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ABSTRACT

The dispersion of the electronic states of epitaxial graphene (Gr) depends significantly on the strength of the bonding with the underlying
substrate. We report on empty electron states in cobalt-intercalated Gr grown on Ir(111), studied by angle-resolved inverse photoemission
spectroscopy and x-ray absorption spectroscopy, complemented with density functional theory calculations. The weakly bonded Gr on Ir
preserves the peculiar spectroscopic features of the Gr band structure, and the empty spectral densities are almost unperturbed. Upon inter-
calation of a Co layer, the electronic response of the interface changes, with an intermixing of the Gr 7#* bands and Co d states, which breaks
the symmetry of 71/0 states, and a downshift of the upper part of the Gr Dirac cone. Similarly, the image potential of Ir(111) is unaltered by the
Gr layer, while a downward shift is induced upon Co intercalation, as unveiled by the image state energy dispersion mapped in a large region

of the surface Brillouin zone.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0021814

. INTRODUCTION

The intercalation of metal layers under graphene (Gr) has been
the subject of keen interest in the past decade for fundamental
and applied physics, in particular due to the possibility of creat-
ing a magnetic system with tunable properties. ° The main out-
comes of the metal intercalation are the modulation of the Gr elec-
tronic structure near the Dirac cone,”  the evolution of the inter-
facial moiré pattern and surface corrugation,“'" " and the effects of
Gr on protecting the vulnerable surface properties of the under-
neath substrate. In fact, thanks to its chemical stability, Gr protects
highly reactive surfaces and stabilizes magnetic thin films against
oxidation.”

The electronic properties of epitaxial Gr significantly depend
on the supporting substrate and on the interface. For instance,
Gr grown on Ir(111) presents a rippled moiré superstructure,

indicating a weak interaction with the metallic substrate and
preserving the peculiar spectroscopic features of the Gr band struc-
ture, such as the Dirac cone.'”'° Conversely, the growth of Gr
onto transition metal (TM) surfaces, such as Ni(111) or Co(0001),
of interest for their ferromagnetic coupling, generally results in a
better lattice matching at the expense of a perturbed band struc-
ture,’” as shown by angle-resolved photoemission spectroscopy
(AR-PES).'*"

While the precise evolution of the Gr-filled electronic states
and of the Dirac cone has been determined for a large class
of intercalated Gr systems,”’* the response of the empty states
has been much less investigated. Recently, angle-resolved two
photon-photoemission (AR-2PPE)"*** and scanning tunneling
spectroscopy’’ have unveiled processes involving image-potential
states (ISs) in metal surfaces covered by Gr. ISs are observed within
the surface-projected bulk bandgap and are related to electrons
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trapped by the attractive image-charge potential just outside the
surface. The response of ISs to the composite dielectric/metal sys-
tems involving Gr is itself of fundamental physical interest. The-
oretically, a dual Rydberg-like series of even and odd symmetry
image-potential states is expected in a single freestanding sheet
of Gr.”

The underlying metal substrate can break the mirror symmetry
of the Gr layer as reported for Gr on Ru(0001) and Gr on Pt(111),”
while scanning tunneling spectroscopy measurements”’ unveil two
series of ISs in Gr single and bilayer grown on SiC. Image-potential
states are very sensitive to any change of shape or/and environment
of the Gr sheet. The topography, the interlayer and impurity inter-
actions, the intercalated layers, and the evolution of the metallic
surface states upon intercalation can all strongly affect the IS energy
and dispersion.”””" In this respect, angle-resolved inverse photoe-
mission spectroscopy (AR-IPES) is an ideal probe to map empty
states, and ISs in particular, especially when looking at a wide region
of the surface Brillouin zone.

In this paper, we report on the direct band structure mapping
of empty states for cobalt-intercalated Gr on Ir(111) by means of
AR-IPES and Near Edge X-ray Absorption Fine Structure (NEX-
AFS). Noticeably, image-potential states are explicitly addressed by
AR-IPES data. First principles simulations based on density func-
tional theory (DFT) were also performed to calculate the electronic
structure (DOS and bands) and simulate NEXAFS for Gr/Ir(111)
and Gr/1ML-Co/Ir(111). At variance with AR-2PPE, AR-IPES can
explore uncharted regions of the energy space E(k), allowing for a
direct comparison of the evolution of the empty states of Ir(111),
a single layer of Gr on Ir(111), and the cobalt layer sandwiched
between Gr and Ir(111). Carbon-projected band dispersion for free-
standing Gr and Gr/Co(0001) systems is also analyzed and used to
discuss the AR-IPES data.

