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Theoretical predictions [1] and recent experiments [2-4] present graphene, one atom thick
carbon layer, as a very interesting material for its extraordinary electronic properties and its
application potential [1-7]. Although it has a zero band gap and a vanishing density of states
at the Fermi energy, graphene exhibits metallic behaviour due to the topological singularities
at the K points in the Brillouin zone. The conduction and the valence bands touch in conical,
Dirac, point and the dispersion relation is linear within +1 eV of the Fermi energy. In a
freestanding graphene layer the Fermi energy coincides with the conical points [7-9]. For
epitaxial graphene grown on SiC, the substrate-graphene stacking breaks the symmetry within
the graphene unit cell opening a gap in the z-band at the Dirac point [10-12], there is also a
small doping of the graphene layer. When graphene is grown on metallic surfaces [13], the
metal substrates cause the Fermi level to move away from the conical points in graphene,
resulting in doping with either electrons or holes [14]. The sign and amount of doping is due
to the difference of work function between the metal and the carbon layer and from the
chemical bonding between the metal and carbon atoms.

We present an Scanning Tunneling Microscopy/Spectroscopy STM/STS investigation of
corrugation of epitaxial graphene monolayer grown on Ru(0001) under Ultra High Vacuum
(UHV). The bonding with the substrate occurs through the hybridization of C 7-states with Ru
d states. Photoelectron spectroscopy shows that the layer bonding is not carbidic and the
energy shift of the C 1s core level indicates that the graphene is doped with electrons by the
substrate [15]. Graphene and Ru(0001) have different lattice parameters that induce in the
graphene overlayer a Moiré pattern in a hexagonal arrangement of protrusions with a period
around 2.7-3.0nm. The registry and therefore the hybridization between the carbon atoms and
the ruthenium ones changes inside the unit cell introducing spatial charge redistribution in the
graphene with electron pockets in the upper part of the Moiré structure. This modulation in
the electronic structure has been measured with spatially resolved dI/dV maps [16].

The influence of the modulated electronic structure in the STM images is quite strong. In the
upper panel of figure 1, we show 2 STM images measured exactly in the same position but
changing the bias voltage applied between tip and sample. As can be seen in the profile the
corrugation of the graphene structure changes a factor of two, from a bias voltage of -1V to
+1V. In the lower panel we show a compilation of data measured with different tips and
different samples. The apparent corrugation of the Moiré superstructure is essentially constant
in the interval from -3V to -1V and changes from 0.1+0.03nm at -1V to 0.02+0.03nm at +2V.
When the bias voltage applied is higher then +2V the contrast of the Moiré inverse; as can be
observed also in a succession of images taken in the same position, at bias voltages V,>+2V
(Figure 1d). The bias voltage were the contrast is inverted depends on the distance between
tip and sample, a clear indication that different electronic state are involved in the formation
of the STM images.

This proves that the electronic effects in this system are stronger than the actual geometric
corrugation of the graphene layer. In fact all the scanning tunnelling data can be explained
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with a very simple tight-binding model using a flat graphene layer and applying an external
potential with the periodicity of the Moiré [16].

References:

[1] P.R. Wallace, Phys Rev. 71 (1947) 622.

[2] M.S. Dresselhaus and G. Dresselhaus, Adv. Phys. 51 (2002) 1.

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

[4] C. Berger et al., J. Phys. Chem. B 108 (2005) 19912.

[5] M.1. Katsnelson and K.S. Novoselov, Solid State Communications 143 (2007) 3.
[6] C.W.J. Beenakker, Rev. Mod. Phys. 80 (2008) 1337.

[7] A.K. Geim and K.S. Novoselov, Nature Mater. 6, 183 (2007)

[8] K.S. Novoselov et al., Nature 438, 201 (2005)

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

[10] B. Portoens and F.M. Peeters, Phys. Rev. B 74 (2006) 075404.
[11] S.Y. Zhou et al., Nature Mater. 6 (2007) 770.

[12] L. Vitali et al, Surf. Sci. 602 (2008) L127.

[13] C. Oshima and A. Nagashima, J. Phys.:Condens.Matter 9 (1997) 1.
[14] G. Giovannetti et al., Phys. Rev. Lett. 101 (2008) 026803.

[15] F. J. Himpsel et al., Surf. Sci. Lett. 115 (1982) L159.

[16] A. L. Vazquez de Parga et al., Phys. Rev. Lett. 100 (2008) 056807.

Figurel: a) 18nmx8nm STM images measured with V,=-1V (left) and V,=+1V (right) in the
same area. b) Line profiles measured on the images shown on (a). ¢) Summary of the change
in the corrugation of the Moiré pattern with the bias voltage, measured for different tips and
samples. d) Succession of images (9nmx12.5nm) measured in the same area with different
bias voltages, showing the change of contrast from +2V to +3V. The tunneling current of the

presented images is constant 1=0.1nA.
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