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The nature of the Fe-graphene interface at the 
nanometer level 

M. Cattelana , G. W. Pengb , E. Cavalierec , L. Artigliaa , A. Barinov d, L. T. 
Rolingb , M. Favaroa , I. Píšd,e, S. Nappinie , E. Magnanoe , F. Bondinoe , L. 
Gaviolic , S. Agnolia*, M. Mavrikakisb  and G. Granozzia  

The emerging fields of graphene-based magnetic and spintronic devices require a deep 
understanding of the interface between graphene and ferromagnetic metals. This paper 
reports a detailed investigation at the nanometer level of the Fe-graphene interface carried 
out by angle-resolved photoemission, high-resolution photoemission from core levels, near 
edge x-ray absorption fine structure, scanning tunnelling microscopy and spin polarized 
density functional theory calculations. Quasi-free-standing graphene was grown on Pt(111), 
and the iron film was either deposited on top of or intercalated beneath graphene. 
Calculations and experimental results show that iron strongly modifies the graphene band 
structure and lifts its π band spin degeneracy. 
 

Introduction 

The study of the interface between graphene (G) and metals is 
gaining more and more interest due to the emergent 
applications of G in flexible electronics1 (e.g. touch screen, 
foldable OLED) and its potential future use in high frequency 
transistors and thin film logic devices.2 All these technologies 
have in common a massive exploitation of G/metal junctions3 at 
different levels of complexity. Therefore, the detailed 
investigation of these heterointerfaces at the nanoscale is of 
paramount importance for technological advancement and it is 
expected to inspire the development of novel devices. 
G is also emerging as an ideal platform for future spintronics 
since it combines long spin lifetime with excellent electron 
velocity. However, in order to assist the implementation of 
G/metal systems in spintronic devices, a deep understanding of 
their electronic, structural and interfacial properties has to be 
reached. For example, a critical issue still to be addressed for 
the realization of practical spintronic devices is the effective 
injection of the spin-polarized electrons in conductive 
channels.4,5 
Within this context, a quite versatile approach to tailor 
interfaces relies on modifying the local properties of the 
G/substrate interface by intercalation with another species 
(metal, oxide, gases, etc.).6,7,8,9  For example, the intercalation of 
alkali metals,10 noble6 and transition11 metals, semimetals,12 or 
gases such as oxygen13,14,15 ,16  and carbon monoxide17,18 beneath 
G epitaxially grown on transition metal single crystals was used 
to tune the hybridization between the electronic states of G and 

the underlying substrate, either to restore the electronic 
structure of freestanding G or to induce doping. 
Only few studies in literature have focused so far on 
spectroscopic measurements of the structural, electronic and 
magnetic properties of G in contact with ferromagnetic metals. 
One of the best studied cases is the growth of G on Ni(111); in 
this case, a magnetic moment of 0.05-0.1 µb per atom is 
induced on carbon, as determined by x-ray magnetic circular 
dichroism.19,20 ,21 On this same system after the intercalation of 1 
ML of Fe beneath G, the magnetic moment of carbon was 
enhanced up to 0.25 µb,22 but it was difficult to distinguish 
exactly the magnetic contribution due to the Ni substrate from 
the component coming from the Fe intercalated film. Recently, 
bilayer G films grown on SiC and intercalated with Fe were 
studied by angle-resolved photoemission spectroscopy 
(ARPES);23 however, the experimental ARPES data after iron 
intercalation were not conclusive to assess the effect of the 
intercalation layer on the electronic structure. Theoretical 
studies indicate that the modifications due to the intercalation 
of a magnetic layer are minimal for multilayer G, whereas in 
the case of single layer G the band structure is expected to 
change dramatically.24 Interestingly, a magnetic Moiré pattern 
was observed using spin-polarized scanning tunneling 
microscopy (STM) in cobalt intercalated G grown on Ir(111),25 
demonstrating the presence of rich and complex magnetic 
phenomena at the G/metal interface. Therefore, a clear 
disentanglement of the several factors influencing the electronic 
structure and magnetic properties of G-intercalated metal 
systems has not been achieved yet.  
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In this framework, the choice of the substrates for the growth of 
long range ordered single layer G is critical, as many, like Ni, 
are ferromagnetic on their own, while others, such as Rh26 or 
Pd,27 are characterized by strong metal-G binding interaction. A 
weak G-substrate interaction is otherwise more desirable to 
highlight the effects of a further deposited and intercalated 
ferromagnetic metal layer on the electronic structure of the 
composite system.  
In this paper, we chose Pt(111) as a non-ferromagnetic catalytic 
substrate to grow large G flakes with quasi-free-standing 
electronic structure.28 We decided to use Fe as the intercalating 
agent because of its peculiar electrical and magnetic properties 
and the large knowledge accumulated by surface science 
studies on the FeOx/Pt(111) system.29,30,31,32,33  
The electronic interactions induced by Fe intercalation are quite 
subtle and require the use of advanced investigation tools.  
Therefore, in the present work, photoemission from core-level, 
x-ray  absorption near edge structure (XANES) and ARPES 
were carried out by synchrotron radiation and the results were 
interpreted with the assistance of density functional theory 
(DFT) calculations. However, in order to be correctly 
understood, the electronic structure information has to be 
combined with a precise picture of the morphology of the G 
lattice at the atomic scale. We therefore also performed STM 
experiments in order to disentangle intrinsic effects (electronic 
hybridization) from the role of structural defects, which may be 
present at the interface. Interestingly, the structure of the G 
layer is not modified by intercalation thanks to a possible 
epitaxial matching between Fe and Pt34. This suggests that this 
bimetallic system is an ideal trial ground to investigate 
selectively the electronic coupling between G and metals, 
ruling out other spurious effects.  
The aim of our work is to study how Fe interacts with the 
G/Pt(111) system after in-situ ultra-high-vacuum (UHV) 
deposition, either at room (RT) or at high (T=600 K) 
temperature. In this manner, we obtained two different systems: 
supported Fe nanoparticles (NPs) (hereafter Fe/G/Pt(111)) and 
intercalated Fe layers (hereafter G/Fe/Pt(111)), respectively. In 
both cases, our experimental and theoretical data indicate a 
strong hybridization between the Fe layer and G, which has the 
notable effect of lifting the G π band spin degeneracy. 
Moreover, a study of the oxidation at RT of these interfaces is 
presented: we show that a reversible hybridization of G occurs 
in the case of Fe/G/Pt(111), whereas intercalated Fe in 
G/Fe/Pt(111) is unaffected by exposure to oxygen.35 These data 
suggest that the G/Fe/Pt(111) system can be a good platform to 
grow arrays of intercalated ferromagnetic metallic islands that 
could be protected from air oxidation. 

