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Abstract. The intercalation approach has been used for the synthesis of the ultrathin films of iron and its
silicidesunder graphenegrown on silicon carbide. Experiments have been carried out under ultrahigh vacuum
conditions. The use of low energy electron diffraction together with photoel ectron spectroscopy allowed to
trace chemical state, elemental composition, and structural changes of the samples at all stages of synthesis.
The optimal conditions of iron and silicon intercalation are realized in the temperature range of 400-500 °C.
Subsequent intercalation of graphene with Fe and Si leads to the formation of Fe-Si solid solution layer
covered with Fe,Si surface silicide. First-principles calculations were carried out using density functional
theory. It is shown that iron silicide formation is accompanied by the relaxation of the buffer layer and its

transformation to the second layer of graphene.

1. INTRODUCTION

Graphene remains one of the most attractive materials
for use in electronics and spintronics devices [1]. One
of the popular methods for its synthesis is the thermal
decomposition of silicon carbide. This processmakesit
possible to obtain high-quality graphene on adielectric
substrate. However, it isaccompanied by the formation
of abuffer layer consisting of carbon atomsand located
between graphene and the substrate [2]. The buffer layer
is strongly coupled with the substrate, which causes a
high rate of carrier scattering and hence negatively af-
fects graphene transport characteristics. A promising
way to reduce the interaction between the buffer layer
and the substrate is the intercal ation process, i.e. intro-
duction of atoms of other substances under graphene.
Intercalation can also be atool for modifying graphene
propertiesand synthesizing new materials. Inparticular,
the intercalation of graphene with magnetic atoms and
the formation of graphene/ferromagnet/diel ectric struc-

tures is one of the possible ways to create spintronic
devicesbased on graphene. Therefore, the present work
aimsto study graphene/ferromagnet/diel ectric structures
obtained from graphene grown on silicon carbide viaits
intercalation with iron and silicon atoms.

2. EXPERIMENTAL TECHNIQUE

The experiments were performed using the equipment
of the Russian-German beamline at Helmholtz-Zentrum
Berlin (BESSY Il). Theinitial samples (graphene-cov-
ered 4H-SiC(0001)) were previously prepared as de-
scribedin[2]. Inthe beginning, the sampleswere cleaned
by annealing at 500 °C. Intercalation of iron and silicon
was performed by thermal deposition of thin films of
these materials on the surface of samples with subse-
guent annealing at various temperatures. The amount
of deposited material was controlled using quartz
microbalance. All experiments were done in situ
under ultrahigh vacuum conditions (P ~10-° Torr). The
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Fig. 1. LEED pattern of theinitial graphene/SiC sample (a) and after itsintercalation with iron and silicon (b).

characterization of the samples was carried out by low
energy electron diffraction (LEED) and photoel ectron
spectroscopy (PES). The photon energy ranged from
135 to 650 eV. The photoelectron spectra were taken
using a SPECS PHOIBOS 150 hemispherical energy
analyzer.

3. CALCULATIONS DETAILS

Firgt-principles calcul ationswere performed in the frame
of density functional theory (DFT) using open-source
software Quantum ESPRESSO [ 3]. For the approxima-
tion of exchange-correlation potential general gradient
approximation (GGA) [4,5] and PAW pseudopotentials
[6] were used. The cutoff energy of wavefunctionswas
set to 200 Ry. The Monkhorst-Pack mesh of 8x8x1 k-
points [7] was used for integration over reverse space.

For graphene on silicon carbide, the reconstruction
of p (6v/3 x 6+/3) R30°, which corresponds to 12x12
graphene cells, is distinctive. However, modeling such
alargecell isresource-intensive. Therefore, inabinitio
calculations of the electronic structure of graphene on
silicon carbide, asimplified model, wherefour graphene
cells (2 x 2) are placed on three surface cells of SiC
(0001) (+/3 x /3), iscommonly used [8]. Thesupercell of
theinitial system consisted of four SiC bilayers (three Si
and C atoms per layer) with graphene (8 C atoms) and a
buffer layer (8 C atoms) on top. Thesupercell wastrans-
lated as a hexagonal Bravais lattice with a lattice con-
stant equal to 10.64 A. Thethicknessof the vacuum gap
was 16 A. To construct new supercells, atoms of iron or
iron and silicon were added to the original system. The
geometry optimization of all systems was carried out
taking into account dispersion interaction. The obtained
atomic positions were used for self-consistent calcula-
tions of the band structure.

4. RESULTS

After cleaning the surface of the samples by heating
in a vacuum, the samples were characterized. Fig. 1a
showsthe LEED pattern of graphene/SiC(0001) sample

measured at the energy of primary electrons equal to 94
€V. This pattern corresponds to the structure arising
from the mismatch of the lattice periods of graphene
and silicon carbide.

To control the elemental composition of the sam-
ples, survey spectra were measured at a photon energy
of 650 eV. They showed the presence of only carbon
and silicon features, aswell asthe corresponding peaks
of characteristic electron energy losses.

