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Scanning tunneling microscopy of graphene on Ru(0001)
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After prolonged annealing of a Ru(0001) sample in ultrahigh vacuum a superstructure with a periodicity of
~30 A was observed by scanning tunneling microscopy (STM). Using x-ray photoelectron spectroscopy it was
found that the surface is covered by graphitic carbon. Auger electron spectroscopy shows that between 1000
and 1400 K carbon segregates to the surface. STM images recorded after annealing to increasing temperatures
display islands of the superstructure, until, after annealing to 7= 1400 K, it covers the entire surface. The
morphology of the superstructure shows that it consists of a single graphene layer. Atomically resolved STM
images and low-energy electron diffraction reveal an (11X 11) structure or incommensurate structure close to
this periodicity superimposed by 12X 12 graphene cells. The lattice mismatch causes a moiré pattern. Unlike
the common orientational disorder of adsorbed graphene, the graphene layer on Ru(0001) shows a single phase
and very good rotational alignment. Misorientations near defects in the overlayer only amount to ~1°, and the
periodicity of ~30 A is unaffected. In contrast to bulk graphite both carbon atoms in the graphene unit cell
were resolved by STM, with varying contrast depending on the position above the Ru atoms. The filled and
empty state images of the moiré structure differ massively, and electronic states at —0.4 and +0.2 V were
detected by scanning tunneling spectroscopy. The data indicate a significantly stronger chemical interaction
between graphene and the metal surface than between neighboring layers in bulk graphite. The uniformity of
the structure and its stability at high temperatures and in air suggest an application as template for

nanostructures.
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I. INTRODUCTION

In the current research in nanoscience one important goal
is to develop templates on which uniform nanostructures can
be grown. An ideal template would provide large areas of
identical nanoscopic cells and would be easy to prepare, tol-
erate high temperatures, and be stable under ambient condi-
tions. Recently N’Diaye and collaborators demonstrated that
single layer graphite films adsorbed on an iridium surface
can serve as templates for metallic nanoparticles.! By de-
composing ethylene on Ir(111) at 1450 K a (9X9) super-
structure was prepared, resulting from the lattice mismatch
between graphene, i.e., a single graphite layer, and the Ir
surface. Evaporation of Ir onto this surface led to small clus-
ters of Ir atoms in the unit cells of the (9 X 9) superstructure.
Because of the regular graphene superstructure ordered 2D
arrays of clusters were obtained in this way. The clusters
displayed narrow and tunable size distributions, and they
were stable at temperatures up to 500 K.

We have studied graphene layers on the Ru(0001) surface.
This system promises to be an ideal candidate as template for
nanoparticles. The graphene layer is very simple to prepare,
and one can form complete layers with the same structure
across the entire crystal. The overlayers are stable at T
= 1400 K in vacuum and are unaffected by exposure to air.

An established procedure to prepare graphene layers on
surfaces is by decomposition of CO or hydrocarbon mol-
ecules on metal surfaces at elevated temperatures.” This is
the same process occurring as an undesired by-reaction in
heterogeneous catalysis, where deposits of graphitic carbon
are a major reason for catalyst deactivation. An analysis of
the structure of adsorbed graphene thus has also some rel-
evance for the understanding of the deactivation of catalyst
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surfaces. Graphene layers can also be formed by surface seg-
regation of carbon by annealing carbon containing materials.
The effect has been investigated, e.g., with carbon doped
metals, but it often occurs also during the usual sputtering/
annealing preparation of (nominally) clean metal crystals.®3
When applying this method one has to check if single or
multilayers of graphite are formed because extended anneal-
ing leads to bulk graphite formation. In most cases the
graphene layers are more or less randomly oriented with re-
spect to an azimuthal rotation on the substrate surface, and
ring structures in low-energy electron diffraction (LEED)
patterns are regarded as a typical signature of surface
graphite.” Clearly, this nonuniformity is unfavorable for the
general application of such systems as templates.