Experimental section 

A Pt(111) single crystal was cleaned by repeated cycles of 
sputtering (1.5 kV, 1x10-6 mbar of Ar) and annealing at 1100 K; 
the surface cleanness was checked by photoemission and the 
morphology by low energy electron diffraction  (LEED) and 
STM. 

G was grown in-situ on Pt(111) by ethylene dosing, and Fe was 
deposited by in-situ physical vapor deposition (PVD); the Fe 
evaporator was calibrated based on the reconstructions of FexOy 
ultrathin films grown on Pt(111), at increasing Fe coverage. 
The Fe film was deposited at RT in UHV and post-oxidized in 
1×10-6 mbar of O2 at 900 K.28,29 The film growth was 
monitored by LEED and STM: the transition of LEED patterns 
between  FeO and multi-layer Fe3O4 ultrathin films occurs at 2 
ML nominal FeO coverage, when STM also shows the onset of 
the growth of Fe3O4 islands.36,37 One ML of FeO corresponds to 
2.16×1015 Fe atoms/cm2. 1 ML Fe is defined as 2.60×1015 Fe 
atoms/cm2 considering its pseudomorphic growth on Pt(111).38  
XPS (x-ray photoemission spectroscopy) from core levels and 
XANES spectra were acquired at the BACH beamline at 
synchrotron ELETTRA (Trieste). Photoemission spectra from 
C 1s core levels were recorded with 550 eV photons, 20 eV 
pass energy and with an energy resolution of 130 meV. The 
XANES data of the Fe L2,3-edge were obtained in total electron 
yield or partial electron yield, with a linear horizontal 
polarization and an energy resolution of 160 meV. 
The valence band (VB) structure was investigated by ARPES at 
the Spectromicroscopy beamline at synchrotron ELETTRA 
(Trieste), using 74 eV photons, 20 eV pass energy and with an 
energy resolution of 125 meV.  The beam size was about 1 µm. 
ARPES analyses were focused on the dispersion of the G π and 
σ bands from the Γ to K point of the first Brillouin zone. The 
investigated binding energy (BE) range was from 0 to 24 eV, 
which includes Pt 5d and Fe 3d bands.  
The STM measurements where performed in a UHV multiscan 
lab from Omicron equipped with LEED optics, and a 
photoelectron spectrometer. STM images were acquired in 
constant current mode at RT with Pt/Ir tips cleaned by electron 
bombardment.  

