graphene (FLG), we study graphene on (001)-GaAs, manganese p-doped
(001) GaAs and InGaAs. But the detection of graphene on these substrates grown by molecular beam
epitaxy (MBE) is challenging as the usual method employing the interference contrast in an optical
microscope gives no reliable signature. Hence we combine scanning electron microscopy (SEM) and
atomic force microscopy (AFM) to detect, pattern, and study the morphology of the graphitic layers on
different substrate materials.

The MBE grown substrates can be tailored in terms of morphology, polarity as well as doping and are
all equipped with back-gate electrodes. From morphology and flexibility measurements we learned
that graphene is quite flexible and follows continuous textures. Thin layers of carbon have the
capacity to follow the morphology of the substrate from the nm- to the &#956;m range. Low-
temperature magnetotransport measurements of graphene on these substrates reveal normal electric
field dependence via back gate voltages as known from reports of transport on suspended graphene
or layers on SiO2. In our measurements, the charge neutrality point (CNP) appears close to zero-field
indicating a low concentration of charged impurities.

In further studies, the influence of the substrate on position and sharpness of the CNP, intrinsic carrier
density and mobility will be investigated.

46



Rainer STOEHR
(Pfaffenwaldring 57, 70569 Stuttgart, Germany)

The non-linear optical properties of single and multilayer graphene

Rainer Stoehr(1), Roman Kolesov(1), Jens Pflaum(2), Fedor Jelezko(1) and Jbérg
Wrachtrup(1)

(1) 3rd Physics Institute, University of Stuttgart
(2) Experimental Physics VI, University of Wuerzburg

After producing single and multilayer graphene samples by using the standard scotch-tape technique
on transparent substrates like glass and sapphire optical experiments were performed using a
homemade confocal microscopy setup with diffraction limited spot size and sub-micrometer lateral
resolution.

By exciting single and multilayer graphene flakes with pico- and femtosecond pulses of different
wavelength and with pulse power densities in the order of GW/cm? we can not only observe the well
known G-line (1580 wavenumbers) and D&#8217;-line (2700 wavenumbers) but also the anti-Stokes
G line. In addition to that, a broad background can be detected which peaks at the excitation
wavelength and which extends by about 3000 wavenumbers into the red and about 2500
wavenumbers into the blue. Both, the continuum and the anti-Stokes G line were found to be of cubic
dependence with respect to the incident laser power.

We can explain the occurrence of the anti-Stokes G line as a result of a stimulated Raman process
due to the pulsed laser excitation.

As we will give further evidence, simple heating effects of the flakes cannot account for the broad
continuum radiation; however this feature can be assigned to an electron-hole scattering mechanism
which depends primarily on the number of excited charge carrier pairs. By this model it also becomes
evident that the continuum is centered around the excitation wavelength and not at a material
dependent fixed spectral position.

As a possible application we show that due to its higher integrated intensity and its higher order
dependence on incident laser power this continuum radiation can be used to significantly improve the
contrast of a confocal image compared to that mapped at the Raman lines and thereby will pave the
way of a detection mechanism of high sensitivity.

Thomas SZKOPEK
(5169 Avenue Esplanade apt 2, 3480 University Street room 643, H3A 2A7 Montreal, Canada)

Optical Conductivity Measurements of Graphene on Glass
Thomas Szkopek, Peter Gaskell, Helgi Skulason, Christopher Rodenchuk

The optical conductance of graphene in the visible frequency range is very nearly given by a universal
value (~0.023 when normalized by the impedance of free space). We show experimentally that this
universal conductance is sufficiently large that optical reflection microscopy can be used to reliably
count graphene layers deposited on bulk, low-index substrates such as glass. Optical reflection
microscopy on bulk substrates can be used to measure the optical conductance of graphitic flakes.
We will present experimental data on the transition from graphene-like optical conductance to bulk
graphite-like optical conductance versus thickness.
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Electron-Beam Irradiation Damage of Graphene and Graphene Devices

D. Teweldebrhan and A.A. Balandin
Nano-Device Laboratory, Department of Electrical Engineering and Materials Science and
Engineering Program, University of California — Riverside, Riverside, CA 92521 USA

