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Abstract

Using density functional theory (DFT) calculations and angle-resolved
photoemission spectroscopy (ARPES) the structural and electronic proper-
ties of graphene on the surface and subsurface Co-Ir alloy are investigated
upon the intercalation of Co in graphene/Ir(111). It is found computation-
ally that the interaction strength between graphene and substrate is strongly
affected by the composition and nature of an alloy, implying the large differ-
ence in the electronic structure of monolayer graphene on Co,lIry_,/Ir(111)

and Ir/Co,Iry_,/Ir(111). All theoretical results are supported by our ARPES

*Corresponding author
**Corresponding author
Corresponding author
Email addresses: yuriy.dedkov@icloud.com (Yuriy Dedkov),
sergio.vlaic@espci.fr (Sergio Vlaic), elena.voloshina@icloud.com (Elena
Voloshina)

Preprint submitted to Carbon April 6, 2021



10

15

data, which demonstrate the disappearance of the Dirac cone when graphene
lies on Co and its restoration upon the formation of the subsurface Co-Ir al-
loy.

Keywords:

graphene, intercalation, alloy, DF'T, LEED, STM, ARPES

1. Introduction

Since the first isolation of free-standing graphene (gr) and remarkable ex-
periments on its transport properties in 2005 [I, 2], numerous studies have
been conducted on graphene mainly due to its excellent electronic [3], ther-
mal [4], and mechanical [5] 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 [6l [7, 8], reduction of graphene oxide [9, 10], and chemical vapor de-
position (CVD) on metals and semiconductors [11], 12} [13], 14]. Among these
strategies, the CVD of graphene on metals has become the most promis-
ing approach because of its inexpensive and large-scale preparation of high-
quality graphene films [I5] [16]. Moreover, it is found that the graphene-metal
system is a very interesting object in itself |17, 18] 19 20]. For example, the
moiré structure is formed by graphene on a variety of metal substrates, such
as Ir(111) 21, 22, 23, 24, 25, 26] and Ru(0001) [27, 28, 29, 50, B31] due to
the relatively large lattice constant mismatch between graphene and sub-

strate. More interestingly, the ferromagnetic substrates, such as Co(0001)
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and Ni(111), induce magnetic polarisation in graphene and overlap with a
graphene valence state in reciprocal space for one spin direction only [32] 33|
341, 35, 136], which are appealing properties for future spintronic devices [37].

Intercalation of different species, and particularly metal layers, in be-
tween 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 7 bands resulted from the hybridisation between the Cu and
the carbon derived states [38]. 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 [39, 40}, 41]. However, the intercalation of alloy in between
graphene and substrate, which may bring new properties to graphene, is still
largely unexplored [42, [43].

In this combined theoretical and experimental study, we gain a unique
and detailed insight into the properties of graphene on surface alloy
gr/Co,Ir;_,/Ir(111) and subsurface alloy gr/Ir/Co,Ir;_,/Ir(111). By per-
forming the state-of-the-art first principles calculations, we explore how dif-
ferent 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
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design of graphene-based devices.

2. Computational and Experimental Details

DFT calculations. The DF'T calculations were carried out with the Vi-
enna ab initio simulation package (VASP) [44], 45], 46], employing the gen-
eralised gradient approximation (GGA) functional of Perdew, Burke and
Ernzerhof (PBE) [47]. The van der Waals interactions were incorporated
by the semi-empirical approach of Grimme through the D2 correction [4§].
The ion-cores were described by projector-augmented-wave (PAW) poten-
tials [49] 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 500eV. A
[-centred 3 x 3 x 1 k-point mesh was used. Due to the different lattice con-
stants of graphene and metal support, the systems studied in the present
work were modelled by a (10 x 10) graphene unit cell placed on a (9 x 9) cell
of Ir(111) with the intercalation of Co-Ir alloy. The Co-Ir alloy is simulated
by a Co,lIr;_, layer after random replacing Ir atoms by Co atoms. In order
to prevent interlayer interaction within the periodic images, a vacuum spac-
ing of 20 A was applied for all systems. Our slab geometry includes in total
605 atoms (1 layer of graphene, 1 layer of Co,lIr;_, 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 (ar11) = 2.723 A). The positions (z,
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 0.02eV/ A. The convergence criteria for energy was set equal to

1072 eV. The STM images were calculated using the Tersoff-Hamann formal-



70

75

80

85

90

ism [50]. To recover an effective primitive cell band structure picture from
the supercell band structure, the BandsUP software was employed [51], 52].