Computational Methods 

All calculations were performed using spin-polarized density 
functional theory (DFT), as implemented in the VASP code.39,40 
Projector augmented wave potentials41,42 were used to describe 
the electron-ion interactions, and the generalized gradient 
approximation (GGA-PW91)43 was used to describe the 
exchange-correlation functional. Van der Waals forces were 
included through the optB88-vdW functional using the vdW-
DF approach.44,45,46 The electron wave function was expanded 
using plane waves with an energy cutoff of 400 eV.  
The Pt(111) surface was modeled with a four layer periodic 
slab, with eight equivalent layers of vacuum separating 
successive slabs. A graphene-(2×2)/Pt(111)-(√3×√3)R30° 
surface unit cell, with 8 carbon atoms and three Pt atoms per 
layer, was used. This graphene-(2×2) phase is one of the most 
stable phases observed in experiments.47 The graphene-
(3×3)/Pt(√7×√7)R19° phase is another stable phase that was 
observed in our STM experiments (discussed later). We thus 
performed additional calculations using a lager graphene-
(3×3)/Pt(√7×√7)R19° unit cell. These calculations show that 
the results obtained on the larger graphene-
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(3×3)/Pt(√7×√7)R19° unit cell are similar to those of the 
smaller graphene(2×2)/Pt(111)-(√3×√3) R30° unit cell. The 
band structure of the larger graphene-(3×3)/Pt(√7×√7)R19° 
system is more difficult to visualize: there are more bands in 
the first Brillouin zone, making the highlights of C pz and Fe 3d 
orbitals difficult to see.  We thus, for clarity, only present our 
results for the smaller graphene-(2×2)/Pt(111)-( √3×√3) R30° 
unit cell. 
For Fe adsorption or intercalation, three Fe atoms were 
introduced, corresponding to a coverage of one monolayer 
(ML). For FeO adsorption, a larger unit cell, graphene 
(4×2)/Pt(111)-(2√3×√3), was used to account for the 
antiferromagnetic behavior of FeO. Six FeO clusters were 
adsorbed in each (2√3×√3) unit cell, corresponding to a 
coverage of one ML. For FeO, the DFT+U approach by 
Dudarev48 was used to correct for the on-site Coulomb 
interaction between Fe 3d orbitals, with parameters chosen so 
that U-J=3 eV.49 
The surface Brillouin zone (BZ) of Pt(111)-(√3×√3) was 
sampled using an (11×11×1) Monkhorst-Pack k-point mesh.50 
During optimization, the bottom two layers were fixed at the 
optimized bulk lattice constant of Pt, 3.99 Å, which is in good 
agreement with experimental values.51 All structures were 
relaxed until the Hellmann-Feynman forces acting on atoms 
were less than 0.01 eV/Å. The dipole correction to the 
electrostatic potential was included.52 

Results and discussion 

G/Pt(111)  

G was grown by the carbon segregation technique53 by dosing 
150 L of C2H4 (6.5×10-7 mbar for 5 minutes) at 1000 K on Pt 
(111) and cooling down the crystal at 30 K/min.  Following this 
procedure, high quality films were obtained, which show the 
typical Moiré-like R19° LEED superstructure (Figure 1.a),53 
whereas STM images indicate also the presence of other 
superstructures (the higher corrugated islands in Figure 1.b). In 
general the mean size of rotationally different G domains is 
around 20-30 nm, but sometimes very large (>500 nm) single 
domains can be observed.  
The G R30° phase along with the R 19° were observed by 
LEED but not with STM; however spectroscopic investigations 
are not very sensitive to the type of G reconstruction, so our 
DFT calculations are consistent with the experimentally-
observed phase. 
The G/Pt(111) system shows a sharp C 1s peak centered at a 
binding energy (BE) of 284.16 eV (Figure 2.a) that can be fitted 
by a single component characterized by a Doniach Sunjic line 
shape. The analysis of the ARPES data (Figure 3.a) indicates 
that the π band of G is scarcely interacting with the Pt 5d states; 
around the K point, the π band of G displays a linear dispersion 
as in quasi-free-standing layer.54,55 The Dirac point energy, 
extrapolated from the crossing of a linear extrapolation of the π 
band close to the K point (Figure 3.a), is slightly above the 
Fermi level (+ 0.2-0.3 eV), indicating that the G is slightly p-

doped by the Pt contact.28 This is corroborated by our calculated 
band structures of G/Pt(111) shown in Figure 4, where a 0.55 
eV downshift of the Fermi level with respect to the G conical 
point is found. The Fermi level shift results from the 
equilibration of the chemical potentials of G and Pt 
substrate,54,56 though G is weakly physisorbed on Pt, with a 
calculated binding energy of  -0.14 eV per two carbon atoms 
and a vertical distance of 3.41 Å above Pt within optB88-vdW. 
Indeed, a Bader charge analysis57 shows that there is charge 
transfer (ca. 0.05 e) from G to the Pt substrate. 

 
Fig. 1 a) LEED pattern (E=55 eV) and b) different ‘flakes’ of bare G/Pt(111) as 
shown by STM (V=-27 mV; I=20.9 nA), with typical 20-30 nm average size. The 
graphene flakes in the figure above show some of the possible rotational domains 
observed on Pt(111): A-(3×3), B-(√37×√37)R21°, C-(√61×√61)R26°, D-
(√67×√67)R12°.	  

In-situ iron deposition and intercalation 

Fe was deposited in-situ by PVD at RT on G/Pt(111) to obtain 
Fe/G/Pt(111). For core-level photoemission experiments, an 
increasing amount of Fe was evaporated on the surface (0.5, 1 
and 1.5 ML), whereas for ARPES experiments only the 1 ML 
coverage was chosen to avoid a strong attenuation of the G 
spectroscopic features. Figures 2.b,c,d show the evolution of 
the C 1s photoemission line as a function of the Fe coverage.  
After a least square fit analysis, three different components 
were clearly identified: the peak at BE=284.16 eV is due to the 
unperturbed sp2 atoms, whereas the two new components at 
284.40 eV and 285 eV are associated with the formation of the 
Fe/G interface, as confirmed by the intensity increase as a 
function of metal deposition. The component at 284.40 eV is 
likely connected to C sp2 atoms underneath a metal island. The 
shift toward higher BE with respect to uncovered C atoms is the 
consequence of the strong cohesive energy between G and Fe.58 
Analogous to similar results reported in the literature for other 
metals,59,60 the small component at 285 eV can be associated 
with a local rehybridization of G to sp3 carbon, also driven by 
the strong Fe-C interaction.  From the absence of C 1s peak 
components at ca 283.2 eV (Figure 2.b-f) and from the Fe L2,3 