Graphene has attracted major attention of the research community owing to a number of its unique
properties. From the practical point of view, some of the most interesting characteristics of graphene
are the extraordinary high room temperature carrier mobility and recently discovered high thermal
conductivity [1]. Graphene characterization and device fabrication require an extensive use of the
scanning electron microscopy (SEM), transmission electron microscopy (TEM) and focused ion beam
(FIB) processing. The techniques involving the electron beam irradiation of the samples may result in
damage and disordering leading to deterioration of the electrical and heat conduction properties. The
damage to the material, which consists only of a single or few atomic layers, during its
characterization can be quite significant even at low radiation doses. In this talk we report micro-
Raman investigation of changes in the single and bi-layer graphene crystal lattice induced by the low
and medium energy electron-beam irradiation (5 — 20 keV) typical of the electron microscopy. After
that the samples were subjected to electron beam irradiation. It was found that the radiation
exposures results in appearance of the strong disorder D band suggesting significant damage to the
crystal lattice. The D and G peak evolution with the increasing radiation dose indicates graphene
transformation to nanocrystalline form, and then to amorphous carbon. The micro-Raman
spectroscopy data for the transformation of graphene lattice was independently confirmed with the
measurements of the electrical resistance of graphene samples. Using the Tuinstra — Koening relation
for the intensity of the D and G peaks, I(D)/I(G), we were able to determine that the grain size in
graphene is on the order of ~ 2.4 — 3.5 nm after just few minutes of irradiation when graphene
transforms to nanocrystalline form. The obtained results have important implications for graphene
electron microscopy characterization and graphene device fabrication, which required electron
microscopy and focused ion beam processing.

The work in Balandin group was supported, in part, by DARPA — SRC Focus Center Research
Program (FCRP) through the Interconnect Focus Center (IFC).

[1] A.A. Balandin, S. Ghosh, W. Bao, I. Calizo, D. Teweldebrhan, F. Miao and C.N. Lau, "Superior
thermal conductivity of single-layer graphene," Nano Letters, 8, 902 (2008).
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(Bailrigg Lane, LA1 4YB Lancaster, United Kingdom)

The reduction of the Lifsitz transition density in graphene bilyers due to many-body effects

Csaba Toke and Vladimir I. Falko
Lancaster University, Lancaster, LA1 4YB, United Kingdom

We show that the renormalization of the physical parameters of the graphene bilayer system by the
electron-electron interaction near neutrality results in a logarithmically enhanced inverse effective
mass and trigonal warping within the Hartree-Fock approximation. The net effect of these
renormalizations in the low-energy bands is to reduce the critical density of the Lifsitz transition, the
crossover between the single-pocket and four-pocket topology of the Fermi surface. This reduction is
estimated both for a suspended sample and one placed on a SiO$ _2$ substrate handling the
screened Coulomb interaction within the random phase approximation.

Jakub TWORZYDLO
(Hoza 69, 00-681 Warszawa, Poland)

Finite difference method for transport properties of massless Dirac fermions

J. Tworzydlo, C.W. Groth, C.W.J. Beenakker
Institute of Theoretical Physics, Warsaw University, Hoza 69, 00-681 Warsaw, Poland
Instituut-Lorentz, Universiteit Leiden, P.O. Box 9506, 2300 RA Leiden, The Netherlands

We adapt a finite difference method of solution of the two-dimensional massless Dirac equation,
developed in the context of lattice gauge theory, to the calculation of electrical conduction in a
graphene sheet or on the surface of a topological insulator. The discretized Dirac equation retains a
single Dirac point (no "fermion doubling"), avoids intervalley scattering as well as trigonal warping,
and preserves the single-valley time reversal symmetry (= symplectic symmetry) at all length scales
and energies -- at the expense of a nonlocal finite difference approximation of the differential operator.
We demonstrate the symplectic symmetry by calculating the scaling of the conductivity with sample
size, obtaining the logarithmic increase due to antilocalization. We also calculate the sample-to-
sample conductance fluctuations as well as the shot noise power, and compare with analytical
predictions.
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Controlled thinning of few-layer graphite to graphene

A. Nourbakhsh [1], M. H. van der Veen [2], F. Clemente [2], T. Vosch [3], S. De Gendt [2], B.
Sels [1]

[1] University of Leuven/ Dept. Molecular & Microbiological Systems M2S

[2] IMEC vzw / AMPS-Nano

[3] University of Leuven/ Dept. Molecular & Nanomaterials

To fulfill the many technological promises envisioned for graphene, it is detrimental to have access to
a reliable method to synthesize large area graphene or manipulate graphite down to the level of single
graphene layers. This work contributes to the ongoing research[1,2] on the controlled manipulation of
graphite thickness with the objective to reduce it down to single graphene sheets. In this work, the
few-layer graphite samples are prepared by micromechanical cleavage and transferred to a substrate
such as, for example, SiO2.

