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Electronic structure of epitaxial graphene grown on stepped Pt(997)
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Angle-resolved photoemission spectroscopy, low-energy electron diffraction, and density functional theory
calculations were employed to investigate the electronic and structural properties of a graphene layer grown
on the regularly stepped Pt(997) surface. The measurements show the predominance of a (2 × 2) multidomain
superstructure of graphene, lying flat on the Pt terraces and covering the step edges in a carpetlike mode. The
linearly dispersing π band of graphene appears to be weakly affected by the substrate at the K point, while an
appreciable hybridization is found at the � point. Replicas of the Dirac cone are seen perpendicularly to the steps,
with double real-space periodicity compared to the Pt terrace width.
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I. INTRODUCTION

The synthesis of graphene (G) on transition metal surfaces
is widely studied in order to obtain well-defined large-area
samples, as well as to understand on a basic level the complex
G-metal interaction [1–3]. High quality epitaxial G films have
been obtained on several transition metal surfaces, ranging
from strongly interacting 3d metals (such as Ni, Co, and
Fe [4,5]) to weakly interacting 5d ones (e.g., Ir and Pt [6–9]).
Among all metals, the growth of G on Pt(111) has received
considerable interest as the Pt substrate marginally affects the
characteristic physical properties of graphene. Several studies
on the structural and electronic properties of G/Pt(111) have
been carried out so far [10–16], which report different moiré
superstructures and rotated graphene domains, with nearly
unaffected π band dispersion [11,17], and lying at relatively
large distances from the substrate (above 3 Å).

In this paper, we present an analysis of the electronic
structure of a graphene layer grown on the stepped Pt(997)
surface by angle-resolved photoemission (ARPES) and density
functional theory (DFT). Vicinal faces of single crystals allow
to introduce confinement effects on a large scale, by means
of equally oriented steps, and to study possible repercussions
on the electron dispersion along the two directions of interest,
parallel and perpendicular to the step edges. Indeed, recent
ARPES experiments have shown that, due to the step period-
icity, surface states can either develop perpendicularly to the
steps, showing a repeated band structure with the periodicity
of the step [18,19], or behave as nondispersive quantum-well
states [20]; these states exhibit peculiar symmetry properties
with respect to either the normal to the single terrace or to the
macrosurface normal [21].

Concerning the growth of graphene, a vicinal surface might
allow the synthesis of graphene nanoribbons, which have
attracted considerable interest due to their semiconducting
behavior derived from lateral electron confinement [22,23].
Nanoribbon growth has been recently achieved on Au(788) by
using dibromo precursor monomers [24], which are sublimated
on the clean surface and thermally activated until they form
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linear chains on the gold terraces. On the other hand, chemical
vapor deposition (CVD) of hydrocarbons has been employed
on the stepped Ni(771) surface [25], and single domains of
strongly interacting (1 × 1) graphene stripes on the Ni terraces
have been found. In the present study, we show that the CVD
procedure on Pt(997) yields a multidomains graphene growth
with a prevalent (2 × 2) superstructure, extending across the
step edges and thus keeping the two-dimensional character of
the graphene layer. Indeed, the dispersion of the π band sug-
gests that nanoribbons are not formed and allows to extract the
effect of the periodic steps; along the direction perpendicular to
the steps, we identify repeated π bands with double real-space
periodicity with respect to the terrace width. In order to explain
this behavior, we provide a qualitative structural model. Fur-
ther, we give a theoretical description of the G/Pt interaction
mechanism for the prevalent (2 × 2) superstructure.

