RESEARCH ARTICLE

W) Check for updates

ADVANCED
THEORY AND
SIMULATIONS

www.advtheorysimul.com

Electronic and Magnetic Properties of The
Graphene/RE/Ni(111) (RE: La, Yb) Intercalation-Like

Interfaces: A DFT Analysis

Qilin Guo, Roman Ovcharenko, Beate Paulus, Yuriy Dedkov,* and Elena Voloshina*

1. Introduction

The effect of the rare-earth (RE) metals (La and Yb) intercalation on the

electronic and magnetic properties of the graphene/Ni(111) interface is
studied using state-of-the-art density functional theory calculations. In both
systems, the intercalation of RE leads to the dramatic decrease of the
magnetic moments of the Ni-interface atoms and to the negligible moments
of C-atoms in a graphene layer, compared to the parent graphene/Ni(111)
system. At the same time, the significant n-doping of graphene together with
a band-gap opening is observed in both cases of the RE intercalation with a
position of the graphene Dirac point reaching E, — E. & —1.53 eV. Also the
large density of states is found in the vicinity of the Fermi level (E;) along the
M — K direction for the graphene-derived x states which can be attributed to
the joint effect of the intercalated RE and interface Ni atoms. These factors —
increased density of states at E; and absence of magnetism of C-atoms in a
graphene layer — indicate the possibility of the observation of the
superconductive state in graphene in the considered RE-based systems,
which is important for the understanding of these and other electronics

effects in the graphene-based systems.
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Graphene (gr), a pure 2D layer consisting
of carbon atoms arranged in a honeycomb
lattice, and different interfaces on its ba-
sis play an important role in condensed
matter physics and chemistry during last
decades.['% In many cases it is caused by
the unique physical and chemical prop-
erties of a free-standing ideal graphene,
which is considered as a model system
for the studies of different exciting phe-
nomena. Graphene has an exceptional elec-
tronic structure in the vicinity of the Fermi
level (E), where linearly dispersing energy
bands for 7 electrons form the so-called
Dirac cones and point-like Fermi surface.
For a graphene layer, which is used or con-
sidered in different electronic devices, its
electronic spectrum around the Dirac point
is usually strongly affected due to the in-
teraction between graphene and contact-
ing material. For example, the adsorption
of graphene on ferromagnetic substrates
leads to the induced magnetic moment in graphene and the re-
spective spin polarization of the graphene-derived = bands!’*!]
as well as to the increased magnetic anisotropy of the underlying
magnetic layers.!1213]

The graphene-based interfaces on metallic or semiconducting
supports allow to perform the modification of the electronic and
magnetic properties of graphene using either adsorption of dif-
ferent species on top of graphene or intercalation of different ma-
terials between graphene and support. Here, in the latter case,
the intercalation can lead to the decoupling of graphene from
the substrate and restoring the free-standing character of its car-
riers in the vicinity of Eg. Also, in some cases the intercalation
can allow to reach the desired properties of graphene, like the in-
crease of the induced magnetic moment of carbon atoms!®! or
to induce the spin-splitting of the graphene-derived bands us-
ing intercalated thin layers of heavy metals with strong spin-orbit
interaction.['*!

Following the discovery of the superconductivity in the bulk
graphite-intercalation compounds (GICs) YbC, and CaC, with
critical temperatures of 6.5 and 11.5 K, respectively,'>"'7] the
superconducting state was later confirmed for the Ca-doped
graphene laminates and graphene bi-layers (C;,CaC,) with a criti-
cal temperature of » 4 — 6 K and ~ 2 K, respectively.'#1%] Further
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Figure 1. Top and side views of a) gr/Ni(111), b) gr/La/Ni(111), and c) gr/Yb/Ni(111). Black, green, turquoise, and white spheres are C, La, Yb, and
Ni atoms, respectively. Small (red) and large (blue) rhombus indicate unit cells of graphene/Ni(111) and gr/RE/Ni(111), respectively. Side views for
all structures are taken along the graphene arm-chair edge and they are overlaid with electron charge difference maps: Ap(r) = pg,/re/ni(Y) — [Pg/ (1) +

pre (1) + oy (r)]- Here, Ap(r) is color coded as blue (—0.01e A=3) — green (0) —red (+0.01¢ A~3).

