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he investigation of interfaces be-
Ttween graphene'? and metals is of
great technological importance be-
cause of recently demonstrated large-scale
productions of high-quality graphene on
metal substrates.>* Furthermore, graphene/
metal interfaces are of crucial importance
for the preparation of conventional® or spin-
polarized®” contacts in devices and attract
considerable interest due to the possibil-
ity to fabricate graphene-based spintronic
units.®? In general, the properties of epi-
taxial graphene/substrate interfaces can be
efficiently controlled by inserting other ma-
terials between graphene and the original
support, a process referred to as intercala-
tion." "3 In the particular case of graphene
grown epitaxially on transition metals, inter-
calation of layers of alkali metals, noble
metals, or oxygen has already been success-
fully used to tune the hybridization be-
tween the electronic states of graphene
and the underlying substrate in order to
restore the electronic structure of freestand-
ing graphene or to induce doping.'"'%14~17
Focusing on the graphene/ferromagnet
systems, the use of intercalation as an alter-
native to the direct epitaxial growth of
graphene on ferromagnetic surfaces, for
example, Ni(111)'>'® and Co(0001),'%%°
may offer several advantages in an applica-
tions perspective. First, the intercalated ma-
terials can be stabilized in structures highly
unfavorable for their bulk counterparts.?’
Second, interfaces composed of hexagon-
ally close-packed ferromagnetic surfaces
such as Ni(111)"® and Co(0001)" in contact
with graphene are considered to play an
important role in the field of graphene-
based spintronics as they are predicted to
exhibit large spin filtering efficiencies.®® The
intercalation approach could hereby serve
as a flexible method to produce perfect
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ABSTRACT We use in situ scanning tunnel-
ing microscopy (STM) to investigate intercala-
tion of the ferromagnetic 3d metals Ni and Fe
underneath a graphene monolayer on Rh(111).
Upon thermal annealing of graphene/Rh(111)
with the deposited metal on top, we observe
the formation of epitaxial monatomic nanois-
lands grown pseudomorphically on Rh(111) and
covered by graphene. The size and shape of

intercalated nanoislands is strongly influenced

by the local spatial variation of the graphe-

ne—Rh bonding strength. In particular, the side length of the intercalated nanoislands shows

maxima around discrete values imposed by the periodicity of the graphene moiré. Intercalation can

be performed efficiently and without any visible damage of the graphene overlayer in the studied

temperature range between 670 and 870 K. We identify the main intercalation path to be via

diffusion through pre-existing lattice defects in graphene, accompanied by the second mechanism

which is based on the material diffusion via metal-generated defects followed by the defect healing

of the graphene lattice. We deem these graphene-capped and sharply confined ferromagnetic

nanoislands interesting in the fields of spintronics and nanomagnetism.

KEYWORDS: graphene - moiré - rhodium - ferromagnet - intercalation -
scanning tunneling microscopy - photoemission spectroscopy

epitaxial graphene/ferromagnet systems,
which are needed for the future spintronic
applications. Third, intercalation of ferromag-
nets in conjunction with periodically corru-
gated graphene on lattice-mismatched
surfaces of Pt(111),°272* Ir(111),>>%~%" Rh-
(111),2%8732 and Ru(0001)**%**3735 would
possibly allow the preparation of arrays of
magnetic nanostructures covered by a pas-
sivating graphene layer ensuring chemical
stability of the system toward oxidation in
air3® Although several studies on the inter-
calation of ferromagnetic materials between
graphene and supporting metal have been
reported,?’*” =3 little is known about the ef-
fects of the lateral variation in binding strength
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Figure 1. (a) STM topograph (65 x 65 nm?) of the regular moiré pattern of graphene on Rh(111) (Ur = 1.1 V; It = 0.18 nA). The
inset in (a) shows the corresponding LEED image (E, = 58 eV). (b) Atomically resolved 9 x 9 nm? STM image of the moiré
structure (Uy=0.47 V; Iy =4.2 nA). The black rhombus outlines the moiré supercell. (c) Height profile along the long diagonal of
the moiré supercell. (d) C 1s core-level photoemission spectra of the graphene layer on Rh(111) and of the graphene layer on
Ni(111) (hv = 450 eV). (e) Valence-band photoelectron spectra of graphene/Rh(111) (hv = 90 eV), graphene/Ni(111) (hv = 65
eV), and graphite single crystal (hv = 65 eV) acquired in the normal emission geometry. (f) STM topograph (75 x 75 nm?) of a
graphene layer with structural defects due to the presence of different moiré domains (Ur = 0.14 V; I; = 0.42 nA).

due to the moiré structure on the morphology of
intercalated material.

