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Cobalt intercalation at the graphene/iridium(111) interface: influence of rotational domains, wrinkles and atomic steps

Using low-energy electron microscopy, we study Co intercalation under graphene grown on Ir(111). Depending on the rotational domain of graphene on which it is deposited, Co is found intercalated at different locations. While intercalated Co is observed preferentially at the substrate step edges below certain rotational domains, it is mostly found close to wrinkles below other domains. These results indicate that curved regions (near substrate atomic steps and wrinkles) of the graphene sheet facilitate Co intercalation and suggest that the strength of the graphene/Ir interaction determines which pathway is energetically more favorable.

In view of potential technological appications, the ability to modify and control the properties of a graphene layer has been a central issue since its discovery [1]. The intercalation of foreign atoms or molecules between a graphene sheet and its substrate often affects the electronic and magnetic properties of the considered interface. For example, the intercalation of noble metals [2,3] or hydrogen atoms [4] can be used to reduce the interaction between graphene and its substrate, and even restore the electronic properties of free-standing graphene, while the intercalation of alkali metals is an efficient mean to control the doping level of graphene [5]. Intercalation of a ferromagnetic transition metal can also enhance the net magnetic moment induced in carbon atoms when graphene is in contact with a magnetic surface [6], and is a promising route to fabricate graphene/ferromagnetic metal hybrid structures with perpendicular magnetic anisotropy [7,8].

Understanding where and how a foreign species intercalates below graphene is a challenging task, and different scenarios have been proposed. While oxygen intercalates at the free edges of graphene grown on Ru(0001) [9,10] and on Ir(111) [11], alkali metals instead may intercalate at the substrate step edges or at boundaries between different rotational domains in graphene/Ni(111) [5] and in graphite [12]. Regarding transition metals, the intercalation mechanism remains elusive. While it has been demonstrated that pre-existing defects in graphene, such as vacancies or pentagon-heptagon pairs, reduce the required energy to trigger intercalation [13,14], several recent experimental works have shown that other mechanisms could be at work. In particular, the formation of atomic defects, not pre-existing in the graphene layer but induced by the contact with a transition metal cluster, with subsequent restoring of the carbon-carbon bonds, has been suggested as a possible way for metal intercalation [14][15][16].

In this work, low-energy electron microscopy [17,18] (LEEM) is used to study cobalt intercalation at moderate annealing temperature (about 125 • C) underneath graphene grown on an iridium (111) surface. Depending on the rotational orientation of the graphene domain, we find Co intercalated at differ-ent locations. Below R0 domains, where the carbon zigzag rows are aligned with the Ir dense-packed atomic rows, intercalated Co is observed at the Ir atomic steps. Below other rotational domains, intercalated Co is mostly found close to graphene wrinkles, which correspond to local, linear delaminated regions of the graphene sheet induced by strain relief upon cooling the sample after high temperature growth [19,20].

The LEEM measurements were performed at the Nanospectroscopy beamline of the Elettra synchrotron radiation facility [21]. Samples were prepared in situ in ultra-high vacuum (UHV) conditions (base pressure 5×10 -11 mbar). An Ir(111) single crystal was used as a substrate and cleaned with repeated cycles of Ar ion sputtering and high temperature (1200 • C) flashes under oxygen (10 -8 mbar). A last temperature flash (1200 • C) is finally done under UHV conditions to remove the oxide layer. Graphene was obtained by chemical vapor deposition, by exposing the Ir(111) surface to 5×10 -8 mbar of C 2 H 4 at 1000 • C. In all experiments presented here, graphene covers about 80% of the Ir surface. Co was subsequently deposited at room temperature from an electron-beam evaporation source at a rate of about 0.3 monolayer (ML) per minute [START_REF]A monolayer is defined as the first atomic layer of Co that grows pseudo-morphically on Ir[END_REF]. The surface is then imaged while annealing.

The LEEM image in Fig. 1(a) illustrates the typical aspect of the graphene/Ir(111) surface, prior to Co deposition. In this image, bare Ir appears as the darkest regions. Consistent with previous literature [START_REF] Loginova | [END_REF]24], we observe several rotational domains across the graphene layer with different LEEM contrasts [see different shades of grey in Fig. 1(a)]. Microdiffraction (LEED) measurements are used to identify the local crystallographic orientation of these rotational domains, as shown in Figs. 1(b)-(d). Besides R0, these orientations correspond to rotation of 14 • and 19 • of the carbon zigzag rows with respect to the Ir dense-packed atomic rows. In the following, we refer to R14 and R19 when describing these rotational domains. In other places of the surface, we also observe R30 domains (not shown here). Thin lines on the surface are the substrate atomic steps, while thick lines are wrinkles [see Fig. 1(a)], as previously observed [19].

In agreement with other works [25], deposition of 1 ML of Co at room temperature leads to the formation of randomly distributed clusters all over the graphene surface [see black dots in Fig. 2(a)]. Annealing of the Co ML at about 125 • C strongly modifies the surface morphology, as shown in Fig. 2(b). We then observe extended dark areas below R14 and R19 where Co accumulates, while, surprisingly, the surface morphology below R0 remains essentially unchanged, although Co starts decorating the Ir atomic steps [the LEEM contrast becomes darker along the substrate step edges below R0 domains, see Fig. 2(b)]. In the following, we show that these dark regions correspond to intercalated Co.

To do so, we use low-energy electron reflectivity [17] to measure the relative changes of the surface work function (WF) at different steps of the sample preparation. Here, we define the relative work function as the energy for which electron reflectivity drops by 10% from total reflectance [26]. Following previous works [7,13] to track Co intercalation, we take advantage of the fact that the WF of graphene-terminated metal surfaces is often lower than the WF of the corresponding clean metal surfaces [27]. This is particularly true for Co and Ir: δWF Co =WF Co -WF Gr/Co ∼1.7 eV [27] and δWF Ir =WF Ir -WF Gr/Ir ∼1 eV [START_REF] Loginova | [END_REF]26].

