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ABSTRACT
We have grown well-ordered graphene adlayers on the lattice-matched Co(0001) surface. Low-temperature scanning tunneling microscopy
measurements demonstrate an on-top registry of the carbon atoms with respect to the Co(0001) surface. The tunneling conductance spectrum
shows that the electronic structure is substantially altered from that of isolated graphene, implying a strong coupling between graphene and
cobalt states. Calculations using density functional theory confirm that structures with on-top registry have the lowest energy and provide
clear evidence for strong electronic coupling between the graphene π-states and Co d-states at the interface.

Recent successful fabrication of graphene monolayers1 has
attracted a great deal of attention due to the novel physical
properties of this material.2,3 The high carrier mobility2,3 and
the possibility of chemical doping4,5 make this material a
potential building block for future electronic devices. Also,
its weak spin-orbit coupling, large phase coherence length,
and vanishing hyperfine interaction features suggest that
graphene should be a promising medium for spin transport.6-8
Any device applications of this material inevitably involve
making contacts to metal electrodes, which can alter the
electronic properties of graphene in the contact region9-12
and may strongly influence device performance. Hence,
unraveling the detailed nature of graphene-metal contacts
becomes crucial for successful device fabrication.
While growth of high-quality graphene layers by means
of chemical vapor deposition on metal surfaces is rapidly
developing,13-18 the contact of graphene with Co(0001) and
Ni(111) is of particular interest for two reasons. First, the
lattice constants of Co(0001) and Ni(111) surfaces match
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the in-plane lattice constants of graphene almost perfectly
(lattice mismatch <2%).19 This opens up the possibility of
growing stable epitaxial layers without the formation of
complex superstructure patterns that are present for large
lattice mismatch.9,15,20,21 Second, Ni and Co are ferromagnetic
metals (FM) that constitute the essential ingredients in
spintronic applications.8 The recent theoretical study of spin
injection characteristics of graphene and graphite samples
in contact with Co(0001) or Ni(111) electrodes by Karpan
et al.10 underscores the importance of the registry and the
electronic coupling between graphene and the metal surface.
Indeed, many theoretical studies, predicting somewhat different results, have been devoted to this issue.10,12,22-24
Experimental probes employed to date have been rather
limited and also draw different conclusions about graphene
registry on Ni(111),13,25,26 while registry on Co(0001) has
not yet been examined.
Here we report results of a detailed investigation of the
structural and electronic properties of well-ordered graphene
monolayers grown on the Co(0001) surface. We have
determined on-top registry of the graphene layer with respect
to the underlying Co lattice. Also, the low-energy electronic
structure of the graphene layer was probed by scanning
tunneling spectroscopy (STS) and compared with firstprinciple calculations using density functional theory (DFT).
The role of electronic coupling between the graphene π- and
the cobalt d-electrons is found to be of particular importance.

Figure 1. (a-d) Experimental STM topography results: (a) Clean
Co(0001) surface (sample bias, V ) +5 mV). (b) Graphene island
grown on Co(0001) (V ) -3 mV). (c) Height profiles along the
dashed line in (b) at V ) -3 mV (blue), and V ) -400 mV (red).
(d) Small graphene island on Co(0001) (V ) -3 mV) with
guidelines matched to the positions of the Co atoms. Different color
scales have been adopted for the substrate and the graphene layer.
(e) Three structural models for the registry of graphene on Co(0001).

Our experiments were performed using a low-temperature
scanning tunneling microscope (STM) under ultrahigh
vacuum (UHV) conditions, at a base pressure of 3 × 10-11
Torr. A cobalt single crystal with (0001) orientation was
cleaned in situ by repeated cycles of argon sputtering and
thermal annealing at 570 K. Figure 1a shows an STM image
of a clean Co(0001) surface with atomic resolution. The
cobalt atoms in the image are arranged in an hexagonal
pattern with an interatomic distance of 2.5 Å, as expected.19
The epitaxial graphene islands were grown by thermal
decomposition of an adsorbed hydrocarbon precursor. For
this purpose, contorted hexabenzocoronene (HBC) molecules27 were deposited onto the clean Co(0001) surface (held
at room temperature) by vacuum evaporation from a source
at 605 K. The cobalt/hydrocarbon sample was then annealed
in situ at 600 K for 20 min, which is well above the
dehydrogenation and H2-desorption temperature (∼410 K)
for hydrocarbons on Co(0001).14 This procedure resulted in
the growth of well-defined, isolated graphene islands, with
no evidence for residual, intact HBC molecules. All characterization of the resulting structures was performed by
STM at 4.9 K.
Figure 1b illustrates the topography of typical graphene
adlayers, which form islands of a few nanometer diameter.
While not all of the islands are of regular hexagonal shape,
they preferentially exhibit zigzag edges.28 The measured
height of the graphene layer above the metal surface varies
with the tunneling bias conditions, ranging from ∼1.5 Å at
low tunneling bias (Figure 1c, blue curve) to ∼2.2 Å at
relatively high biases (red curve). Figure 1d displays in more
detail the topography of a small graphene island. Under the
bias conditions used for Figure 1d, only every second carbon
atom in the graphene layer is observed in the image, just as
for graphite surfaces.29 This effect is expected to result from
the inequivalence of adjacent C atoms in the graphene layer
with respect to the underlying Co surface. We have examined
the registry of the C atoms through comparison of the STM
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Figure 2. Experimental STS data for differential conductance, dI/
dV, for (a) the clean Co(0001) surface and (b) graphene on
Co(0001), averaged over the rectangular region shown in Figure
1b, with labels for the main features. All energies are referenced
to the Fermi level, EF.