systematic experimental and theoretical studies of these systems  ture with respect to the parent gr/Ni(111) system. Our DFT re-
show that huge n-doping of graphene layers leads to the shift of  sults show very high n-doping of graphene with restoring of the
E; reaching the van Hove singularity formed by the z* band along  linear dispersion of the graphene-derived # band in the vicinity
the K — M direction of the Brillouin zone. This increase of the  of the Dirac point, reaching the position Ej, — E; ~ —1.53 eV. At
density of states in the vicinity of E; also leads to the enhance-  the same time a sizeable band gap is opened at the Dirac point for
ment of the electronic correlations as well as of the electron—  the graphene z band, attributed to the broken sublattice symme-
phonon coupling in the graphene-based systems.[!®172021] Fur-  try in a graphene layer and to the respective hybridization of the
ther spectroscopic experiments performed on the metal sup-  valence band states of graphene and RE. The observed huge dop-
ported graphene layers and intercalated with alkali- and alkali-  ing level of graphene in both gr/RE/Ni(111) systems leads to the
earth metals indicated very strong electron—phonon coupling for  increased density of states at Ej, arising from the van Hove singu-
the case of Ca-intercalated graphene with predicted transition  larity of the graphene states. This effect is attributed to the joint
temperature of 1.5 K,[?2l which, however is not yet experimentally  electron doping induced by RE and interface Ni atoms. These re-
confirmed. Considering the similarity between bulk YbC, and  sults indicate the possibility to observe the superconductive state
CaC;, further spectroscopic experiments were also devoted to the ~ for a graphene layer in the considered systems.
Yb-intercalated graphene-based system gr/Yb/SiC(0001),[2324]
where a strong shift of the graphene-derived bands was observed
and in the overdoping regime the electronic bands renormaliza-
tion along the K — M direction was observed. Figure 1 shows top and side views of the studied systems:
Graphene intercalation-like systems with different rare-earth  (a) parent gr/Ni(111) interface and (b) gr/La/ Ni(1111), (c)
(RE) metals as intercalants were intensively studied in the  gr/Yb/Ni(111) intercalation-like interfaces. The widely accepted
past.731 However, the theoretical analysis of the electronic and  structure of gr/Ni(111) is when carbon atoms are arranged in
magnetic properties of the gr/RE/metal interfaces is rarely ad-  the so-called top-fcc configuration on Ni(111).3235] In this case,
dressed. Here, we present the systematic state-of-the-art density ~ one of the carbon atoms of the graphene unit cell is placed
functional theory (DFT) studies of the gr/RE/Ni(111) interface  above the top Ni atom and the second carbon atom is placed
with La and YD as intercalants. These elements present two lim-  in the fcc hollow site of Ni(111) slab (Figure 1a). Our present
ited cases of the tri- and divalent metals with empty and fully  calculations confirmed this model (see Table S1 and Figure S1,
occupied 4f orbitals for La (6s25d'4f°) and Yb (6s25d°4f'#), re-  Supporting Information). The small distance of 2.11 A between
spectively. Both intercalation systems are considered in the most  a graphene layer and Ni(111) leads to the effective overlapping of
stable geometry, where RE atoms form the (\/5 X \/E)R30° struc-  the valence band states at the interface causing the appearance