Ezperiments. The same Ir(111) crystal was used in all experiments and
it has been cleaned in UHV environment by cycles of Ar™ sputtering at
1keV and flash annealing at 1400 K. A graphene layer has been grown by
repeated cycles of temperature programmed growth (TPG) [21], exposing the
Ir surface to ethylene (partial pressure 2 x 107" 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
graphene coverage has been measured by scanning tunnelling microscopy
(STM) in one case and by Auger electron spectroscopy in the angle-resolved
photoemission spectroscopy (ARPES) chamber comparing the peak to peak
intensity of the Auger C KVV signal (272eV) with respect to the one of
full graphene layer grown on Ir by exposing the surface of the sample to
2 x 107" mbar of ethylene at 1400K for 1h [53].

STM and ARPES experiments have been performed in two separated
ultra-high vacuum (UHV) stations in identical experimental conditions al-
lowing the reproducibility of the sample preparation. Both experimental
stations are equipped with low energy electron diffraction (LEED). Base pres-
sure in both stations is < 8 x 107! mbar. ARPES measurements have been
performed with SPECS PHOIBOS 225-2D-CCD hemispherical analyser, us-
ing a p-polarised (90% degree of polarisation) Hell discharge spectral line
(hv = 40.8¢eV) as a photon source. During ARPES measurements the sam-

ple was placed on the 6-axis fully motorised manipulator and was kept at
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T < 50K. STM experiments were carried with an Omicron VT STM in the
constant-current mode at room temperature using electrochemically etched
polycrystalline tungsten tips cleaned in UHV by flash annealing. The sign
of the bias voltage corresponds to the voltage at the sample. Tunnelling pa-
rameters are: Ur = 1V for tunnelling voltage and I = 1 nA for tunnelling

current.

3. Results and Discussion

3.1. Theoretical analysis

To understand how the different stoichiometric compositions of Co,lIr{_,
alloy influence the morphological structure of the gr/Co-Ir interface, five val-
ues 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,lIr;_,, Co,Iry_,/Co,lIr;_, and Ir/Co,Ir;_, on Ir(111) substrate are
used to absorb the graphene layer. The summary of theoretical results for all
studied systems are presented in TableS1 of Supporting Information. Here
we only focus on the gr/Co,Ir;_,/Ir(111) and gr/Ir/Co,Ir;_,/Ir(111) sys-
tems. 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.[Ia)),
which are surrounded by a carbon ring with respect to the adsorption po-
sition [19]. From Figure [I[(b)-(e) and TableS1 of Supporting Information
it can be clearly seen that an enhanced corrugation of the graphene moiré

superstructure is formed on the top of Co,Iry_,/Ir(111) compared to that on
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Ir(111). For x = 0.25, the minimum distance between graphene and the first
layer of the substrate is 3.017 A, indicating the physisorption of graphene
on the substrate. As x increases, the average height of the graphene layer
with respect to the first layer dramatically decreases. At the same time for
large x, we observe the coexistence of physisorbed and chemisorbed graphene,
depending on the lateral position of C atoms above the top layer of the sub-
strate. The physisorbed regime dominated by the van der Waals interaction
is mainly distributed around the ATOP site with Ah > 3.0 A, resulting in
the formation of local protrusions. In the chemisorbed case, a close adsorp-
tion distance reaches a value as low as ~ 1.9 A (1.883 A for 2 = 0.50, 1.895 A
for z = 0.75 and 1.912 A for z = 1.00), since the p, orbitals of C atoms hy-
bridise strongly with the Co d orbitals. Therefore, the graphene corrugation
becomes pronounced with the increase of x.

In contrast, the presence of subsurface alloy of Ir/Co,Ir;_, weakens the
corrugation of the graphene layer compared to the gr/Ir(111) system as shown
in Figure [I(f)-(i) and TableS1 of Supporting Information. In particular,
the local protrusions around ATOP tend to be flat, leading to an indistinct
moiré structure. For all cases of the gr/Ir/Co,Ir;_,/Ir(111) interface, the
calculated distances between graphene and the first metal layer keep around
3.4 A and are characteristic of physisorbed graphene, which indicates that
the interaction of graphene with Ir layer is rather weak. With the increase of
x, there is no obvious change in the corrugation, suggesting the insensitivity
of morphological structure to the subsurface alloy. Overall, on the basis of
structural arguments, our calculations reveal that the position, as well as

stoichiometric compositions of the Co-Ir alloy, drives the corrugation of the
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graphene layer in the mismatched structures.

