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I.  INTRODUCTION 
 

 Graphene grown on single crystal substrates like Ru(0001) is extremely ordered [1-10], but characterized by two chemically different species [2-9]. This has usually been ascribed to a rumpling of the graphene overlayer, thus there would be patches of graphene strongly hybridized with the substrate and regions where such hybridization is weak [7,10,11].  In the regions with a strong interaction there is charge transfer and the possible opening of a band gap [7,10].  If the rumpling occurs without grain boundaries, one might suspect a continuum graphene – substrate hybridization from strong (close proximity) to weak (separation from the substrate).  Either a continuum of graphenes or small patches of graphene in the strong and weak substrate hybridization regime would lead to a smearing of the valence band structure [12].  If the graphene in one chemical regime or the other is large enough in spatial extent, then wave vector conservation in the plane of the graphene remains preserved with very high fidelity, and two distinct band structures may emerge, as is suggested by spatially resolved STM spectroscopy studies [4].  But strong interactions with the substrate can also lift the chemical degeneracy of the A and B graphene sites, reducing the symmetry to C3 and opening up a band gap in the graphene [13,14].  Splitting of the graphene bands for graphene on Ru(0001) could also arise from several effects.  The splitting could be a result of spin orbit effects as is observed for paramagnetic metals surfaces [15-18].  For graphene on a metal substrate, however, there is a loss of inversion symmetry along the surface normal as well as in the plane of the film, therefore the spin orbit coupling splitting for graphene should be very small (~10 μeV or less) [19-23].  While the substrate can alter the spin orbit coupling significantly [24], this is unlikely to be the case for graphene [15], because of the low Z of carbon.    Other possibilities for splitting of the graphene valence band include a chemical shift between the top layer of graphene and the layer in intimate contact with the substrate as has been proposed for the “split” valence band structure of graphene on Ru(0001) [25] and SiC [26].   The Moiré resulting from the overlaid graphene and the Ru(0001) surface also leads to a supercell that can give rise to Dirac cone replicas, as seen for graphene Ru(0001) [10] and Ir(111) [27]. 



 
II. EXPERIMENTAL 

  The STM experiments were carried out in the ultrahigh vacuum (UHV) chamber with the base pressure ~1x10-10 Torr.  The chamber was equipped with room temperature scanning tunneling microscope (STM) Omicron STM-1, a cylindrical mirror energy analyzer for Auger electron spectroscopy (AES), low energy electron diffraction (LEED) optics, as detailed elsewhere [28].   All STM images were acquired in the constant-current mode with an electrochemically etched W tip.  The bias voltages are reported with reference to the sample.   The angular resolved photoemission spectroscopy (ARPES) studies were acquired at the U5UA undulator spherical grating monochromator (SGM) beamline at the National Synchrotron Light Source (NSLS) [29,30].  An angle-resolved hemispherical electron energy analyzer (EA125, Omicron GmbH) was used for these experiments [30].  The light was incident at 45° from the sample normal and the photon energy was 45 eV for the data presented, unless stated otherwise, although data were collected at a variety of photon energies.  The typical overall instrumental resolution was approximately 80 meV (spin integrated).   The Ru(0001) substrate was cleaned by cycles of Ar ion sputtering, annealing in 1.0x10-7 Torr of O2 at~1100 K, and flashing to 1800 K in vacuum.  The surface cleanness was monitored by AES (not shown), LEED (Fig. 1D), and, where available, STM (Fig. 1A).   Single-layer graphene was formed by first exposing a clean (metallic) Ru(0001) sample to ethylene or propylene with a pressure of 1 x 10-7 Torr at room temperature, followed by annealing the sample to 1300K, and then slowly cooling to 1000 K.  This process was repeated several times in order to synthesize graphene that uniformly covered the Ru(0001) substrate.  The quality of the graphene overlayer was monitored by LEED (Fig. 1E).  Due to the lattice mismatch between graphene and the surface of Ru(0001), a Moiré structure was formed,  as shown in the low energy electron diffraction of Fig.    1E, with a superstructure lattice constant of ~3.0 nm [2], as shown in Fig. 1B.  It is noteworthy, however, that there is no evidence of a reduction of symmetry due to an inequivalence in the graphene A and B sites as noted elsewhere for graphene on other substrates [10,31]. 