2. Results and Discussion
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Table 1. Results for the atomic structure of the studied gr/metal inter-
face: E;,; (in meV per C-atom) is the interaction energy, defined as E;,, =
Egrys — (Egr + E), where Egp is the total energy of the graphene/substrate
system, and E,, and E are the energies of the fragments at the same co-

ordinates as in the graphene/substrate system; d, (in A) is the mean dis-
tance between the graphene overlayer and the interface metal layer; d; (in
A) is the mean distance between the interface metal layer and the sec-
ond metal layer; d, (in A) is the mean distance between the second and
third metal layers; mc (in ug) is the interface carbon spin magnetic mo-
ment (several values for the nonequivalent carbon atoms are indicated);
my; (in ug) is the interface nickel spin magnetic moment; mgg (in ug) is
the RE spin magnetic moment; Ep — E¢ (in eV) is the position of the Dirac
point with respect to the Fermi energy (two values are given for the spin-up
and spin-down channels, respectively); E, (in meV) is the band gap at the
Dirac point (two values are given for the spin-up and spin-down channels,
respectively).

System Graphene/Ni(111)  Graphene/La/Ni(111)  Graphene/Yb/Ni(111)
Eine ~165 -170 ~156

do 2.11 2.54 2.35

d, 1.99 2.26 230

d, 1.97 2.02 2.00

me —0.018/0.030 0.002/0.004 0.000/0.002

my, 0513 0319 0.440

Mg -0.022 —0.003

Ep — Ef —1.410/ - 1.350 —1.535/—1.525

E 320/220 250/230

of the effective magnetic moment of carbon atoms that was

confirmed in the experiment (Figure 1a, Table 1).[7:%3°]
Considering the formation of the La- and Yb-based

gr/RE/Ni(111) interfaces it is assumed that RE atoms form the

(\/5 X \/§)R30° structure with respect to the parent gr/Ni(111)
interface as it was experimentally found for the bulk and surface
La- and Yb-GICsl*”] as well as for the discussed graphene-
Ni-based interfaces.”>?”] The sharp interfaces between all
components are considered taking into account the annealing
temperature of 250 — 300° C needed for the intercalation of
RE in gr/Ni(111) and gr/SiC(0001).*?”] Taking into consider-
ation the possible crystallographic structures of the obtained
RE-intercalation-like systems, one can see that the atoms of
intercalant can be placed either in the FCC or in the HCP
hollow sites of the Ni(111) slab or above the interfacial (TOP)
nickel atom. Our calculations demonstrate that the top-fcc_HCP
arrangement (where top-fcc stands for the arrangement of car-
bon atoms above Ni(111)) is significantly more stable from the
energetic point of view (see Table S1 and Figure S2, Supporting
Information). This result is similar to the previously published
data for the gr/Eu/Ni(111) system.[*"] The top and side views of
the relaxed gr/RE/Ni(111) structures are shown in Figure 1b,c.
The distance between the graphene layer and the underlying RE
and the corresponding interaction energies between graphene
and substrate (Table 1) place gr/RE/Ni(111) (RE: La, Yb) be-
tween “strongly” and “weakly” interacting graphene-metal
systems.[4041]

Analysis of the electron charge difference maps for the
gr/RE/Ni(111) systems presented for side views in Figure 1 in-
dicates the strong charge redistribution in the intercalation-like
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systems. For the parent gr/Ni(111) system the orbital overlap for
the valence band states of graphene and Ni leads to the forma-
tion of the hybrid states at the gr—Ni interface. The inclusion of
RE atoms at the interface leads to the enhanced electron density
accumulation on graphene layer leading to the strong n-doping
of graphene. The electron density on graphene and at the gr-La
interface is slightly larger compared to the case of the gr-Yb inter-
face that can be due to the trivalent electronic configuration of La
(6s25d14£°) compared to the divalent electronic configuration of
Yb (6s25d°4f™*). Also the effect of hybridization of the graphene
7 and La 5d states can be visible from the electron charge dif-
ference map for gr/La/Ni(111). The strong charge transfer from
RE atoms on graphene is compensated by the respective elec-
tron transfer from the underlying Ni layer on RE atoms, which is
larger in the case of La, compared to Yb, due to the larger electron
transfer for the gr-La interface.

