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The intercalation of different metals underneath the graphene sheet has opened the possibility of preparing
new low-dimensional structures that could present quantum-size effects. Knowing the surface crystallograpy
of these low-dimensional systems is mandatory for a complete understanding of their physical and chemical
properties. In this work, we present a combined low-energy electron diffraction (LEED), x-ray photoelectron
spectroscopy, and first-principles calculations study of the structural properties of graphene-protected Fe
films on Ni(111). The results indicate that graphene interacts strongly with the topmost Fe atoms, similar
to graphene on Ni(111). For one and two Fe monolayer films, the Fe is isostructurally deposited on Ni
(fcc on fcc), and graphene is deposited commensurably with the underlying Fe surface atoms. For one Fe
monolayer case, the LEED data indicate the coexistence of two types of crystalline domains, named top-fcc
and bridge-top structures. Our first-principles calculations show that for the graphene/Fe/Ni system, the total
energies of the the top-fcc and bridge-top structures are nearly degenerate, consistent with the observed

bistability.
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I. INTRODUCTION

Graphene layers grown on metal surfaces, especially of
the noble and transition metals, have been motivating several
works aiming at understanding their properties with respect to
the surface protection as well as the metal film intercalation
underneath the graphene. It has been demonstrated, both
by experiments and by calculations, that graphene films
grown on metallic substrates have the ability of protecting
the surface from corrosion processes involving reactions
with the environment. This protection from oxidation has
been observed experimentally for graphene on Cu, Ni, and
Cu/Ni alloys,'™ for Ru films on graphene-covered fused
silica substrates,’ and predicted by first-principles calculations
for Al(111),° Co(111), Ni(111), and Cu(111).” A molecular
dynamics calculation has shown that the strong O, binding
energy in the gas phase of 6.7 eV is reduced to 1.8 eV when
the molecule is on graphene and also that hydrogen-passivated
Si and Fe atoms incorporated in graphene repel O, molecules.?
This improved resistance to oxidation is potentially important,
especially for applications in catalysis since it is known
that many metals can not be used as catalysts because, in
their oxidized state, they present no or very poor catalytic
activity. Although the amount of investigation on this subject
is yet small, it has been argued that inert graphene layer
deposited on metal surfaces can be transformed to a very
active catalyst by embedding metal clusters and individual
atoms in defects in graphene.® Furthermore, the deposition of
metal atoms on a graphene-covered metallic surface can form
clusters on the graphene layer, be incorporated to the graphene
defects, or diffuse through the graphene to form metallic layers
in-between the graphene and the substrate. This last process
has been called metal incorporation in the graphene-metal
interface. It has been observed that the intercalation process
can result in quasi-free-standing graphene exhibiting high
quality comparable to that mechanically cleaved, that is, low
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sheet resistance, optical transparency, large electron mobility
at room temperature, the half-integer quantum Hall effect,
and high thermal conductivity, aside from presenting, in some
systems, a zero-band gap at the Dirac point.>~'! By this way,
graphene layers of high quality and of different thicknesses
have been prepared and transferred to another material for
applications.

Beyond other new important properties that may be discov-
ered, it is expected that by intercalating metals underneath the
graphene layer it will be possible to decouple the graphene
from the metal surface. According to literature, investigations
have been performed mainly on three surfaces Ni(111),
Ir(111), and Ru(0001), but with different adsorbed atoms: Fe,
Cu, Ag, Au, Al, Na, K, and Cs on graphene/Ni(111); Pt, W, Re,
Fe, and Au on graphene/Ir(111); and Pt, Pd, Ni, Co, Au, In, and
Ce on graphene/Ru(0001).!%1? These studies have revealed
that there are important differences in the electronic behavior
of such systems (for example, the opening up of the Dirac point
band gap) as well as in the sites occupied by the adsorbed atom
in the interface structure. For example, the intercalation of Pt,
Pd, Ni, or Co on Ru(0001) preserves the size of the Moiré
patterns whereas for Au, In, or Ce the periodicity of the Moiré
pattern is modified.'?