II. METHODS

The experiments were performed at the VUV beamline of
the Elettra synchrotron radiation laboratory (Trieste, Italy).
The Pt(997) crystal was cleaned using alternated cycles of
Ar ion sputtering and annealing at 900 K, followed by slow
cooling (at an average rate of 0.5 K per second) and exposures
to oxygen at 750 K. This procedure generates contaminant-free
surfaces, with large regularly stepped domains [Fig. 1(b)].
The graphene sheet was grown by cracking of ethylene
at 700 K. Different exposures of the surface to a dose
ranging from 10 to 1000 Langmuir (L) results in similar
electronic and structural properties. Therefore, in analogy
with graphene on Pt(111), the growth process under our
experimental conditions of temperature and dose appears to
be self-limited in correspondence with the formation of the
first graphene layer. The angle-resolved photoemission data
were collected at room temperature with an R4000 electron
energy analyzer at photon energies of about 125 and 160 eV,
where the contrast between the C and Pt related bands was
optimal. Total energy and angular resolutions were 100 meV
and 0.3◦ (0.03 Å−1), respectively.

On the theoretical side, the band structure of G/Pt(111) was
calculated, with reference to that of freestanding graphene,
by a DFT approach based on the local density approximation
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FIG. 1. (Color online) (a) Schematic of the Pt(997) surface in real
space (side and top view) and reciprocal space. Pt(111) unit vectors
are designed by a and b in real space, and a′ and b′ in reciprocal one.
The average step separation is 20.1 Å [34,35]. (b) LEED images of
Pt(997) (top), G/Pt(997) (center, and bottom in off normal geometry),
at 60 eV of electron beam energy.

(LDA) [26]. The plane-wave basis set (with a cutoff energy
of 25 Hartree) was used to expand the valence electron
density [27,28], while the core electrons of C and Pt atoms were
replaced by Troullier-Martins norm-conserving pseudopoten-
tials [29]. The G/Pt(111) interface was modeled by repeated
six-layer thick slabs of Pt(111), terminated on one side by the
G overlayer in a commensurate lattice. A slab separation of
∼20 Å was chosen to have both negligible interactions between
the replicas and acceptable computational costs. The unit cell
of the composite system was built up by optimizing the lattice
constants and interlayer distances of a (2 × 2) supercell of
graphene (made of eight C atoms) over a (

√
3 × √

3) supercell
of platinum [containing 18 Pt atoms, 3 per Pt(111) layer].
First, the lattice constant of the Pt supercell was optimized
to a value, which turned out to differ by less than 1% from
the known Pt-bulk value of 3.92 Å [31]. Secondly, the nearest
neighbor distance in the G supercell was set to 1.39 Å in
order to generate a commensurate lattice. Third, the out of
plane coordinates of the G sheet and of the first Pt layer where
optimized, while keeping the other coordinate constant, i.e.,
the in plane positions of all atoms, as well as the out-of-plane
positions of the remaining five Pt layers. As a result, the G
and Pt supercells were separated by a distance of 3.30 Å,
which is in very good agreement with measurements [11]
and other DFT approaches [12,17,32], while the first Pt
layer was displaced outwards of ∼7.5% with respect to the
inter-layer distance of the other Pt layers in the Pt supercell.
On the other hand, freestanding graphene was modeled by
repeated slabs generated by the (1 × 1) unit cell with the same
C-C distances and slab spacing of the G/Pt(111) calculation.
Notice that the C-C nearest-neighboring value used here is
∼2% smaller than the one generally adopted in tight-binding
models of graphene (1.42 Å [30]). Ground-state density
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FIG. 2. (Color online) Structural and electronic properties of the
(2 × 2)G/Pt(111) interface as computed with the DFT approach
outlined in the main text. (a) Top view of the surface geometry,
primitive vectors and unit cell. (b) Reciprocal lattice, reciprocal
lattice vectors, high symmetry points (�, K ′, M ′, K), first BZ (white
hexagon), and 2 × 2 and 1 × 1 graphene BZs. (c) G-projected band
structure, compared to the σ and π band dispersions of (1 × 1) G,
along the �K ′M ′K path [green arrow in (b)]; the horizontal dashed
line marks the vertex of the Dirac cone. (d) and (e) Real-space
probability density ρ, projected along the normal coordinate z to
the G plane, for an electron at the � and K points occupying the band
states of different symmetry, indicated by arrows in (c).

