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Abstract

It is well known that intercalated species can strongly affect the graphene-substrate inter-
action. Asrepeatedly shown by experiment and theory, the intercalation of atomic species
may establish a free-standing character in chemisorbed graphene systems. Here, we focus
on graphene grown on a strongly interacting support, cobalt, and demonstrate that the
film electronic structure and doping can be tuned via the intercalation/de-intercalation
of interfacial oxygen. Importantly, cathode lens microscopy reveals the main mechanism
of oxygen intercalation, highlighting the fundamental role of microscopic openings in
graphene in oxygen enrichment at the graphene/cobalt interface. Our experiments show
that this process can be carefully controlled through temperature, without affecting the
film morphology and crystalline quality. The presence of oxygen at the interface induces
an upward shift of the graphene m band, moving its crossing above the Fermi level, ac-
companied by an increased Fermi velocity and reduced momentum width. Control on
the graphene coupling to cobalt may enable one to alter the induced spin polarization in
graphenes electronic states.

1. Introduction

The usage of graphene in next-generation electronics demands an accurate control
of the coupling between the film and the underlying support. This is particularly true
for the case of metal electrodes where a controlled alignment of the electronic states and
band-gap opening is required. Another relevant case is the spin-dependent electronic
transport in graphene, where the spin polarization is induced by the proximity with a
ferromagnetic support.
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Among the various Gr/metal coupled systems, graphene/cobalt heterostacks are of
significant interest in 2D magnetism. Compared to other ferromagnetic supports, such as
Ni and Fe, ultrathin Co undergoes a graphene-induced spin reorientation transition from
in-plane to out-of-plane, which has direct relevance for high-density data storage with
reduced energy consumption. Another intriguing feature of Gr/Co is the presence of
antisymmetric Dzyaloshinskii-Moriya exchange interaction (DMI) when such ultrathin
heterostacks are supported on particular heavy metal substrates. As a consequence,
the occurrence of chiral domain walls foresee the stabilization of skyrmions or other
topologically-protected magnetic structures to be used for high processing speed in next-
generation spintronic devices.

In this context, the manipulation of the interface structure is a pathway to control
the electronic interaction at the interface, and hence a possible way to tune the magnetic
properties of the Gr/Co heterostack. Intercalation of foreign atoms and molecules, for
instance Oy, Hy, H20O and CO, provides an established method to decouple graphene
from the substrate. Such decoupling is most frequently accompanied by a notable mod-
ification of the graphene electronic structure, as has been demonstrated for the case of
graphene on various transition metals, e.g. Ir, Ru, Ni, Cu [1, 2, 3, 4, 5]. In this respect,
the intercalation of oxygen has attracted considerable interest, as it may find application
in graphene transfer methods [6], graphene doping [1, 7, 8, 9] and catalysis in confined
spaces [8, 10, 11]. In a few cases, the intercalation process has proven to be reversible
[9, 12]. From the point of view of chemical kinetics, the intercalation is a spatially hetero-
geneous process. In the case that the graphene film is physisorbed on the substrate, the
intercalation and diffusion of the adspecies are facilitated by a large graphene-substrate
separation and their relatively weak interaction [8, 4]. Instead, for strongly-interacting
substrates the penetration of adatoms through the graphene layer is thought to occur at
defects in the graphene lattice, such as vacancies or grain boundaries. Therefore, eluci-
dating the underlying mechanisms related to the lateral heterogeneity of the graphene
layer is of importance.