Graphene on Ru(0001) may be different in this respect. In
an early work on the Ru(0001) surface Grant and Haas ob-
served during cleaning of the ruthenium sample, in particular
after annealing to 1800 K, that the LEED pattern displayed
hexagonal satellite spots.'® The authors interpreted this phase
as a (9X9) overlayer of graphite, formed by carbon segre-
gation (but did not specify the thickness). Later Goodman
and co-workers found in a scanning tunneling microscopy
(STM) investigation of carbon species formed by decompo-
sition of methane on Ru(0001) that, when the sample was
subsequently annealed at 1300 K, a long-range surface struc-
ture appeared.!! The lattice constant corresponded to an
(11X 11) superstructure, suggesting a moiré structure from
the lattice mismatch between a single graphite layer and the
Ru(0001) surface.

In this paper we present an investigation of graphene lay-
ers on Ru(0001) formed by surface segregation of carbon.
The growth, structure and electronic properties of the films
were investigated in detail using STM and scanning tunnel-
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FIG. 1. STM image of Ru(0001) after annealing for
90 s to 1400 K, taken at room temperature. The quasihexagonal lat-
tice is a graphene overlayer with a lattice constant of about 30 A.
1000 A X 1000 A, 1,=3 nA, Vgmpie=—0.85 V.

ing spectroscopy (STS). Additional information was obtained
from x-ray photoelectron spectroscopy (XPS), Auger elec-
tron spectroscopy (AES), and LEED.

II. EXPERIMENT

The experiments were performed in an ultrahigh vacuum
(UHV) chamber at a base pressure of 1X 107! mbar. A
home-built beetle-type STM was used, which, by simulta-
neous He cooling and radiative counterheating from a hot
filament at the backside of the crystal, can be operated at
variable temperatures down to 55 K. The vacuum system is
additionally equipped with a LEED optics and a cylindrical
mirror analyzer for AES. Auger spectra were recorded with
E,=2000 V and a modulation voltage of 4 V peak-to-peak.
XPS measurements were performed in a separate chamber,
using a nonmonochromatized Mg Ka source (1253.6 eV).
(Source and analyzer at 36° with respect to the sample sur-
face normal.)

The Ru(0001) sample (bought from MaTeck GmbH, pu-
rity 99.99%) was prepared by repeated cycles of argon ion
sputtering at room temperature [p(Ar)=5X 107> mbar,
1.0 keV], flash annealing to 1300 K, oxidation at 700 K
[p(0,)=2X% 107" mbar, 30 min], and reduction at 700 K
[p(H,)=1X10"° mbar, 30 min]. After finally flash annealing
to 1500 K the surface was clean and well ordered as checked
with AES, LEED and STM. The graphene layers were pre-
pared by prolonged annealing of the Ru(0001) sample to
temperatures between 1000 and =1400 K. Removal of the
graphene layers was achieved by sputtering, whereas the
standard oxidation process was too slow to completely re-
move the graphene.

II1. PREPARATION OF THE GRAPHENE LAYERS

After annealing the cleaned sample for 90 s to 1400 K
the 1000 A X 1000 A STM image of Fig. 1 was recorded.
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FIG. 2. (a) XPS of clean Ru(0001) and (b) of Ru(0001) after
90 s annealing to 1400 K, showing the binding energy region of the
Ru 3d;,, and Ru 3ds), states. The fit of spectrum (b) with the pa-
rameters of the clean Ru spectrum (a) (branching ratio, energies and
widths of the Ru 3d doublet peaks, and background kept fixed)
reveals two states under the left peak, the Ru 3d;, state at 284.1 eV
and an additional component at 284.8 eV caused by the C 1s state
of graphitic carbon.

The surface is covered with a superstructure forming a hex-
agonal lattice with a lattice constant of ~30 A. The periodic
structure also displays some angular distortions, mainly
around dislocations in the overlayer, and there are also sev-
eral translational domains. However, no areas of bare metal
were observed after such prolonged annealing, so that the
entire surface is covered by the same quasiperiodic super-
structure. This structure was reproducibly formed by ex-
tended annealing, and the same type of STM images were
obtained from the two other Ru(0001) samples investigated
previously (one of which from a different producer, Surface
Preparation Laboratory).

