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The composition

Introduction

Since the first isolation of free-standing graphene (gr) and remarkable experiments on its transport properties in 2005 [START_REF] Novoselov | Two-dimensional gas of massless Dirac fermions in graphene[END_REF][START_REF] Zhang | Experimental observation of the quantum Hall effect and Berry's phase in graphene[END_REF], numerous studies have been conducted on graphene mainly due to its excellent electronic [START_REF] Pokharel | Multi-step microwave reduction of graphite oxide and its use in the formation of electrically conductive graphene/epoxy composites[END_REF], thermal [START_REF] Balandin | Superior thermal conductivity of single-layer graphene[END_REF], and mechanical [START_REF] Lee | Measurement of the elastic properties and intrinsic strength of monolayer graphene[END_REF] properties. However, the low production output of the mechanical exfoliation method (which is usually used in the studies of transport properties of graphene) and its low scalability make it unavailable for the large scale production of graphene. Therefore, many approaches for synthesising graphene have been developed, such as epitaxial growth on SiC surfaces [START_REF] Berger | Electronic Confinement and Coherence in Patterned Epitaxial Graphene[END_REF][START_REF] Berger | Ultrathin epitaxial graphite: 2D electron gas properties and a route toward graphene-based nanoelectronics[END_REF][START_REF] Emtsev | Towards wafersize graphene layers by atmospheric pressure graphitization of silicon carbide[END_REF], reduction of graphene oxide [START_REF] Dreyer | The chemistry of graphene oxide[END_REF][START_REF] Hernandez | High-yield production of graphene by liquid-phase exfoliation of graphite[END_REF], and chemical vapor deposition (CVD) on metals and semiconductors [START_REF] Yu | Graphene segregated on Ni surfaces and transferred to insulators[END_REF][START_REF] Li | Large-area synthesis of high-quality and uniform graphene films on copper foils[END_REF][START_REF] Lee | Wafer-scale growth of single-crystal mono-layer graphene on reusable hydrogen-terminated germanium[END_REF][START_REF] Dedkov | Epitaxial graphene/Ge interfaces: a minireview[END_REF]. Among these strategies, the CVD of graphene on metals has become the most promising approach because of its inexpensive and large-scale preparation of highquality graphene films [START_REF] Bae | Roll-to-roll production of 30-inch graphene films for transparent electrodes[END_REF][START_REF] Ryu | Fast Synthesis of High-Performance Graphene Films by Hydrogen-Free Rapid Thermal Chemical Vapor Deposition[END_REF]. Moreover, it is found that the graphene-metal system is a very interesting object in itself [START_REF] Batzill | The surface science of graphene: Metal interfaces, CVD synthesis, nanoribbons, chemical modifications, and defects[END_REF][START_REF] Dedkov | Scanning probe microscopy and spectroscopy of graphene on metals[END_REF][START_REF] Dedkov | Graphene growth and properties on metal substrates[END_REF][START_REF] Yang | Metal-graphene interfaces in epitaxial and bulk systems: A review[END_REF]. For example, the moiré structure is formed by graphene on a variety of metal substrates, such as Ir(111) [START_REF] Coraux | Growth of graphene on Ir(111)[END_REF][START_REF] Kralj | Graphene on Ir(111) characterized by angle-resolved photoemission[END_REF][START_REF] Busse | Graphene on Ir(111): Physisorption with chemical modulation[END_REF][START_REF] Starodub | In-plane orientation effects on the electronic structure, stability, and Raman scattering of monolayer graphene on Ir(111)[END_REF][START_REF] Pletikosić | Finding the bare band: Electron coupling to two phonon modes in potassium-doped graphene on Ir(111)[END_REF][START_REF] Voloshina | Electronic structure and imaging contrast of graphene moiré on metals[END_REF] and Ru(0001) [START_REF] Marchini | Scanning tunneling microscopy of graphene on Ru[END_REF][START_REF] Wang | Periodicity, work function and reactivity of graphene on Ru(0001) from first principles[END_REF][START_REF] Altenburg | Contact formation and chemical reactivity on the atomic scale[END_REF][START_REF] Voloshina | Restoring a nearly freestanding character of graphene on Ru(0001) by oxygen intercalation[END_REF][START_REF] Voloshina | Atomic force spectroscopy and densityfunctional study of graphene corrugation on Ru[END_REF] due to the relatively large lattice constant mismatch between graphene and substrate. More interestingly, the ferromagnetic substrates, such as Co(0001) and Ni(111), induce magnetic polarisation in graphene and overlap with a graphene valence state in reciprocal space for one spin direction only [START_REF] Karpan | Graphite and graphene as perfect spin filters[END_REF][START_REF] Dedkov | Electronic and magnetic properties of the graphene-ferromagnet interface[END_REF][START_REF] Voloshina | Theoretical description of X-ray absorption spectroscopy of the graphene-metal interfaces[END_REF][START_REF] Marchenko | Highly spin-polarized Dirac fermions at the graphene/Co interface[END_REF][START_REF] Usachov | Observation of single-spin dirac fermions at the graphene/ferromagnet interface[END_REF], which are appealing properties for future spintronic devices [START_REF] Roche | Graphene spintronics: the European Flagship perspective[END_REF].