Along these lines, the current study focus on the intercalation/de-intercalation of oxy-
gen at the graphene-cobalt interface with emphasis on the role of heterogeneities within
the graphene layer. The interest in this system derives from the possibility to modify
spin-dependent interaction occurring between graphene and cobalt. It has been recently
demonstrated that the strong coupling at the graphene-cobalt interface induces a pro-
nounced spin-polarization in graphene band features close to the Fermi level (termed in
the literature as the minicone states) [13, 14, 15, 16, 17]. Thus, shifts in the graphene elec-
tronic bands induced by intercalated species offer a means to control the spin-polarization
in the graphene states. Moreover, such changes are expected to also affect the magnetic
properties of the ferromagnetic support itself, most importantly regarding the enhanced
perpendicular magnetic anisotropy (PMA) in ultra-thin Co films induced by graphene
[18, 19, 20, 21, 22]. In particular, by suppressing (or restoring) the hybridization between
Gr and substrate atoms, the intercalation of oxygen can change the magnetic anisotropy
of cobalt, which may find application in sensors and devices.

Despite the large number of works addressing the intercalation of exo-species under
graphene, the case of graphene-Co and oxygen has been the subject of only one study
to date [23]. Here, we present a microscopy investigation of oxygen intercalation in
graphene/Co and its relevance on graphenes electronic properties. We employ a set of
methods based on cathode lens microscopy, namely Low Energy Electron Microscopy
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(LEEM) and X-ray Photoemission Electron Microscopy (XPEEM) for the characteri-
zation of oxygen intercalation at the graphene/cobalt interface and its relation to the
lateral heterogeneity found in the graphene layer. This is followed by the investigation
of the oxygen-induced effects on the electronic structure of the system performed using
synchrotron-based k-resolved PhotoEmission Electron Microscopy (k-PEEM). The last
part of the manuscript treats the reversibility of the intercalation process, such that
the properties of the pristine graphene/cobalt system can be restored, thus allowing for
intercalation/deintercalation cycles.

2. Methods

All experiments were performed at the Nanospectroscopy (SPELEEM) [24] and Na-
noESCA (PEEM) [25] experimental end-stations of the Elettra storage ring (Trieste,
Ttaly), located at the same beamline. The beamline provides soft X-rays in the energy
range 25-1000 eV, with tunable elliptical and linear polarization.

The LEEM and XPEEM experiments were carried out using the Spectroscopic Pho-
toemission and Low Energy Electron Microscope (SPELEEM). This instrument com-
bines Low Energy Electron Microscopy (LEEM) and Diffraction (LEED) with X-ray
Photo-Emission Electron Microscopy (X-PEEM). In LEEM, the contrast between differ-
ent surface regions arises from differences in the elastic backscattering cross-sections of
low energy electrons, and it is specific for different surface phases (both from chemical
and structural point of view). The electron energy is chosen by applying a voltage bias
to the sample, commonly known as start voltage, Vi;. LEEM microscopy allows one to
image the specimen surface at video frame rate and hence can be employed for real-time
imaging of dynamical processes at surfaces (lateral resolution better than 15 nm). In
X-PEEM mode, the image contrast originates from local variations in the photoemission
intensity, which is associated with the presence of distinct chemical species. By scan-
ning the energies across relevant core level energies, XPEEM allows to characterize the
chemical composition of the surface, with high lateral resolution (less then 30 nm) being
exploited to perform laterally resolved XPS in imaging mode.

The NanoESCA endstation hosts a electrostatic PEEM equipped with a double-pass
hemispherical analyzer (Focus GmBH/Omicron NanoESCA II). By proper tuning of
the lenses, the instrument can operate in both real and reciprocal space mode. The
instrument, in reciprocal space mode operation, is capable of detecting angle-resolved
photoemission intensities in the full-emission hemisphere above the sample surface. This
operation mode allows the acquisition of 2D momentum maps at selected kinetic energy.
By changing the electron kinetic energy, the E vs. k data cube can be obtained, with
parallel momentum varying in the [-2; 2] A range. From the 3D stack of images, the
momentum maps along arbitrarily chosen directions can be extracted. The data were
collected using p-polarized light at a photon energy of 56 eV; in the geometry of our set-
up, the polarization vector forms an angle of 65° with the sample surface. The energy
and momentum resolutions were 75 meV and 0.05 A, respectively. The binding energy
scale is referred to as bare Co Fermi edge.