Figure 2 shows the calculated spin-resolved band structures
and respective density of states (DOS) plots for all considered
systems: (a) gr/Ni(111), (b) gr/La/Ni(111), and (c) gr/Yb/Ni(111).
(The corresponding band structure plots in a wider energy range
are presented in Figure S3-S5, Supporting Information, respec-
tively.) The modification of the electronic structure of graphene
upon its adsorption on ferromagnetic Ni(111) was discussed ear-
lier in a series of experimental and theoretical works,[®333540]
which identify the significant changes in the electronic structure
of graphene in this system compared to free-standing graphene:
graphene is strongly n-doped; formation of 7z — d hybrid states
yields a massive rearrangement of bands (Figure 2a and Fig-
ure S3, Supporting Information); magnetic moments on carbon
atoms are induced (Table 1).

The intercalation of RE atoms in gr/Ni(111) interface leads to
the decoupling of the electronic states of graphene and substrate
and partial restoring of the linear dispersion of the graphene-
derived = band in the vicinity of the Dirac point (Figure 2b,c).
At the same time, due to the partial transfer of the mobile va-
lence band electrons of RE on the z* state of graphene, the strong
n-doping of graphene is observed for both gr/RE/Ni(111) sys-
tems, with a position of a Dirac point of graphene well below
E;. This shift of the Dirac point amounts to E, — E &% —1.38 eV
and E, — E; & —1.53 eV for the La- and Yb-intercalation-like sys-
tems, respectively (Figure 2b,c). As can be seen from the cal-
culated band structures, the sizeable band gap of ~ 0.3 eV and
~ 0.2 eV is open in the electronic spectrum of the graphene-
derived 7 electrons directly at the Dirac point for gr/La/Ni(111)
and gr/Yb/Ni(111), respectively, that is due to the broken sublat-
tice symmetry for carbon atoms of the graphene lattice and be-
cause of the effect of hybridization between valence band states of
graphene and underlying RE metal. However, in both cases such
effect of hybridization is observed for the valence band states of
RE well away from the Dirac point. The inclusion of the spin-
orbit interaction for the Yb 4f electrons splits this level into two
components and additional energy gaps appear for the graphene-
derived r bands due to the avoided-crossing mechanism with flat
YD 4f bands (see Figure S6, Supporting Information). However,
the size of the band gap at the K point for the = band remains
almost the same, x~ 240 meV.

The effect of decoupling of the valence band states of graphene
and Ni(111) as well as the absence of the strong hybridization be-
tween states of graphene and RE is nicely detected by the binding
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Figure 2. Band structures and C-p, projected density of states calculated
for a) gr/Ni(111), b) gr/La/Ni(111), and c) gr/Yb/Ni(111). The weight of
the C-p, states in the band structures is proportional to the width of the
colored line.
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energy of the graphene z band at the I' point (see Figure 2a—c
and Figures S3-S5, Supporting Information). The initial bind-
ing energy for this band in gr/Ni(111) is & —9.8 eV, which is in
quite good agreement with the available experimental data.”]
As was discussed earlier, this large binding energy is caused
by two effects—electron transfer from Ni to graphene as well as
by the strong hybridization of the valence band state of Ni and
graphene, that “pushes” graphene-derived 7 bands to the large
binding energies. Here, one can also note the different binding
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energy change for the graphene-derived z and o states in com-
parison with the free-standing graphene, supporting this consid-
eration (Figure S3, Supporting Information). The intercalation
of RE metals in gr/Ni(111) keeps the large electron transfer and
graphene remains strongly n-doped. However, the absence of the
strong hybridization of the valence band states of graphene and
RE reduces the binding energy of the graphene-derived = band
and the difference for the binding energy for the z and ¢ bands in
comparison with those for the free-standing graphene becomes
the same (Figures S4 and S5, Supporting Information). The ob-
tained reduction of the binding energy of the z band upon the
intercalation of La and Yb in gr/Ni(111) is partially supported by
the experimental data where the similar effect (although smaller)
was observed.[?’]