This paper is organized as follows. In Sec. II A, we describe
the experimental methods, including growth, characterization of
the samples, NEXAFS, and AR-IPES setup, while in Sec. II B, we
report the details of the first principles computational approach.
Next, in Sec. III A, we discuss experimental and theoretical results,
including NEXAFS data, concerning the characterization of the
samples before and after cobalt intercalation. Finally, empty states,
sampled using AR-IPES, are reported and discussed in Sec. III B,
together with band structures computed at the Kohn-Sham DFT
level.

Il. METHODS

A. Experimental details

Sample preparation and AR-IPES measurements took place
in an ultra-high vacuum system working at a base pressure in the
1 x 107" mbar range.”” The Ir(111) substrate was cleaned by sput-
tering and annealing cycles (up to 1470 K). The substrate was then
exposed to oxygen at a pressure of 1.3 x 10”7 mbar (overall expo-
sure is 8 L, considering 1 L = 1.33 x 10~% mbar x s) with the surface
kept at 1170 K in order to segregate and desorb carbon. Subsequent
flashes at 1470 K removed adsorbed oxygen.” The quality of the
samples and the consistency with literature data of the entire pro-
cedure are ensured by low energy electron diffraction (LEED) and
photoemission (see Refs. 29 and 30 for more details). The Gr layer
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was prepared by repeatedly exposing the Ir(111) surface up to 45 L of
ethylene (C;Hy) and annealing at 1300 K. The quality of the Gr layer
was then assessed by x-ray photoemission, considering the Ir 4f to
C 1s core level intensity ratio,”’ and the sharpness of the moiré
pattern with LEED.

Cobalt was deposited on Gr/Ir(111) at room temperature (RT)
by molecular beam epitaxy, using a homemade e-beam sublimation
cell loaded with a high purity (6N) Co rod. The intercalation of Co
is achieved by annealing at about 670 K (i.e., well below the tem-
perature threshold for Co-Ir interface alloying’*""). The nominal
Co thickness was 2.5 A, estimated by means of a quartz microbal-
ance, i.e., slightly in excess of the Co ML thickness, assumed to
be close to the bulk Ir(111) interplanar spacing (2.22 A™*) for a
pseudomorphic-type of growth.

IPES measurements were performed by extracting electrons
with laser light from a GaAs(100) photocathode prepared according
to standard procedures,””* and detecting 9.6 €V photons emitted in
the inverse photoemission process by means of a bandpass detector.
The system operates in the isochromatic mode, i.e., at fixed pho-
ton energy and by changing the energy of impinging electrons.”
The full width at half maximum energy (angular) resolution is about
0.7 eV (3°).

NEXAFS and photoemission measurements were performed
at the SuperESCA beamline of the synchrotron radiation facil-
ity ELETTRA (Trieste, Italy). The C K edge was acquired in the
Auger yield mode, collecting the tail of the KLL Auger electrons,
at a kinetic energy of about 260 eV, within an energy window of
12 eV and with an overall energy resolution of 100 meV. Measure-
ments were acquired with horizontal linearly polarized radiation
and with the electric field vector either parallel or almost normal
(about 70°) with respect to the surface plane, by rotating the sample
position.

B. Computational details

DFT simulations were performed using the plane-wave and
pseudopotential implementation provided by the QuaNTUM ESPRESSO
distribution”*" using the Local Density Approximation (LDA)
exchange-correlation functional, according to the Perdew-Zunger
parameterization.”” Consistent with our previous work,” Gr/Ir(111)
and Gr/1IML-Co/Ir(111) were simulated including the complete
moiré-induced periodicity by using a 9 x 9 supercell of Ir(111),
corresponding to a 10 x 10 supercell of pristine Gr. For com-
parison, freestanding Gr and 1 x 1 Gr/Co(0001) were also
computed.

Since, for the case of a single layer of Co intercalated under
graphene, Co assumes the same structure of Ir(111) [see LEED in
Fig. 1(d)], the moiré superstructures of Gr/Ir(111) and Gr/1ML-
Co/Ir(111) have the same periodicity. In practice, we have treated
the Co layer with the same registry of one extra Ir layer, except
for the interlayer distance, which has been relaxed. For both inter-
faces, we have considered the lattice parameters of Ir bulk relaxed
at the LDA level using ultrasoft pseudopotentials (USPP), result-
ing in an Ir-Ir distance of 2.7048 A (corresponding to a hexago-
nal cell of 46.001 Bohr radii) for the moiré structure. Four metal-
lic layers (3 Ir plus one Co layer or 4 Ir layers) were included in
the calculations. A layer of H atoms was included at the bottom
of the slab to make the two sides of the slab inequivalent. Atomic
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FIG. 1. Left panels: low energy electron diffraction (LEED) images taken at a beam energy of 140 eV: (a) Ir(111), (b) Gr/Ir(111), (c) as deposited 1ML-Co/Gr/Ir(111), and (d)
after Co intercalation by annealing at 670 K [i.e., Gr/1ML-Co/Ir(111)]. At the bottom: sketch of the diffraction pattern of the Ir(111) surface. The surface Brillouin zone (SBZ) is
shown in red. Middle panels: (e) side and top views of the corrugation and moiré pattern of Gr/Ir(111) and (f) of Gr/1ML-Co/Ir(111), as determined by DFT. Right panel: (g) Ir
4f core level photoemission, taken at hv = 176 eV, of Gr/Ir(111) (black curve), 1ML-Co/Gr/Ir(111) (blue curve) and Gr/1ML-Co/Ir(111) (red curve). All spectra show Ir 4f, and
Ir 47/, core levels [with a bulk (B) and surface (S) component before Co intercalation], and Co 3p core level (after Co deposition).