In this work, we report on the intercalation of the
ferromagnetic 3d metals Ni and Fe underneath gra-
phene on Rh(111). We show that the shape and size of
intercalated metal islands is strongly influenced by the
intricate spatial binding strength variation at the gra-
phene/Rh(111) interface. On the basis of our scanning
tunneling microscopy (STM) results at different stages
of the intercalation process, possible intercalation
mechanisms are discussed.

RESULTS AND DISCUSSION

Figure 1a represents a large-scale topographic STM
image showing the moiré structure of graphene/Rh-
(111) exhibiting a high crystalline quality. A large
graphene domain continuously spreads across several
substrate steps without visible defects on the atomic
scale. Substrate steps are aligned to the main crystal-
lographic directions of the graphene layer as a result of
substantial reshaping of the Rh(111) substrate during
the preparation. A moiré periodicity of 2.9 + 0.05 nm is
found from low-energy electron diffraction (LEED)
investigations (inset in Figure 1a) corresponding to
approximately 12 times the lattice constant of gra-
phene and 11 times that of Rh(111). This is in good
agreement with experimental values reported earlier*?
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as well as with the theoretical moiré periodicity of d,,, =
2.88 nm derived as described in ref 26 with ac = 2.46 A
and dg, = 269 A. Figure 1b shows an atomically
resolved STM image of graphene/Rh(111). Main fea-
tures of the moiré cell of graphene/Rh(111) are bright
areas marked by dashed circles and deep depressions,
one in the middle of the moiré cell and four at the
moiré cell border, each of them marked with filled
circles. On STM images, three of these depressions
constitute a triangle. Hence, the point enclosed by the
triangle of depressions (marked by a filled square) is
not equivalent to the mirror-symmetric position on the
other half of the moiré cell (marked by a filled star).
More precisely, the area depicted by the filled square in
the center of the triangle is darker compared to the
equivalent site marked by a filled star. This situation
becomes more obvious in a line profile along the long
diagonal of the moiré unit cell in Figure 1c. Assuming a
commensurate 12 carbon/11 Rh supercell and a per-
fect alignment of graphene and rhodium lattices, we
can deduce the local configuration of the carbon
atoms in the graphene layer with respect to the sub-
strate. In Figure 1b, the configurations are assigned to
the apparent STM contrast: bright areas mark regions,
where the center of the carbon ring is placed above
a substrate atom, further on referred to as atop posi-
tions. The appearance of the bright atop areas
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Figure 2. (a) STM topograph (60 x 60 nm?) of predeposited Ni on graphene/Rh(111) (Ur = 1.54 V; It = 1.14 nA). (b) STM
topograph (33 x 33 nm?) of predeposited Fe on graphene/Rh(111) (Ur = 1.11 V; It = 0.49 nA). Inset in (b) shows a 34 x 34 nm?
STM image illustrating preferential nucleation of Fe clusters at a domain boundary. The main directions of two moiré patterns
are outlined in both domains by white lines (Ur = 1.29 V; It = 0.60 nA). (c) Height profiles measured along the lines in (a) and (b),

respectively.

coincides with the findings on graphene/Ir(111)?>°
and graphene/Ru(0001)** systems. The intercon-
necting regions between the dark depressions can
be identified referring to the position of the carbon
ring center located either above three-fold hollow hcp
(marked by a solid square) or fcc (marked by a solid
star) substrate sites, respectively. The assignment of
fcc/hep areas within the moiré cell was performed
based on comparison of the STM apparent height
values with the density functional theory (DFT) calcula-
tions in ref 31. The dark depressions in our STM images
coincide with bridge sites, where carbon rings are
located above bridging substrate positions. Indeed,
theoretical calculations predict bridge sites to be en-
ergetically favorable for graphene on Ru(0001)*® as
well as on Rh(111).%

The spatial modulation of the apparent vertical
height of the graphene sheet in STM depends on the
scanning parameters and varies between 0.5 and 1.5 A.
The large corrugation in STM images gives a strong
indication for a lateral variation in bonding strength
due to two contributing factors: first, a variation in
bonding strength leads to a physical corrugation of the
graphene sheet;*>*° and second, the laterally inhomo-
geneous accumulation of charge carriers modifies the
density of states and work function locally.>' A separa-
tion of both effects is not unambiguously possible by
STM; however, the comparison with DFT data*’ sug-
gests a correlation of the STM apparent height with the
physical corrugation of the graphene sheet.