The most important fact is the observation of the increased
graphene-derived z density of states at Ej, for both intercalation-
like systems, gr/La/Ni(111) and gr/Yb/Ni(111) (Figure 2b,c; Fig-
ures S4, S5, Supporting Information). As can be seen from the
comparison of the DOS plots with calculated band structures,
this increased density of states originates from the almost flat
band located in the vicinity of E; along the K — M direction of
the Brillouin zone. Its existence around E; can be assigned to the
joint effect of RE and interface Ni atoms which donate enough
electrons to place this band to low binding energy. Our analysis
shows that both inequivalent C-atoms contribute equally to the
discussed energy band. Taking into account that the hybridiza-
tion of the valence band states of graphene and RE is small (if any)
we can suggest that the appearance of this band in the studied RE-
intercalation-like systems might lead to the existence of the su-
perconductive state of graphene in these systems. Such possibil-
ity is also supported by the absence of any sizeable magnetic mo-
ment of C-atoms in the gr/RE/Ni(111) systems. The intercalation
of RE atoms leads to the strong reduction of magnetic moment
of the interface Ni atoms from 0.513 pj for gr/Ni(111) to 0.319 py
and 0.440 uy, for gr/La/Ni(111) and gr/Yb/Ni(111), respectively.
The induced magnetic moments of intercalated RE atoms are rel-
atively small and antiparallel to magnetic moments of interface
Ni atoms (see Table 1), because the induced magnetism in La
(empty 4f orbitals) and Yb (fully occupied 4f orbitals) is governed
by mobile valence 6s electrons, which are ferromagnetically cou-
pled to mobile Ni 4s electrons with magnetic moments antiparal-
lel to Ni 3d electrons, which are mainly responsible for magnetic
moments of Ni atoms.[®4%]

In order to make a link to the future experimental data,
the scanning tunneling microscopy (STM) images and C K
near-edge X-ray absorption fine structure spectra (NEXAFS)
were calculated for all considered systems. Figure 3 shows a
compilation of STM images for the considered gr/RE/Ni(111)
intercalation-like systems calculated for bias voltages correspond-
ing to occupied (upper row) and unoccupied (bottom row) va-
lence band states, respectively. The calculated images for the par-
ent gr/Ni(111) interface are in very good agreement with pre-
viously published experimental and theoretical data,[*3041:43-45]
which clearly indicate the broken sublattice symmetry in the
graphene layer adsorbed on Ni(111) and where bright spots in
STM images correspond to the C-top atoms. The intercalation
of La or Yb atoms in gr/Ni(111) changes significantly the elec-
tronic structure of the interface with large electron density lo-
cated on the interfaced RE atoms. As a consequence of this, the

© 2022 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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(c) gr/Yb/Ni(111)

Figure 3. Simulated STM images of a) gr/Ni(111), b) gr/La/Ni(111), and c) gr/Yb/Ni(111), respectively, for occupied (E — Ex = —500 meV) (top row)
and unoccupied (E — E = +500 meV) states (bottom row). The images correspond to a tunneling current of 1 nA.I%] The STM pictures are overlaid
with the crystallographic structures of the studied system (Ni atoms are not shown).