Let us consider theresults of grapheneintercalation
withiron and silicon. First, iron was deposited onto the
graphene surface at different substrate temperatures.
Then the sample was additionally heated to activate the
intercalation process. After that, the same steps were

Cls

hv =470eV

+ Si
19p)
.4:" o
o
]
¥e)
[
@
2
4 + Fe
]
+-—
s

Gr/SiC G

S1 SiC
288 287 286 285 284

Binding energy, eV

Fig. 2. C 1s spectra on different stages of the system
formation.
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Fig. 3. Si 2p spectra on different stages of system
formation.

taken to intercalate silicon. Analysis of the photoelec-
tron spectra showed that the performed annealing led
to the penetration of Fe atomsinto the interlayer space
between graphene and the substrate. Fig. 2 showsthe C
1s spectra obtained during intercalation of the sample
with silicon and iron. The spectrum of theinitial system
contains modes related to carbon atoms of graphene
(G), subgtrate (SiC), and buffer layer (S1 and S2). The
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implantation of metal and silicon atomsunder graphene
leadsto attenuation of all spectrum components, except
for the graphene mode. This indicates that graphene
remains on the surface, and the bonds of the buffer
layer with the substrate are broken. Intercalation is pos-
sible dueto the domain structure of graphene: the diffu-
sion barrier for iron atomsplaced onitislow, and at high
temperatures metal atoms can migrate to the domain
boundaries and penetrate under graphene, forming an
iron film under it. The breaking of bonds between the
buffer layer and the substrate is evidenced by the LEED
patterns. The diffraction pattern observed after iron in-
tercalation (Fig. 1b) indicates the appearance of athin
film between graphene and the substrate, which can be
seen from the disappearance of reflexesassociated with
the reconstruction of the original system. Further inter-
calation of silicon did not lead to additional changesin
LEED patterns.

Thechangeinthe Si 2p spectraduring theintercala-
tionof ironisillustrated in Fig. 3. Theinteraction of iron
with the substrate leads to the appearance of a small
feature in this spectrum indicating the beginning of the
iron silicides formation. The introduction of silicon at-
oms leads to the appearance of a mode associated with
the formation of Fe,Si surfacesilicide. Theoptimal con-
ditionsfor iron and silicon intercalation are realized in
therange of 400 - 500 °C.

In addition to the experimental results, first-princi-
ples calculations of the electronic structure of studied
intercalation-like systemswere carried out. The supercell
of the graphene/Fe/SiC(0001) system is shown in Fig.
4a. The distance between the buffer layer and graphene
is3.32 A, and 2.03 A between the buffer layer and iron.
The electronic structure of the system is shown in Fig.
5. The contributions of the p, states of graphene are

b)

Fig. 4. Supercells used for the graphene/Fe/SiC (a) and the graphene/Si/Fe/SiC simulation.



Iron- and silicon-intercalated graphene on silicon carbide: from hybridization... 45

DOS

majority spin

Energy, eV
&

minority spin DOS

total DOS total DOS
-8 EEE Fe -8 1 B Fe
mmm buffer layer B buffer layer
mms graphene @ graphene
-10 4 T T d -10 t
r M K r r M K r
DOS DOS
®) 2
0 0 s
-2 -2
>
()
5 -4 —4 1
)
=]
sa]

I

Fe

-10

r M K r

total DOS

[
mmm buffer layer
mmm graphene

total DOS
Fe

buffer layer
graphene

-10

r M K r

Fig. 5. Electronic structure and corresponding DOS for the graphene/Fe/SiC (a) and the graphene/Si/Fe/SiC

(b) systems.

highlighted in red, the contributions of these states of
the buffer layer are shown in blue, and the contribu-
tions of the d states of iron atoms are shown in green.
The corresponding density of state (DOS) is shown on
theside. Dueto the spatial overlap of the p, states of the
buffer layer carbon atoms and the d states of iron, their
hybridization occurs. However, the Dirac cone of
graphene exists in the system. It is n-doped and placed
0.5 eV above the Fermi level. The hybridized states of
the buffer layer arelocated 3 eV below the Fermi level.
This is consistent with previous calculations for the
graphene/Fe/Ni(111) system [9], where strong hybridi-
zation affected the graphene electronic structure in the
same way. Another effect of hybridization is the spin-
polarization of the buffer layer states.

Fig. 4b shows a supercell for the graphene/Si/Fe/
SiC(0001) system. The distance between the buffer layer
and the substrate turns out to be significantly increased
in comparison with the previous case (up to 3.15 A),
which is due to the incorporation of silicon atoms. Due
to the large distance between the buffer layer and the

substrate, hybridization does not occur in this case,
which leadsto therelaxation of the buffer layer. Hence,
the buffer layer turnsinto a second layer of graphene.
The corresponding electronic structureis shown in Fig.
5b. The double paraboloid formed by p, states of
graphene and the buffer layer near the K pointisaclear
sign of abilayer graphene electronic structure.

5. CONCLUSION

In this work, we studied graphene/ferromagnet/diel ec-
tric systems based on graphene grown on SiC. Thin
films of iron and its silicides were synthesized under
graphene. The optimal temperature for graphene/SiC
intercalation with iron and silicon atomsliesintherange
of 400 - 500 °C. Theuse of high-resolution PES together
with LEED madeit possibleto trace the evolution of the
electronic structure of films and their structure in the
process of its synthesis. Ab initio calculations of the
band structures of the systems under study were car-
ried out. It isshown that metal and silicon atomsduring
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intercalation are localized between the substrate and
thebuffer layer. Intercalation of ametal filmisaccompa:
nied by a strong hybridization of the states of metals
and carbon atoms of the buffer layer. Further introduc-
tion of silicon atoms|eadsto the relaxation of the buffer
layer and its transformation into the second graphene
layer.It is shown that the electronic structure of al sys-
temsis spin-polarized.
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