XANES data (Figure 5.a,c), which indicate a zerovalent nature 
of Fe,61 we can exclude the  formation of iron carbides.  
A Volmer-Weber (VW) type 3D island growth of Fe NPs is 
observed in Fe/G/Pt(111) at very low coverage (~0.1 ML) and 
RT, with a preferential nucleation at G domain boundaries and 
point defects (Figure 6.a,b,c).8 The Fe NPs have a small size 
dispersion; they are typically round-shaped with a diameter of 
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2-3 nm (Figure 6.d) with an average thickness of several layers. 
This is very similar to previous results reported for the growth 
of Fe islands on G/Rh(111),8 and other metal NPs on 
G/Ru(0001).62 The VW-type 3D growth of Fe NPs on G is also 
confirmed by photoemission: the C 1s spectra (Figure 2.b-d) 
show that the component at 284.16 eV, pertaining to uncovered 
G on Pt(111), is visible even if the coverage exceeds 1 ML.  

 
Fig. 2 Normalized C 1s photoemission peaks (photon energy hν=550 eV) of (a) 
G/Pt(111),  (b) Fe(0.5ML)/G/Pt(111),  (c) Fe(1.0ML)/G/Pt(111),  (d) 
Fe(1.5ML)/G/Pt(111), (e) FeOx(1.5ML)/G/Pt(111) oxidized at RT, (f) 
G/Fe(1.5ML)/Pt(111) intercalated at 600 K.  

The intercalated system, G/Fe/Pt(111), was obtained at high 
temperature, by depositing Fe on the G/Pt(111) system directly 
at 600 K or by post-annealing the Fe/G/Pt(111) system at 700 K 
for 5 minutes.63,The relatively high temperature was necessary 
to obtain a flat Fe layer34 and to intercalate G completely. 
Temperature and time were tuned to avoid the formation of a 
Pt/Fe alloy, however the possibility that a minor amount Fe 
migrates into the subsurface of Pt cannot be excluded. (See 
Electronic Supplementary Information for a detailed discussion 
about the alloy formation). 
Two strong experimental evidences from STM and ARPES 
data demonstrate the intercalation process of Fe beneath G. The 
STM data reported in Figure 7 indicate that, after 0.3 ML Fe 
deposition at 600 K, Fe monolayer islands are formed on the Pt 
surface, which are covered by a continuous unperturbed layer 
of G. Moreover, at particular tunneling conditions the Moiré 
pattern visible on top of these islands is the same as that 
observed for G on Pt(111), however the bias dependence of the 
Moiré corrugation of adislands is different from the main 
terraces, indicating the presence of compositionally distinct 
interfaces with G in the two cases. 

 

Fig. 3 ARPES plot from Γ to K point of G first Brillouin zone obtained (photon 
energy hν=74 eV) for (a) G/Pt(111) (b) Fe(1ML)/G/Pt(111), (c) 
FeOx(1ML)/G/Pt(111) oxidized at RT and (d) G/Fe(1ML)/Pt(111)  intercalated at 
600 K. Dashed red line are for the theoretical position of the K point in a free-
standing G layer. (e) Valence band spectra acquired in Γ. 

e	  
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Fig. 4 Band structure of graphene-(2×2)/Pt(111)-(√3×√3)R30°. The contributions 
of carbon 2pz orbitals are highlighted in red. A 0.55 eV downshift of the Fermi 
level with respect to the graphene conical point is observed at K. The Fermi level 
is set at zero. 

 
Fig. 5 Fe L2,3 XANES data for (a) Fe(1.5ML)/G/Pt(111), (b) 
FeOx(1.5ML)/G/Pt(111) obtained after dosing 150 L of O2 at RT  and (c) 
G/Fe(1.5ML)/Pt(111) intercalated at 600 K. 

 
Fig. 6: (a) Large area STM view of low coverage Fe(0.1 ML)/G/Pt(111) system 
(V=1.5V; I=0.3nA) outlines 3D VW-type growth of Fe NPs at RT on pristine 
G/Pt(111) film, (b) STM (V=-0.69V I=0.63 nA) of Fe NPs nucleated at boundary 
of contiguous  (3×3) (A) and (√67×√67)R12° (B) G flakes, c) STM (V=-65 mV 
I=40 nA) of Fe NPs pinned on point defects of a (√37×√37)R21° G flake, (d) 
histogram of the Fe NPs areas. 