STM imaging contrast for gr/RE/Ni(111) systems is defined by
the (\/E X \/-3%) R30° structure of these interfaces with bright spots
at the positions of the RE atoms. The modulation of the imaging
contrast due to the presence of the graphene lattice is also visi-
ble, however its contribution is small, which is in good agreement
with previous theoretical results for gr/Eu/Ni(111)1*% and can be
compared (to some extent) with the available experimental STM
data for La-GIC.I*¢]

Figure 4 shows a series of the calculated C K-edge NEXAFS
spectra for graphene, gr/Ni(111) and gr/RE/Ni(111). The method
of NEXAFS spectroscopy is used to study the electronic struc-
ture of the unoccupied valence band states above E; and it is a
complementary method to X-ray photoelectron spectroscopy and
angle-resolved photoelectron spectroscopy used for the investiga-
tion of the energy distribution of the occupied states. In the con-
sidered NEXAFS spectra the core-level 1s electron of the carbon
atom in a graphene layer is excited on the unoccupied valence
band states above Ej and being the atomic- and orbital-selective
it allows to get information about the energy distribution of the
#* and o* states in a graphene layer. In the simulated NEXAFS
spectra the region of —2 ... 4 eV of the relative photon energy cor-
responds to the 1s —» #* transitions, with higher energy region
above 5 eV corresponding to the 1s — ¢* transitions.!*’% (The
peak at 8 eV is possibly due to the quickly completely screened
initial state density of states.)

After graphene adsorption on Ni(111) the C K NEXAFS spec-
trum is strongly modified (Figure 4). First, the 1s —» z* peak is
split in two components with the second peak placed ~ 2 eV at

Adv. Theory Simul. 2022, 5, 2100621 2100621 (5 of 8)

higher energies and it corresponds to the respective predominant
contributions of two different carbon atoms in gr/Ni(111) to the
corresponding unoccupied valence states above E;. Also the en-
ergy difference between 1s — z* and 1s — ¢* transitions is re-
duced due to the partial sp? rehybridization in a graphene layer
adsorbed on Ni(111).17:2:49:50]

As was shown earlier, the intercalation of La and Yb in
gr/Ni(111) leads to the decoupling of a graphene layer from sub-
strate and to the restoring of a “free-standing” character of its
electronic states accompanied by heavy n-doping. It is imme-
diately reflected in the corresponding NEXAFS spectra of the
gr/RE/ Ni(111) intercalation-like systems (Figure 4). In case of
gr/Yb/Ni(111), the C K-edge NEXAFS spectrum is similar to
the one for free-standing graphene: sharp peak corresponding
to the 1s — z* transition and the distance between 1s — z* and
1s — o* peaks is restored to the value of » 6.5 eV. The weak inter-
action between valence band states of graphene and underlying
Yb layer does not lead to strong modifications of the correspond-
ing NEXAFS spectrum.

In case of the gr/La/Ni(111) system, the situation is similar
to the one of Yb-intercalation: decoupling of the graphene layer
leads to the restoring of the 1s — z* and 1s — o* peaks energy
difference which can be taken as an indicator. However, in
the present case a new strong peak is observed at ~ 2.5 eV
in the NEXAFS energy region corresponding to the 1s — z*
transition. The analysis of the electron charge difference map for
gr/La/Ni(111) (Figure 1b) and the corresponding band structure
(Figure 2b and Figure S4, Supporting Information) allows to

© 2022 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 4. Calculated C K NEXAFS spectra for a = 40° for graphene,
gr/Ni(111), gr/La/Ni(111), and gr/Yb/Ni(111) (« is an angle between elec-
tric field vector of X-ray and the normal to the surface). The position of the
first peak of the 1s — #* transition was set to zero relative photon energy
for all spectra, which were also shifted in the vertical direction for clarity.

conclude that this strong peak is a result of hybridization of the
unoccupied graphene z* and La 4f states (with small admixture
of the 5d states). These results are in very good agreement
with the available experimental data for the La-GIC system,
where double-peak structure was observed in the C K NEXAFS
spectral®!l and previously was assigned to the graphene z* - La 5d
orbitals hybridization. Itis interesting to note that in the NEXAFS
spectra for both gr/RE/Ni(111) system one can clearly resolve
the small shoulder at the low energy side of the 1s — z* peak,
which can be assigned to the increased density of states at E; due
to the strongly shifted z-band along the K — M direction of the
Brillouin zone.