The interfacial charge density differences for gr/Co,lr;_,/Ir(111) and
gr/Ir/Co,lry_, /Ir(111) are plotted in FigureS1 to deeper understand the
effects of surface and subsurface alloy on the morphological structure of
graphene. In the absence of Co-Ir alloy, there is a minor redistribution and
electronic polarisation between graphene and Ir(111). When the Co-Ir alloy
is present at the surface of Ir(111), the charge transfer between graphene and
substrate is much stronger than that between graphene and Ir(111). Further-
more, with the increase of x, the charge accumulation between graphene and
surface alloy increases significantly, resulting in the strong chemical bonds
between graphene and the Co-Ir alloy. As a result, the C-C bonds of graphene
on the Co,lIry_,/Ir(111) would be weaker than those on Ir(111). When the
Co-Ir alloy is buried under the top Ir layer, the charge density transferred
from the Ir surface layer to graphene is slightly reduced compared to the
gr/Tr(111) system due to the electronic structure effect of Co (3d"4s?) and
Ir (5d"6s?) atoms. The top view in Figure S1(f)-(i) shows that as the x in-
creases, the electronic polarisation of the alloy layer first enhances and then
weakens, reaching the maximum at x = 0.5. The less charge accumula-
tion between graphene and surface Ir induced by the subsurface alloy could
confine the out-of-plane deformation of graphene, and therefore, the C-C
bonds of graphene adsorbed on Ir/Co,Ir;_,/Ir(111) are closer to those of
freestanding graphene. In summary, the surface Co-Ir alloy could enhance
the interfacial interaction between graphene and substrate, while the sub-
surface Co alloy weakens the interfacial interaction between graphene and

substrate (Fig. [J(a)), implying the big difference in the electronic structure
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of monolayer graphene on Co,lIr;_,/Ir(111) and Ir/Co,Ir_, /Ir(111).

In order to assess the stability of the considered systems, we compare the
total energies of gr/Co,Ir;_,/Ir(111) and gr/Ir/Co,Ir;_, /Ir(111) and further
obtain the energy difference (AF) per atom as a function of x ratio as illus-
trated in Figure 2[b). At z = 0.25, the gr/Ir/Co,Ir;_,/Ir(111) is energeti-
cally more favourable than gr/Co,Ir;_,/Ir(111) by 9.4 meV per atom, despite
the interaction between graphene and the first layer in gr/Ir/Co,Iry . /Ir(111)
is much weaker than that in gr/Co,Ir;_,/Ir(111). As the x value increases,
the gr/Ir/Co,lIr;_, /Ir(111) is consistently more stable, but the total energy
difference per atom significantly decreases: AE = 4.3meV for z = 0.50
and AE = 2.2meV for x = 0.75. However, when the x increases to 1, the
energy difference has an opposite trend, where the gr/Ir/Co,lIr,_,/Ir(111)
system is energetically unfavourable by 7.3meV per atom. We attribute
this phenomenon mainly to the following joint effects: (1) the interaction
between the top layer of the substrate and the graphene layer and (2) the
deformation energy of graphene. More specifically, at a low Co concentra-
tion, the interaction between the graphene layer and the surface Co-Ir alloy
is insufficient to overcome the deformation of graphene, consequently form-
ing a subsurface alloy underneath the gr/Ir interface bilayer. With the in-
creases of x, more chemical bonds are constructed between graphene and
Co-Ir alloy in system of gr/Co,Ir;_,/Ir(111), thereby stabilising its system
and further reducing the energy difference between gr/Co,lIr;_,/Ir(111) and
gr/Ir/Co,lIry_, /Ir(111). When the x reaches a certain value, the interaction
between graphene and surface alloy is strong enough to overcome the defor-