We have found that layer by layer removal is possible by using successive oxidation of the samples
under mild conditions. Besides the parameters like temperature and time, it seems that this oxidation
mechanism is mainly controlled by the composition of the gas used during the heating cycle. Besides
the subtle layer-by-layer removal, the mechanism changes if more severe oxidative conditions are
used. Under these conditions, the oxidation preferably starts from edges and defect sites resulting in
an increase of number and size of the defect areas. More importantly, thinning is not observed. These
findings are supported by optical characterization methods such as in-situ Raman measurements,
AFM analysis, and annealing experiments under inert atmospheres and with different oxygen levels.
The objective is to use the controlled thinning under mild oxidations as a method to produce high
quality graphene surfaces without oxide-related defect sites.

Besides oxidation, the composition of the gas in contact with the graphene surface may also alter its
electronic properties under device operation. The results obtained for the different gas compositions
contribute to the understanding of graphene devices for gas sensing application.
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Building a molecular detector with graphene

A. Veligura, C. Jozsa, P.J. Zomer, M. Wojtaszek, and B.J. van Wees;
Physics of Nanodevices, Zernike Institute for Advanced Materials, Rijksuniversiteit
Groningen, The Netherlands

A recent discovery that the conductance of graphene can be manipulated by molecules assembled
on its surface opened a new direction of investigations: graphene-based sensors [1]. The reported
electrical measurements on graphene devices show that the Fermi level versus the Dirac neutrality
point is shifted by an amount different from one device to another. This hinders the fabrication and
consistent characterization of devices relying on measuring graphene resistivity. The reason for this
shift is not fully clarified, but the main influence factors can be: the doping of graphene by water
molecules adsorbed from the environment, built-in electrical charges in the silicon oxide substrate or
presence of impurities in/on graphene sheet. The impurities and substrate might also contribute to the
lowering of the carrier mobility in graphene to room temperature values of 2000-5000 cm2/Vs, well
below the theoretical expectations [2]. Therefore for the application of graphene as a sensor one
should be aware of dependence of charge transport in graphene on its surface purity.

We show a method for a controlled shift of the Dirac charge neutrality point versus the applied gate
voltage towards a desired value as well as an increase of carrier mobility by a factor of 6 in graphene
by annealing the device at 150 oC in vacuum. We assume that such essential change in the mobility
is determined by the desorbtion of the water molecules and the polymer contaminations (left behind
from the lithography steps that are necessary for device application) from the graphene surface.
Another issue of sensor application is an optimal sensitivity to adsorbed molecules on the graphene
surface, which can be obtained by Hall type measurements in a magnetic field. However, besides the
Hall resistivity, we present a non-trivial magnetic field dependence of graphene longitudinal resistance
as well. This peculiar behavior is most pronounced at the charge neutrality point and in order to
explain it, further experiments need to be done.

1. F.Schedin et al, Detection of individual gas molecules absorbed on graphene, Nat. Mat. 6, 652-655

(2007).
2. K. Bolotin et al, Solid State Communications 146, 351-355 (2008).
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Since the discovery in 2004, GRAPHENE became one of the most prominent materials in the field of
nanoscience and nanotechnology. Whereas the electronic properties of graphene have been
generating much research interest, the optical properties remain largely experimentally unexplored.
We studied for the first time, to the best of our knowledge, the nonlinear optical property of graphene
in liquid-phase dispersions. Employing high-yield exfoliation of graphene in the liquid-phase, a series
of dispersions with large populations of single and multiayer graphene was prepared. Transmission
electron microscopy and Raman spectroscopy verify the high quality of the graphene flakes -
unoxidized and defect-free. Nonlinear optical properties of these graphene dispersions were studied
using the open aperture Z-scan technique at 532 nm and 1064 nm. The graphene dispersions exhibit
broadband optical limiting. Nonlinear scattering, originated from the thermally induced solvent bubbles
and microplasmas, is responsible for this nonlinear behaviour. Very different nonlinear properties
were observed in various dispersions, implying an apparent solvent influence: the lower the surface
tension of solvents, the better the optical limiting effect. The demonstration of the unique optical
limiting property effectively extends the potential application of graphene from electronics to
photonics. Part of results was submitted to Nano Letters.