3. Conclusions

Using state-of-the-art DFT calculations the electronic properties
of different systems obtained via intercalation of La and Yb in
gr/Ni(111) were studied. It is found that RE metals-intercalation
leads to the restoring of the linear dispersion of the graphene «
bands together with a strong n-doping of a graphene layer with a
position of the Dirac point reaching ~ —1.53 eV below E;. Such
shift of the electronic bands of graphene leads to the appearing
of the # states in the vicinity of the Fermi level along the K — M
direction with the respective formation of the van Hove singular-
ity in the density of states distribution. The strong doping can
be attributed to the joint effect of RE and Ni atoms at the gr-
metal interface. The observed behavior of the graphene electronic
bands together with the quenched magnetic moment of the un-
derlying RE and Ni atoms could lead to the superconductivity of
graphene in the considered systems. As a link to the future exper-
imental studies of the gr/RE/Ni(111) systems, the STM images
and NEXAFS spectra are calculated, which allow to clearly iden-
tify the spectroscopic and microscopic properties of the formed
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systems. The obtained results are of importance for the studies
of different graphene-based intercalation-like systems, where dif-
ferent fascinating phenomena can be observed, like for example,
low-dimensional superconductivity, electron localizations, differ-
ent spin configurations.

4. Experimental Section

Spin-polarized DFT calculations based on plane-wave basis sets of
500 eV cutoff energy were performed with the Vienna ab initio simu-
lation package.[®2-54] The Perdew—Burke—Ernzerhof exchange-correlation
functionall®3] was employed. The electron—ion interaction was described
within the projector augmented wave method!®¢] with C (2s, 2p), Ni (3d,
4s), La (4f, 5s, 5p, 5d, 6s), and Yb (4f, 5s, 5p, 6s) states treated as va-
lence states. The Brillouin-zone integration was performed on I'-centered
symmetry reduced Monkhorst—Pack meshes using a Methfessel-Paxton
smearing of first order with o = 0.15 eV, except for the calculation of total
energies and densities of states (DOSs). For those calculations, the tetra-
hedron method with Bléchl corrections!®”] was employed. A 12 x 12 x 1
k-mesh was used. Dispersion interactions were considered by means of
DFT-D3 correction method of Grimme et al.[8] The DFT+U schemel®°]
was adopted for the treatment of Yb 4f orbitals, with the parameters
U=20eV and J = 0.7 eV.2!l The studied systems were modeled using

supercells, which have a (\/g X \/§)R30° overstructure with respect to the
unit cell of graphene (Figure 1b,c) and consisted of 53 atoms: 13 layers of
nickel atoms (three atoms per layer) with one La or Yb layer (one atom
each) and a graphene sheet (six atoms per layer) adsorbed on both sides
of the slab. In order to prevent inter-layer interaction within the periodic
images, a vacuum spacing of 20 A was applied for all systems. The lattice
constant in the lateral plane was set according to the optimized value of
bulk Ni (ayii17) = 2.488 A). The positions (x, y, z-coordinates) of C atoms
and intercalant as well as z-coordinates of the two topmost layers of the
substrate from the both sides of the slab were fully relaxed until the forces
were smaller than 1072 eV A~1. The convergence criteria for energy was set
equal to 107> eV. To recover an effective primitive cell band structure pic-
ture from the supercell band structure (if necessary), the BandUP software
was employed.[°0®7] The STM images were calculated using the Tersof—
Hamann formalism.[6263] The NEXAFS spectra simulations were obtained
with ELSA-softwarel®! according to the procedure described in refs. [49,
65]. To obtain an input for the NEXAFS spectra simulations, large super-
cells of (6 X 6), (4 X 4), and (3 x 3) periodicity when studying free-standing
graphene, gr/Ni(111), and gr/RE/Ni(111) systems, respectively were em-
ployed. In the case of gr/Ni(111) and gr/RE/Ni(111) the number of nickel
layers was reduced to four.
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