To identify the chemical species responsible for the over-
layer structure XPS measurements were performed. Survey
spectra exclusively showed Ru peaks. A difficulty is that the
1s state of carbon occurs at about the same energy as the Ru
3ds3;, peak, so that carbon cannot be identified by simple
inspection of the spectra. Figure 2 shows the energy range of
the Ru 3d5,,/3ds,, doublet. The doublet of the clean Ru sur-
face [Fig. 2(a)] could be well fitted by two peaks, the Ru
3d;), state at 284.1 eV and the 3ds,, state at 280.1 eV, and
the expected branching ratio of 1.5 was obtained. By apply-
ing the same fit (same branching ratio, energies and widths
of the Ru 3d doublet peaks, and background) for the an-
nealed surface [Fig. 2(b)] it is found that the higher binding
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energy peak contains an additional component centered
around 284.8 eV. This is the typical energy of carbon in the
graphitic form.!?> The overlayer must therefore consist of gra-
phitic carbon that segregates from the bulk to the surface
during the annealing. The moderate pressure rise during an-
nealing (to ~1X 10~ mbar) rules out that the carbon origi-
nates from the residual gas.

As mentioned above, the XPS measurements had to be
performed in a separate chamber. For these experiments the
sample was transferred, after the annealing treatment,
through air to the XPS chamber. The LEED pattern after the
transfer showed the same overlayer spots as before (see be-
low), evidencing that the overlayer is stable in air. Consider-
ing the chemical inertness of graphite and the difficulty of
removing graphitic deposits from deactivated catalysts this
property is not surprising.

AES was used to monitor the evolution of surface carbon
as a function of annealing temperature (hold times between
90 and 120 s). Also for AES a complication arises from over-
lapping C and Ru transitions. However, the main feature of
graphitic carbon in the differentiated spectrum, the KLL tran-
sition at 272 eV, is characterized by a relatively broad and
pronounced negative going peak. The main peak of ruthe-
nium, the MNN transition at 273 eV, is nearly symmetric
[Fig. 3(a)]. Hence, the amount of carbon on Ru surfaces can
be determined by measuring the ratio between the intensities
of the lower and the upper half of the 273 eV peak [Fig.
3(b)].'>'* In Fig. 3(c) this symmetry ratio is plotted vs an-
nealing temperature. The freshly prepared clean surface dis-
plays a ratio of 1.3, which is in agreement with the standard
data for Ru.!'> Prolonged annealing up to a temperature of
800 K is of no effect. Then, for temperatures between 1000
and 1400 K the ratio increases up to a value of 2.0, indicat-
ing the segregation of carbon to the surface.

STM images recorded after annealing to intermediate
temperatures show islands. The image of Fig. 4(a) was taken
after annealing to 1000 K for 120 s, corresponding to an
AES peak symmetry ratio of 1.6, approximately in the
middle between the clean and the fully covered surface. The
islands display the same periodic overlayer as the structure in
Fig. 1. The corrugation amplitude of the overlayer amounts
to 0.7 A (at negative tunneling voltages values of typically
~1.0 A were found), the apparent average height of the is-
lands above the metal terraces is 1.8 A. For the geometric
height of a graphene layer on Ru(0001) one would roughly
expect a value of the order of 2.75 A, corresponding to 1/2
times the graphite interlayer distance plus 1/2 times the Ru
interlayer distance. One cannot expect to measure this value
by STM because the electronic structures of graphene and
the metal are very different. Compared to a metal, bulk
graphite has a low density of states at £, and one may also
expect a low density for adsorbed graphene. The effective
barrier on bulk graphite is large because only high EH states
contribute to the tunneling current.'® A similar effect can be
expected for adsorbed graphene, and it probably overcom-
pensates the somewhat lower work function of Ru(0001)/
graphene (4.5 eV) than of bare Ru(0001) (5.4 eV).? Irrespec-
tive of these electronic effects, which are both consistent
with the low measured height, the data indicate that the is-
lands are formed by single layers of graphite.
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FIG. 3. Determination of the carbon coverage by AES. (a)
dN/dE AES of clean Ru (Ru MNN transition at 273 ¢V) and (b) of
the graphene covered surface after annealing. The enhanced asym-
metry of the 273 eV peak is caused by the coinciding, strongly
asymmetric C KLL transition). (c) Carbon coverage, determined
from the ratio of the negative and positive going parts of the 273 eV
peak in the dN/dE spectra. The increase between 800 and 1400 K
shows the segregation of carbon.