The samples were prepared by depositing cobalt from a high purity rod (99.995%)
using an e-beam evaporator. A W(110) single crystal was chosen as substrate, which
favors Co epitaxial growth. The deposition was carried out keeping the sample at room
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temperature until a thickness of about 10 nm was reached. The samples were post an-
nealed in UHV, which improved the crystalline quality of the film, as verified by LEED.
Graphene was grown by ethylene CVD, by backfilling the experimental chamber with
ethylene (2-4-10~¢ mbar range) while keeping the sample at about 500 °C. This treat-
ment leads to the formation of rotationally incoherent graphene, which was transformed
into an epitaxial layer during subsequent annealing to higher temperatures, as detailed in
ref. [26]. The oxygen intercalation at the Gr/Co interface was obtained by exposing the
surface to molecular oxygen (p = 5-10~% mbar) at a temperature of about 200-220 °C.
The values of oxygen exposure in the manuscript are given in Langmuirs (1 L = 1.33-10~°
mbar-s). All preparation steps and the intercalation process were monitored in real time
using LEEM; XPEEM was used for the spatially resolved chemical characterization of
the sample. The electronic structure was investigated using momentum-resolved photoe-
mission spectroscopy.

3. Results and discussion

Graphene was grown by CVD of CoHy at T ~ 500 °C, resulting in the formation of
a film with rotational domains oriented at about 20° with respect to the Co high sym-
metry directions [14] (indicated as R20 in the following). Subsequently, graphene was
transformed into an epitaxial layer (R0). The transformation between the two graphene
orientations occurs through a recrystallization process assisted by the dissolution of car-
bon in the topmost Co surface layer. The process is described in detail in ref. [27, 26].
Notably, the transformation to epitaxial graphene (bright regions in Fig. 1la) leaves a
residual coverage of R20 islands (light gray contrast) plus few holes in the graphene film
(dark regions in Fig. 1). Here, cobalt carbides are formed [26]. We found that the size
and the number of the carbidic holes can be controlled by tuning the p/T ratio during
CVD. For our preparation conditions, we estimate that the carbidic holes cover about
5% of the surface, see Figure la.

We did not observe oxygen intercalation at RT even upon exposure to ambient pres-
sure, proving the efficiency of graphene as a protective barrier against oxidation. The
intercalation of oxygen below graphene is known to be a thermally activated process,
occurring in the temperature range between 200 and 400 °C. In our preparations, ex-
posure to molecular oxygen was thus carried out in the 200-250 °C temperature range,
being well below 450 °C, in order to prevent graphene etching by reaction with atomic
oxygen. Under these conditions we found that the intercalation starts after about 200 L
O, exposure, as illustrated by the LEEM images in Fig. 1. Here, the growing regions
where oxygen has intercalated appear neutral grey. The change of image contrast, caused
by the local variation of the electron reflectivity, indicates the formation of a different
surface phase. We note that the intercalation front initiates in the proximity of the
carbidic regions, i.e. holes in the graphene layer (Fig. 1b) and then propagates (Fig.
1c-e) following the step morphology of the cobalt film (visible in LEEM such as steps
and grain boundaries). In the regions of epitaxial graphene without carbidic holes, the
spontaneous intercalation points, defined as spatial regions where local oxygen enrich-
ment occurs at the interface, are absent. Considering that, together with the presence of
clear intercalation fronts, suggests that the intercalation mainly obeys the edge-limiting
mechanism [7]. A different behavior is observed in the R20 region. The start of oxygen
accumulation underneath these rotated regions depends on the relative distance from the
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Figure 1: Series of LEEM images (Vs¢= 13 V) showing the intercalation during O2 exposure (p = 5.10—6
mbar) at T = 220 °C. a) As prepared surface, consisting of epitaxial (bright), rotational Gr/Co domains
(light gray) and holes in the layer visible (dark). b-d) Sequence of images showing the intercalation
process. The intercalated and non-intercalated (pristine) areas have dark gray and bright contrast,
respectively. Oz dose is indicated in the images. e) Surface after the exposure of 5000 L (corresponding
to about 62’) Oz at 220 °C.