This can be explained by the pseudomorphic growth of Fe 
islands on Pt(111),64,65 which determines the same lattice 
mismatch at both G/Pt and G/Fe interfaces.  
Differently to the growth of intercalated epitaxial islands 
underneath G grown on Rh(111) (G/Ni/Rh(111) and 
G/Fe/Rh(111)) where the local spatial variation of G-Rh(111) 
controls the size and shape of intercalated island,8 the shape of 
the Fe NPs is random and there is not a significant size 
selection of the dimension, indicating that the interaction 
between G and the Pt substrate is scarce and does not hinder the 
atom diffusion below the G layer.  
Interestingly, whereas in the Fe/G/Pt(111) system 3D Fe islands 
are observed, the intercalated Fe islands are flat. This is evident 
from the STM images and is also confirmed by the XPS data. 
In the G/Fe(1.5ML)/Pt(111) intercalated system, the peak at 
284.16 eV, which is the fingerprint of G in contact with 
Pt(111), is completely suppressed (Figure 2.f). In the case of 
G/Fe/Pt(111), the residual presence of the 285 eV peak is 
probably due to the trapping of Fe into G defects. The 
photoemission data and STM therefore indicate that the 
intercalation is quantitative and leads to flat islands with an 
exclusive Fe/G interface. Comparing the distribution of the Fe 
islands in Figures 6.a and 7.a, we can deduce an easy diffusion 
of the Fe atoms underneath the G layer in order to form large 
islands, which is in contrast to the intercalation of Fe in 
G/Rh(111). This is caused by the different strength of the G-
substrate interaction, which is larger for Rh(111) than for 
Pt(111).  In the former, because of the presence of locally 
strong Rh-C bonds, the G layer limits atomic diffusion at the 
G/Rh interface, and the shape, orientation and size of the Fe 
islands is highly influenced. On the contrary, the carbon layer 
in G/Pt(111) is an adaptive cover that can be easily lifted to 
accommodate atom diffusion and the growth of large islands. 
The relative intensity of the G bands and Fe 3d states in the 
ARPES spectra is very informative. In the case of 
Fe(1ML)/G/Pt(111) (Figure 3.b), the G π band (c.a. 8.1 eV) is 
strongly attenuated by Fe, and its intensity in Γ is almost as 
strong as the metallic features at about 3 eV (Figure 3.b). On 
G/Fe(1ML)/Pt(111) (Figure 3.d), the G π band has a much 
higher relative intensity, showing an intensity comparable to 
the G/Pt(111) system (Figure 3.a), confirming the presence of 
G on the surface.  
ARPES data also show major differences in the G band 
dispersion between G/Pt(111) and G/Fe interfaces. As 
mentioned before, in the G/Pt(111) case (Figure 3.a), the G π 
band displays a linear dispersion close to the K point as in 
quasi-free-standing layer. On the contrary, when G is in contact 
with Fe, either because it supports Fe NPs (in Fe/G/Pt(111), 
Figure 3.b), or as a consequence of the intercalation (in 
G/Fe/Pt(111), Figure 3.d), a relevant hybridization of its π band 
with Fe 3d states can be observed.  

d) 
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Fig. 7: (a) Large area STM view (V=-1.5V I=0.3 nA) of the intercalated G/Fe(0.3 
ML)/Pt(111) system. Buried and 1 ML-thick Fe islands are observed,  (b) Higher 
resolution detail (V=-28 mV I=21.3 nA) on a Fe island decorated by two 
contiguous G flakes with different epitaxy. (c) and (d) (V=-28 mV I=34.6 nA) 
show atomic lattice of G lying on Fe and Pt. Black lines are used to outline that 
the G film continues as an unperturbed lattice stack both at Fe/Pt(111)  and 
Pt(111) interfaces. Variation in electronic Moirè contrast is observed in (d), when 
G is at the Fe interface. (e) is the FFT-STM of the G/Pt(111) region of d), while 
(f) is the FFT of the G/Fe/Pt(111) region: reciprocal lattice vectors kG/Fe and kG/Pt 

of  graphene are actually the same (k=4.13±0.01 nm-1), corresponding to 2.42-
2.43 Å. 

The experimental data show that the G electronic structure is 
strongly modified by the Fe interface: from the Γ to K point of 
the BZ, the dispersion of the π band is very similar to the 
G/Pt(111) case until the band crosses the energy range of the Fe 
3d levels (4 eV). Starting from this point, the band deviates 
from the linear dispersion typically observed around the K 
point, bending and remaining pinned at about 2.4 eV below the 
Fermi level. Moreover, at the Γ point, a small shift towards 
higher BE (about 0.2 eV with respect to G/Pt(111)) of both the 
π and σ bands (Figure 3.e) can be noticed, even if in this energy 
range there is not a direct overlap with the Fe 3d states. Similar 
features are reported in the literature for G interacting with 
other non-noble d-metals, such as Ni(111), and are connected to 
an overall n-doping of the G layer.21,66,67,68  
To understand the electronic structures of the Fe/G/Pt(111) and 
G/Fe/Pt(111) systems, we calculated Fe adsorption/intercalation 
on/in G/Pt at Fe coverage of one ML. Figure 8.a shows the 
optimized structure of Fe(1ML)/G/Pt, where the Fe monolayer 
is 2.3 Å above G. The adsorption of one ML Fe moves the G 
layer ca. 0.2 Å closer to the Pt substrate, resulting in a vertical 
distance of 3.19 Å between G and Pt, compared with 3.41 Å 
found in G/Pt. Using atomic Fe energy as a reference, the 
calculated binding energy of one ML Fe adsorbed on G/Pt(111) 
is -3.17 eV per Fe atom. Bader charge analysis indicates that 
one ML Fe donates a total of 0.49 e, 0.36 e to graphene and 
0.13 e to the Pt substrate. The spin-resolved band structures of 