mation of a graphene monolayer and therefore the alloy tends to exist on the
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surface under graphene. Our structure and stability analysis also confirms
that the selective tuning of the Co concentration enables modifying the moiré
superstructure of graphene via changing the position of alloy in gr/Ir(111).
To characterise the changes in the electronic structure induced by Co-Ir al-
loy intercalation, we performed spin-polarised band structure calculation for
gr/Co,lIry_, /Ir(111) and gr/Ir/Co,Ir;_,/Ir(111). The results are presented
in Figure [3| and FigureS2. Due to the weak interaction between graphene
and Ir(111), the band structure of gr/Ir(111) has quasi freestanding charac-
ter where graphene is p-doped with the Dirac point located at 0.11eV above
Er (Fig.S2(a) and Fig. F(a)). Also, a band gap of 0.22eV is opened at
the Dirac point as a result of the hybridisation of the graphene-derived =
and valence band states of Ir, which agrees well with the previous study of
0.2...0.3eV[19, 54, 55]. Formation of a Cog95lrg 75 alloy at the gr-Ir interface
yields some changes in the graphene-derived band structure (Fig. S2(b) and
Fig.[3(b)). Firstly, the presence of Co leads to small downward shift of both
the m and o states due to the electron donation from Co to the graphene 7
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 m-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 7 states
due to the large overlap of the C p, states and Co d states (Fig. S2(c)). With
increasing x to 0.5 the blurring of the energy bands also increases. In addi-

tion, new 7 and o states appear accompanied by the original one. As the

10
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x value becomes 1, the band structure of gr/Co/Ir(111) is similar to that
of gr/Cogslrgs/Ir(111) with one exception that the band structure evolves
clearly and the m and o states exhibit a clear shift toward more negative
energy (Fig.S2(d)).

When graphene is adsorbed on Ir/Co,Iry_, /Ir(111), the dispersion of the
graphene-derived 7 state in the vicinity of the K point and Dirac cone can
still be clearly identified for = 0.5 and z = 1 (Fig.3|c) and (d)). In the case
of complete Co monolayer (i.e. z = 1), a clear p-doping of a graphene layer is
detected with the calculated position of the Dirac point of Ep— Er = 0.27eV
and Ep — Er = 0.18€V for spin-up and spin-down channels, respectively.
Furthermore, one can observe the existence of the energy gap of 0.20eV in
the energy dispersion of the -band (Fig.[3[(c)). For z = 0.5, graphene derived
m-bands are slightly blurred, that does not allow to determine clearly neither
position of Dirac point nor the band gap width (Fig. [3[(d)). Still, quasi
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 7 band at he K point is weakly spin-polarised with 0.09 eV
energy splitting (Fig. [3(d)).

3.2. FExperimental 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 [50, [19]), 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-

11
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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 mecha-
nisms can be controlled by the sample preparation conditions [57, 58]. Tt
has been demonstrated that the intermixing between Co and Ir atoms starts
at temperatures of above 773K [59, [60]. To control the onset of the al-
loy formation, we therefore fixed the Co intercalation temperature to 673 K,
1. 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 [6I], the graphene layer has been grown by temperature
programmed growth (TPG) [21] 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 in-
tercalation. The graphene layer becomes strongly corrugated (corrugation
of about 0.1nm) 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 broaden-
ing of its bands dispersions observed in the photoemission data by a factor
of ~ 1.5 [22], which, within our resolution, is equivalent to the one of a
complete graphene layer grown by standards CVD technique [53] 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 interca-

lated Co layer and its effect on the graphene dispersion, we first present the

12
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electronic properties of the bare Ir(111) substrate along the My, —K, 1" di-
rection (see Fig. [fa,b)). Here, three Ir-derived surface states, named S1, 52
and 53, are easily recognisable. Another electronic band, named I according
to refs [62] 63], is weekly dispersing. At the K, point the S2 and S3 states
become barely distinguishable, while the I state moves to higher binding en-
ergy. The effect of the 1 ML deposition of Co at room temperature on bare
Ir(111) is showed in Figure [4c). Co grows pseudomorphic to Ir, as seen by
the LEED diffraction pattern shown as inset, modifying the electronic dis-
persion. Along the K, —I' direction a new state, dispersing similarly to the
I state, appears at a lower binding energy (=~ 100meV). Along the Mg, —K,,
direction, this new states mimics the dispersion of the 53 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 Col state making it a clear
indicator of the structural quality of the Co-Ir interface.