images above and away from the graphene adlayer. Analysis
of the guidelines in Figure 1d shows that the bright features
of graphene (except along the edges) are in on-top registry
with those of the substrate atoms, demonstrating epitaxial
growth on Co(0001). Thus, one of the two carbon atoms in
the graphene unit cell is sitting directly above a cobalt atom
(on-top site or A-site). The other carbon atom may be located
in either an hexagonal close packed hollow site (B-site; see
AB model in Figure 1e) or a face-centered cubic hollow site
(C-site; see AC model in Figure 1e) of the cobalt substrate.
We were not able to obtain images that could distinguish
between these two models.
The differential conductance spectrum for the clean
Co(0001) surface is shown in Figure 2a. Three principal
features can be seen: a strong peak at -0.52 eV, signature
of the well-known Co(0001) surface 3d-states of minorityspin character;30 a feature at +0.1 eV, characteristic of
j point of the
majority-spin surface states located at the Γ
31
surface Brillouin zone (BZ); a feature around +0.74 eV,
corresponding to either surface or a mixture of surface and
bulk states with minority-spin character.31 STM measurements performed over the central regions of the graphene
islands reveal completely different tunneling spectra from
those of the clean Co surface. We have reproduced the
experimental spectra with different tips, thereby ruling out
any contributions arising from tip artifacts. Figure 2b shows
the differential conductance averaged over the rectangular
region in Figure 1b, chosen to be well separated from the
graphene boundaries and away from any defect.32 Specifically, the grid points over which the I-V curves are sampled
encompass at least 23 graphene unit cells with a fine spacing
of ∼0.86 Å, so that the results presented in Figure 2b
represent the true spatial average over the two atom (A-B)
graphene unit cell. These graphene/Co spectra display three
major features at -0.37 eV (designated as P1), at +0.25 eV
(P2), and at +0.64 eV (P3). The graphene/Co STS data are
quite different from those of the clean Co(0001) surface; the
results are also unlike those of isolated graphene monolayers
on oxide surfaces,33 which are relatively featureless.
2845

We have carried out DFT calculations to find the optimized
geometry of graphene on Co(0001) and to analyze its
electronic structure. Calculations34 were performed within
the local-density approximation (LDA) for the exchangecorrelation potential, using a plane-wave basis set and
ultrasoft pseudopotentials, as implemented in the QuantumESPRESSO package.35 Figure 1e illustrates the geometries
tested, which include the above-mentioned AB and AC
models as well as the hollow-site geometry (BC model). The
binding energies (Eb) indicate that the on-top geometries (AB
and AC) are much more stable than the hollow-site BC
model, with values of Eb ) 0.255, 0.264, and 0.056 eV per
C atom pair, respectively. The spacing between the plane of
Co atoms and the graphene layer for the on-top geometries
was found to be 2.07 Å. While a direct comparison to the
nominal height of the graphene islands in the STM topographical traces is not fully justified, the results are consistent
with the characteristic heights seen experimentally (∼1.5-2.2
Å, Figure 1c). We note that the separation of graphene from
Co(0001) is much smaller than the typical value of 3.3 Å
characteristic of graphene on top of other metals like Au,
Ag, Cu, or Pt,12 as a result of a stronger interaction with the
Co surface. Indeed, the binding energies for the on-top
geometries are clearly greater than those expected for van
der Waals interactions alone.
The calculated band structure for the AC geometry is
displayed in Figure 3.36 The majority-spin bands (gray) are
shown over a broad energy scale in Figure 3a. As the
comparison to the downshifted energy-band structure for an
ideal graphene sheet in Figure 3a makes clear, the σ bands
for graphene on Co(0001) are simply rigidly shifted.
However, the apparently intact portions of the π bands below
the Co projected band edge are shifted by an additional ∼1
eV. This reflects the strong electronic coupling of the π bands
to the d-states at the Co interface layer. Recent photoemission
measurements for the graphene/Ni(111)37,38 show similar
coupling effects between the metal d-states and the graphene
π bands, and a similar hybridization has been reported for
graphene/SiC(0001).39 The calculated work function of
graphene on Co(0001) for the AC geometry (W ) 3.65 eV)
indicates an apparent n-type doping,40 which is consistent
with the shift of the σ bands with respect to isolated
graphene. Similar values have been recently reported for the
calculated work functions.12
The carbon contribution to the bands, shown in Figure
3b,c for the two spin channels (red dots), is mainly visible
around the K-point. Except in gap regions of the projected
band structure, the π bands couple to several Co bands in
the slab. Also, the characteristic conical point of the isolated
graphene bands is destroyed due to coupling to the metal.
The strong interaction with the Co 3d-states is illustrated
schematically in Figure 4 for the K-point. Near the K-point,
the dz2 states at the Co surface, which tend to concentrate
near the top and bottom of the projected energy bands, are
mainly coupled to the pz-orbital located on the A (top) carbon
site. The pz on the C (hollow) site hybridizes with all the
other d-type states centered on the three Co atoms surrounding the hollow. In particular, the strongest coupling is with
2846