The intercalation, in the monolayer regime, of differ-
ent metals such as Au,”® Ag,'* Cu,'>'¢ Fe,'"" Sn, and
A1?*2! underneath a graphene sheet grown on Ni(111)
has been extensively studied in the last years. These in-
tercalated systems are interesting because their electronic
structure and physical properties are similar to bulk clas-
sical graphite intercalation compounds. The possibility of
preparing structures which can not be obtained in bulk
graphite is also very attractive. Since they are low-dimensional
systems, they could exhibit quantum-size effects such as
oscillations of the valence band electron density near the
Fermi level with respect to the thickness of the intercalated
layers.
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It has been shown by photoemission spectroscopy and
first-principles calculations'’!° that, after annealing of 1 and
2 Fe monolayers deposited over graphene on Ni(111), there
is an intercalation of the Fe film underneath the graphene
layer leading to the formation of graphene-protected fcc
Fe films on Ni(111) where the Fe layers follow the fcc
stacking of the substrate and the graphene has the same
registry as for the Ni(111). However, the structural properties
of the graphene-protected Fe films on Ni(111) still remain
unexplored by techniques more sensitive to the surface
structures.

In this paper, we present a combined low-energy electron
diffraction (LEED), x-ray pholotelectron spectroscopy (XPS),
and density-functional-theory- (DFT-) based first-principles
calculations study of the structural properties of Fe monolayers
intercalated underneath a graphene sheet epitaxially grown on
Ni(111).

II. EXPERIMENTAL AND THEORETICAL DETAILS

The experiments have been carried out in a VG Escalab
ultrahigh-vacuum (UHV) system with a base pressure of
1 x 107'° mbar. The UHV system was equipped with the
standard facilities for sample preparation (cleaning, heat-
ing, and deposition) and characterization (Auger, x-ray,
and ultraviolet photoemission and Mossbauer spectroscopies)
as well as with a computer-controlled four-grid LEED
optics.

The Ni(111) single crystal, provided by Surface Preparation
Laboratory,”> was cleaned by cycles of sputtering (1-keV Ar"
ions for 30 min) and annealing (7' = 700 K for 20 min)
until no contamination was detectable by x-ray photoelectron
spectroscopy (XPS). The graphene was grown on Ni(111)
by exposing the surface to an atmosphere of 2 x 10~® mbar
of C3Hg for 10 min at a temperature of (810 +£ 30) K,
as previously described in the literature.'® High-purity Fe
monolayers (from 1 up to 3) were evaporated using an omicron
e-beam source onto the Ni(111) covered by graphene at room
temperature. After Fe deposition, the surface was annealed at
(590 + 30) K for 15 min. The surface chemical composition
was probed by XPS using both Al-K, and Mg-K, lines.
The diffracted intensities as a function of electron energy
(LEED-IV curve) were collected for all available beams
at nominal normal incidence in the range of 50-400 eV,
normalized by the incident electron current and smoothed
using a three-point least-squares cubic polynomial algorithm.
The symmetry-equivalent beams were then averaged. Before
each Fe intercalation, the Ni(111) surface was cleaned and a
new graphene layer was grown.

The LEED quantitative theoretical analysis was carried out
using the method of symmetrized automated tensor LEED with
the programs associated to calculate the scattering phase shifts,
using the approximation of the muffin-tin potential.”> The
agreement between the experimental and theoretical LEED-IV
curves was quantified by the R factor proposed by Pendry**
(Rp). In all cases where mixed domains were considered, the
calculated spectra were derived from incoherently summing
over the different terraces. When mixing different domains
on the surface, the number of fit parameters increases and,
consequently, the Rp factor decreases. A modified Hamilton

PHYSICAL REVIEW B 88, 165410 (2013)

ratio®>? was used to verify if whether the improved fit actually

implies a better structural solution. It has been empirically
observed that the Hamilton ratio should exceed 3.0 to indicate
real improvements, while values below 1.0 indicate merely a
better fit due to additional parameters.