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 Col 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

13
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between graphene (75% coverage) and Ir(111) by Co deposition at 673 K.
The electronic dispersion of such sample is shown in Figure [{f(e). The Col
state and the graphene Dirac cone can be easily identified. Moreover the
graphene Dirac cone can be fitted by a tight binding model up to the third
nearest neighbour (red dashed lines). The excellent agreement, as expected
for quasi-freestanding graphene [64], of the fit demonstrates that our sample
is composed of regions of gr/Ir(111) and regions of gr/Co/Ir(111). A further
annealing to 873 K dramatically changes the electronic dispersion (Fig. [4f))
via the formation of the Co-Ir alloy. Along the Mg, —K,, direction the disper-
sion of the Col state is clearly modified. Moreover the Dirac cone, although
still present at the Fermi level, shrinks and its dispersion changes with re-
spect the tight binding model. The strong enhancement of all the band width
is probably due to the formation of Co-Ir alloy with a random stoichiome-
try but the presence of the graphene Dirac cone suggest the formation of a

subsurface alloy according to our calculations.

4. Conclusions

In summary, we systematically studied the interaction and electronic
properties of a graphene layer with Co,Iry_,/Ir(111) and Ir/Co,Iry_, /Ir(111)
with variable Co concentration by DFT-D2 method. The computational
results indicate that the surface alloy of Co,lIr;_, on Ir(111) will remark-
ably enhance the corrugation of the graphene moiré superstructure, and this
trend strengthens with the increase of x. In contrast, the subsurface alloy of
Co,lry_, in Ir(111) would suppress the geometrical corrugation and this effect

is rather insensitive to the x value, leading to a relatively flat graphene mono-
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layer. Accordingly, there is more charge accumulation between graphene and
surface alloy, especially at the chemisorption region of gr/Co,Ir;_, /Ir(111);
the presence of the subsurface alloy slightly weakens the charge transfer be-
tween graphene and Ir surface layer due to the electronic structure effect. The
analysis of stability suggests that at low Co concentration, the Co,Ir;_, alloy
prefers to exist on the subsurface underneath the gr/Ir interface bilayer to in-
teract indirectly with the graphene layer; whereas at high Co concentration,
Co,lr;_, alloy tends to segregate to the surface, thereby directly bonding
with the graphene monolayer. This depends on the balance between the de-
formation of graphene and the interaction of graphene with the substrate.
Our band structure calculation shows that the strong interaction of graphene
with Co atoms destroys the Dirac cone; the formation of a subsurface Co-Ir
alloy weakens the interaction between graphene and substrate and thereby
makes the graphene layer more quasi freestanding with weak p doping. The
results of our DFT calculations are supported by intensive ARPES measure-
ments, which demonstrate that, when graphene is lying on a Co monolayer
on Ir(111), the Dirac cone vanishes. The formation of subsurface Co-Ir alloy

restores the presence of the Dirac cone at the Fermi level.
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Figure 1: Structural models of (a)-(e) Gr/Co,Iri_,/Ir(111) and (f)-(i) Gr/Ir/
CoyIry_, /Ir(111) with £=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.
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Figure 2: (a) The interaction energy (AFE,) per C-atom as a function of z ratio for
gr/Co,Ir;_,/Ir(111) (blue) and gr/Ir/Co,Ir_,/Ir(111) (red). (b) The total energy dif-
ference (AEio) per atom as a function of x ratio for gr/Co,Ir;_, /Ir(111) (blue) and

gr/Ir/Co,Iry_, /Ir(111) (red).
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Figure 3: Band structures of (a) gr/Ir(111), (b) gr/Cog.25lrg.75/Ir(111), (c)
gr/Ir/Cog 51rg.5/Ir(111) and (d) gr/Ir/Co/Ir(111) in the vicinity of the K point obtained
after the unfolding procedure for the graphene (1 x 1) primitive cell. Spin-up (red) and

spin-down (blue) states are shown in (b)-(d).
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Figure 4: (a) Schematic representation of the gr and Ir(111) Brillouin zones. The green
thick line highlight the Mg,—K,—I' direction in reciprocal space used for the electronic
dispersion shown in (b)-(f). Electronic band dispersions obtained in ARPES experi-
ments for (b) the Ir(111) surface, (c) single Co layer on Ir(111), (d) gr/Coimi/Ir, (e)
gr/Cog smr/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.
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