Intercalation of different species, and particularly metal layers, in between graphene and substrate offers an effective route towards modifying the structural, electronic, and magnetic properties of graphene. For example, the single layer of Cu sandwiched between graphene and Ir(111) opens a band gap in the graphene π bands resulted from the hybridisation between the Cu and the carbon derived states [START_REF] Vita | Understanding the origin of band gap formation in graphene on metals: graphene on Cu/Ir(111)[END_REF]. Moreover, the implementation of magnetic ultra-thin films into the graphene-metal system, like gr/Co/Ir(111), allows achieving a remarkable enhancement of perpendicular magnetic anisotropy (PMA) via the interaction between graphene and the underlying magnetic metal thick film [START_REF] Rougemaille | Perpendicular magnetic anisotropy of cobalt films intercalated under graphene[END_REF][START_REF] Decker | Atomic-scale magnetism of cobalt-intercalated graphene[END_REF][START_REF] Coraux | Air-protected epitaxial graphene/ferromagnet hybrids prepared by chemical vapor deposition and intercalation[END_REF]. However, the intercalation of alloy in between graphene and substrate, which may bring new properties to graphene, is still largely unexplored [START_REF] Alfè | Fine tuning of graphene-metal adhesion by surface alloying[END_REF][START_REF] Voloshina | Graphene layer morphology as an indicator of the metal alloy formation at the interface[END_REF].

In this combined theoretical and experimental study, we gain a unique and detailed insight into the properties of graphene on surface alloy gr/Co x Ir 1-x /Ir(111) and subsurface alloy gr/Ir/Co x Ir 1-x /Ir(111). By performing the state-of-the-art first principles calculations, we explore how different compositions of surface and subsurface Co-Ir alloy influence the moiré structure, graphene-metal charge transfer, band structure, and stability of a graphene layer on Ir(111), and further compare them with the experimental results. The deeper insights into the interplay between graphene structure and different kinds of Co-Ir alloy from this study are expected to provide a useful guide for achieving precise layer controlled graphene growth and the design of graphene-based devices.

Computational and Experimental Details

DFT calculations. The DFT calculations were carried out with the Vienna ab initio simulation package (VASP) [START_REF] Kresse | Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set[END_REF][START_REF] Kresse | Norm-conserving and ultrasoft pseudopotentials for first-row and transition-elements[END_REF][START_REF] Kresse | Ab initio molecular dynamics for liquid metals[END_REF], employing the generalised gradient approximation (GGA) functional of Perdew, Burke and Ernzerhof (PBE) [START_REF] Perdew | Generalized gradient approximation made simple[END_REF]. The van der Waals interactions were incorporated by the semi-empirical approach of Grimme through the D2 correction [START_REF] Grimme | Semiempirical GGA-type density functional constructed with a long-range dispersion correction[END_REF].