The islands are exclusively found at the lower step edges
of the ruthenium and are several hundred angstroms in diam-
eter. This morphology is different from graphene islands
grown by ethylene decomposition on Pt(111),°> where, after
annealing to 900 K, smaller, homogeneously distributed is-
lands were observed that redistributed to larger islands along
the step edges only by annealing to temperatures up to
1230 K. The difference appears to be caused by the different
preparation procedures in the two cases.

After annealing to 7= 1400 K the surface is fully covered
with the overlayer [Fig. 4(b)]. As the height profile of this
image shows [Fig. 4(c)] the steps are all 2.1 A high, exactly
the interlayer spacing of the (0001)-oriented Ru (2.14 A), so
that all steps must be steps of the Ru substrate. We have
never observed graphite steps (3.35 A) or another type of
surface phase that could indicate graphite multilayers. (The
corrugation in this measurement was 1.1 A.) We conclude
that under the chosen preparation conditions the segregation
can be limited to a single graphene layer covering the entire
surface. Effects that prohibit bulk growth could be of kinetic
nature—the further segregation of carbon atoms below an
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FIG. 4. STM images recorded after annealing at increasing
temperatures. (a) After 120 s at 1000 K graphene has formed is-
lands at the steps. 1000 A X 1000 A, I,=1 nA, Vyppe=—0.5 V. (b)
After 90 s at 1470 K the surface is fully covered by graphene.
500 A X500 A, I,=1 nA, Vgmpe=—0.2 V. (c) Height profile along
the line displayed in (b). The steps are ~2.1 A high and thus rep-
resent steps of the Ru(0001) substrate. (b) shows that the Ru step
edges are aligned along the main directions of the overlayer, indi-
cating a restructuring of the underlying Ru surface.

existing coherent graphene layer is certainly energetically
costly—or that the thermodynamic stability of bulk graphite
is lower than of dissolved carbon atoms in Ru.

An interesting detail of Fig. 4(b) is the alignment of the
steps along the main directions of the overlayer. Steps on
bare Ru(0001) are typically bent with large radii,'” as also
seen in Fig. 4(a), but rarely show longer straight segments.
Hence, the Ru surface restructures during the carbon segre-
gation process to better adjust to the periodicity and orienta-
tion of the overlayer, indicating significant interactions be-
tween the graphene and the Ru surface.
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IV. ATOMIC STRUCTURE OF THE GRAPHENE LAYER

Figure 5(a) shows an STM image with resolved atomic
structure on the long-range overlayer and Fig. 5(b) a section
with the overlaid honeycomb lattice of graphene on top (the
two atoms A and B in the graphene unit cells shown as dots
and crosses). One finds that 12 unit cells of the graphene
correspond to one period of the long-range overlayer. This is
also calculated from the measured ~30 A periodicity which
agrees with 12 times the lattice spacing of bulk graphite:
12X 2.46 A=29.5 A. Almost the same value corresponds to
11 times the lattice spacing of Ru(0001): 11X2.71 A
=29.8 A. It can be concluded that the long-range periodic
structure represents a moiré structure formed by superposi-
tion of 12 graphene unit cells and 11 unit cells of the
Ru(0001) surface. Because of the large size of the moiré unit
cell (compared to typical atomically resolved STM images)
and the slight distortions of the structure on longer length
scales we cannot discriminate between a true (11X 11) su-
perstructure and an incommensurate structure of approxi-
mately the same periodicity. That graphene on Ru(0001)
forms an (11X 11) superstructure had been concluded before
(from STM data without atomic resolution),!' and similar
moiré phases of graphene have been observed for Pt(111)
and Ir(111)."> The formation of moiré structures is a quite
general phenomenon for adsorbed layers in which chemical
bonds are strong within the layer and weaker to the underly-
ing surface, as in metal/oxide and various other systems. '8

