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The atomic and electronic structures of a graphene layer on top of the (2 × 2) reconstruction of the SiC (000 1) surface are studied from ab initio calculations. At variance with the (0001) face, no C bufferlayer is found here. Si adatoms passivate the substrate surface so that the very first C layer presents a linear dispersion characteristic of graphene. A small graphene-substrate interaction remains in agreement with scanning tunneling experiments (F.Hiebel et al. Phys. Rev. B 78 153412 (2008)). The stacking geometry has little influence ont h ei n t e r a c t i o nw h i c he x p l a i n s the rotational disorder observed on this face.
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Most of graphene exciting properties such as anomalous quantum Hall effect, high electron mobility, linear dispersion and electronic chirality [1, 2,3 ,4 ,5 ,6 ]a r ed i r e c t l yr e l a t e dt o the symmetry of the graphene honeycomb lattice. Any couplingt ot h ee x t e r n a lw o r l dc a n disturb the lattice or break its symmetry. A substrate that supports graphene without altering its electronic properties or at least with an interaction as small as possible is then highly desirable. The C-terminated face of the polar SiC (000 1) surface seems to fulfill these conditions, even in a better way than the Si-terminated face does. [3,7,8] In the graphene-on-SiC system, the C layers are produced by sublimating Si atoms from the polar faces (0001) (Si terminated) or (000 1) (C terminated) of hexagonal SiC polytypes.

The annealing takes place at sufficiently high temperature so that the C atoms in excess can rearrange to form mono or multilayers of graphene. [9,10,11]T h eS i Cs u rfac e sgoth rou gh different reconstructions when the temperature is increased. The phases observed by LEED and STM are different for the Si and C face.

On the Si face, the system goes through the √ 3× √ 3R30, 6 √ 3×6 √ 3R30 and then graphene 1x1 symmetry. The first carbon (buffer) layer is in strong interaction with the substrate and passivates the SiC surface so that the subsequent C planesa r eo n l ys l i g h t l yc o u p l e dt o the substrate. As a consequence they exhibit an electronic structure that is characteristic of graphene [4,5,6,12,13,14,15,16,17]. The graphene lattice is aligned with respect to the substrate -with an angle of 30 • -s ot h a ti nt h i sc a s ear e a le p i t a x yo ft h eg r a p h e n el a y e r on the SiC is obtained.

On the C face, the 6 √ 3 × 6 √ 3R30 reconstruction is not observed. The SiC bare Cterminated surface exhibits a 3 × 3r e c o n s t r u c t i o nt h a tc a nb ec o v e r e db yg r a p h e n ea s reported in [8,9,18]. When the annealing time or temperatureareincreased,theunderlying 3 × 3reconstructionappearstoev olv ein toa(2 ×2) C [8,9,10,18,19]. STM data show that the coupling between the first C layer and the substrate is small although not negligible [8,19]. It is much smaller than on the Si-surface and a linear dispersion is observed on the ARPES spectra [19]. Little is known on the decoupling mechanism at the graphene C-terminated SiC interface and this is the object of the present letter. We will first discuss the C-terminated SiC bare surface in the (2 × 2) C reconstruction and then what happens when it is covered by graphene.

Calculations are performed using the code VASP [20] that is based on the Density functional theory. We are using the generalized gradient approximation [21] and ultrasoft pseudopotentials [22]. In all the cells calculated here, the4 HS i Cs u b s t r a t ei sm o d e l l e db y as l a bt h a tc o n t a i n s4S i Cb i l a y e r sw i t hHs a t u r a t e dD Bo nt h es econd surface of the slab.

The empty space ranges from 10 to 8 Å. The plane wave basis cutoff is equal to 211 eV. The ultra-soft pseudopotentials have been extensively tested [12,13,23]. Integration over the Brillouin zone is performed using a 15x15x9 (resp. 6x6x5) grid for the free surface (resp. At variance with the Si (111) surface, the H3 site was proposedt ob et h em o s ts t a b l e position here [24]. We find that the T4 position is 1.12 eV higher in energy (see EPAPS).

In the H3 configuration, the electronegativity difference between C and Si atoms facilitates ac hargetransferfromtheSiadatomDBtotheCrestatomDB.Asshown in Fig. 2 and on the Si adatom for empty state (e). They compare very welltoSTMimages [8,18,24] that show one protrusion per cell at different position in filled and empty states [26]. The two DB are found to be either filled or empty and the surface to bep a s s i v a t e d . G r a p h e n e grown on this face would then be less bound to the substrate than for the Si-terminated case, in agreement with experiments [8,19].