positions were then fully relaxed (except for the two bottom Ir lay-
ers and the H saturation layer) until ionic forces were smaller than
0.001 Ry/bohr. All the self-consistent calculations were performed
by using a 2 x 2 grid of k-points, norm-conserving pseudopoten-
tials, and a kinetic energy cutoff of 75 Ry to represent Kohn-Sham
wavefunctions.

NEXAFS spectra were simulated using the xspectra code.””
The absorption from the core levels was simulated by considering a
carbon pseudopotential including a half core-hole (HCH).""*’ One
HCH atom per cell (i.e., every 200 C atoms), substituting a regular
C atom, was placed at different positions in order to sample valley,
intermediate, and peak regions of the moiré superstructure, as well
as the two sub-lattices of Gr. The final spectrum was obtained by
averaging the spectra over 8 selected sampling points. More details
on the averaging procedure are provided in the supplementary
material.

The C-projected band structures for Gr/Co(0001) in the 1 x 1
unit cell (shown in Fig. 6) have been computed for a slab includ-
ing Gr, 10 layers of Co, and a saturating back layer of H atoms.
The lattice parameter of the slab (2.430 A) has been taken from a
full relaxation of the Co hcp structure, done at the DFT-LDA level
(see also the supplementary material for more details). Comparison
with calculations done using 4, 6, and 8 Co layers is provided in the
supplementary material.

IlIl. RESULTS AND DISCUSSION
A. Co intercalation and NEXAFS data

The intercalation of a single layer of cobalt, sandwiched
between the Ir(111) surface and Gr, results in a corrugated Gr layer
with a moiré superstructure superimposed to the hexagonal lat-
tice of Gr, as deduced from the LEED patterns reported in the left

panels of Fig. 1. The Ir(111) LEED [Fig. 1(a)] shows bright hexago-
nal spots and after Gr growth [Fig. 1(b)], a larger hexagonal pattern
surrounded by hexagonal satellites (up to third order diffraction fea-
tures), consistent with the smaller Gr lattice parameter, and a moiré
superstructure caused by the lattice mismatch between Gr and Ir.”’
After Co deposition [Fig. 1(c)], the surface shows an unaltered pat-
tern, only slightly attenuated after the Co addition, while the num-
ber of satellite spots is reduced when the Co layer is intercalated
underneath Gr [Fig. 1(d)]. These differences are likely correlated
with the changes in the Gr morphology in the presence of the Co
intercalation."’

The Co-C interaction in the moiré superstructure depends
on the C site, with the result of increasing the corrugation of the
Gr layer. The interaction with Gr is stronger in top-hollow and
bridge sites, while the van der Waals-like interaction is reported
for other sites (showing fcc/hep stacking),”” as confirmed by DFT
structural models.””"”" The increase of the Gr corrugation upon
Co intercalation and the structural details of the moiré structures,
as computed in our DFT calculations, are illustrated in Figs. 1(e)
and 1(f).

The graphene layer, almost unperturbed by the Ir(111) under-
lying surface, is highly perturbed upon Co intercalation, and a strong
C-Co interaction is observed. This can be clearly unveiled by pho-
toemission from the Ir 4fs/; and Ir 4f7, core levels, both with com-
ponents originating from bulk (B) and surface (S), as shown in
Fig. 1(g). The surface components, at about 0.5 eV lower binding
energy, due to emission from the topmost atomic layer of Ir(111),
are unaffected by the formation of the Gr layer (black curve), cor-
roborating the formation of a quasi-freestanding electronic struc-
ture of Gr, and they are essentially unchanged after the deposition
of Co on Gr (blue curve, a mere attenuation of both surface and
volume contributions is seen as due to the Co overlayer). Com-
ing to Co intercalation under the graphene layer (red curve), the
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Co 3p levels are only slightly attenuated in intensity with respect
to the non-intercalated case (blue curve). While a Co,Ir;_, inter-
face alloying has been recently reported at annealing temperatures
higher than 900 K,” here, the intensity ratio between Co 3p and
Ir 4f states is almost unchanged, showing that at the intercalation
temperature (well below 900 K), the bulk solubility of Co atoms must
be negligible.