Figure 5(a) shows that the graphene lattice and the moiré
lattice are not rotated with respect to each other, so that the

[1010] directions of graphene and of Ru(0001) must be par-
allel. The distortions around dislocations in the moiré phase
(Fig. 1) are connected with small rotations. Figure 5(c)
shows such a case with atomic resolution. The atomic rows
of the graphene are rotated by ~10° with respect to the
moiré structure. However, the rotation between the two
atomic lattices is much smaller, and the structure of Fig. 5(c)

can be obtained by rotating the [1010] direction of graphite

by only 1° with respect to the [1010] direction of
ruthenium.?? The periodicity of the moiré of ~30 A is not
measurably affected by this small rotation.

LEED [Fig. 6] confirms that the STM results are valid
over macroscopic areas on the crystal. The diffraction pattern
does not show the typical graphite rings or manifolds of
rotational domains, but distinct satellites around the bright
first order substrate spots. The overlayer periodicity of
11.6+0.2 substrate lattice constants from LEED is in reason-
able agreement with the STM result. The previous observa-
tion of a (9X9) superstructure cannot be confirmed.!® The
width of the LEED spots in Fig. 6 may be explained by the
finite distortions of the overlayer about the perfect periodic-
ity.

Despite these distortions, the uniformity and alignment of
the structure is surprising. In contrast, graphene overlayers
on Pt(111) behave much more according to expectation from
the binding properties of graphene, showing rotational angles
between 0° and 90° and superstructure periodicities varying
between 5 and 22 A5 [The Ni(111)/graphene system is a
special case because the very similar lattice constants of
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FIG. 5. (Color online) Atomically resolved
images of the graphene overlayer. (a) The image
shows three different levels of apparent heights,
namely four bright maxima, a dark minimum in
the center between the three maxima on the right
hand side, and a less dark minimum between the
three maxima on the left hand side. 50 A
X40 A, =1 nA, Vgmpe=—0.05 V. (b) Section
of (a) superimposed by the honeycomb lattice of
graphene. Details from the three marked areas are
enlarged. The two carbon atoms in the graphene
unit cell, A and B, are displayed as dots and
crosses, respectively. At the moiré maximum both
atoms appear bright, so that the complete
graphene hexagons are visible. In the darker half-
cell the B atoms appear bright, in the less dark
half-cell the A atoms. (c) STM image of a slightly
rotated graphene layer. Using B= %a the
measured angle a=~ 10° between the moiré pat-
tern and the graphene lattice can be transformed
into the rotational angle 8=1° between the ruthe-
nium and the graphene lattice (ag, and ac are the
lattice constants of the Ru(0001) surface and of
graphene). (Ref. 23) 40 AX80 A, I,=3nA,
Vsample=_0-05 V.
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FIG. 6. LEED pattern of Ru(0001) after annealing to 1770 K.
The bright substrate spots are surrounded by satellites caused by the
graphene overlayer. Beam voltage 86 eV.
graphene and the metal lead to a (1 X 1) superstructure.”-?*]

The model shown in Fig. 7 subsumes the main features of
the moiré structure of graphene on Ru(0001) (assuming for
simplicity a commensurate (11X 11) superstructure and

showing the main case of a perfect alignment of the [1010]
directions of graphite and ruthenium). Across the unit cell of
the moiré structure the sites of the carbon atoms shift con-
tinuously with respect to the atoms of the Ru surface, giving
rise to the long-range brightness modulation observed by

fce site

[1070]

hcp site

FIG. 7. Model of the overlayer structure of graphene on the
Ru(0001) surface. The first layer Ru atoms are the light gray
spheres, the second layer Ru atoms dark gray, and the graphene
layer is the honeycomb net. The [1010] direction of graphene is
aligned with the [1010] direction of ruthenium. The figure shows a
commensurate (11X 11) structure (with 12 X 12 graphene unit cells
superimposed), but an incommensurate structure with very close
periodicity is also possible.
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FIG. 8. STM images taken on the same area at varying bias
voltages at 55 K. The sign refers to the sample, the tunneling cur-
rent is the same in all images (/,=1 nA). The appearance of the
moiré changes from a hexagonal pattern of maxima for the filled
states to bright rings for the empty states. The truncated appearance
of the rings at intermediate voltages is probably an effect
of an asymmetric tip and was not present in other measurements.
100 A < 100 A.