Core-level and valence-band photoemission spec-
troscopy (PES) provides a strong support for the con-
siderable local variations in bonding strength between
the carbon layer and the Rh(111) substrate. In Figure 1d,e,
PES measurements of corrugated graphene on Rh(111)
and flat graphene on Ni(111) are compared. For gra-
phene/Rh(111), the C 1s peak is split in two distinct
components with an energy separation of about 0.44 eV
(see Figure 1d), whereas only one single C 1s line is
present for graphene/Ni(111), at a position which cor-
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responds to the binding energy of the more strongly
bound component of graphene/Rh(111). In the case of
graphene/Rh(111), the splitting of the C 1s line in two
components is contributed to the coexistence of re-
gions with differing bonding strength.?®> Recent DFT
calculations show that the double peak structure of the
C 1s line is formed by a superposition of single lines
with a continuous rather than binary distribution of
binding energies arising from a locally different de-
gree of interaction between graphene and the under-
lying metal. Hereby the distribution of lines shows
two intensity maxima forming the experimentally ob-
served C 1s double peak.*' In Figure 1e, the valence-
band PES spectra acquired in normal emission are
shown. Compared to graphite, the s-bands of gra-
phene/Ni(111) and graphene/Rh(111) show a large
shift to higher binding energies, indicating a strong
overall bonding to the substrate. The difference in
binding energy of the s-states in graphene/Rh(111)
and pure graphite amounts to about 2.3 eV, which is
close to the value for graphene/Ni(111)'® and also for
graphene/Ru(0001),*? indicating a comparable bonding
strength of the graphene layer on top of the Rh(111)
surface. However, a considerably different local redistribu-
tion of the bonding strength in graphene/Rh(111) com-
pared to Ru(0001) or Ir(111) can be deduced from strong
contrast variations observed by STM.

In the following, we will show that local bonding
strength variation between graphene and metal sup-
port has a strong impact on the structure of 3d metal
islands intercalated underneath graphene on Rh(111).
Furthermore, we find that lattice defects in the gra-
phene layer, such as point defects and domain bound-
aries (see Figure 1f), play an important role in the
intercalation process. Therefore, in the following, we
will first briefly discuss the growth of the ferromagnetic
metals on top of the graphene/Rh(111) system and
subsequently focus on the morphology of the inter-
calated islands underneath graphene/Rh(111) as well
as on the discussion of possible intercalation routes.
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Figure 3. (a) Large-scale 150 x 75 nm? STM topograph obtained after Ni deposition followed by annealing up to 870 K. The
red arrows point at Ni clusters on top of graphene swept by the STM tip (Uy = 1.20 V, Iy = 1 nA). (b) Height profile along the red
line in (a) highlighting the distinct difference between the Ni clusters on top of graphene and intercalated nanoislands.

Examples for either Ni or Fe intercalation will be
discussed as these materials showed the same behav-
ior during the experiments.

At the first step, Ni and Fe were predeposited on
graphene/Rh(111) at room temperature. The nominal
deposition of 2 A of Ni leads to the formation of large,
flat, and triangular-shaped islands*® with the edges
aligned approximately along the (170} directions of
the Rh(111) substrate, as displayed in Figure 2a. Their
average height is 1.8 nm, and their size defined by the
length of their longer edge is ranging from 5 to 18 nm
(see the corresponding line profile in Figure 2c).
Figure 2b represents a STM topograph of 1 A of
nominal Fe deposited on graphene/Rh(111) at room
temperature. The Fe clusters are of hemispherical
shape with a histogram maximum at 9 nm in diameter.
The typical height of the Fe clusters is 2 nm, as shown in
Figure 2c. Interestingly, graphene grain boundaries act
as nucleation centers, as illustrated in the inset in
Figure 2b, where many clusters nucleate at the bound-
ary forming a cluster chain. This is in agreement with
theoretical predictions showing that grain boundaries
are more chemically reactive than the undisturbed
graphene lattice®® as well as with experimental results
reported for Ni on graphene/Ni(111),** where an ag-
glomeration of deposited material at defect-rich areas
is observed, suggesting that defects in graphene act as
nucleation centers. On the other hand, Fe, Ni, and Co
are reported to reduce vacancy formation energies of
graphene® and might also induce the formation of
graphene defects.