The adatom induces a strong relaxation of the surface in rather good agreement with LEED investigations [24] (see Fig. Graphitisation of the C face is characterised by the appearance of a ring on LEED patterns [8,9,10,18,19,27]. It shows that on the (2 × 2) C reconstruction, the graphene or graphitic layers are rotated with respect to each other and to the substrate. It is a crucial property of this face because it has been demonstrated that rotated C layers exhibit an electronic structure similar to the one found for an isolated graphene monolayer [3,23,28,29,30,31].

This rotational disorder is already observed for the first graphene layer [8]. It indicates a small coupling of the graphene layer to the substrate.

Due to the rotational disorder, no well defined common cell is observed on STM images [8,26]. To build the periodic system that is required in our abi n i t i os t u d y ,w eu s e dt h e geometry of the (2 × 2) C reconstruction and put it in a 4 × 4s u p e r c e l l-t h a ti sw i t h4S i adatoms and 4 C rest atoms, see Fig. 3(b)-. This supercell is nearly commensurate with a SiC first bilayer, the geometry described here is much more complex than the one proposed for thick samples on the basis of soft X-ray diffraction results. [27] The band structure is shown in Fig. 3 Al i g h tc o n t r a s tc a nb es e e no nt h et w oh a l v e so ft h eg r a p h e n e5× 5c e l l . ( F i g .

shows a map of the modulus of the square of the wavefunction drawn on a section plane 0.14 Åa bo v et h eh i g h e s ta t o mo ft h eg r a p h e n ep l a n e . |ψ| 2 is integrated on an energy range that goes from 0.5 eV to 1 eV that is in the region where the graphene and the adatom DB interact. Closer to the Fermi level the maps (not shown) showsah o n e y c o m bl a t t i c ea n df o r energies below the Fermi level, the graphene contribution ishiddenb ytherestatomsrelated states. The maximum of the intensity is observed at the middleo ft h ep z anti-node so that the contrast observed in the two halves of the supercell reflects the small corrugation found in the graphene layer (0.07 Å) .S T Mi m a g e ss h o wM o i r ép a t t e r n st h a tc a nb er e l a t e dt o the half cell contrast. The Moiré basin observed experimentaly can be larger than the one shown here. This has to be related to the rotation between the graphene and the substrate that can bring more Si adatoms in correspondance with graphene atoms.

On Fig. 3(d) map, the graphene C atom above the Si adatom -one oft h e mi si n d i c a t e d by a red arrow-is nearly switched off. The position of the section plane does not change the contrast on this atom revealing an electronic effect : the 2D electron gas of graphene interacts with the adatom localized state and the interaction creates a dip in the graphene DOS. "Missing atoms" have also been observed on STM images andt h e yw e r ef o u n do n top of Si adatoms [8,26]. The agreement found between the present calculations and STM images of a graphene layer on top of a (2×2) C reconstructed SiC shows that most of the experimental configuration is described by the graphene covered (2×2) C model considered here.

The neutral character of the graphene found in the three calculated configurations is more puzzling since experiments gives a Fermi level 0.2 eV above the Dirac point [3,19]. This discrepancy might come from the significant density of defects at the interface observed by STM [8,26]. Only a very small fraction of electron (0.001) is needed to shift the Fermi level to 0.2 eV above the Dirac point.

At variance with the Si-face where the SiC surface is passivated by a C layer -the bufferlayer-that imposes the orientation of the graphene layers and their stacking sequence, here the SiC surface is passivated by adatoms so that a nearly negligible influence of the graphene-SiC (2 × 2) C stacking is found. Flakes can then grow with different orientations within a layer and also in successive layers.

In conclusion, our ab initio calculations explain why the first C layer on top of a Cterminated SiC surface presents a linear dispersion and how this dispersion is disturbed due to a small but non negligible interaction with the substrate.T h e( 2 × 2) C reconstruction efficiently passivates the SiC surface. Two interface states remain on this surface. One comes from a DB on the Si adatom that is then rather close to the graphene layer but interacts in an energy range away from the Dirac point. The second DB is on the restatom, interaction with the graphene layer occurs in the vicinity oft h eD i r a cp o i n tb u tr e m a i n s small because the rest atom is far from the graphene layer. Thet o t a le n e r g yo ft h es y s t e m is not very sensitive to the relative graphene/SiC stacking and explain why a rotational disorder is observed on this face. This gives a clue in the search for graphene on a substrate with a coupling as small as possible : search for passivated surfaces or passivate them on purpose by adding adatoms for instance during or after the growth. 