Heiko B. WEBER
(Chair for applied Physics, Staudtstr. 7, 91058 Erlangen, Germany)

Transport properties of epitaxially grown graphene layers

Heiko B. Weber, D. Waldmann, J. Jobst
Lehrstuhl fiir Angewandte Physik
University of Erlangen-Nuremberg, Germany

K. Emtsev, Th. Seyller
Lehrstuhl fiir Technische Physik
University of Erlangen-Nuremberg, Germany

We are investigating charge transport across graphene, which is epitaxially grown on the silicon
terminated side of SiC. We report on conductivity and Hall-effect measurements done both on
macroscopic samples, which extend over many surface terraces with an average layer thickness of
1.2 monolayers as well as on micrometer sized hall bars, which are fully placed on atomically flat
terraces. For both configurations, the mobility of ~ 1000 cm2/Vs at room temperature is very similar.
We further report on field effect gating. A buried gate, provided by an implanted conducting layer, did
not provide an observable charge carrier modulation. However, we present a novel method of top-
level gating, which turns out to be very efficient. Both low experimental effort as well as low gate
voltages are needed to drive the charge carrier concentration over the charge neutrality point.
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"Adsorbates on graphene: Impurity states and electron scattering”

T. O. Wehling (1) , M. I. Katsnelson (2) , and A. I. Lichtenstein(1)

(1) 1. Institut fiir Theoretische Physik, Universitdt Hamburg, JungiusstraBe 9, D-20355
Hamburg, Germany

(2) Institute for Molecules and Materials, Radboud University of Nijmegen, Heijendaalseweg
135, 6525 AJ Nijmegen, The Netherlands

We investigate the electronic properties of graphene in presence of impurities and structural
inhomogeneities by means of first principles calculations and model based approaches.

Impurities cause doping of graphene and adsorption site specific signatures in the local electronic
structure. Firstly, we give a microscopic theory of doping of graphene by different types of realistic
impurities. Molecular adsorbates (NO2, H20, C2H50H) as well as single atoms on graphene are
considered and substrate effects are discussed. In general, open shell molecules are found be strong
dopants, whereas the substrate turns out to be crucial for graphene's sensitivity to closed-shell
adsorbates like H20: These adsorbates do not cause any impurity states close to the Fermi level of
free standing graphene but shift the substrate's impurity bands with respect to the graphene bands. In
this way, H20 can lead to doping of graphene on top of a SiO2-substrate.

Furthermore, we analyze the adsorbate's impact on electron scattering in graphene. The occurrence
of midgap states and their coupling to the graphene bands is discussed. H20 and C2H50H can
reduce the hybridization of graphene's electrons and impurity states of the substrate. A comparison of
different sources of midgap states including static ripples, covalently bond and weakly bond impurities
is given and discussed in the light of recent experiments.

Local probe techniques like scanning tunneling microscopy (STM) are powerful experimental tools to
characterize the electronic structure of graphene. We give an ab-initio based guide to these
experiments and explain how different types of impurities manifest in STM images and in scanning
tunneling spectra. The adsorption sites of impurities can be identified in Fourier transformed STM
images.
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Fabrication of graphene by bromine-intercalation and sonochemical exfoliation

Erika Widenkvist 1, Stefano Rubino 2, Klaus Leifer 2, Helena Grennberg 3, Ulf Jansson 1

1 Department of Materials Chemistry, Uppsala University

2 Department of Engineering Sciences, Division for Electron Microscopy and
Nanoengineering, Uppsala University

3 Department of Biochemistry and Organic Chemistry, Uppsala University

We present a method of producing suspensions of graphene sheets by combining intercalation and
mild sonication. Ultrasonic treatment of graphite leads to the formation of small graphene-like flakes in
solution. The delamination of the graphite is dramatically increased by intercalation of bromine. After
ultrasonic treatment, large amounts of graphene-like flakes with varying thickness are observed in
SEM and TEM. They can be adsorbed onto a surface of a suitable substrate by a simple dipping
technique. The effect of polar and non-polar solvents as well as adsorption of the graphene on
hydrophobic and hydrophilic substrates will be demonstrated and compared. Finally, the general
approach of using ultrasonic treatment and intercalation as a facile route to graphene synthesis
compared to other methods will be discussed.