The ion-cores were described by projector-augmented-wave (PAW) potentials [START_REF] Blöchl | Projector augmented-wave method[END_REF] and the valence electrons [C (2s, 2p), Ir (5d, 6s), Co (3d, 4s)] were described by plane waves associated to kinetic energies of up to 500 eV. A Γ-centred 3 × 3 × 1 k-point mesh was used. Due to the different lattice constants of graphene and metal support, the systems studied in the present work were modelled by a (10 × 10) graphene unit cell placed on a (9 × 9) cell of Ir(111) with the intercalation of Co-Ir alloy. The Co-Ir alloy is simulated by a Co x Ir 1-x layer after random replacing Ir atoms by Co atoms. In order to prevent interlayer interaction within the periodic images, a vacuum spacing of 20 Å was applied for all systems. Our slab geometry includes in total 605 atoms (1 layer of graphene, 1 layer of Co x Ir 1-x alloy and 4 layers of Ir) in the unit cell. The lattice constant in the lateral plane was set according to the optimised value of bulk metal (a Ir(111) = 2.723 Å). The positions (x, y, z coordinates) of C atoms and intercalant as well as z-coordinates of the two topmost layers of the substrate were fully relaxed until the forces were smaller than 0.02 eV/ Å. The convergence criteria for energy was set equal to 10 -5 eV. The STM images were calculated using the Tersoff-Hamann formal-ism [START_REF] Tersoff | Theory of the scanning tunneling microscope[END_REF]. To recover an effective primitive cell band structure picture from the supercell band structure, the BandsUP software was employed [START_REF] Medeiros | Effects of extrinsic and intrinsic perturbations on the electronic structure of graphene: Retaining an effective primitive cell band structure by band unfolding[END_REF][START_REF] Medeiros | Unfolding spinor wave functions and expectation values of general operators: Introducing the unfolding-density operator[END_REF].

Experiments. The same Ir(111) crystal was used in all experiments and it has been cleaned in UHV environment by cycles of Ar + sputtering at 1 keV and flash annealing at 1400 K. A graphene layer has been grown by repeated cycles of temperature programmed growth (TPG) [START_REF] Coraux | Growth of graphene on Ir(111)[END_REF], exposing the Ir surface to ethylene (partial pressure 2 × 10 -7 mbar) at room temperature, followed by a 1400 K flash for few seconds. Co has been deposited at 673 K on the as prepared gr/Ir(111) surface when not specified elsewhere in the main text, followed by a 30 min annealing to perform the intercalation. The 

Results and Discussion

Theoretical analysis

To understand how the different stoichiometric compositions of Co x Ir 1-x alloy influence the morphological structure of the gr/Co-Ir interface, five values for the ratio x = 0.00, 0.25, 0.50, 0.75, 1.00 are considered with a random distribution of the Co atoms in the alloy. Moreover, surface and subsurface alloys: Co x Ir 1-x , Co x Ir 1-x /Co x Ir 1-x and Ir/Co x Ir 1-x on Ir(111) substrate are used to absorb the graphene layer. The summary of theoretical results for all studied systems are presented in Table S1 of Supporting Information. Here we only focus on the gr/Co x Ir 1-x /Ir(111) and gr/Ir/Co x Ir 1-x /Ir(111) systems. The corresponding structures obtained after full relaxation of atomic positions are displayed in Figure 1.

In considerations of graphene on close-packed metal surfaces, several high symmetry positions are usually identified: ATOP, FCC, and HPC (Fig. 1(a)), which are surrounded by a carbon ring with respect to the adsorption position [START_REF] Dedkov | Graphene growth and properties on metal substrates[END_REF]. From Figure 1 freestanding character of a p-doped graphene is undoubted. We also note that even though a complete monolayer of Co is present at the subsurface, the graphene π band at he K point is weakly spin-polarised with 0.09 eV energy splitting (Fig. 3(d)).