The ab initio calculations were performed using the SIESTA
code.?”?8 The applied first-principles methodology is based on
density-functional theory®” as implemented in the SIESTA code.
Norm-conserving pseudopotentials of Troullier-Martins*® in
Kleinman-Bylander nonlocal form were used to represent
the ionic core potential. We make use of the generalized
gradient approximation, as parametrized by the Perdew et al.’!
scheme, for the exchange-correlation functional. The Kohn-
Sham orbitals®> are expanded in a linear combination of
numerical atomic orbitals of finite range which is determined
by a common confinement energy shift of 0.01 Ry.* The
fineness of the real-space grid integration is determined by a
minimal energy cutoff of 200 Ry.** The valence electrons
of the C, Ni, and Fe atoms were represented by a basis
set consisting of double-zeta radial functions per angular
momentum plus polarization functions (DZP). Tests were
made to find the best basis set and calculation input parameters
to reproduce the experimental values of bond lengths and
lattice parameters of the Ni(111) surface. Our model for unit
cell of the graphene/Fe/Ni(111) heterostructure is composed
by 9 to 10 nickel atoms, 1 to 2 iron atoms, and 2 carbon
atoms (graphene unit cell) in such a way that the total
number of atoms of each system is always equal to 13. In
both unit cells, the distance between the top layer and its
periodic image is about 45 A, which ensures that there is
no interaction between successive periodic images along the
z direction (which is the one perpendicular to the surface).
The graphene/Fe/Ni(111) unit cell is periodic in the x and y
directions. The respective Brillouin zone is sampled by a 15
x 15 x 2 Monkhorst-Pack grid.*> The geometries were fully
optimized until all the force components became smaller than
0.05eV/A.

III. RESULTS AND DISCUSSION

After growing graphene on the Ni(111)(1x 1) surface, we
evaporated one, two, and three monolayers (ML) of Fe over it
at room temperature. After deposition, the diffraction patterns
from the surface exhibited the (1x 1) symmetry but with high
background intensity. After annealing the sample for 15 min at
590 K, the LEED patterns became again well defined showing
the (I1x 1) symmetry with low background intensity (Fig. 1).

(a) (b)

FIG. 1. LEED patterns at £ =99 eV for (a) C/1 ML
Fe/Ni(111)(1x1) and (b) C/2 ML Fe/Ni(111)(1x1), both after
annealing.
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FIG. 2. (Color online) (a) C 1s photoemission spectra before (black) and after (red) deposition, and after (blue) the annealing procedure

for 1, 2, and 3 ML of Fe.

XPS measurements showed the presence of metallic Fe with no
trace of oxide formation. Figure 2 shows XPS data in the C 1s
photoemission range before and after deposition, and after the
annealing procedure for 1, 2, and 3 ML of Fe. The spectra were
normalized with respect to the C 1s photoemission peak from
the graphene on Ni(111) before deposition. We clearly see a
decrease on the intensity of the C 1s peak after deposition. This
intensity reduction originates from the fact that now the C 1s
photoelectrons have to cross the deposited Fe layers reducing
the number of electrons that reach the detector without being

TABLE 1. The final Rp factors for models having 1 ML of Fe
between the graphene sheet and the Ni(111) surface after the structural
and nonstructural parameters optimization. The two sets of lowercase
letters correspond to the stacking of the carbon atoms in the unit cell
with respect to the Fe layer. The uppercase letter in italic corresponds
to the stacking of the Fe layer with respect to the topmost nickel layer
labeled by the uppercase letter A.

Model Rp factor
Models without stacking fault

top-fcc CABC (0.27 £+ 0.05)
top-hcp CABC (0.70 £ 0.14)
fee-hep CABC (0.68 £0.13)
bridge-top CABC (0.35 +£0.07)
Models with stacking fault

top-fcc BABC (0.83 £ 0.16)
top-hcp BABC (0.74 £0.15)
hep-fecc BABC (0.71 £0.14)
bridge-top BABC (0.79 £ 0.16)
Models with domain mixing

60% top-fcc + 40% bridge-top (0.20 £ 0.04)

scattered. As the Fe thickness increases, a shoulder develops
at binding energy of about 283.5 eV. We do not have a clear
picture yet why this is happening. Based only on the binding
energy of the C 1s peak shoulder, a possible explanation might
be the formation of small islands of Fe;C.3037