James WILLIAMS
(11 Oxford St., LISE 404, 02138 Cambridge, United States)

Quantum Hall Effect in Two-Terminal Graphene Devices

We report on transport measurements in the quantum Hall regime of two-terminal single and bilayer
graphene devices. The mixture of the longitudinal and transverse conductivities in the two-terminal
geometry results in departures from the expected conductance values on the Hall plateaus and are
found to be device-geometry dependent. The experimental results are compared to theory and
discrepancies are discussed, focusing on deviations from theory near the Dirac point.
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Electron-phonon coupling in graphene within the GW-approximation

Ludger Wirtz[1], Michele Lazzeri[2], Claudio Attaccalite[1], Francesco Mauri[2]
[1] IEMN, CNRS-UMR 8520, Lille, France
[2] IMPMC, Universites Paris 6 et 7, CNRS, Paris, France

The phonon dispersion of graphite continues to present surprises. Up to the year 2002, new
parameters for semi-empirical force constant models, fitted to selected experimental data and strongly
deviating from one-another, have been put on the market. Different ab-initio calculations (using
density-functional theory in the LDA or GGA) agree well with each other with experimental data. Yet,
even within the ab-initio framework, some new discoveries have been made during recent years: in
2004 it was demonstrated [1] that the highest optical branch (HOB) presents two pronounced Kohn
anomalies (kinks in the dispersion) around the high symmetry points Gamma and K. The slope of the
HOB around K is proportional to the square of the electron-phonon coupling (EPC). According to the
double-resonance Raman model, this slope is also proportional to the dispersion of the Raman D and
2D lines as a function of the laser wavelength [2]. Furthermore, it determines the splitting of the 2D
line of double-layer graphene compared to single-layer graphene [3,4].

Within DFT-LDA and GGA, the slope of the HOB around K is strongly underestimated, leading to
wrong quantitative predictions of the double-resonance Raman model. We evaluate the electron-
phonon coupling (EPC) between the pi-bands and the HOB at K in the GW-approximation, i.e., taking
into account electron-electron correlation within first-order many-body perturbation theory. Non-local
exchange-correlation effects renormalize the square EPC by almost 80%, almost doubling the slope
of the HOB around K [5]. This explains recent experimental results on graphite-phonons using
inelastic x-ray scattering and leads to quantitative agreement between the predictions of the double-
resonance Raman model and experimental data. The short-coming of LDA and GGA may be partially
fixed by the use of hybrid-functionals such as B3LYP (which partially contains exact Hartree-Fock
exchange). The use of pure Hartree-Fock, however, leads to an extremely strong EPC and
consequently to an instability of graphene under distortion along the HOB phonon at K.

[1] S. Piscanec et al., Phys. Rev. Lett. 93, 185503 (2004).

[2] C. Thomsen and S. Reich, Phys. Rev. Lett. 85, 5214 (2000).
[3] A.C. Ferrari et al., Phys. Rev. Lett. 97, 187401 (2006).

[4] D. Graf et al., Nano Lett. 7, 238 (2007).

[5] M. Lazzeri et al., Phys. Rev. B 78, 081406(R) (2008).
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Magnetotransport on evenly curved graphene and thin graphite

U. Wurstbauer, K. Peters, S. Mendach, W. Hansen
Institut for Applied Physics, University of Hamburg, 20355 Hamburg

The interesting properties of conventional two-dimensional fermions in a sinusoidally modulated
magnetic field have already been studied in detail. In this context we are interested in the comparison
of transport measurements of evenly curved conventional and massless dirac fermions in graphene.
Moreover, the curvature should affect intervalley scattering and Rashba induced spin-orbit interaction.
Additionally, an interesting feature could be the influence of a zigzag or armchair like rolling direction
on the transport behaviour referring the effects of metallic or semiconducting carbon nanotubes.