Experimental results

The experimental verification of the theoretical predictions reported in this work requires an excellent control of the Co-Ir alloy formation below the graphene layer. Since the graphene growth requires high temperatures (typically above 1000 K [START_REF] Tetlow | Growth of epitaxial graphene: Theory and experiment[END_REF][START_REF] Dedkov | Graphene growth and properties on metal substrates[END_REF]), at which a previously absorbed Co thin film will desorb from the metallic substrate, the experimental realisation of the proposed systems has been achieved by intercalation technique of Co be-tween graphene and Ir(111) substrate. In such systems Co can intercalates by thermal annealing both through the defects in the graphene layer and at the graphene flakes edges, the efficiency of the two intercalation mechanisms can be controlled by the sample preparation conditions [START_REF] Vlaic | Cobalt intercalation at the graphene/iridium(111) interface: Influence of rotational domains, wrinkles, and atomic steps[END_REF][START_REF] Vlaic | Intercalating cobalt between graphene and iridium (111): Spatially dependent kinetics from the edges[END_REF]. It has been demonstrated that the intermixing between Co and Ir atoms starts at temperatures of above 773 K [START_REF] Drnec | Surface alloying upon Co intercalation between graphene and Ir[END_REF][START_REF] Carlomagno | Co-Ir interface alloying induced by thermal annealing[END_REF]. To control the onset of the alloy formation, we therefore fixed the Co intercalation temperature to 673 K, i. e. below the intermixing temperature, and the alloying has been achieved by a further annealing to 873 K. Due to the reduced mobility of Co atoms under graphene [START_REF] Vlaic | Graphene as a mechanically active, deformable two-dimensional surfactant[END_REF], the graphene layer has been grown by temperature programmed growth (TPG) [START_REF] Coraux | Growth of graphene on Ir(111)[END_REF] ensuring the presence of a high density of nanometric holes necessary to perform the intercalation from the side of the graphene flake. Figure S3 (a) and (b) in Supporting Information demonstrate the efficiency of this procedure and the absence of Co-Ir alloying upon intercalation. The graphene layer becomes strongly corrugated (corrugation of about 0.1 nm) as expected for the Co intercalated graphene (see Fig. S3 of Supporting Information for the STM simulations and Refs. 40, 61. The presence of nanometric holes in the graphene layer results only in a broadening of its bands dispersions observed in the photoemission data by a factor of ≈ 1.5 [START_REF] Kralj | Graphene on Ir(111) characterized by angle-resolved photoemission[END_REF], which, within our resolution, is equivalent to the one of a complete graphene layer grown by standards CVD technique [START_REF] Coraux | Structural coherency of graphene on Ir(111)[END_REF] as shown in Figure S3(c)-(f) of Supporting Information. These properties makes our sample preparation method ideal for the present study.

In order to identify the electronic dispersion originating from the intercalated Co layer and its effect on the graphene dispersion, we first present the electronic properties of the bare Ir(111) substrate along the M gr -K gr -Γ direction (see Fig. 

  photoemission spectroscopy (ARPES) chamber comparing the peak to peak intensity of the Auger C KVV signal (272 eV) with respect to the one of full graphene layer grown on Ir by exposing the surface of the sample to 2 × 10 -7 mbar of ethylene at 1400 K for 1 h [53]. STM and ARPES experiments have been performed in two separated ultra-high vacuum (UHV) stations in identical experimental conditions allowing the reproducibility of the sample preparation. Both experimental stations are equipped with low energy electron diffraction (LEED). Base pressure in both stations is < 8 × 10 -11 mbar. ARPES measurements have been performed with SPECS PHOIBOS 225-2D-CCD hemispherical analyser, using a p-polarised (90% degree of polarisation) He II discharge spectral line (hν = 40.8 eV) as a photon source. During ARPES measurements the sample was placed on the 6-axis fully motorised manipulator and was kept at