Fe(1ML)/G/Pt(111) are plotted in Figure 9, with the 
contributions of carbon 2pz and Fe 3d states highlighted. We 
first notice that due to the interaction with Fe states, the G π-
bands are non-degenerate within two spin channels. 
Furthermore, the linear dispersion near the K point shown in 
the band structures of G/Pt without Fe is perturbed due to the 
hybridization between carbon 2pz and Fe 3d orbitals (cf. Figure 
9.a and c, or b and d). The Dirac point is roughly 0.4 and 1.7 eV 
below the Fermi level in the majority and minority spin 
channels, respectively. The downshift (upshift) of the Dirac 
point (Fermi level) is consistent with the Bader charge analysis 
discussed above.    

   
Fig. 8. Optimized structure of graphene/Pt(111) with one monolayer Fe (a) 
adsorbed on top of  graphene, and (b) intercalated between graphene and Pt(111) 
substrate. Gray, purple, and dark blue spheres indicate C, Fe, and Pt atoms, 
respectively. 

 
Fig. 9: Band structures of one ML Fe adsorbed on G/Pt(111). (a) Majority spin 
and (b) minority spin band structures with the contributions of carbon 2pz states 
are highlighted in red. The contributions of Fe 3d states to (c) majority and (d) 
minority spin band structures are highlighted in green. The Fermi level is set at 
zero.  

Page 6 of 11Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal	  Name	   ARTICLE	  

This	  journal	  is	  ©	  The	  Royal	  Society	  of	  Chemistry	  2014	   Nanoscale,	  	  2014,	  00,	  1-‐3	  |	  7 	  

We next describe Fe intercalation between G and Pt(111). 
Figure 8.b shows the top view of the atomic structure of G/Fe(1 
ML)/Pt(111). In the optimized structure, the one ML Fe is 2.0 
Å above the Pt substrate, while graphene is 2.1 Å above the Fe 
layer. Remarkably, our calculations show that the intercalated 
system G/Fe(1ML)/Pt(111) is -1.82 eV per Fe atom more stable 
than the adsorbed system Fe(1ML)/G/Pt(111), primarily due to 
the strong interaction between Fe and Pt substrate. This can be 
partly understood from Bader charge analysis: the intercalated 
one ML Fe donates 1.44 e; Pt accepts 0.84 e, and the remaining 
0.6 e is donated to G.  
The band structures of the intercalated system 
G/Fe(1ML)/Pt(111) are shown in Figure 10. The contributions 
of carbon 2pz and Fe 3d states are highlighted in red and green, 
respectively. Similarly to the case of the adsorbed system, the 
graphene π-bands of the Fe intercalated system are non-
degenerate within two spin channels: the Dirac point is roughly 
at 0.4 and 2.3 eV below the Fermi level in the majority and 
minority spin channels, respectively. We note that the 
downshift of the Dirac point at the minority spin channel 
(Figure 10.b) in the intercalated system is larger than the 
corresponding downshift in the adsorbed system (Figure 9.b). 
This can be explained by the fact that more electrons are 
transferred to graphene in the intercalated system than in the 
adsorbed system (Bader charge 0.6 e vs 0.36 e). 

 
Fig. 10. Band structures of the intercalated system G/Fe(1ML)/Pt(111). (a) 
Majority spin and (b) minority spin band structures with the contributions of 
carbon 2pz states are highlighted in red. The contributions of Fe 3d states to (c) 
majority and (d) minority spin band structures are highlighted in green. The Fermi 
level is set at zero. 

In Figure 11, we compare the projected density of states on C 
2p, Fe 3d, and Pt 5d of Fe(1ML)/G/Pt(111) and 
G/Fe(1ML)/Pt(111). As shown, in the intercalated system, the 
Fe 3d orbitals in the majority spin are broadened due to the 
interaction with Pt 5d orbitals. This is also clearly shown in the 

band structures with Fe 3d contributions highlighted, Figure 
10.c.  
To compare the ARPES map of the flat intercalated layer, 
Figure 3.d, with the calculated band structure, we show in 
Figure 12 an enlargement of the ARPES spectra of 
G/Fe(1ML)/Pt(111) close to the G K point. The band splits in 
two components at about 3 eV. One branch continues up to 0.6 
eV and the other remains pinned at 2.4 eV. This is in excellent 
agreement with the calculated majority and minority spin band 
structures of G/Fe(1 ML)/Pt(111) shown in Figure 10.a and b.  
An alternative interpretation of the π band splitting reported in 
Figure 12 could be that a minority part of G remains in contact 
with Pt either because of an insufficient iron deposition or as a 
consequence of the presence of a Pt skin due to the formation of 
a PtFe alloy (see below and ESI). This hypothesis however 
would require that the doping level of the G/Pt(111) or 
G/PtskinFePt is profoundly modified with respect to normal 
conditions (0-0.3 eV p-doping), maybe by the interaction with 
surrounding G/Fe(1 ML)/Pt(111) domains.  
It is worth mentioning that for Fe/G/Pt(111), direct comparison 
of the experimental data with the calculated band structures is 
rather difficult because 3D NPs are formed when 1 ML of Fe is 
deposited at RT. Some G/Pt(111) is likely not covered by Fe 
and can be sampled by photoemission, making the final ARPES 
map a combination of Fe/G/Pt(111) and G/Pt(111). 
Furthermore, the Fe band structures can be modified by the size 
of the Fe NPs and consequently be different from one flat 
monolayer placed above G, as assumed in the calculations. 