To experimentally realise evenly curved graphene and thin graphite sheets we use semiconductor-
graphene metal hybrid microscrolls with rolled-in contacted sheets of thin graphite. The
semiconductor substrates are grown on semi-insulating (001) GaAs by means of molecular beam
epitaxy (MBE). These consist of an AlAs sacrifical layer, a n-type doped InGaAs stressor and a thin
dielectric GaAs or AlGaAs layer on which the graphite is deposited with the micro-mechanical
cleavage method. For the preparation of the microscrolls a two step optical lithography method is
used to define the length of the scroll and to selective etch the AlAs sacrificial layer. Due to the one-
sided strain relaxation of the InGaAs stressor, a torque arises and the lamella is rolled up. The
diameters of the scrolls depend on the indium mole fraction of the stressor and the thickness of the
whole lamella and ranges from hundreds of nm to several &#956;m. The thickness of the lamella is
limited by the thickness of the dielectric GaAs layer between the doped stressor acting as back gate
and the graphene sheet.

We started to optimise the layer thickness in the frame of capable field effect and reduced scroll
diameter. The established method of preparation, electrical and morphological characterisation of
graphene layers on SiO2 is transferred to deposit graphite on GaAs substrates. Graphene on GaAs
will be characterized by scanning electron microscopy (SEM) and patterned with optical and electron
beam lithography (EBL) or by local oxidation with an AFM tip. Thin graphite in two-terminal geometry
is used for optimisation the fabrication process, the field effect via back-gate electrode and first
investigations of a sinusoidal modulated magnetic field on the low-temperature transport behaviour.
Next these experiments will be performed on patterned Hallbar devices consisting of graphene or thin
graphite rolled in a GaAs microscroll including a back-gate electrode.
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Quantum transport and Klein tunneling in graphene heterojunctions

| will discuss the observation of quantum conductance oscillations in extremely narrow graphene
heterostructures where a resonant cavity is formed between two electrostatically created bipolar
junctions. From analysis of the observed interference pattern, it can be inferred that individual p-n
junctions have a collimating effect on transmitted carriers, leading directly to the observation of
resonant oscillations despite the largely diffusive carrier dynamics. The oscillatory part of the
conductance is insensitive to the scattering of electrons in the individual p-n junctions, making the
study of the conductance fluctuations a novel probe of the ballistic physics of graphene at the Dirac
point and allowing an estimate of the electric field due to nonlinear screening. In a weak applied
magnetic field, the oscillations undergo a phase shift characteristic of reflectionless normal
transmission, or "Klein Tunneling," at the individual pn junctions. Finally, at high magnetic field,
graphene heterostructures show modified Shubnikov de Haas oscillations due to the inhomogenous
external potential.

Ting YU
(21 nanyang link, Nanyang Technological University, 637371 Singapore, Singapore)

Engineering band structure of graphene by chemical decoration

Ting YU1, Zhigiang Luo1,2, Zhenhua Ni1, Zexiang Shen1, Jianyi Lin2
1 Division of physics and applied physics

School of physical and mathematical sciences

Nanyang Technological University

Singapore 637371

2 Institue of chemical and engineering sciences

Singapore 627833

The fact that graphene is metallic even at the neutrality point has been a major obstacle to developing
device applications based on graphene. To open a gap in the electron spectrum of graphene,
theoreticians have proved that chemical decoration could be an effective way. In this work, single
layer graphene (SLG), bilayer graphene (BLG) and few layer graphene (FLG) have been chemically
decorated by our modified plasma treatment, particular H2 plasma treatment. Room temperature and
in-situ high temperature and vacuum Raman spectroscopy and mapping have been performed and
clearly reveal: (i) the reversibility of hydrogenation, (ii) two types of hydrogen-carbon bonding, and (iii)
layer effects on hydrogenation. As comparison, suspended graphene has also been investigated. The
transport measurements demonstrate the change of the band structures by this chemical decortion.
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Thermopower measurements on single layer graphene

We present thermopower measurements on graphene flakes in the temperature range of 77-300k.
Flakes were mechanically exfoliated onto a 300 nm-thick SiO2 layer covering a p++ silicon substrate,
which is used as a gate electrode. Raman spectra of all measured flakes reveal characteristic
fingerprint of single layer graphene.

Thermovoltage across the flakes was generated by micrometer heaters fabricated adjacent to the
flakes. Excellent correlation is obtained between the Seebeck coefficient and the conductance as a
function of gate voltage through the Mott relation. The behavior of the Seebeck coefficient is also in
good quantitative agreement with recently published theoretical calculations on its expected behavior
as a function of temperature above 100K. Below this temperature the measurements still follow the
expected theoretical behavior alas only qualitatively, with some strong deviation in terms of the
absolute Seebeck values. Possible explanations to this discrepancy are discussed.
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