On the other side, the intercalation of Co at 670 K induces
a sudden quenching of the Ir surface components [Fig. 1(g), red
curve] and strongly influences the photoemission from the overly-
ing Gr membrane, as exhaustively discussed in previous papers.'””’
Moreover, cobalt deposited on top of the Gr layer does not influ-
ence the C 1s line shape, as shown in the spectra reported in
the supplementary material. After intercalation, the C 1s core
level photoemission presents a multi-component line shape with
two main features, at 284.42 eV and 284.92 eV.'”’' These are
assigned to the C atoms in the Gr layer weakly and strongly bound
to the intercalated Co layer, respectively. Such experimental evi-
dence and the disappearance of the Ir surface components prove
a homogeneous Co intercalation, featuring a Co-Gr interaction
upon intercalation with a redistribution of the charge density at
the Gr/1IML-Co/Ir(111) interface, in turn preventing any Co-Ir
alloying.

ARTICLE scitation.org/journalljcp

A further signature of the interaction of corrugated Gr with the
underlying Co layer can be highlighted by the C K absorption spec-
tra (NEXAFS) for Gr/Ir(111) and Gr/1IML-Co/Ir(111) reported in
panels [(a) and (b)] of Fig. 2. The electric field oriented almost nor-
mal (70° with respect to the surface plane) allows one to enhance
the signal from the 7™ states, even though this setup does not com-
pletely quench the ¢* state contribution. Concerning Gr/Ir(111),
the main peak at 285.5 eV is associated with the 7* conduction
states. Moreover, a shoulder located at about 284.2 eV can be seen
in Fig. 2(a). This feature observed for single layer Gr on metals,
graphene flakes” "’ and nano-graphite grains,” was attributed to
edge-derived electronic states. However, in the present case, the
highly ordered corrugated Gr structure with large single domains
cannot justify a contribution from edge defects to the pre-edge fea-
ture. On the other hand, a small p-doping observed for Gr/Ir(111)"
can induce a tiny density of empty states below the Dirac cone apex
available for the excited core electrons. This is supported by our
DFT simulations where the comparison between the DOS computed
for freestanding Gr and Gr on Ir reveals a small p-doping corre-
sponding to an excess charge of about 1.1 x 107° electrons per C
atom (DOS plots and more details in Fig. S4 of the supplementary
material). The higher energy features are due to transitions toward
higher-lying states resonant with contributions coming from the

NEXAFS Computed NEXAFS Computed DOS
() ——p pol. (c) —— ppol. (e) —Cn
= s pol. —— s pol. —_— Co
St ¢
= 2 =
ki =
(b) —pol. (d) = p pol. ) Co
=5 pol. —_Cn
N —_— COo
=z z
- B =
= % g
3 = z
O = k=
280 285 "200 0 T T 295 300 5 10 5 5 "10
Photon Energy (eV) Energy (eV) Energy (eV)

FIG. 2. Measured NEXAFS [(a) and (b)], computed NEXAFS [(c) and (d)], and DOS data [(e) and (f)] for Gr/Ir(111) (upper panels) and Gr/1ML-Co/Ir(111) (lower panels),
respectively. Purple and red lines correspond to C 1s levels excited by out-of-plane and in-plane polarized photons. Vertical dashed lines correspond to the Fermi level
reference, as deduced by the energy position of the C 1s core levels (284.13 eV for Gr/lr; 284.92 eV and 284.42 for Gr/Co/Ir). Central panels: simulated NEXAFS spectra
averaged over different positions of the half core-hole (see the supplementary material). The gray lines represent the spectra computed for different core-holes and give an
idea of the initial-state induced broadening of the spectra. Right panels: computed DOS projected on Co and Gr o (C s + py + py) and 7 (C p) orbitals for the same systems.

The zero of the energy scale corresponds to the Fermi level.
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o* conduction states, thus more visible in the s configuration (red
curve).

The measured C K absorption edge of Gr/1IML-Co/Ir(111) is
reported in Fig. 2(b). Three main signatures diversify the NEX-
AFS spectra before and after the Co intercalation: (i) the dis-
appearance of the pre-edge feature due to the small p-doping
observed for Gr/Ir(111), (ii) a broadening of the spectral features
related to the n* and ¢* transitions, and (iii) an energy shift of
the absorption onset larger for the ¢* transitions than for the 7*
ones.