carbidic intercalation centers. This allows us to exclude the influence of grain boundaries
as intercalation centers. However, once started (Fig. 1), the intercalation under the R20
domains appears to proceed faster as compared to the RO ones. This observation is in
line with the work by Bignardi et al. [12] and by Vlaic et al. [28] (O intercalation in
Gr/Ni and Co intercalation in Gr/Ir(111) respectively) and is an indication that the
energy barrier for Og diffusion at the interface is smaller for the rotated phase. We
remark that in a sample fully composed by misoriented graphene domains and absent
of carbidic islands, oxygen accumulation was not observed even after about 5000 L of
oxygen exposure.

As seen in Fig. le, after dosing 10000 L of oxygen, about 20% of the surface remains

non-intercalated; this value varies across the sample depending on the local morphology of
the graphene/Co interface (RO and R20) as well as on the density of the carbidic islands.
In our experiment, we have found that the non-intercalated regions lie exclusively in the
RO phase, and these regions do not contain carbidic holes. These facts support the idea
that the rate-limiting step of the process occurs at the intercalation front itself.
The possible limiting steps are two: i) the detachment of the edge carbon atoms from the
metal, as in the case for gr/Ru(0001) by Sutter et al. [8]; ii) the diffusion of adsorbed O
atoms through the edge of the graphene/metal interface, where the C-M bond is broken
and the dangling bonds passivated by oxygen atoms [7].

The intercalation rate observed in our experiment is estimated to be 0.1 pm?/s,
which was obtained by measuring the time-dependent propagation of the intercalated
area visible in Fig. 1. This value can allow us to estimate the activation energy for
the intercalation of oxygen in Gr/ Co, as described in detail in the Supporting Infor-
mation. The energy barrier for Gr/O/Co is about 0.4 eV, close to that found for the
Gr/O/Ru(0001) system [8].

The intercalation manifests with the rise of the O 1s signal in the XPS spectrum (Fig.
2a). We identify a single O 1s peak at Fp = 529.5 eV, characteristic of chemisorbed
atomic oxygen [29, 30], therefore excluding the formation of cobalt oxide species. XPEEM
at the O Is core level (Fig. 2¢) highlights that the oxygen is inhomogeneously distributed
across the surface. The highest oxygen concentration is found at the carbidic holes of
the graphene layer (region C in Fig. 2¢). The O Is photoemission signal from the non-
intercalated regions is below the instrumental detection limit, meaning that the interca-
lation is restricted to the oxygen diffusion front. Therefore, the underlying mechanism
proceeds through oxygen adsorption and decomposition at the carbidic islands, which
act as atomic oxygen supply, allowing for its accumulation under the graphene layer.
The absence of the O 1s signal in the non-intercalated regions means that the epitaxial
graphene layer itself is impermeable to Oa.

The C Is core level spectrum (Fig. 2b) exhibits significant changes upon oxygen
intercalation. The C Is component at a binding energy of 285.05 eV, attributed to
strongly interacting graphene, shifts by 1.1 eV towards lower binding energy (Ep= 283.95
ev), as expected in the case of graphene decoupled from its support. The marked binding
energy shift upon the presence of oxygen indicates the suppression of the charge transfer
between the graphene and the metal substrate (quasi-free-standing graphene) [1, 2, 5, 9,
31]. The fitted peak area is identical to that of the pristine regions and is unchanged
with respect to the sample before intercalation. Thus, we can conclude that the amount
of C possibly removed during the oxygen intercalation is below the XPS detection limit.
In addition to the core-level shift, the work function of the system also changes upon
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Figure 2: a,c) Local spectra and XPEEM image at the O Is core level (hv = 650 eV) acquired after
intercalation, evidencing the inhomogeneous O enrichment: for non-intercalated regions (A), intercalated
areas (B) and O-rich areas (C) located close to the holes (i.e. the intercalation starting points). b)
Local spectra at the C Is core level (hv = 400 €V) for the pristine (not intercalated) regions (A) and
intercalated regions (B); intercalated regions show a peak shifted by 1 eV to lower binding energy. d,e)
XPEEM images acquired in the C Is region (at binding energies as indicated in the images) at the
non-interacting peak (d) and at the interacting peak (e). The two images are characterized by a clear
inversion of contrast.