STM. Needless to say that one should be careful in interpret-
ing the brightness modulation as a geometrical height varia-
tion of the carbon atoms.

Close inspection of Figs. 5(a) and 5(b) shows an impor-
tant detail. According to the model (Fig. 7) there are three
highly-symmetric arrangements of carbon atoms with respect
to the underlying Ru atoms. At the corners of the moiré unit
cell both carbon atoms, A and B, of the graphene are located
above threefold hollow sites of the Ru surface. In the center
of the right half-cell of the moiré unit cell the A atoms sit
atop, and the B atoms above one type of threefold sites (say
the fcc sites, as in Fig. 7). In the center of the left half-cell of
the moiré the B atoms sit atop, and the A atoms above the
other type of threefold sites (the hcp sites in Fig. 7). The
STM [Fig. 5(a)] actually shows three such arrangements of
atoms [see the highlighted windows in Fig. 5(b)]. The first
appears at the bright maxima of the moiré structure, the sec-
ond and third appear in the two roughly triangular minima in
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FIG. 9. STS measurements at the edge of a graphene island and
on the surrounding metal surface. (a) Topographic image with su-
perimposed grid where the spectra were taken. ;=1 nA, Vg
=-0.4V, 100 AX 100 A. (b) Averaged dI/dV spectra on the
graphene area and on the metal. The graphene spectrum shows two
peaks at =0.4 V and +0.2 V.

between, which clearly display two different average gray
levels. On the moiré maximum [top right window in Fig.
5(b)], both atoms, A and B, appear bright, i.e., the full hon-
eycomb rings of graphene are resolved. In the darker moiré
minimum (lower right window) the B atoms appear bright,
whereas the A atoms are not visible. In the less dark mini-
mum (top left window) the A atoms appear bright, whereas
the B atoms are not visible. Figure 7 is the only model con-
sistent with these observations.

Such a contrast shift from one type of carbon atom to the
other, with an intermediate imaging of both atoms, has not
been reported before. In bulk graphite only one of the two
types of atoms is resolved, i.e., the images do not show a
honeycomb structure, but a hexagonal pattern. The common
explanation is that in graphite the A and B atoms are not
equivalent because the A atoms sit above the atoms of the
second graphite layer, whereas the B atoms are located above
the ring centers of the second layer.”> The weak interlayer
bond between the A atoms causes a band dispersion perpen-
dicular to the surface and thus a lower state density at E at
the A atoms, so that the B atoms dominate the imaging.
However, the same asymmetry was reported for graphene on
Pt(111) where this explanation is not applicable.’ Other ex-
planations have therefore been put forward,’*->® but no gen-
erally accepted solution for this asymmetry problem of
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graphite has so far been reached. Our observations support
an interpretation of the asymmetry in terms of interactions
with the underlying layer. Evidently the shift in contrast from
one type of atom to the other depends on the position with
respect to the Ru substrate. One may speculate that the bright
atoms in the three different high-symmetry positions in the
moiré are those above the threefold sites because here, in an
equivalent way as for bulk graphite, the bonding to the sub-
strate is less strong, which may be related to a higher density
of states at these atoms.

The corrugation of ~0.2 A of the atomic lattice is in good
agreement with the 0.21 A hard-wall corrugation amplitude
measured by He atom scattering (for bulk graphite).?’ The
corrugation of 0.8 A of the moiré in Fig. 5(a) is similar to the
values from images without atomic resolution (at negative
tunneling voltages). The moiré corrugation is significantly
larger than the geometric buckling of 0.27 A that was calcu-
lated for the graphene layer on Ir(111),! suggesting that elec-
tronic effects must play a role here.