The quenching of the pre-edge can be ascribed to the removal
of p-doping due to a shift of the Dirac cone, as described in the
computed band reported in Fig. 6 (Sec. III B). As far as it concerns
the n* transitions, the main peak, centered at 285.7 eV, appears
weaker and broader. Moreover, in the energy region above the onset,
between 287 eV and 290 eV, a wide shoulder appears in both p and
s configurations, as observed also for Gr grown on highly interact-
ing substrates like Gr/Ru(0001), Gr/Rh(111), or Gr/Ni(111).”° The
origin of the smearing of these features can be due to both initial
state effects and hybridization of the out-of-plane C-7 and Co-d
final states. The initial state effect is due to the spatially modu-
lated adsorption potential of C upon Co-intercalation, which stems
from the moiré structure of Gr/Ir(111), reflected in different bind-
ing energies of the C 1s Gr core levels. After intercalation, the C 1s
core level photoemission presents a multi-component line shape
with two main features, at 284.42 eV and 284.92 eV,'”"! assigned
to C atoms in the Gr layer weakly and strongly bound to the inter-
calated Co layer, respectively, as reported in the supplementary
material.

The presence of these features induces a convolution of a multi-
edge onset; however, they cannot fully explain the large broaden-
ing of the spectral density in the energy range of 285 eV-290 eV,
where the contribution from the hybridized Co-C states dominates.
As supported by the DFT calculations [see below and Fig. 2(f)],
a contribution to the 7" transition spectral density can be cer-
tainly ascribed to the hybridization of C-7 and Co states induced
by the intercalation. Such contribution is further evidenced by
changing the light polarization from p to s. In fact, in-plane ¢”
states present an onset at about 291 eV for Gr/Ir(111) with two
well-defined structures, while for Gr/1ML-Co/Ir(111), the absorp-
tion from the ¢™ states is observed also at lower photon energies
(285 €V-290 eV), with slightly smeared structures. This is con-
sistent with a broken symmetry of the n*-conduction states as
mixed with the Co d states, resulting in a non-negligible signal with
s-polarization.

In order to interpret the experimental results discussed above,
we have simulated the NEXAFS spectra for the in-plane and out-
of-plane polarizations using DFT and including core-hole effects
(see Sec. 1I B). The results are reported in Figs. 2(c) and 2(d) for
Gr/Ir(111) and Gr/1ML-Co/Ir(111), respectively. In both figures, we
show the spectra computed considering the half core-hole located on
different carbon atoms, sampling moiré valleys, hills, and intermedi-
ate regions (gray lines) and the final spectra obtained by performing
a weighted average (blue and red lines) that takes into account the
C-metal distance, as detailed in the supplementary material. The
comparison of the averaged spectra clearly shows a broadening of
the peaks for Gr/1ML-Co/Ir(111) when compared with Gr/Ir(111),
in agreement with experiments.
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In order to further clarify the differences seen in the NEX-
AFS spectra after Co intercalation, we report in Figs. 2(e) and 2(f)
the computed projected density of states (where no core-hole is
considered) of the two systems, focusing on the Gr n*- and ¢*-
projections. A less structured and more broadened DOS is clearly
evident for the case of Gr in Gr/1ML-Co/Ir(111), confirming the
idea of a contribution from the change of the final-state eigen-
pairs to the experimentally observed broadening of the NEXAFS
spectrum. The ¢” states located at 8.9 eV for Gr/Ir(111) are also
shifted toward lower energies, at 7.6 eV, for Gr/IML-Co/Ir(111).
Such a shift allows for the superposition of the Gr ¢* and Co
peaks and is in agreement with the downshift of the ¢* peaks seen
for Gr/IML-Co/Ir(111), in the measured and computed NEXAFS
spectra.

By comparing the NEXAFS spectra obtained with the half
core-hole located on different carbon atoms, it is evident that, in
the case of Gr/Ir(111), all the spectra are nearly superimposed.
In contrast, for Gr/1IML-Co/Ir(111), the position of the maxima
of the different spectra spans a larger range of energies. This ini-
tial state effect is clearly one of the contributions to the smear-
ing of the final averaged spectra. On the other hand, a close look
at the same individual contributions also shows that the Gr/1ML-
Co/Ir(111) spectra present broader features than Gr/Ir(111), which
can be ascribed to the hybridized Co-C states (changes in the
final state wavefunctions and eigenvalues). We can then con-
clude that both mechanisms (changes in the initial- and final-state
eigenpairs) contribute to the observed broadening of the NEXAFS
spectra.

Besides the broadening of the spectra, a shift in the energy
position of the ¢* and 7" main peaks of Gr/1ML-Co/Ir(111) with
respect to Gr/Ir(111) is observed. In agreement with experiments,
where a shift of about 0.8 V is measured, the main ¢* peak is found
in calculations 1.1 eV lower in energy for Gr/1IML-Co/Ir(111) than
for Gr/Ir(111). This means that the weaker the Gr-metal interac-
tion [Gr/Ir(111) compared to Gr/IML-Co/Ir(111), but also C atoms
further away from the surface in the moiré structure of Gr/1ML-
Co/Ir(111)], the higher the energy of the main ¢* peak in the
NEXAFS spectra. A downshift in the energy of the electronic ¢*
bands calculated for Gr/Co with respect the Gr layer is reported
in Fig. 6 (Sec. III B), confirming the observed shift of the onset
of the ¢* transition in the C K edge and the influence of the Co
layer under graphene even on the empty states far from the Fermi
level.