After annealing, the C ls intensity recovers its original
value, demonstrating that the C 1s photoelectrons are not
attenuated by the Fe layers anymore. This intensity recovering
is a strong evidence that the Fe atoms are now under
the graphene sheet. The shoulder disappears and the C 1s
photoemission peak exhibits now only a single peak at binding

0.35
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FIG. 3. (Color online) The Pendry Rp factor for surface models
having a mixture of top-fcc and bridge-top domains for the C/1 ML
Fe/Ni(111)(1x) system. On the left (0%), the surface contains only
bridge-top domains. On the right (100%), the surface is completely
covered by top-fcc domains. In-between, the surface is a mixture of
the two models.
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FIG. 4. (Color online) Top and side views of the structural model having the coexistence of top-fcc and bridge-top domains that best fit the

experimental LEED-IV curves after intercalation of 1 ML of Fe.

energy of 285.0 eV. This binding energy is exactly the same
value observed for the C ls photoemission peak after the
graphene growth on Ni(111), suggesting that the graphene
is strongly coupled to the Fe layers.?®

The LEED patterns were then collected for 1 and 2 ML of
Fe after intercalation and the LEED-IV curves were extracted
from the digitized patterns. After averaging of the symmetri-
cally equivalent beams, the experimental beams were reduced
to 5 and 3 nonequivalent beams defining a total energy range
of 1025 and 700 eV for the 1 and 2 ML of Fe, respectively.
Several different structural models, including different Fe
thickness, stacking faults in the Fe layers with respect to the
substrate underneath, and having Fe layers above and below
the graphene sheet were considered in the LEED analysis. All
models where the Fe monolayers were over the graphene sheet
resulted in Rp factors higher than 0.8 and were not considered
for further optimizations. The very poor agreement between
the models having Fe layers over the graphene sheet and the
experimental LEED-IV curves supports our model with Fe
intercalated between the graphene and Ni(111) surface. In the
next two sections, we discuss in details the structural analysis
of the 1- and 2-ML Fe films after intercalation.

A. C/1 ML Fe/Ni(111)(1 x 1) structural analysis

As expected, structural models having 2, 3, and 4 Fe
monolayers did not fit the experimental data for the 1-ML
Fe film and produced unreasonable results and unrealistic
structures characterized by Rp values higher than 1.0. The

Pendry’s R factor for all possible models having 1 Fe layer
underneath graphene is presented in Table I. Models with
stacking faults also did not show a good agreement with
the experimental data as demonstrated by very high values
of Rp. The best experiment-theory agreement was obtained
by having the Fe layer following the fcc stacking of the
substrate and the carbon atoms in the top and fcc hollow sites.
However, the bridge-top model can not be ruled out because
the difference between the Rp of the two models is within the
error bars. This small difference may be an indication that, in
our experiment, both structures may be present on the surface.
In our DFT investigation, we found that the energy of the
top-fcc model is 0.1 eV per unit cell smaller than the energy of
the bridge-top model. Therefore, if the two structures coexist
on the surface, domains with Fe layers arranged by the top-fcc
model should be more favorable than bridge-top domains. In
order to carefully investigate this point, we have allowed the
coexistence of top-fcc and bridge-top domains on the surface
in the LEED calculations.

Figure 3 shows the Rp as a function of the top-fcc domain
coverage on the surface. By mixing the bridge-top and the
top-fcc models, a well-defined minimum is observed. For a
model consisting of 60% of top-fcc and 40% of bridge-top
domains, the lowest Rp = (0.20 £ 0.04) is achieved. By
applying the Hamilton test to this model, we get aratio of H =
4.35, indicating a real improvement of the structural model.
Figure 4 shows a schematic drawing of this structural model.

In Table II, we present the vertical distances obtained
from the LEED analysis for both domains and from our

TABLEIIL. The structural and nonstructural parameters of the fop-fcc and bridge-top domains obtained from LEED structural determination
and from our DFT calculations for the C/1 ML Fe/Ni(111)(1x 1) system. ®$ and @Z'““’r are the Debye temperatures of the graphene and the
topmost Ni layers, respectively. Vo; is the imaginary part of the inner potential.