V. ELECTRONIC EFFECTS

STM data taken at varying tunneling voltages show that
electronic effects are indeed important. Figure 8 shows a
series of images of the same area at bias voltages between
—0.6 and +1.4 V (the sign refers to the sample). For —0.6 V
[Fig. 8(a)] the typical moiré image is seen, a long-range hex-
agonal pattern of bright protrusions, and the two different
minima, one appearing black, the other one less dark. Similar
images were obtained between —2.0 and —0.2 V and are typi-
cal for the filled states. At small positive voltages [+0.6 V,
Fig. 8(b)], so that empty states are imaged, the maxima be-
come flat and develop bright rims. At more positive voltages
[Figs. 8(c)-8(f)] the previous maxima become darker, finally
turning into minima, and pronounced bright rings develop.
(The truncated appearance of the rings at intermediate volt-
ages is probably an effect of an asymmetric tip and was not
present in other measurements.) Apparently, the imaging of
the moiré structure displays strong electronic effects. (These
measurements were performed at 55 K where the effect was
easily visible. At room temperature it was difficult to obtain
good data at positive voltages, but no systematic investiga-
tion of the temperature dependence was made.) Such an ef-
fect has not been seen before for other graphene systems.*”
Strikingly similar images were, however, observed for a bo-
ron nitride film on Rh(111),'"® for which originally a com-
pletely different structure model was proposed, but according
to a recent theoretical study it may also be a moiré structure
of a single layer.”

To gain more information about the electronic structure of
the adsorbed graphene layer scanning tunneling spectroscopy
(STS) data were taken. Because such measurements are often
disturbed by tip artifacts we chose surface areas near
graphene island edges, allowing us to check if electronic
states vary between the graphene and the metal. Figure 9(a)
shows the image of an island and the surrounding metal and
the superimposed grid where the STS data were taken. The
spectra were averaged over the graphene part and separately
over the metal area, but defects and the immediate graphene/
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metal edge region were excluded. As Fig. 9(b) shows, the
spectrum on the metal area is structureless, as expected for a
metallic surface where the density of states at a distance from
the surface is dominated by s states. In contrast, the graphene
area shows two states in the spectrum, one at approximately
—0.4 V and a second at +0.2 V. That these states are absent
on the metal confirms that they are caused by the graphene
and not by some electronic state of the tip.

From the literature the electronic structure of adsorbed
graphene layers near Ep is not very clear, and a definite
interpretation of these measurements can presently not been
offered. For an isolated graphene layer the 7 and 7 bands
cross right at the K point of the Brillouin zone, giving rise to
a single state at the Fermi energy.' This property is largely
preserved for bulk graphite where it determines to a large
extent the imaging by STM.!® For adsorbed graphene basi-
cally two changes were observed by ultraviolet photoelectron
spectroscopy and obtained in calculations, a downshift of the
 system by 1 to 2 eV with respect to Ef, and a reorganiza-
tion of the electronic structure at the K point.>*3>-3 For the
(1 X 1) graphene overlayer on Ni(111) Souzu and Tsukada
calculated the opening of a 1.0 eV wide gap at K centered at
0.8 eV below Fermi, which is caused by the coupling of the
graphite /7" bands to the metal states near the K point.®
Hence, a possible explanation for the two states in STS is
that they represent the edges of such a gap resulting from the
bond formation to the metal. The energies of the filled and
the empty state are indeed asymmetric about 0 V, i.e., about
Ep, although this asymmetry appears quite small considering
the known energy downshifts of the 77/ 7 bands.

What might also play a role for the imaging of graphene
is a 2D free electronlike state that for isolated graphene has
density-of-states maxima above and below the layer.?” For
bulk graphite this state turns into a surface state that was
identified by inverse photoelectron spectroscopy at +3.6 eV
(at T').38 STS data of bulk graphite displayed peaks in the
same energy range, although the interpretation was some-
what controversial.3>#? Because of the spatial distribution of
the electron density this state should play a role for the in-
teraction of graphene with a surface, and one may therefore
expect an energy shift and a contribution to the tunneling
current even at lower energies. The strange electronic effects
observed by tunneling into empty states could thus possibly
be connected with this surface state. What can be ruled out,
however, is a contribution by image potential states that were
shown to play an important role for ionic overlayers forming
moiré phases.'®? Image potential states become crucial at
tunneling voltages close to the barrier height, whereas in our
case the electronic effects were visible already below 1 V.