FIG. 1 :

 1 FIG. 1: (color on line) (2×2) C reconstruction with Si adatoms in H3 position.The unit cell is shown in dashed lines. (a) top view, (b) side view.

  graphene covered) in the Monckhorst-Pack scheme to ensure convergence of the Kohn Sham eigenvalues. When graphene is involved, the K point at the corner of the Brillouin zone is included to get a correct description of the Dirac point. Residual forces in the converged structures are smaller than 0.015 eV / Å. Amodel[24]basedonasiliconadatomhasbeenproposedforthe(2 ×2) C reconstruction of the C-terminated bare SiC surface. It is shown in Fig.1(a).T h e2× 2c e l lc o n t a i n s4 atoms per atomic plane so that the bulk truncated surface has four dangling bonds (DB) -one per surface C atom-. A silicon adatom can take three high symmetry positions on a SiC (111) surface: H3, T4 and top. They are shown in Fig.1(b). The top position can be ruled out because it saturates only one DB and indeed, our ab initio calculation shows that the corresponding energy is more than 2 eV above the other. A silicon adatom in H3 or T4 position saturates three DB. We are then left with two DB, one on the Si adatom and the second one on the unsaturated surface C -we will call it the C rest atom in analogy with the DAS model of the Si(111) 7x7 reconstruction[25].

  (a) this results in a semiconducting surface with two separated narrow bands -named R and A-in the SiC gap. The Fermi level is at the top of the first band (R). Fig. 2(b)(d) (resp. (c) and (e)) show the square of the wavefunction modulus integrated over the energy range of peak R(resp. A).Theisocon tours(b)and(c)demonstratethatpeakRisrelatedtotherestatom DB that is then filled and that peak A comes from the adatom DB that is empty. The sections (d) and (e) show one protrusion per cell located on the rest atom for filled state (d)

  3 (c)): Its three nearest neighbors C atoms (C-NN) are located on a plane 0.89 Åbelo wtheadatomplane. TheCrestatomislocated0.11 Åbelo w the C-NNs. The three Si atoms first neighbors of the rest atom are 0.59 Åb e l o wt h er e s t atom plane while the remaining Si atom is 0.26 Åb e l o wt h er e s ta t o mp l a n e . T h es e c o n d SiC bilayer is also disturbed, the Si to C height ranges from 0.57 to 0.79 Å. The third bilayer is almost equivalent to a bulk bilayer.
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 2 FIG. 2: (color on line) Electronic structure of the (2×2) C reconstruction of the C-terminated SiC surface. (a) density of states, (b) (resp. (c)) isocontours of |ψ| 2 integrated on the energy range of peak R (resp. A), superimposed to the ball and stick model of the surface. (d) (resp. (e)) section of (b) (resp. (c)) just above the adatom. (d) ( resp. (e)) can becomparedtoafilled(empt y)state STM image

  (a). It establishes threev e r yi m p o r t a n tp o i n t s : ( i ) al i n e a rd i s p e r s i o ni so b t a i n e dc l o s et ot h eF e r m i l e v e l . I tm eans that the first C layer has the electronic structure of a graphene layer in agreement with ARPES[19]. This points to aratherw eakgraphene-substratecouplinginagreemen twit hth el argec al c u l ate din te rl a y e r distance. (ii) the linear dispersion is alteres by the interaction with interface states and especially with empty states -mainly because the Si adatom DBi sc l o s e rt ot h eg r a p h e n e layer than the C restatom one. This highlights the existence of a residual graphene-substrate interaction in agreement with STM data. (iii) The Fermi levelf a l l sa tt h eD i r a cp o i n t .

FIG. 3 :

 3 FIG. 3: (color on line) A 5 × 5g r a p h e n ec e l lo nt o po fa4× 4C -t e r m i n a t e dS i Cs u b s t r a t ei nt h e (2×2) C reconstruction, in the top configuration. (a) band structure, the inset shows a zoom in the vicinity of the K point and the dispersion of an isolated graphene layer is given in red (thin dotted lines), (b) top view of the supercell, only the last SiC bilayer, the Si adatoms and the graphene atoms are shown. The size of the atoms is related to their height in the supercell -larger at the surface-. (c) Interlayer distances in Å.(d) cross section of |ψ| 2 integrated from 0.5 to 1.0. The red arrow points to one switched off atom, the supercell is indicated in yellow (white).
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