The surface topography was found to change con-
siderably after annealing of graphene/Rh(111) with
predeposited Ni or Fe on top. Figure 3a shows a large-
scale STM topograph taken after Ni deposition on
graphene/Rh(111) followed by a subsequent anneal-
ing up to 870 K for 20 min. A single graphene layer
exhibiting the regular moiré structure is observed. This
graphene domain continuously covers two terraces,
whereas the step edges are straight. The bending of
the graphene layer at the step edge produces a lateral
displacement of the moiré pattern,*® as outlined by
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two sets of white lines parallel to one of the (170)
direction of the moiré structure, hence any bending/
lifting of graphene due to obstacles can be visually
identified in STM by a lateral displacement of the moiré
pattern across the obstacle. Two main features are seen
in this image. First, compact Ni clusters appearing in
white on the STM topograph can be observed. These
clusters are sitting on top of graphene, deduced from
the fact that they can be swept by the STM tip and
consequently form elongated paths on the image
marked by the red arrows. Second, flat hexagonal-
shaped islands exhibiting a moiré structure on their
surface can be observed. The height of such islands
coincides with the step height of graphene grown
across substrate steps in contrast to the substantially
higher clusters on top of graphene (white features in
Figure 3a). This becomes clear from the height profile
shown in Figure 3b. Upon repeated annealing, the
number of clusters on top of graphene decreases
and is accompanied by a growth of the area occupied
by the flat islands. Moreover, annealing leads to a
ripening of the clusters on top of graphene in conjunc-
tion with a substantial increase in diameter and height.
On the basis of the observation of graphene moiré
on top of the hexagonal-shaped islands, we identify
them as intercalated nanoislands (INIs) between the
Rh(111) substrate and the covering graphene mono-
layer. The lateral displacement of the moiré pattern
outlined in Figure 3a by parallel white lines shows that
the covering graphene layer is lifted seamlessly across
the INI's edges. The formation of monolayer flat
patches of Ni on top of graphene on the other hand
can be excluded due to the existence of a graphene
moiré pattern on top and the fact that annealing rather
leads to the formation of round, nanometer high
compact Ni clusters instead of hexagonal-shaped
monolayer-thick islands. The same behavior was ob-
served for Fe during all stages of the intercalation
process (see also Figure 6 and corresponding text).
Now, we address in detail the morphology of the
INIs. We found that the graphene moiré imposes
registration on the compact INIs. The overall
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Figure 4. (a) Atomically resolved 14 x 14 nm? STM topograph obtained after room temperature deposition of Ni followed by
annealing at 670 K (Ur = 047 V; /& = 42 nA). White dots mark bridge sites of graphene/Rh(111).
(b) Three-dimensional representation of the nanoisland in (a). Inset in (b) shows an atomically resolved STM topograph of
graphene/Ni(111)/W(110) prepared as described elsewhere?'>° (3.5 x 3.5 nm? Uy = 0.002 V; Iy = 42 nA).
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Figure 5. (a) Atomically resolved STM topograph of an intercalated Ni nanoisland. The shift of the moiré high-symmetry
points upon intercalation of one additional pseudomorphically grown layer is illustrated. Red lines indicate the expected INI
side length defined as the length of the bridge site row, whereas black arrows indicate the measured one. (b) Histogram with
the distribution of the side lengths of intercalated Ni nanoislands compiled on the basis of 108 length measurements.

morphology of the INIs observed in Figure 3 differs
strongly from the one of the Niislands deposited either
on top of graphene/Rh(111) or directly on the bare
Rh(111) surface.*’ The sides of the INIs are parallel to
the (110} direction of the Rh(111) surface similarly to Ni
growth at room temperature on Rh(111).*” However, in
the latter case, the Ni nanoislands are of triangular
shape due to diffusion along preferential directions.*”
In the case of the INIs, the shape is rather hexagonal.
Atomically resolved STM topographs of graphene-
covered Ni INIs allow one to extract further structural
details. One typical Ni INI is displayed in Figure 4a,b.
Graphene covering the surface of the Ni INIs exhibits
an atomic arrangement identical to the one of gra-
phene covering the neighboring Rh(111) surface as
extracted from the analysis of the fast Fourier trans-
form calculated from the STM topography on top of
an INI and next to it (not shown here). As a result, the
periodicities of the moiré on the graphene/Rh(111)
and on the graphene/Ni/Rh(111) surfaces are found to
be equal. Furthermore, upon intercalation, a shift of
one-quarter of a moiré period between the moiré
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structure on graphene/Rh(111) and the moiré on top
of the INlis observed (Figure 4a). This is explained by a
permutation of high symmetry sites due to the inter-
calation of one monolayer Ni between graphene and
Rh(111), as illustrated in Figure 5a. These results
indicate that the intercalated material grows pseudo-
morphically on Rh(111), implying an adaption of
the Ni interatomic distances to the Rh(111) lattice
parameter.