The detailed comparison between the C K edge and the sim-
ulated NEXAFS spectra and the projected density of empty states
clearly reproduce both the broadening and the energy shift of the
C states, and the superposition of these states with Co states, sig-
natures of the hybridization between Gr and Co orbitals, result-
ing also in the spin polarization of the Gr states. It is interest-
ing to notice that these features are already present in the com-
puted DOS of Gr/Co(0001), in which the Gr corrugation due to
the moiré pattern is not included. In fact, Fig. S4 of the sup-
plementary material and Fig. 6 in Sec. III B, again corroborate
the hybridization mechanism as responsible for the broadening
observed in the NEXAFS spectra. This adds up to the structural
effect due to the moiré structure, being, however, much smaller
than the hybridization mechanism, as shown in the supplementary
material.
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B. Co intercalation: Angle-resolved inverse
photoemission

We will now address the empty electronic structure, pay-
ing special attention to image-potential states (ISs). Figure 3 dis-
plays the AR-IPES spectra acquired on clean Ir(111), Gr/Ir(111),
and Gr/1IML-Co/Ir(111). The angle-resolved measurements were
performed by rotating the sample from normal incidence to 18°
along the [112]; axis, i.e., along the T' — K direction of the surface
Brillouin zone (SBZ), shown below the [(c) and (d)] panels of Fig. 1.
The Ir(111) spectra [Fig. 3(a)] are characterized by two main fea-
tures. The first one, slightly dispersive and located close to the Fermi
level (Eg), is related to transitions toward Ir 5d states.”” The second
feature, labeled I, is detected at 5.1 eV. Considering a work function
of 5.8 eV for Ir(111),” this corresponds to a binding energy (BE)
(with respect to the vacuum level) of 0.7 eV for the I state, which is
well within the BE range reported for the n = 1 IS of several other
TM (111) surfaces.”™”’

AR-IPES spectra from Gr/Ir(111) are reported in Fig. 3(b).
They do not present any appreciable difference with respect to the
clean Ir(111) surface, since Gr basically grows as an almost free-
standing ordered sheet on Ir(111), without affecting the states local-
ized at the surface.”” An important exception is peak I’, which shifts
toward lower energies, lying at 3.9 eV in the normal incidence spec-
trum. A similar feature is reported for both HOPG and Gr, and it
is attributed to an image potential state.'”*' Considering that epi-
taxial Gr decreases the work function of Ir(111) to 4.65 eV,” the
BE of such a state is 0.8 eV, i.e., similar to the value found for
Ir(111). Co deposition on top of the graphene layer leaves the AR-
IPES spectral density almost unperturbed, except for a decrease in
the intensity of all the empty electronic states with respect to the Ir
substrate.

Finally, AR-IPES spectra for Co-intercalated Gr/Ir(111),
reported in Fig. 3(c), show an attenuation of bulk features close
to Er, while the peak corresponding to the IS labeled I” is now

() Ir(111) (b) Gr/Ir(111)

(¢) Gr/Co/lr(111)
! I I I I E I Co/lGr/lr;I 1 1)l : l Co;Gr/I:(l 1 1; 181
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FIG. 3. AR-IPES spectra taken at various angles along the T — K direction of: (a)
Ir(111), (b) Gr/Ir(111), and (c) Gr/1ML-Col/Ir(111). Spectra related to as-deposited
1ML-Co/Gr/Ir(111), acquired at selected angles, are drawn in panels (b) and
(c) with thinner blue lines after an appropriate normalization. The spectra were
acquired at room temperature.
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located at about 2.8 eV. The work function of Gr/1IML-Co/Ir(111)
is considerably reduced to a value around 3.3 eV, thus giving an
IS binding energy of about 0.5 eV in this system. After the inter-
calation of the first Co layer, the surface component of the Ir 4f
surface states is quenched and the Rashba-Shockley state disap-
pears,”’ as observed in photoemission experiments. These Ir(111)
surface hallmarks, preserved with the graphene cover”’ and also
when cobalt is deposited on top, are damped by the Co-Ir inter-
action if the Co layer is sandwiched between graphene and the Ir
substrate, inducing a strong modification of the surface potential.
The characteristics of the I”’ state, therefore, account for the modifi-
cations in the surface potential due to the work function lowering®’
and a different screening due to the presence of the metal layer
onlIr(111).