Figure 3. Calculated energy bands and density of states of graphene
on Co(0001) in the AC geometry. (a) Majority-spin bands (gray
lines, red dots) against the bulk Co(0001) projected bands (shaded
area) and the energy bands for ideal graphene downshifted by 1.1
eV (black lines). Size of the red dots is proportional to the projection
of the state onto the carbon pz-orbitals. (b) Detail of (a) near the
Fermi energy (left), together with the atom-resolved and total
projected DOS (right). (c) Same for minority-spin bands. (d) Spinintegrated PDOS with labels for main features.

Figure 4. Schematic illustration of the electronic coupling between
cobalt d- and carbon pz-states near the K-point in the surface BZ
for majority- and minority-spin states (left and right). Fermi energy
indicated.

a pair of surface-localized d orbitals (d1 and d2 in Figure 4),
which form one linear combination that couples to the C-site
pz orbital, and a second that is passive.
Nano Lett., Vol. 9, No. 8, 2009

The projected density of states (PDOS) of graphenederived bands on Co(0001) (Figure 3b,c) are calculated by
summing up the projections of each state onto the carbon pz
orbitals. They show the distinct coupling features of Co 3dstates and graphene π-states. The upper majority spin band
in Figure 3b results in a peak near 0.8 eV, which derives
from the region near the M-K line, where the A- and C-site
carbon pz contributions are mixed. Its analogue for minority
spins is located at about 1.7 eV. On the other hand, the
prominent majority spin peak at -0.3 eV results primarily
from the C-site pz orbital. The corresponding peak is near
0.8 eV in the minority spin channel. The sum of the projected
DOS over the two spin channels is shown in Figure 3d. The
structure of the calculated spectrum compares quite well with
the experimental one (Figure 2b), with differences in the
feature locations of about 0.1-0.2 eV. As we have noted
above, these features derive from the edge region of the
surface BZ (near the M-K line) and decay more quickly as
a function of distance above the surface than the states near
the zone center. On the other hand, the states localized near
the zone center have very little contribution from the
graphene states, giving rise to a featureless partial DOS,41
which differs markedly from the STS data. For reference,
the partial DOS for the clean Co(0001) surface shows a clear
feature near -0.5 eV, similar to experiment. Therefore, the
comparison of theory and experiments suggests the presence
of a mechanism which mixes zone-edge and zone-center
states, significantly altering the tunneling current. A similar
mechanism, based on electron-phonon coupling, was recently proposed to explain anomalous behavior observed in
graphene tunneling spectra.42,43
In conclusion, we have successfully grown epitaxial
graphene monolayers on the Co(0001) surface, which have
been probed experimentally by STM and compared with DFT
calculations. The STM images reveal an on-top registry of
C atoms with respect to the underlying Co surface, a picture
further corroborated by DFT total energy calculations.
Furthermore, the tunneling conductance spectrum of graphene
on Co(0001) exhibits several distinct features, in marked
contrast to measurements on more isolated graphene samples.
As shown from DFT calculations, these features originate
from the strong interaction between graphene and Co(0001)
d-electrons, as evident also from the disruption of the
graphene π-bands. These studies suggest that further control
or modification of the interface will be required for transfer
of spin-polarized electrons from the ferromagnetic contact
into the graphene adlayer.
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