The atomically resolved STM topograph in Figure 4a
gives also a detailed view of the edges of INIs. The edge
of the intercalated island follows strictly the rows
formed by the dark spots of the moiré pattern, which
are attributed to bridge sites. This feature was ob-
served for all INIs and can explain the hexagonal shape
of the INIs reflecting the symmetry of the moiré
pattern. When the different sites of carbon rings within
the moiré structure with respect to the underlying
Rh(111) are recalled, the bridge sites are the regions
where the C—Rh interaction is strongest’’ (see
Figure 1a—e). Hence, they represent regions for which
the graphene is strongly pinned to the Rh surface, thus
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Figure 6. Feintercalation at 870 K. (a) Atomically resolved 23 x 23 nm? STM topograph of two intercalated Fe nanoislands (Ur
=0.02V; Iy = 29.9 nA). White filled circles mark the positions of the bridge sites. (b) STM topograph (150 x 190 nm?) showing in
the lower left corner a higher density of intercalated Fe nanoislands for disordered graphene. The elongated shape of the Fe
clusters on top of graphene (white) is a scanning artifact (Ur = 1.2 V; Iy =0.55 nA). (c) STM topograph (50 x 50 nm?) of graphene
on Rh(111) demonstrating preferential intercalation at point defects (Ur = 0.02 V; I+ = 29.9 nA). (d) STM topograph (45 x
45 nm?) in the dark atop contrast showing preferential intercalation of Fe at a graphene domain boundary (Ur = 0.95 V; Iy =
0.25 nA). Defects in the graphene layer are outlined in (a) and (c) by circles.

imposing considerable constraints on the material
diffusion across the rows of bridge sites.

In Figure 5b, a histogram of the measured side
lengths of INIs is shown. The distribution of side
lengths yields maxima around discrete values of
(n 4+ 1/2)d,, with n € N and d,,, being the moiré period.
The distance between two neighboring bridge sites
corresponds to 1/2d,,. The discrete side length of INIs
can be explained by taking into account the intersec-
tion of lines connecting the bridge sites, which impose
barriers for material diffusion underneath graphene.
A closer look at the histogram in Figure 5b reveals the
maxima to be at slightly lower values compared to the
series of lengths 3/2d,,, 5/2d,,,, and 7/2d.,,. In Figure 53,
the expected side length defined by the bridge sites
(red line) is compared to the measured one (black
arrow). The observed small deviation arises obviously
from a softening of the INI's corners due to partially
unfilled areas within the boundaries of bridge sites.

In the following, possible intercalation routes are
discussed upon the example of Fe. Figure 6 shows the
result of Fe intercalation at 870 K. A similar situation is
observed here as found for the Ni INIs (see Figure 2b).
The discrete side lengths of Fe INIs are particularly well
illustrated in the STM topograph in Figure 6a. On single
domain graphene terraces, one atomic layer thick Fe
INIs with the same characteristics as previously dis-
cussed Ni INIs are observed, exhibiting the regular
graphene moiré pattern on their surface. Most of the
Fe INIs in Figure 6 exhibit a local perturbation of the
moiré pattern [pointed out by circles in (a) and (c)],
which we assign to defects in the graphene lattice.

SICOT ET AL.