  Fig. 3(b)). Firstly, the presence of Co leads to small downward shift of both the π and σ states due to the electron donation from Co to the graphene π states. Then, symmetry breaking caused by random distribution of Co and Ir in the interface layer, leads to somewhat blurring of the energy bands. As a consequence, one cannot unequivocally detect formation of the energy gap at the Dirac point, although the linear dispersion of π-bands is clearly visible. Further increase of Co concentration in the surface alloy results in complete violation of the Dirac cone as well as linear dispersion of π states due to the large overlap of the C p z states and Co d states (Fig. S2(c)). With increasing x to 0.5 the blurring of the energy bands also increases. In addition, new π and σ states appear accompanied by the original one. As the

  4(a,b)). Here, three Ir-derived surface states, named S1, S2 and S3, are easily recognisable. Another electronic band, named I according to refs [62, 63], is weekly dispersing. At the K gr point the S2 and S3 states become barely distinguishable, while the I state moves to higher binding energy. The effect of the 1 ML deposition of Co at room temperature on bare Ir(111) is showed in Figure 4(c). Co grows pseudomorphic to Ir, as seen by the LEED diffraction pattern shown as inset, modifying the electronic dispersion. Along the K gr -Γ direction a new state, dispersing similarly to the I state, appears at a lower binding energy (≈ 100 meV). Along the M gr -K gr direction, this new states mimics the dispersion of the S3 state. From these data, it is possible to conclude that Co electrons hybridize with the Ir(111) surface states and the I state leading to the new Co1 state making it a clear indicator of the structural quality of the Co-Ir interface.

Figure 4 (

 4 Figure 4(d) shows the effect of 1 ML Co intercalation between graphene (covering 75% of the surface as shown in Supplemental Informations) and Ir(111). Here the Co has been deposited at 673 K assuring intercalation but avoiding any alloy with the Ir substrate. In agreement with our theoretical calculations, the graphene Dirac cone vanishes from the Fermi level while the Co1 state can be easily detected. The LEED pattern, shown as inset, demonstrates the presence of graphene through the typical moiré diffraction pattern of graphene on metals with high lattice mismatch.According to our calculations, the subsurface Co-Ir alloy is energetically favorable at low Co concentration. To test the effect of such configuration on the electronic properties of the system we first intercalated 0.5 ML of Co

Figure 1 :

 1 Figure 1: Structural models of (a)-(e) Gr/Co x Ir 1-x /Ir(111) and (f)-(i) Gr/Ir/ Co x Ir 1-x /Ir(111) with x=0.00, 0.25, 0.50, 0.75 and 1.00. The color scale indicates the heights measured from the first layer of the substrate. The black rhombus marks the unit cell of the considered system. Ir and Co atoms are shown in pink and blue, respectively. The high-symmetry places in (a) are marked by circle, square, and triangle for ATOP, FCC, and HCP, respectively.

Figure 2 :

 2 Figure 2: (a) The interaction energy (∆E int ) per C-atom as a function of x ratio for gr/Co x Ir 1-x /Ir(111) (blue) and gr/Ir/Co x Ir 1-x /Ir(111) (red). (b) The total energy difference (∆E tot ) per atom as a function of x ratio for gr/Co x Ir 1-x /Ir(111) (blue) and gr/Ir/Co x Ir 1-x /Ir(111) (red).

Figure 3 :

 3 Figure 3:

Figure 4 :

 4 Figure 4: (a) Schematic representation of the gr and Ir(111) Brillouin zones. The green thick line highlight the M gr -K gr -Γ direction in reciprocal space used for the electronic dispersion shown in (b)-(f). Electronic band dispersions obtained in ARPES experiments for (b) the Ir(111) surface, (c) single Co layer on Ir(111), (d) gr/Co 1ML /Ir, (e) gr/Co 0.5ML /Ir(111) and (f) gr/Co-Ir alloy obtained by annealing the sample shown in (e) to 873 K. The grey dashed lines highlight the band dispersion in each sample. The red dashed line shows a thigh binding fit up to three nearest neighbour of gr/Ir(111). Insets shows the LEED pattern of the corresponding sample.