VI. DISCUSSION

The surprisingly perfect orientation of the (11X11)
graphene structure on the Ru(0001) surface, the absence of
other moiré phases, and the restructuring of the metal under-
neath the full monolayer suggest a substantial interaction be-
tween graphene and ruthenium. This property is very likely
essential for the homogeneity of the system, a precondition
for its possible application as nanotemplate. The interaction
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must be considerably stronger than the interlayer bond in
bulk graphite, following from the fact that multilayer segre-
gation does not occur during completion of the monolayer.
The strong electronic effects in the STM images of the moiré
structure and the varying imaging of the A and B atoms
depending on their positions above the metal atoms are both
consistent with such a chemical interaction.

Quantitative data about the interaction strength between
graphene and metal surfaces are only available from the most
recent work on Ir(111).! An adsorption energy of 0.20 eV per
carbon atom was obtained by calculations, a considerably
higher value than the 50-60 meV interlayer binding energy
in bulk graphite.*! In an early theoretical work on Ru(0001)/
graphene no stable adsorption of the layer was found, but
this may be due to the artificial (1X 1) structure that had
been used.*? Several systems showed a softening of in-plane
phonons of adsorbed graphene compared to graphite, mean-
ing that the C-C bonds are weakened, which, in turn, indi-
cates stronger bonds to the substrate than in graphite.!!#3%
The same conclusion can be drawn from the mentioned
downshifts of the 77/ 7" bands with respect to graphite.

These data suggest a generally stronger interaction be-
tween graphene and various surfaces than the van der Waals
interlayer interaction in graphite, but do not explain why
Ru(0001) should be special. Here one can argue that, if the
graphene-metal interaction actually has a covalent contribu-
tion, the same arguments about trends in bond strength as for
chemisorbed atoms and molecules can be used.*> Because of
its higher-lying d-band Ru should form stronger bonds than
Ir and Pt, which agrees with the rotational disorder in the
case of Pt and the quite large metal-graphene distances
reported for Pt(111)  (3.70£0.05 A)° and Ir(111)
(3.77-4.04 A).! Ni as a 3d metal should also form relatively
strong bonds, and indeed very short layer distances were
found [2.80+0.08 A (Ref. 3) and 2.11-2.16 A (Ref. 46)]
[which, however, may be partially caused by the favorable
(I X1) geometry].

VII. CONCLUSIONS

A graphene overlayer on Ru(0001) can be prepared with-
out decomposing hydrocarbons, simply by prolonged anneal-
ing of the cleaned crystal in UHV to 1400 K, which leads to
surface segregation of carbon atoms. The overlayer forms an
(11X 11) or very similar incommensurate structure. In con-
trast to the common rotational disorder of adsorbed graphene
layers the overlayer shows a high degree of structural perfec-
tion, with good rotational alignment along the close-packed
directions of the Ru surface and a well-defined periodicity of
~30 A. The Ru crystal can be covered by a complete mono-
layer, without formation of other phases or of graphite mul-
tilayers. The properties of the system can be understood by
stronger bonds to the Ru surface than the van der Waals
interlayer bonds in graphite. The electronic structure is con-
siderably altered with respect to isolated graphene and bulk
graphite, and it also displays marked differences to other
systems of adsorbed graphene. In contrast to previous STM
investigations on bulk graphite and graphene layers both
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carbon atoms in the graphene unit cell were resolved. The
contrast between the two atoms varies, depending on their
positions above the underlying Ru atoms. Despite the inter-
actions with the underlying metal surface, the graphene layer
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on Ru(0001) maintains the chemical inertness of bulk graph-
ite and was found to be stable in air. These properties make
Ru(0001)/graphene a good candidate as template for engi-
neering nanostructures.

* Author to whom correspondence should be addressed.
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