 
Fig. 11. Projected density of states of (a) Fe(1 ML)/G/Pt(111), and (b) G/Fe(1 
ML)/Pt(111) on C 2p, Fe 3d, and Pt 5d orbitals. The Fermi level is set at zero.  

To examine the effect of Fe adsorption and intercalation on the 
C 1s core level, we calculated the core-level shift in the final 
state approximation using the method of Köhler and Kresse,69  
 
𝐸!"# = [𝐸!"/!/!"(!!!)(𝑛! −1)   −  𝐸!"/!/!"(!!!)(𝑛!)]   

− [𝐸!/!"(!!!)(𝑛! −1)   −  𝐸!/!"(!!!)(𝑛!)] 
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where Ei is the total energy of configuration i, and E(nc) and 
E(nc-1) are the total energies of the ground state and excited 
state, respectively, of a carbon 1s electron.  
Our DFT results show that the C 1s core level in the 
Fe(1ML)/G/Pt(111) system shifts 0.22 eV to higher BE with 
respect to the C 1s core level in G/Pt(111). This is in excellent 
agreement with the XPS experimental data on Fe/G/Pt(111), 
where a core level shift of  0.24 eV was observed (from 284.16 
to 284.40 eV). For G/Fe(1ML)/Pt(111) intercalated system, the 
calculated C 1s core level shift is 0.60 eV to higher BE using C 
1s core level in G/Pt(111) as a reference. We note that the core 
level shift depends on Fe coverage. At Fe coverage of 1/3 ML, 
i.e., one Fe atom adsorbed or interacted on/in graphene-
(2×2)/Pt(111)-√3×√3)R30° unit cell, the calculated C 1s core 
level shift is 0.33 and 0.34 eV to higher BE for Fe(1/3 
ML)/G/Pt(111) and  G/Fe(1/3 ML)/Pt(111), respectively. The 
smaller shift observed experimentally for G/Fe(1.5ML)/Pt(111) 
could be caused by the partial alloying of the Fe layer with the 
platinum substrate. 

 
Fig. 12: Enlarged view of ARPES of G/Fe(1 ML)/Pt(111) close to the G K point. 
Underlined with dashed red line spin majority band and in blue spin minority 
band.  

Actually, additional calculations for 1 ML Fe adsorbed on the 
Pt(111) surface, and for the incorporation of 1 ML of Fe atoms 
below the first and second Pt layer, all in the absence of G, 
provide formation energies of -4.89, -5.81, -5.61 eV, 
respectively.  Although the models tested do not mix Pt and Fe 
within a given slab layer, these results indicate that Fe could 
easily alloy with the Pt substrate. Therefore, we used the most 
stable alloy, i.e. Pt(1ML)/Fe(1ML)/Pt(111), to support a G 
layer. It turns out that the G/Pt(1ML)/Fe(1ML)/Pt(111) (see fig. 
S2) system is 2.26 eV (i.e. -0.75 eV /Fe atoms) more stable than 
G/Fe(1ML)/Pt(111). Interestingly, for this system the calculated 
band structure of G (see ESI Fig. S3) is very similar to the 
simple G/Pt(111) interface: the Dirac energy is located at 0.3 
eV above the Fermi level and the π band is spin degenerate and 
displays a linear dispersion around the K point. These results 
indicate that even a single layer of Pt is sufficient to restore the 
non-interacting regime. Since the experimental ARPES data 
show a profound modification of the pristine G band structure 
and are compatible only with the features of 
G/Fe(1ML)/Pt(111), we can conclude that the formation of the 

alloy, even if thermodynamically favoured, is prevented by 
kinetic factors.   