Top-fcc domain Top-fcc (DFT) Bridge-top domain Bridge-top (DFT)

de.c (A) 0.08 +0.05 0.03 0.10 £ 0.05 0.01

dere (A) 2.06 £+ 0.04 2.12 2.02 £0.04 2.15

dreni (A) 2.06 £0.07 2.05 2.04 £0.07 2.05

diy (A) 2.03 £ 0.06 2.04 2.02 +£0.06 2.05

drgux (R) 2.03 £ 0.06 2.03 2.04 +£0.06 2.04

o5 (K) 600 £ 80 600 £ 80

(E)];i*“rf (K) 350 £ 80 350 £+ 80

Vo; (eV) —-5.0 5.0
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FIG. 5. (Color online) The experimental (black lines) and the
best theoretical (blue lines) LEED-IV curves for the C/1 ML
Fe/Ni(111)(1x 1) system.

DFT calculations for the top-fcc and bridge-top models. It
is clear that the structural parameters of both domains are
essentially the same as well as for both models predicted by
our theoretical simulations. Although atomic displacements
parallel to the surface are allowed for the bridge-top model
due to its lower symmetry, no significant deviations from the
starting structure (the C-C atom bond center point being on top
of the first-layer Ni atom) were observed after optimization.
It is also worth to point out that the two models are related
by a registry shift of the graphene sheet. Table II also shows

TABLE III. The final Rp factors for models having 2 ML of Fe
between the graphene sheet and the Ni(111) surface after the structural
and nonstructural parameters optimization. The two sets of lowercase
letters correspond to the stacking of the carbon atoms in the unit cell
with respect to the topmost Fe layer. The two uppercase letters in
italic correspond to the stacking of the iron layers with respect to the
topmost nickel layer labeled by the first uppercase letter A from right
to left.

Model Rp factor
Models without stacking fault

top-fcc BCABC (0.23 £ 0.06)
top-hcp BCABC (0.54 £ 0.14)
fec-hep BCABC (0.53 +£0.14)
bridge-top BCABC (0.51 £0.13)
Models with stacking fault

top-fcc ACABC (0.58 £0.15)
top-hcp ACABC (0.54 £ 0.14)
hep-fec ACABC (0.59 £ 0.15)
bridge-top ACABC (0.60 £ 0.16)
top-fcc CBABC (0.61 £ 0.16)
top-hcp CBABC (0.58 £0.15)
hep-fecc CBABC (0.57 £0.15)
bridge-top CBABC (0.60 + 0.16)
top-fcc ABABC (0.57 £0.15)
top-hcp ABABC (0.49 £0.13)
hep-fec ABABC (0.55 £ 0.15)
bridge-top ABABC (0.59 £ 0.15)
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FIG. 6. The Pendry Rp factor for surface models having a mixture
of top-fcc and bridge-top domains for the C/2 ML Fe/Ni(111)(1x1)
system. On the left (0%), the surface contains only bridge-top do-
mains. On the right (100%), the surface is completely covered by top-
fcc domains. In-between, the surface is a mixture of the two models.

that our experimental and theoretical results are consistent.
The comparison between the experimental and the theoretical
LEED-IV curves corresponding to the best mixed-termination
model is presented in Fig. 5. We clearly see that most of
the diffracted peaks are well reproduced in the theoretical
LEED-IV curves. FeNi alloy formation on the interface
was also tested using the average T-matrix approximation
(ATA).>*4% All alloy models considered have higher R p factors
than the top-fcc single-domain model. However, Fe and Ni
atoms scatter electrons very similarly and the ATA was not too
sensitive to changes in the alloy concentration.

It is worth to point out that, from our experiment, we can
not conclude whether the coexistence of both structures was
already present on the surface after the graphene growth on
Ni(111) or if it was induced by the Fe intercalation. The reason
for that is that we did not perform a full LEED structural
analysis of the graphene/Ni(111) surface used for the 1-ML
Fe intercalation.