These observations suggest that pre-existing lattice
defects allow materials to efficiently penetrate the gra-
phene overlayer and thus represent the most probable
route for metal intercalation in this system. Figure 6b
displays a STM topograph taken after Fe intercalation on an
inhomogeneous graphene/Rh(111) surface. High-quality
graphene moiré is observed in the upper part of the
image, whereas in the lower part, a large number of
point defects and dislocations are visible. Only a small
density of INIs is observed underneath good quality
graphene, which are accompanied by several Ni 3D
clusters on top of graphene. On the contrary, areas
with a high defect density exhibit also a high density of
INIs with only negligible amount of material remaining
on top suggesting efficient intercalation. These results
give clear evidence that penetration via pre-existing
lattice defects is a very effective intercalation route.
Examples for efficient intercalation through various
defects are given in Figure 6¢,d, respectively.
Nevertheless, the surface of some INIs does not
exhibit any visible moiré perturbation, as illustrated
by the small Fe INI shown in the top left corner of the
STM topograph in Figure 6a. This is also observed in
case of Ni intercalation (see the Ni INI in Figure 4). Here,
alternative intercalation routes should be considered.
One possible mechanism is intercalation via the for-
mation of carbidic domains, which has recently been
reported for Ni intercalation on graphene/Ni(111)
at relatively low temperatures.** Upon annealing of
graphene/Ni(111) with the predeposited Ni, the de-
struction of graphene and the formation of a Ni-
carbide surface phase was observed. Thereafter,
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carbidic domains allow Ni to intercalate, eventually re-
forming the perfect graphene layer on top at higher
temperature after intercalation is complete. However,
this large-scale intercalation route can be ruled out in
our case since no areas with carbidic phases were
observed. A further possible mechanism might be
diffusion through metal-generated atomic-scale de-
fects. Recent theoretical calculations®® show that tran-
sition metals (Fe, Ni, and Co) reduce vacancy formation
energies of graphene and therefore might induce the
formation of atomic-scale defects in graphene at ele-
vated temperatures. Subsequently, metal atoms can
diffuse through the induced defects and merge with
the metal substrate underneath graphene. After the
intercalation process is complete, the C—C bonds
are re-established, thus restoring the original graphene
lattice. In our opinion, this is the second possible
intercalation route aside from the diffusion via pre-
existing defects.

CONCLUSION

In conclusion, we studied the intercalation of Fe and
Ni underneath epitaxial graphene grown on Rh(111) by
means of scanning tunneling microscopy. We found

METHODS

All STM experiments were carried out in an ultrahigh vacuum
(UHV) system (base pressure 1 x 107" mbar) equipped with an
Omicron variable-temperature scanning tunneling microscope.
All STM measurements were performed in the constant current
mode at room temperature using electrochemically etched
polycrystalline tungsten tips cleaned in UHV by flash annealing.
The sign of the bias voltage corresponds to the voltage applied
to the sample. Tunneling current and voltage are labeled /+ and
Uy, respectively. SPIP software was used for STM image proces-
sing. The Rh(111) single crystal (MaTeck GmbH, purity 99.99%)
was cleaned by repeated cycles of Ar' sputtering at room
temperature (pa, = 5 x 107° mbar, 1.2 keV), flash annealing to
about 1500 K, annealing in an oxygen atmosphere (po, = 1 x
10~7 mbar) at about 1000 K, and subsequent flash annealing in
UHV to about 1500 K. The quality of the Rh(111) surface was
subsequently checked by STM, LEED, and core-level as well as
valence-band PES. Graphene layers were prepared by thermal
decomposition of ethene/propene gas (pcn,cn, = 3 X 1078
mbar) at 900—1100 K.

Identical samples were grown for photoemission experi-
ments. The presented valence-band photoemission and core-
level PES measurements were performed at the UE56/2-PGM-1
beamline at BESSY (HZB, Berlin). The PES spectra were collected
with a PHOIBOS 100 energy analyzer. The energy/angular
resolution was set to 80 meV/0.2°.

The intercalation of ferromagnetic material was done in a
two-step process. First, Fe and Ni were predeposited from high-
purity Ni or Fe pieces heated by electron bombardment at a
deposition rate of about 1 A/min on graphene/Rh(111) held at
room temperature. Second, the samples were annealed between
670 and 870 K in steps of 10—30 min, leading to the gradual
intercalation of material. For the sample shown in Figure 3a, Ni
predeposition was performed at 225 K, differing from the other
samples, which however has no influence on the further
intercalation.

SICOT ET AL.

that the intercalated material forms monatomic na-
noislands grown pseudomorphically on Rh(111). Gra-
phene on Rh(111) exhibits a moiré structure, which is
distinctly different compared to those structures ob-
served on other metal surfaces. The local spatial varia-
tion of the graphene—substrate bonding strength
controls the size and shape of intercalated nanoislands.
In particular, the side length of the INIs shows maxima
around discrete values imposed by the periodicity of
the graphene moiré, and INI shapes are predominantly
of hexagonal or triangular shape. Intercalation can be
performed efficiently and without large-scale destruc-
tion of graphene in the studied temperature range
between 670 and 870 K. The intercalation of metals
was found to occur either via diffusion through pre-
existing lattice defects in graphene (ie, domain
boundaries, dislocations, and point defects) or through
metal-generated defects followed by a subsequent
healing process of the graphene lattice. Our findings
suggest the possibility of large-scale preparation of
graphene-capped and sharply confined ferromag-
netic nanoislands with potential technological implica-
tions in the fields of spintronics and magnetic data
storage.
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