The energy dispersion E(k) along the T' — K direction of the
image-potential states I, I’, and I" is shown in Fig. 4, together
with the experimental results of Ref. 23 measured by means of
two-photon photoemission. The I and I states of Ir(111) and
Gr/1IML-Co/Ir(111) present a small dispersion, not allowing for
a sensible evaluation of the their corresponding effective masses.
This is instead possible for the I’ state, visible on a larger k-
space region and showing a sizable dispersion. The parabolic fit
of the energy dispersion, shown as a red line in Fig. 4, gives
an effective mass of 1.1 me.. In addition, the analysis of the I
state on a wider k-space region definitively confirms the attribu-
tion of this feature to an IS done in the previously reported 2PPE
analysis.”

In order to explore a k-region closer to the K point of the SBZ,
where C-derived structures are expected, we extended the AR-IPES
investigation to larger incidence angles for the Gr/Ir(111) and the
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FIG. 4. Experimental AR-IPES data showing the momentum dispersion of states
I, I, and I"”. Experimental results from Ref. 23 are added for comparison. The red
line represents the best fit of I” dispersion.
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Gr/1ML-Co/Ir(111) samples. Our results are presented in Figs. 5(a)
and 5(b): close to Ef, the spectra are dominated by the Ir(111) sub-
strate contribution, as discussed in the supplementary material. We
focus here on the most significant features present at higher energies,
highlighted by a shaded area and labeled as G’ and G” for Gr/Ir(111)
and Gr/1ML-Co/Ir(111), respectively. In the case of Gr/Ir(111), the
shape, intensity, and angular dispersion of G’ are in good agree-
ment with the AR-IPES results of highly oriented pyrolytic graphite
(HOPG)®! and of multilayer Gr grown on 6H-SiC(0001),"” where
G’ is attributed to an electronic transition to the anti-bonding 7*
state. For increasing incidence angle, G’ shifts toward lower ener-
gies. Its E(k) dispersion is plotted in Fig. 6 (orange dots), where
the experimental points show a linear dispersion whose extrapo-
lation crosses Ep at the K point of the SBZ, as expected for the
Dirac cone of Gr. Cobalt deposited on top of the graphene layer
does not influence the topology of the Dirac cone, and the linear-
ity is preserved, as deduced by the blue spectra reported in Fig. 5
for IML-Co/Gr/Ir(111). Similar peaks related to transitions to the
n* states of the Dirac cone are also found for Gr/1IML-Co/Ir(111),
but shifted about 1 eV toward lower energies. They are labeled as
G" in Fig. 5(b), and their dispersion is shown in Fig. 6 (light blue
dots).”

In order to better understand the E(k) evolution of Gr empty
states, we compare our AR-IPES data with the band structure com-
puted within Kohn-Sham DFT. For a full theoretical simulation, it
would be in principle necessary to compute the bands for a 10 x 10
Gr layer on top of the metal surface, and then to unfold the electronic
states to the Gr primitive cell.” °° However, we preferred to follow
a simpler approach performing simulations for the 1 x 1 counter-
parts of Gr/Ir(111) and Gr/1ML-Co/Ir(111), namely, freestanding
Gr and Gr/Co(0001) treated in their primitive cells. The choice of
freestanding graphene is justified by the weak Gr/Ir interaction. The

(a) Gr/Ir(111)  (b) Gr/Co/Ir(111)
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FIG. 5. AR-IPES spectra taken at various angles along the T' — K direction of:
(@) Gr/lr(111) and (b) Gr/1ML-Co/Ir(111). Spectra related to as-deposited 1ML-
Co/Gr/Ir(111), acquired at selected angles, are drawn with thinner blue lines after
an appropriate normalization.
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FIG. 6. AR-IPES data for Gr/Ir(111) (G’, orange dots) and Gr/1ML-Co/Ir(111) (G”’,
light blue dots) compared to the bands computed, respectively, for freestanding
Cr (red dots) and flat Gr/Co(0001) (blue dots), taken as models of the two mea-
sured systems as explained in the main text. The bands were computed in the
1 x 1 unit cell and projected on atomic orbitals (after a Ldwin orthogonalization is
performed, as implemented in the QuANTUM ESPRESSO package™”“!). In the plot, the
size of the dots corresponds to the projection amplitude of the Kohn—Sham orbitals
of the whole system onto C atomic orbitals (graphene). For simplicity, only four dot
sizes are shown, corresponding to 5%, 15%, 30%, and 50%, respectively. Using
the LDA lattice parameter of Co-bulk (a = 2.430 A), K is located at 1.7238 A~".
This is compatible with the K point of the Gr/Ir(111) SBZ, set at 1.70 + 0.02 A~
from LEED and in agreement with Ref. 18.