intercalation, with a value 0.85 eV higher with respect to the pristine case.

By comparing the O 1s and C Is peak intensity, accounting for the attenuation

lengths, damping and photoionization cross-sections, we find the oxygen/carbon ratio
to be approximatively 1:4. This ratio can be justified by the formation of a p(2x2)-20
structure, characterized by an oxygen coverage of 0.5 ML [32]. At this coverage, the most
stable structure features a unit cell composed by an oxygen atom in the fcc and one in
hep site, according to ref. [32].
On the contrary to what has been observed upon oxygen intercalation at TM /graphene
interfaces, where oxidation of the metal support occurs [1, 33], we exclude oxidation of the
Co substrate under these conditions based on the Co 8p XPS, the valence band spectrum
in normal emission and the XAS at the Co Lo 3. In all the spectra, we confirm the
absence of the typical oxide fingerprint. Moreover, we performed X-ray Magnetic Circular
Dichroism (XMCD) measurements at the Co Lg 3 edge in remanent magnetization (see
Supporting Information). The analysis of the spectra reveals that the ferromagnetic
character of the cobalt substrate is preserved after intercalation. Using the well-known
sum rules [34, 35], and a number of 3d holes of 2.9, we determined the values of the
magnetic moments. The extracted value of the orbital moment py = 0.18up and of the
spin moment pugs = 1.47up are in agreement with the values determined for a cobalt
thin film under graphene [36]. This fact is of fundamental importance when considering
cobalt as a building block for the realization of spintronic devices. We remark that the
presence of the oxygen atoms in between the Co and the Gr causes the damping of the
Co-related features in all spectra from the intercalated regions.

In order to get an insight into the effects of oxygen intercalation on the electronic
structure, momentum mapping in the valence band has been performed. The momentum
maps from the oxygen intercalated Gr/Co are compared to the experimentally found band
structure of the Gr/Co measured before intercalation. As previously reported [14, 16],
the interaction of graphene with Co leads to the formation of two Dirac-like features
(Fig. 3a), one at high binding energy and a second one at the Fermi level (mini-cone,
following the nomenclature introduced by Usachov et al. [14]). The strong hybridization
of the substrate d states with p, orbitals of graphene atoms shifts the graphene 7 band
to higher binding energies, as visible in Fig. 3a. The graphene-related features in the
momentum distribution curves (MDCs), acquired along the 'K direction, were fitted
with two Lorentzian profiles between Ep = 5.1 eV and Ep = 3 e€V. The interpolation of
the Lorentzian maxima with a linear fit allowed us to estimate that the Dirac point is
positioned at Ep = 2.83+0.04 eV, while the value of the Fermi velocity (vp) is found to
be 1.01-10° m/s, in agreement with [14].