calculations and geometry optimizations were restricted to
Brillouin zone (BZ) integrations on unshifted Monkhorst-Pack
grids [33] with ∼800 points×Å2. In other words, 30 × 30 × 1
and 60 × 60 × 1 grid points were selected for G/Pt(111) and
freestanding graphene, respectively, covering the (2 × 2) and
(1 × 1) hexagonal BZs shown in Fig. 2(b). The ground-state
density for the optimized configuration [Fig. 2(a)] was used to
calculate the Kohn-Sham (KS) one electron energies and wave
functions along the � − K ′ − M ′ − K path in the BZ [green
arrow in Fig. 2(b)].

III. RESULTS AND DISCUSSION

The Pt(997) surface is composed by (111) parallel ter-
races, containing nine atomic rows, separated by [11̄0] steps
[Fig. 1(a)]. The miscut angle, i.e., the angle between [111] and
[997] is of 6.45◦ [34,35]. The low-energy electron diffraction
(LEED) image of Pt(997) [Fig. 1(b), top] is composed by
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an hexagonal arrangement of spots belonging to the single
terrace, replicated along the axis perpendicular to the step
direction (i.e., [112̄]) with a periodicity of about 0.314 Å−1,
corresponding to a terrace width of 20.01 Å. When the
graphene layer is grown, the LEED image shows weak arcs
along an outer ring, more visible in off-normal geometry
[Fig. 1(b), bottom], while the Pt spots are almost unchanged.
Depending on the preparation procedure, a variety of moiré-
like superstructures and multiple domains have been found
on Pt(111) [10,12,15,16]. Our LEED images show that the
bright center of the arcs is rotated by 30◦ relative to the sharp
Pt spots. This structure, which has been already reported on
G/Pt(111) [12], corresponds to a (2 × 2) G overlayer on the
(111) terraces. Arc shape spots instead of pointlike ones show
that graphene is locally ordered but with different rotational
domains on the substrate.

To clarify the interaction mechanism, we analyze the
DFT computations performed on (2 × 2) G/Pt(111) with the
methods outlined in Sec. II. Figure 2(c) shows the band
dispersions of the system (orange points of variable size) along
the high-symmetry line �-K ′-M ′-K . The point sizes in the plot
are proportional to the probability of finding a ground-state

electron, with the corresponding wave vector k and binding
energy BE, at small (atomic) distances from the G overlayer.
The point size scale was fixed by integrating the mod-squares
of the KS wave functions, i.e., the one-electron probability
densities in real space, for all sampled k points and BEs, over a
volume localized at the (2 × 2) unit cell of graphene [Fig. 2(a)].
The height of such a volume is ±1.5 Å along the perpendicular
coordinate to the G plane [see Figs. 2(d) and 2(e)]. In this
sense, the band-structure of the G/Pt interface is projected to
the G overlayer. We note that the use of the (2 × 2) supercell
for G/Pt(111) causes a back-folding of the G bands inside the
reduced BZ. To improve the discussion, we also have reported
in Fig. 2(c) the band structure for freestanding graphene (blue
dashed lines). A comparison between the G-projected bands of
G/Pt(111) and the π and σ bands of (1 × 1) G reveals that the σ

bands are nearly unaffected by the substrate, with only a slight
energy shift being visible. This is due to the strong localization
of the σ electrons of G/Pt(111) at the G overlayer; indeed,
the large size of the σ band points in Fig. 2(c) reflects the
high values of the associated probability integrals for electron
localization at the graphene region, ranging from 0.9 to 0.95
[Figs. 2(d) and 2(e)]. The π band points, on the other hand,
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FIG. 3. (Color online) Constant energy images of G/Pt(997) (a)–(c) and Pt(997) (d)–(f), taken at binding energies of 2.66, 0.50, and 0.06 eV,
with a photon energy of 126 eV. Images (c) and (f) are shown in first derivative. The y axis is oriented along [112̄]. The high-symmetry directions
shown by white arrows in (a) are referred to (2 × 2) G on Pt. ARPES dispersions referred to the microsurface normal of G/Pt(997) (g), and
Pt(997) (h), taken at 126 eV of photon energy, along graphene �K.
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have smaller sizes corresponding to localization probability
integrals ranging from 0.5 to 0.6. This indicates that the π