We thus compare the surface WF of clean Ir with the one of graphene/Ir and the WF of 1 ML of Co on Ir with the one measured on the dark regions in Fig. 2(b). The results, reported in Fig. 3, show that δWF Ir ∼1 eV, in agreement with previous experimental works [START_REF] Loginova | [END_REF]26], and that δWF Co ∼1.8 eV, demonstrating that the dark regions in Fig. 2(b) are indeed intercalated Co. Note that, within our 100 meV energy resolution, the surface WF of the graphene covered regions does not change upon Co deposition nor after 125 • C annealing, except for the dark regions in Fig. 2(b)[? ]. Interestingly, the amount of intercalated Co seems significantly different for the three rotational domains. For example, while intercalated Co makes relatively large clusters below the R14 and R19 domains, it is hardly detectable below R0 [see Fig. 2(b)]. This result suggests that the graphene rotational domains play a role in the intercalation process: stronger graphene/Ir interaction (R0 domains) impede Co intercalation at 125 • C, while it is already activated at domains (R14 and R19) where this interaction is weaker [START_REF] Loginova | [END_REF].

The LEEM image shown in Fig. 2(b) reveals another intriguing aspect: while intercalated Co is preferentially observed at Ir step edges below R0 domains, the intercalated regions below R14 and R19 often appear close to graphene wrinkles. This is striking in Figure 2(b): regions where Co is intercalated are strongly correlated to the positions of graphene wrinkles below R14 and R19 domains, contrary to what is observed below R0 domains. Part of these results are consistent with recent STM measurements in which Co [8] and Ni [28] islands intercalated at the graphene/Ir(111) interface have been found mostly at the Ir step edges under the R0 rotational domain. However, the role of graphene wrinkles and rotational domains in the intercalation process of a transition metal has not been anticipated in these earlier studies.

One may think that pre-existing defects in the graphene layer, located at the substrate step edges and wrinkles, facilitate Co intercalation. However, this is unlikely as there is no reason to have preexisting defects only close to atomic steps at R0 domains, and only close to wrinkles at the other rotational domains. In other words, if pre-existing defects were the key ingredient to explain our findings, we would expect Co intercalation both at substrate step edges and wrinkles, independently of the rotational domains. This is not what we find. Besides, intercalation has not been observed at domain boundaries, i.e. between two different rotational domains, where pentagon-heptagon defects are located [29]. This suggests, in the temperature window we probe in this work, that curved regions (substrate atomic steps and wrinkles) of the graphene sheet are preferential sites for Co intercalation compared to flatter regions, such as domain boundaries [START_REF]In fact, a corrugation is also expected at graphene grain boundaries[END_REF]. Finally, we find only negligible amount of intercalated Co at the free edges of the graphene layer. This suggests that the energy barriers for intercalation are lower when Co is on top of graphene than on the Ir surface, where graphene-Ir binding is strong [START_REF] Loginova | [END_REF]32].

For flat and free standing graphene, the formation of a vacancy requires high energy, about 7 eV [33], but this value drops to 1.5 eV in the presence of Co clusters [34]. In addition, previous works on carbon nanotubes showed that the vacancy forma-tion energy decreases with increasing curvature [35]. In particular, for a nanotube diameter of 5 Å, corresponding approximately to the graphene curvature at the Ir step edges [29], the vacancy formation energy is reduced by 2 eV with respect to free standing graphene [35]. The di-vacancy formation energy is even smaller both in presence of Co clusters and for curved graphene sheets. It is then reasonable to believe that defects form in the graphene sheet when a Co cluster has nucleated at a graphene wrinkle or at an Ir atomic step, without the need of pre-existing defects.

In summary, Co is found intercalated at regions where graphene has a strong curvature, across the substrate step edges (below R0 domains) and where it is wrinkled (below the other domains). These results suggest that the strength of the graphene/Ir interaction determines which pathway is energetically more favorable. Our work opens opportunities to prepare systems where the intercalation mechanism could be controlled at the nanoscale. Moreover, the pathways we unveiled are already operational at moderate annealing temperature, at which intermixing between the intercalated metal and the substrate is negligible.
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 1 FIG. 1. (a) 15 µm field of view LEEM image (Vstart = 15 V) of the graphene/Ir(111) surface, showing bare Ir (darkest regions) and three graphene rotational domains. Thin lines all over the surface are Ir atomic steps, while thick lines on the graphene-covered surface are wrinkles. (b)-(d) 2 µm-diameter selected area of the LEEM image where low-energy electron diffraction has been performed to identify the three graphene rotational domains. In these patterns (Vstart = 40 V), the black dash arrows indicate the Ir diffraction peaks, while the blue, green and red arrows indicate the carbon peaks for R0, R14 and R19 domains, respectively.
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 2 FIG. 2. (a) 6 µm field of view LEEM image (Vstart = 10 V) of the graphene/Ir(111) surface after deposition at room temperature of a 1 ML thick Co layer, which results in randomly distributed clusters (dark dots) atop the graphene sheet. (b) LEEM image (Vstart = 4 V) of the same region of the surface after annealing at 125 • C. The different rotational domains have been colored for clarity. R0, R14 and R19 appear blue, grey and red, respectively. Wrinkles are highlighted by white lines.
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 3 FIG. 3. Work function measurement of clean Ir (taken as a reference) and graphene/Ir surfaces (empty and full red circles, respectively). The same comparison is made between 1 ML of Co on Ir (empty squares) and the dark regions observed on the R14 and R19 domains (filled squares).
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