Oxygen intercalation dramatically alters the electronic structure, as shown in Fig. 3b.
The main Dirac cone is shifted upwards while we note the disappearance of the mini-cone
feature. The shifting of the main Dirac cone originates from the lifting of the graphene
7w and cobalt d band hybridization, leading to an upward translation of the graphene 7
band, whose crossing at K point is 0.434+0.03 eV above the Fermi level, indicating hole
doping of the graphene layer as expected from the presence of the oxygen. The position
of the Dirac cone apex in this case is found at slightly lower binding energy values with
respect to similar TM/Oq/graphene interfaces: 0.55 eV for Ru(0001) [37], 0.80 eV /0.57
eV for Ir(111) [38, 2], 0.63 for Rh(111) [39] and 0.35 for Cu(111) [9]. Moreover, upon
intercalation, the Fermi velocity increases by about 9% (vp = 1.09-10m/s), becoming
closer to that of the free-standing graphene layer [40].
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Figure 3: a) Momentum map acquired along I'K direction and centered at the K point of: a) pristine
Gr/Co interface b) fully oxygen intercalated region. c¢) Energy dependence of the momentum width of
the graphene related features in the electronic structure. Ep - Ep indicates the binding energy with
respect to the Dirac point in the two distinct cases (a) and b)). d) VB photoemission spectra acquired in
normal emission of the two phases listed above. All spectra were acquired at -140 °C, using p-polarized
photons as excitation source of hv = 56 eV.
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Figure 4: Sample surface comprising pristine (A) and intercalated regions (B) after UHV annealing (T
= 420 °C) and O deintercalation a) LEEM image (Vst= 5 V) of the surface b) Local spectra at the
O 1Is core level from (A) non-intercalated regions and (B) the intercalated areas (B); for comparison the
O Is spectrum from the intercalated region prior to the treatment is shown (thin red dotted line). c)
Local spectra at the C 1s core level (hv = 400 eV) from A and B regions.

The dispersion of the graphene band near its apex can be approximated as linear;
therefore, the momentum width (extracted from the Lorentzian fit as described before) is
proportional to the electronic scattering rate deriving from the many-body interactions
such as electron-electron, electron-phonon and electron-defect scattering. The width of
the graphene 7 band at the same Ep - Ep point (i.e. corresponding to an energy scale
referred to the Dirac point) is smaller in the case of oxygen-intercalated graphene, thus
confirming the similarity to a free-standing system (Fig. 3c). In addition, we notice
that the experimentally determines values of FWHM and v are in good agreement with
those obtained for oxygen intercalated graphene on Ni(111) [12]. Finally, the spectra
acquired in normal emission, around the I" point (Fig. 3e), show that the intensity of the
Co 3d bands is reduced upon Os intercalation. This effect is observed to be different for
the two 3d bands (majority and minority spin). In fact, while the band present at Ep
= 1.25 eV (majority-like) is almost fully attenuated, the intensity of the feature at 0.32
eV (minority-like) remains almost unaffected.

The abrupt change of the graphene band structure between the pristine and the
intercalated regions is in agreement with the LEEM/XPEEM data. The existence of a
sharp intercalation front allows one to have only two distinct types of regions. Therefore,
no intermediate electronic configuration between these two states can be observed.

3.1. Reversibility of the process

Aiming to achieve a reversible modification of the electronic structure, we investigated
the possibility of cycling the intercalation process by first removing the oxygen from the
surface and then fully restoring the Gr layer in such a way that Os can be repeatedly
intercalated. In the intercalated regions of the sample, we found that the oxygen removal
takes place by annealing at T > 380 °C. The LEEM image (Fig. 4a) shows that the
deintercalation is locally associated with a structural change of the surface layer (region
B), as highlighted by the presence of an inhomogeneous contrast. The O-free regions
instead remain essentially unchanged by the treatment (region A).

In fact, previous studies have shown that the de-intercalation of oxygen is usually
activated by UHV annealing in the range 280-330 °C [2, 12], but also at T up to 420 °C
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[9]. Notably, in this temperature range, graphene etching is observed, and actually the
graphene layer partially deteriorates due to carbon removal and defect formation. In the
case of oxygen removal from the Gr/Ni(111) interface, severe damage of the graphene
network is observed [1], while in the case of Ir(111), more than 50% of the initial graphene
coverage is desorbed upon annealing of the intercalated graphene/metal interface [2].