B. C/2 ML Fe/Ni(111)(1 x 1) structural analysis

Similarly to the 1-ML Fe thick film case, we investigated
the possibility of having intercalated an amount of Fe different
from 2 ML on graphene grown on Ni(111) by considering

TABLE IV. The structural parameters corresponding to the best
model from LEED structural determination and from our DFT
calculations for C/2 ML Fe/Ni(111)(1x1).

top-fcc (LEED) top-fcc (DFT)

dec (A) 0.04 £+ 0.05 0.03
dere (A) 2.14 4+ 0.04 2.08
drere (R) 1.97 £ 0.06 2.11
dreni (A) 2.13 £0.07 2.04

di, (A) 2.03 £0.06 2.06
dypu (A) 2.03 £ 0.06 2.03

0% (K) 600 & 100

N (K) 300 + 100

Vo; (eV) 7.0
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FIG. 7. (Color online) Top panel: side view of the best top-fcc model obtained from the LEED analysis after the intercalation of 2 ML of
Fe. Bottom panel: experimental (black lines) and theoretical (blue lines) LEED-IV curves evaluated for the best model.

models with different Fe coverages. As expected, structural
models having 1, 3, and 4 Fe layers did not fit the experimental
data for the 2-ML Fe film and produced unrealistic structures
characterized by Rp values higher than 0.8.

In Table III, the Pendry’s R factor for all possible models
having 2 Fe layers underneath graphene is presented. Models
with stacking faults also did not show a good agreement with
the experimental data as demonstrated by very high values
of Rp. The best experiment-theory agreement was obtained
by having the 2 Fe layers following the fcc stacking of the
substrate and the carbon atoms in the top and fcc hollow
sites. The good agreement between experiment and theory
is reflected by a final Rp value of (0.23 £ 0.06).

Now, the bridge-top model did not fit our experimental data
for the 2-ML Fe thick film exhibiting a Rp = 0.51, suggesting
that the coexistence of top-fcc and bridge-top domains on
the surface is unlikely for this growth. Again, in order to
carefully investigate this point we have allowed the coexistence
of top-fcc and bridge-top domains on the surface in the LEED
calculations. The Rp as a function of the top-fcc domain
coverage on the surface can be seen in Fig. 6.

For a model consisting of 80% of top-fcc and 20% of bridge-
top domains the lowest Rp = (0.21 £ 0.06) is achieved. By
applying the Hamilton test to this model, we get a very
low value for the Hamilton ratio of H = 0.26 indicating no
real improvement of the structural model. This result is also
predicted by our DFT calculations. After the total energy
minimization, the final atomic geometry obtained moved from
the 2-ML Fe bridge-top model to the top-fcc model, suggesting
that this last structure is the most favorable.

The final structural parameters corresponding to the best
top-fcc model obtained from the LEED analysis and the DFT
total energy minimization are presented in Table IV. A side
view of this model is shown on the top panel of Fig. 7.
The structure is similar to the one obtained for C/1 ML
Fe/Ni(111)(1x 1). The main observed structural features are a

small rumple of (0.04 4 0.05) A between the two carbon atoms
in the graphene unit cell, a contraction in distance between
the Fe layers and an expansion of the interlayer distance at
the Fe-Ni interface, when compared to the bulk interlayer
distances of the Ni(111) (2.03 A) or fec-Fe(111) (2.07 A),
respectively. The comparison between the experimental and
theoretical LEED-IV curves calculated for the best-fit model
described in Table IV are presented on the bottom panel
of Fig. 7. We clearly see that all the main diffracted peaks
presented in the experimental LEED-IV curves are reproduced
in the theoretical ones.

IV. CONCLUSION

In summary, we have investigated by low-energy electron
diffraction and first-principles calculations the structure of
Fe layers intercalated between the graphene and the Ni(111)
surface. From the intercalation experiments, we can conclude,
based on the XPS data, that the graphene strongly interacts
with the topmost Fe atoms since the C ls binding energy is
the same as for the graphene on Ni(111) (285.0 eV). This
is consistent with the small C-Fe distances (between 2.0 and
2.1 A) obtained from both the LEED structural determination
and from our DFT calculations At least for the intercalation
of 1 and 2 ML of Fe, the Fe layers follow the fcc stacking
of the Ni(111) substrate. The coexistence of the top-fcc and
bridge-top structures was observed for the intercalation of 1
ML of Fe. However, we can not conclude if the coexistence
was already present on the surface after the growth of graphene
on Ni(111) or it was induced by the Fe intercalation.
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