electron wave functions have a non-negligible leak into the
platinum surface region and can hybridize with the substrate
orbitals [Figs. 2(d) and 2(e)]. As a result a more pronounced
shift in energy and a slight distortion of the band is observed
with respect to the pristine graphene case.

For a better understanding of hybridization effects in
G/Pt(111), we consider the real space probability density ρ,
projected along the normal coordinate z to the G overlayer,
and associated to different band states at the � and K points
of the BZ [Fig. 2(b)]. In particular, we take the π and σ

states of the G overlayer and two specific s and d states
of the Pt substrate [denoted sPt and dPt, respectively, and
indicated by arrows in Fig. 2(c)]. The plots of ρ versus z

are reported in Figs. 2(d) and 2(e), where the vertical lines
mark the z position of the atomic layers, while the shaded
region is the one used to perform the integration for the
G-projected band structure appearing in Fig. 2(c). As already
pointed out, the one-electron orbitals for the σ bands are
sharply peaked at the graphene plane. On the contrary, the
π state at the � point presents a probability density with
non trivial peak structure extending to the first two to three
Pt layers below the G plane. The probability of finding a
π electron, at �, in the Pt region is as large as ∼40%.
Interestingly, the sPt state displays a complementary behavior,
with a localization probability of ∼30% in the G region. By
these considerations, we conclude that some hybridization
does occur at the � point, involving the graphene π band
and substrate s bands. As for the π state at the K point, we
observe a decreased degree of localization with respect to
the σ states. Nevertheless, the associated probability density
has the expected symmetry, being centered at the graphene
plane and having a negligible intensity inside the substrate.
Complementary the dP t state exhibits a negligible localization
at the carbon atoms. Accordingly, the π band preserves its
typical, though slightly distorted, linear dispersion at the Fermi
level, and the system presents an intact Dirac cone. Last, but
not least, it is worth mentioning that our calculation gives
a p-doped graphene layer, with the Fermi energy EF lying
at ∼0.26 eV below the vertex of the Dirac cone (Fig. 2).
Such a result is in fairly good agreement with both previous
calculations [17,32], which predicted a p doping of about
∼0.3 eV for the same system, and our experimental findings.

Angle-resolved photoemission was employed to character-
ize the band structure of G/Pt(997). Figure 3 shows constant
energy maps of the photoemission signal at selected binding
energies of G/Pt(997) (a)–(c) and bare Pt(997) (d)–(f). The
main axes were chosen along the steps (kx), and perpendicu-
larly to them (ky). By comparing different constant energy
images, the graphene π band appears as an arch-shaped
contour with intensity peaked at the K points [Fig. 3(a)], and
approaching the Fermi level with lower intensity [Fig. 3(c)].
The ARPES dispersion of the π band in proximity of the
Fermi level is reported in Fig. 3(g), while Fig. 3(h) shows
the corresponding image of pristine Pt(997). According to
the LEED image [Fig. 1(b)], the main BZ of graphene is
rotated by 30◦ with respect to that of Pt, indicating a prevalent
(2 × 2) graphene superstructure. This finding is confirmed
by the photoemission maps of Fig. 3, showing that the K

point of the graphene π band is located along the direction
perpendicular to the steps (ky), where the Pt M point is
found. Moreover, the graphene π band, as well as the whole
photoemission band patterns observed on constant energy
planes, is centered at about 0.65 Å−1 along ky , which indicates
a microsurface-centered G electronic structure. This result
proves that the graphene layer is locally flat with respect to the
single terrace, and thus follows the slope across the step edges.
Considering the (111) terraces, different superstructures and
rotational domains are present beside the prevalent (2 × 2).
Indeed, in the constant energy image taken in proximity of EF

[Figs. 3(b) and 3(c)], a circular contour is visible (white arrows
as guide to the eyes) in agreement with LEED measurements.