XPEEM spectromicroscopy confirms that oxygen is removed from the intercalated
regions, as indicated by the substantial reduction of the O Is intensity (Fig. 4b), with a
residual quantity of about 2% with respect to the intercalated case. At the same time, we
find that the C Is peak (Fig. 4c) shifts back to its original value (i.e. strongly interacting
graphene on Co); with only a minor component at lower binding energies (Ep = 284.4
eV), which can be associated to the emission from the graphene atoms at the edges of
the residual islands and/or atomic defects. The total C Is intensity, as determined by
peak fitting, is 20% lower as compared to the O-free regions, indicating a deterioration
of the carbon layer during the oxygen removal. In fact, the absence of atomic carbon
fingerprint confirms that the carbon on the surface is still organized in graphene patches,
meaning that there is no disgregation of graphene. Therefore, during desorption, oxygen
partially recombines with the C atoms from the Gr. In the limiting case that no other
channel for C removal is accessible, oxygen should desorb principally as C'O and COa,
while Os production should be much lower given the relative atomic density (O:C =
1:4). However, we note that in principle other channels for carbon removal are available
in the temperature range used, such as bulk dissolution [26], and therefore the relative
abundances of desorbing gasses could be different. The integrity of the graphene layer
can be restored by CVD of CoHy, using the same conditions as for the preparation.
Regrowth occurs only in the C-poor regions, whereas no 2"? layer nucleation is found
anywhere on the surface. Importantly, by this procedure the surface can be restored to
its original state so that the full cycle can be in principle reiterated.

4. Conclusions

We exploited oxygen intercalation/de-intercalation as a method to reversibly switch
the graphene coupling with the ferromagnetic substrate on and off. A real-time study
of the intercalation reveals that the oxygen enrichment at the graphene/cobalt interface
depends on the mutual epitaxial relation between graphene and the substrate and on the
concentration of holes (carbidic islands) in the graphene layer. In the case of epitaxially
oriented graphene, we demonstrated that the holes in the layer plays a fundamental role,
acting as intercalation centers. This is also supported by the fact that independently
from the rotational coherence of the graphene layer, the intercalation is strongly sup-
pressed or absent when the holes are not present. The size and density of these islands,
which can be controlled adjusting the T /p parameters during the graphene synthesis, are
fundamental factors influencing both the intercalation kinetics and the extent of inter-
calated areas. In the final configuration, the concentration of oxygen in the intercalated
areas corresponds to a surface coverage of a 0.5 ML. From the spectroscopical point of
view, the presence of such amount of oxygen induces a chemical shift of the graphene
C 1s peak by 1.1 eV to lower binding energies. We have shown that the intercalation
of the sample does not alter the oxidation state of the cobalt substrate and therefore
its ferromagnetic character is preserved even after a saturated oxygen coverage at the
graphene/metal interface. Moreover, it has been shown that the decoupling of graphene
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from its support is reversible. This is obtained by first annealing above 380 °C the inter-
calated graphene/cobalt interface, allowing for oxygen removal, subsequently followed by
the CVD graphene re-growth. This procedure allowed us to obtain a pristine graphene
layer, which can be repeatedly subjected to intercalation.

Valence band mapping reveals that in the intercalated regions, the graphene band
structure acquires a nearly free-standing character with slight p-doping, with the Dirac
point found at 0.43 eV above the Fermi level. Moreover, the presence of oxygen leads to
an increased Fermi velocity of the charge carriers with respect to the pristine case. The
electronic decoupling has relevant consequences for the induced magnetism in graphene;
in fact, after intercalation, the spin-polarized feature (minicone band) at the Fermi level
disappears.

Considering the above listed facts, the ability to obtain a multiphased surface, com-
posed both by intercalated and non-intercalated graphene, paves a way to functionalize
the graphene/cobalt interface, since the regions with different electronic character coexist
on the same surface.
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