Iron oxidation at room temperature 

We carried out a spectroscopic investigation of the 
Fe(1.5ML)/G/Pt(111) system after dosing molecular oxygen 
(6.5×10-7 mbar, 150 L at RT) in order to oxidize the outer shell 
of the Fe islands (hereafter FeOx(1.5ML)/G/Pt(111)). The 
XANES measurements (Figure 5.b) indicate a clear 
modification of the Fe L2,3-edges, which is characterized by a 
complex line shape that can be due to the overlap of two 
components, one coming from a residual metal phase and 
another one related to non stoichiometric iron oxides.70  
Because of the Fe oxidation, the 284.4 eV component of the C 
1s photoemission line of the Fe(1.5ML)/G/Pt(111) system 
decreases (Figure 2.e), whereas the peak at 284.16 eV, assigned 
to G/Pt(111), becomes more intense, reaching almost the same 
relative intensity observed for Fe(0.5ML)/G/Pt(111) (Figure 
2.b). Surprisingly, the component at c.a. 285 eV is also strongly 
suppressed after oxidation, demonstrating that the local C sp3 
hybridization induced by Fe is reversible. The remaining peaks 
at 284.4 eV and 285 eV can be related to the metallic Fe/G 
interface, persisting in the lower inner portion of the islands. 
The STM images of the oxidized surface are of low quality, 
likely due to the presence of residual mobile oxygen species 
(see Figure 13) and for the amorphous structure of FeOx NPs 
synthetized at RT that probably also causes the broad features 
at about 4.5 and 8 eV in the valence band spectrum (Figure 3.c), 
which do not show any energy dependence on k vector.  
Moreover, it can be seen that the morphology of the Fe NPs 
does not change significantly, and is characterized only by a 
small increment of the corrugation.  

 
Fig. 13: STM images of the Fe(1.5ML)/G/Pt(111) system after dosing molecular 
oxygen (6.5x10-7 mbar, 150 L at RT).  

The ARPES measurements taken after dosing 150 L O2 on Fe(1 
ML)/G/Pt(111) confirm the absence of any interaction between 
the FeOx layer and G, as evidenced by the complete recovery of 
the G π band, which is no longer hybridized with the Fe 3d 
states (Figure 3.c). The overall G electronic band structure is 
very similar to the G/Pt(111) case (Figure 3.a). Finally, at the Γ 
point also the small shift towards higher BE observed for G/Fe 
interface disappears.  
To illustrate the effect of the oxidation of Fe on G, we 
calculated the FeO adsorption on G/Pt(111) using a FeO(1 
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ML)/G(4×2)/Pt(2√3×√3) unit cell. After geometry 
optimization, the graphene is 3.43 Å above the Pt surface, and 
the FeO monolayer is located 3.84 Å above the graphene layer. 
Bader charge analysis shows that essentially no charge is 
transferred between FeO and G. This can be understood by the 
presence of the more electronegative O, which acts as an 
electron acceptor for the Fe donors and inhibits charge transfer 
from Fe to G. Considering the negligible interaction between 
FeO monolayer and G, the similarity of G band structures of 
FeOx(1ML)/G/Pt(111) and that of G/Pt(111) observed in 
experimental ARPES  is expected.  
Rather interestingly, any attempt to oxidize the G/Fe/Pt(111) 
system dosing the same amount of O2 at RT was unsuccessful. 
Even when using a ten times higher oxygen dosage or direct air 
exposure we did not observe any iron oxidation. Further studies 
will be performed dosing oxygen at high temperature to exploit 
the gas intercalation;14,71 however, the observed oxidation 
protection35 of the Fe intercalated islands is a crucial finding for 
future spintronics devices.  

Conclusions 

In this paper the interaction between a quasi-free-standing G 
layer, grown on Pt(111), and iron was studied. We 
demonstrated that when iron is deposited on G at RT it forms 
NPs that aggregate on G grain boundaries and point defects. On 
the contrary, if Fe is deposited on the substrate Pt(111) at 600 
K, it intercalates beneath G, creating monolayer flat islands. G 
displays a perfect carpeting mode on the Fe intercalated island, 
and the carbon sp2 lattice goes continuously from above the Fe 
intercalated islands down to the Pt(111) substrate.  
Photoemission from C 1s core level shows that the C 1s peak 
shifts to higher BE when Fe is deposited atop or intercalated 
beneath G. The C 1s core level shift was rationalized by charge 
transfer analysis and the core level shift calculations in late 
state approximation. The hybridization between Fe 3d states 
and G π band was visualized experimentally using ARPES, and 
demonstrated theoretically using band structures and projected 
density of states. We demonstrated that Fe NPs deposited above 
G can be easily oxidized, and in this case both the charge 
transfer and the hybridization cease. Conversely, Fe is well 
protected from the oxidation if it is intercalated beneath G.  
Remarkably, our DFT calculations show that the Fe contact lifts 
G spin degeneration, inducing a clear split in the C 2pz band. 
Experimentally this is visible in the ARPES map of G/Fe(1 
ML)/Pt(111), confirming the possibility to induce magnetism in 
monolayer G in contact with a monolayer of ferromagnetic 
material. Moreover, theoretical calculations indicate that the 
introduction a single Pt layer between G and Fe is sufficient to 
recover the electronic properties of self-standing G. 
To summarize, the system G/Fe/Pt(111) is a strong candidate to 
study G magnetism in 2D devices for three principal reasons: 

1. G sp2 lattice homogenously covers the Fe intercalated 
islands without inducing structural defects that could 
induce spurious magnetism;72  

2. even if G is in contact with only one layer of 
ferromagnetic metal its spin degeneracy is removed 
therefore this system represents a suitable platform 
for realizing spin-filtering  junctions; 

3. intercalated Fe islands are efficiently protected by G 
from oxidation, which is a fundamental requirement 
for the development of practical devices.  
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