Extended valence bands collected along the direction
perpendicular to the steps show the band structure of Pt(997)
and G/Pt(997) [Fig. 4(a)]. The comparison reveals the presence
of the π state of graphene linearly dispersing towards the
graphene K point (white dotted line as guide to the eye). The
zoom-in of Fig. 4(a) shows that several replicated π bands
appear along ky , displaced by �k = (0.15 ± 0.03) Å−1. We
notice that the width of two Pt terraces is about 40.01 Å,
corresponding to �k = 0.157 Å−1, very close to the observed
periodicity. In Fig. 4(b), we report a top view of several Pt steps
and a free-standing graphene layer. Looking at the matching
between G and Pt, we observe that the same adsorption
geometry replicates with a period corresponding to two Pt
terraces. Considering a carpetlike growth over the steps and
some unpredictable bending across the step edges, one possible
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explanation of our ARPES results is that, in order to match
equivalent Pt adsorption sites, the graphene layer forms a
wavelike pattern with double real-space periodicity.

As pointed out, the π band is microsurface-centered, with
a minimum of about 8.3 eV at the microsurface � point
[Fig. 4(a)]. Going from strongly interacting metals, such as
Ru(0001) and Ni(111), to weakly interacting 5d ones, e.g.,
Ir(111) and Pt, the π band minimum is upshifted of about
2 eV, from about 10 eV [3,36] to 8.3 eV in the present
measurements. In free-standing graphene the same minimum
is expected at 7.69 eV [Fig. 2(c)]. Such a nonrigid shift of
the π band with respect to free-standing graphene confirms
the theoretical description given in Fig. 2, namely, a partial
mixing of the π band with the substrate orbitals. Even though
Pt is considered in the literature as belonging to the weakly
interacting metals, the hybridization of its substrate orbitals
with the π band of graphene must be taken into account.
Indeed, recent Raman experiments have shown that, due to
a considerable hybridization with the substrate, the Raman
signal of G on Pt reveals stronger modifications compared to
that of suspended graphene or graphene supported by noble
metals [37]. However, in the vicinity of the K point, a linear
dispersion is observed [Fig. 4(a)], in agreement with our
theoretical description. From a linear best fit to the single
branch (not shown), we find that the Dirac point is located
at about 0.5 eV above the Fermi level, in agreement with the
DFT predictions presented here [Fig. 2(c)] and in refs [17,32];
while from the constant gradient dE/dk of about 7.6 eVÅ,
we obtain a group velocity of ∼106 m/s, as expected for free-
standing graphene. Similar results were obtained from ARPES
measurements performed on G/Pt(111) [11]. We finally point
out that the absence of band gap and parabolic dispersion of

the π band, observed, for example, in Au(778) [23], suggests
that nanoribbons are not present in our system.

IV. CONCLUSION

In conclusion, we have shown that graphene can be grown
on the vicinal Pt(997) surface by chemical vapor decomposi-
tion of ethylene. The graphene layer lies on the surface forming
prevalent (2 × 2) rotated domains with respect to the single
(111) terrace. DFT calculations describe a graphene π band
strongly localized at the graphene plane close to the Fermi
level, while propagating through the bulk at higher binding
energies. ARPES measurements show a linearly dispersing π

band centered at the microsurface normal, with electron group
velocity close to that in freestanding graphene but slightly
affected by the Pt bands. Finally, the π band of graphene
exhibits repeated band dispersion with �k = (0.15 ± 0.03)
Å−1, suggesting a wavelike growth extending across the step
edges with double real-space periodicity compared to the Pt
terrace width.
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