Graphene on the oxidized Ru(0001) surface was prepared by first growing single-layer graphene, then oxidizing the Ru surface by heating the sample to ~700 K  in 1 x 10-7 Torr of oxygen for 5 minutes.  This procedure results in the formation of the Ru(0001)(2 x 2) surface oxide structure (as seen in the LEED of Fig. 1F) [3] with strong suppression of the Moiré as seen in the LEED of the graphene overlayer.  As seen in the STM image of Fig. 1C, the graphene overlayer is less corrugated with no evidence of a Moiré structure.  
III.  RESULTS AND DISCUSSION 

  The band structure of monolayer graphene on Ru(0001), with well defined bands along Γ-
K , is shown in Figs. 2B and 2C.  The fact that the graphene is not in registry with the substrate suggests that the graphene band structure is decoupled from the substrate and that the Brillouin zone edge along Γ -K  occurs at 1.7 Å-1 (as seen in Fig. 2), consistent with graphene, not Ru(0001) [11].  The band structure exhibits a clear splitting of the bands associated with the graphene overlayer, as seen along both Γ -K , as illustrated in Fig. 2.  This splitting of the graphene bands occurs not only in the region of the Fermi level, but also well away from the Fermi level along Γ-
K , as seen in Fig. 2.  Such a splitting of bands over such large regions of k-space tends to exclude an origin that is related to spin-orbit splitting, since such surface or overlayer Rashba interactions are expected to be wave vector dependent and the two spin-split bands must be degenerate at k = 0 (i.e. at Γ ).  Furthermore, the band splitting for graphene on Ru(0001) even exceeds the spin-orbit splitting of more than 500 meV reported for the hydrogen-covered W(110) surface states near EF [32,33].  It is noteworthy that this magnitude of splitting is not seen for graphene on gold on Ru(0001) [34] where one might expect spin-orbit coupling because of interactions with the higher Z of gold [15].  The splitting also cannot be attributed to “shadow” bands due to the Moiré multiple diffraction effects reported elsewhere for graphene on Ru(0001) [10] and Ir(111) [26], because the splitting is seen well away from the Fermi level with significant intensity in both components.  Thus, with the exclusion of spin-orbit splitting and Moiré related shadow bands, the observed splitting of the band structure suggests two chemically distinct states of graphene. 



It can be argued that the observed splitting of the π-band is due to the formation of multilayer graphene, where the first monolayer of graphene, that couples strongly with the Ru substrate, and patches or/and overlayers of freestanding double- or triple-layered graphene, that couple less strongly, form two distinct bands.   This is not the case in our experiments, because the well-defined Dirac cone at the Γ -K  point, indicative of free-standing, multilayer graphene or multilayer graphene on Ru(0001) is absent [25].  As shown in the supplementary material, the photoemission intensity is illustrative of an incomplete Dirac cone and asymmetric about the Kpoint near the Fermi level (supplementary material; Fig.  S1), completely consistent with prior studies of monolayer graphene on Ru(0001) [11].  Only for bilayer graphene on Ru(001) does the π-band of graphene extend to the K  point [25].  Furthermore, the measured work function of Ø = 4.2 eV for the graphene/Ru(0001) system is also in a good agreement with that reported in the literature for single-layer graphene on Ru [11].  Furthermore, for a graphene bilayer on SiC, the splitting of the graphene band structure, resulting from the chemical inequivalence two graphene layers with respect to charge and electrostatic potential, leads to a splitting of the band structure becomes less distinct at smaller wave vectors, towards the surface Brillouin zone center, at increasing binding energies away from the Fermi level [26]. As mentioned above, oxygen exposure to graphene on Ru(0001) yields a graphene layer on an oxygen layer chemisorbed on Ru(0001).  This should change the graphene Ru(0001) interaction significantly.  Graphene on Ru(0001) should acquire charge of about 0.05 e- per carbon atom [10,11,25,30], while graphene on chemisorbed oxygen on Ru(0001) should be slightly electron deficient.  As seen in a comparison of Fig. 2B with Fig. 2C, there are distinct changes in the band structure.  Key among these changes observed in the graphene overlayer band structure is not just simply a shift in the binding energies of the various graphene bands but also a splitting of the graphene bands.  There is a decrease in the splitting of the graphene bands in the region along 
Γ -K , from ~800 meV to ~400 meV, with insertion of a chemisorbed oxygen interlayer between the Ru(0001) and the graphene.  This correlates with the morphological changes in the graphene overlayer on Ru(0001) observed with STM subsequent to oxygen exposure.  After the oxygen exposure, the corrugation of the graphene overlayer becomes significantly smaller compared to that of graphene on metallic Ru(0001), with a peak-to-valley corrugation estimated to be 0.1 and 