Co(0001) surface, in contrast with Ir, has a lattice parameter sim-
ilar to graphene, and therefore, the interface can be described by
a 1 x 1 unit cell. On the other hand, the fact that the two com-
ponents of the interface are commensurate results in a graphene
sheet with no corrugation, contrary to what happens for Gr/1IML-
Co/Ir(111). The validity of the above approximation is supported by
the similarity of the electronic structure of the systems, as explained
in detail in the supplementary material, and allows for a simpler
analysis of the band dispersion. The computed results for the Gr
n* bands are also reported in Fig. 6 as red and blue dots for Gr
and Gr/Co(0001), respectively. The size of the dots corresponds to
the projection amplitude of the Kohn-Sham orbitals of the whole
system onto atomic orbitals of graphene, and the labels, 7 and o,
correspond to Cp; and C (s, px, py) orbital symmetries, respectively.
In the figure, the dot scale ranges from 5% to 50%, indicating a pro-
jection amplitude of at least the given value, justifying the apparent
discontinuity of the bands. A plot including the C projected bands
for a larger reciprocal space region is presented in Fig. S5 of the sup-
plementary material. Notwithstanding the difference between the
systems investigated, a good qualitative agreement is found between
the experimental G’ feature and the dispersion of the 7* bands of
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Gr. Similar to freestanding Gr, the 7* band starts at the I' point at
a large energy (10.75 eV) and ends up close to Er at the K point,
forming a Dirac cone. Good agreement is also found between the
experimental behavior of the G” feature and the theoretical model-
ing. In particular, the downward shift in energy for the Gr states in
Gr/1IML-Co/Ir(111) with respect to Gr/Ir(111) is well reproduced by
calculations.

Interestingly, an energy shift of about 2 eV of the occupied
Gr 7-bands at the T point has also been reported in (direct) pho-
toemission upon 1ML-Co intercalation.'”"” However, both empty
state dispersion and the good agreement with theoretical results
prove that the Co intercalation effect cannot be simply modeled as a
downshift of the Gr-bands, but rather needs to include hybridization
effects, which are expected also for empty states of the Gr/IML-
Co/Ir(111) interface, close to the Fermi level. Unambiguous detec-
tion of such states by IPES is prevented by the presence of the Ir
states dominating the spectra close to the Fermi level. However,
an experimental signature has been already clearly observed in the
broadening of the C K edge ascribed to hybridized Co-C states,
confirmed by the computed projected density of states shown in
Fig. 2.

IV. CONCLUSIONS

The intercalation of Co on Gr/Ir(111) induces a significant
modification of the Gr states at the interface, while Co deposi-
tion on top of Gr/Ir(111) preserves the graphene electronic struc-
ture. Thanks to the negligible bulk solubility of Co atoms in the
Ir substrate, Co sandwiched between Ir and Gr constitutes a sin-
gle homogeneous layer influencing the Gr electronic structure. The
downward shift of the Dirac cone is unveiled by AR-IPES and DFT
calculations. A larger corrugation of Gr upon Co intercalation and
the symmetry breaking of the /0 states hybridized with the metal-
lic Co bands induce also a broadening of the NEXAFS features for
Gr/1ML-Co/Ir(111) when compared with Gr/Ir(111), as confirmed
by the evolution of the projected density of empty states deduced by
DFT calculations.

A description of the changes occurring to the empty-state elec-
tronic structure during the various steps leading to the formation
of Co-intercalated Gr/Ir(111), starting from the bare Ir(111) sub-
strate, is unraveled by AR-IPES. Thanks to its angular resolution,
it provides complementary information on the spectroscopic fea-
tures related to the Gr layer. In particular, the unoccupied 7* states
shift away from the Fermi level along the T — K direction. It is
worth noting that the deposition of Co on top of the Gr/Ir(111)
structure does not modify the Dirac cone, consistent with the for-
mation of Co clusters,”” while the Co-intercalation induces a shift
of the Dirac cone and a symmetry breaking of the n/c states. The
image states of Ir(111), more sensitive to the potential at the sur-
face, are almost unperturbed when Gr covers the surface, even when
the Co is deposited on the Gr cover, while they are depressed and
shifted by the potential altered by the intercalated Co layer. Com-
bined AR-IPES, NEXAFS, and DFT have proved to be particularly
effective in determining in detail the empty electronic structure of
interacting graphene systems, unveiling the clear transition from a
nearly freestanding to a hybridized character of the graphene band
structure.
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SUPPLEMENTARY MATERIAL

See the supplementary material for the detailed description
of the core-hole positions used to average the computed NEXAFS
spectra, the similarity of the DOS for Gr and Gr/Ir(111), and for
Gr/Co(0001) and Gr/1ML-Co/Ir(111). AR-IPES spectra acquired on
the Ir(111) substrate and a figure summarizing the major spectro-
scopic changes occurring during the various phases of Co intercala-
tion are also included.
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