0.03 nm for the graphene on metallic and oxidized Ru(0001), respectively.  In addition, the graphene band structure is illustrative of a more complete Dirac cone, as would be expected if the graphene more closely resembled a free-standing graphene layer [35].   The monolayer graphene band structure data indicate that the splitting of the graphene band structure is characteristic of a difference in the chemical potential “felt” by the graphene overlayer, and not an effect of spin-orbit splitting. The splitting of the graphene band structure observed here for graphene on Ru(0001) is larger than the splitting of graphene bilayers [25,26], some 800 meV instead of the expected 400 meV. Although the monolayer graphene monolayer on Ru(0001) is observed to separate into two chemically different species [2-9], other factors also play a role, among which is that the rumpling of the monolayer renders patches of the graphene layer inequivalent with respect to charge [36], based on the core level binding energy shifts [37], as well inequivalent with respect to the electrostatic potential and in terms of the substrate screening the photoemission final state [38]. These inequivalencies all contribute to an increase in the apparent splitting of the graphene band structure well beyond that expected by charge displacement [38], and these inequivalencies are reduced by the insertion of oxygen between the graphene and the substrate.    Recent work suggests that the screening of a dipole adsorbate on graphene is very different from that of other very good conductors, even considering the differences in carrier densities in graphene (due to the dimensionality restrictions) with those of metal surfaces.   This can lead to the binding energy shifts seen in photoemission [35,38].  This means that binding energy shifts in the valence band spectra are significantly larger for screened and unscreened graphene, due to the rumpling of the graphene sheet.   These apparent shifts in the graphene spectra should be much larger than those observed with other adsorbates on Ru(0001).   Furthermore, there is a large body of theory indicating that such binding energy shifts in the valence band, as a result of the differences in the electrostatic potential and adsorbate graphene hybridization [38] (as well as the substrate screening the photoemission final state) are not only possible, but indeed likely.   Of course distinguishing between initial state effects such as charge transfer to the graphene and final state effects due to screening in the proximity of a metal substrate, for example, is difficult.    



If chemisorbed oxygen is then placed between the graphene and the Ru(0001), the surface of the substrate is no longer fully metallic.  A graphene layer on a chemisorbed oxygen layer should, in principle, be more weakly coupled to the substrate.  This weaker interaction would cause a shift of the graphene band structure, a loss of the Moiré in the LEED, and a decrease in the graphene atomic corrugation.  Perhaps more importantly, the expected, but not previously reported, splitting of the graphene bands should decrease, as is observed (Figs. 2D and 2E).  In this context, the hybridization with the substrate must be re-examined.  If the two different graphene band structures are to be explained to be a direct consequence of the rumpling or corrugation of the graphene such that certain areas are in close proximity to the metal substrate and other areas are displaced from the substrate, certain requirements must be met.  The graphene in one of these chemical regimes must be sufficiently spatially extensive such that wave vector conservation in the plane of the graphene remains preserved with sufficient fidelity that two distinct band structures may emerge, as is suggested by spatially resolved STM studies [4].  Any smoothly undulating potential (with no large areas of chemical equivalence) would not, by itself, explain the two distinct band structures.    Performing experiments with oxygen placed between the Ru(0001) and the graphene provides evidence that the shift of the band is due primarily to screening (final state) effects.  With uniform oxygen chemisorption between the metal substrate surface and the graphene film, there is a global “relaxation” of the rumpling or long range variations in the displacement of the graphene relative to the substrate while graphene hybridization with the substrate is weakened.  Because of the variations in the displacement of the graphene relative to the substrate that remain after insertion of the oxygen spacer layer, the graphene band structure should remain “split” but with a diminished splitting, as is observed (Figs. 2D and 2E).  Because these are band structure effects consistent with the band structure of graphene, the two chemical states are not the result of short range effects, such as a broken graphene A/B carbon symmetry due to a strong interaction with the Ru(0001) metal substrate.  The latter is not evident in STM.  Any initial chemical state differences between the A/B sites would be very much suppressed along the Γ-K  high symmetry direction, as differences between the A/B graphene sites would reduce the surface symmetry to C3v [13].  In C3v, the K  high symmetry point reflects the k-space point with no mirror 



inversion symmetry.  The absence of registry with the substrate and the C6v symmetry of the LEED and the STM (Fig. 1) exclude a chemical inequivalence of the graphene A and B sites, though this might exist on an oxide surface [13].  The potential differences due to the rumpling of graphene on Ru(0001) are seen not just in the spatially resolved electronic structure [4], the Xe 5p1/2 binding energies [11], and the C 1s core level spectra [38], but in the formation of two distinct graphene band structures.  The two chemical regimes for graphene on Ru(0001) are large enough in spatial extent that wave vector conservation in the plane of the graphene remains preserved with very high fidelity along the Γ -Khigh symmetry direction.  This is consistent with the two distinct core levels measured for single layer graphene on Ru(0001) [37], with a core level splitting of 600 meV, similar to the splitting of the two chemically inequivalent graphene valence band structures presented here.  
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Figure Captions Figure 1: (A) Room temperature UHV STM image of a clean Ru(0001) surface (200x200nm2, Vsample 1V, Itunneling 100pA); (B) graphene on Ru(0001) (100x100nm2, Vsample 0.1V, Itunneling 200pA); (C) graphene on oxidized Ru(0001) (4x4 nm2, Vsample 0.3V, Itunneling 300pA); (D-F) corresponding LEED patterns of clean Ru(0001), graphene on Ru(0001), and graphene on an oxidized Ru(0001) surface, respectively (color online).    Figure 2.  ARUPS spectra (acquired at 45eV photon energy along the Γ -K  direction) of:  (A) clean Ru (0001); (B) graphene/Ru(0001); (C) high resolution map of the graphene band region indicated by the white dashed rectangle in (B); (D) graphene/oxidized Ru(0001); (E) high resolution map of the graphene band region indicated by the white dashed rectangle in (D)(color online).  
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