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Dirac Cones and Minigaps for Graphene on Ir(111)
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Epitaxial graphene on Ir(111) prepared in excellent structural quality is investigated by angle-resolved
photoelectron spectroscopy. It clearly displays a Dirac cone with the Dirac point shifted only slightly
above the Fermi level. The moiré resulting from the overlaid graphene and Ir(111) surface lattices imposes
a superperiodic potential giving rise to Dirac cone replicas and the opening of minigaps in the band

structure.
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Graphene has recently become a material of increasing
scientific interest [1,2]. Its honeycomb structure composed
of two equivalent triangular carbon sublattices has impor-
tant consequences for the dynamics of the charge carriers.
The 7r and 7" bands of freestanding graphene are conical
in the proximity of the Fermi energy, with the vertices
touching exactly at the Fermi level. This allows a mapping
of their behavior to a model of massless fermions obeying
the Dirac equation, leading to a plethora of new, observed,
or predicted phenomena, such as anomalous half-integer
quantum Hall effect or the Klein paradox (see, e.g.,
Ref. [1]). The Dirac character and the large mobility of
charge carriers in graphene [3], along with the ability to
manipulate conduction through the field effect [4] or dop-
ing [5], make graphene potentially a material for future
electronics.

Most of the experimental work on the electronic struc-
ture of supported graphene has been performed with gra-
phene on SiC [5-10]. Early research related to graphene on
transition metal surfaces [11-14] has received renewed
interest in the last years as epitaxial graphene layers of
high structural quality can be grown [15-21]. Moreover,
the electronic interaction of graphene with a metal is not
only of fundamental interest. Recent calculations appear to
imply that graphene which interacts weakly with a metal
will result in a favorable contact with high transmission
[22]. The charge carrier properties of graphene on a metal
have been studied on only two substrates, Ni(111) [15,16]
and Ru(0001) [17-19]. The 7 bands of graphene strongly
hybridize with Ni(111) [16], while the small bonding
distance of the first layer of graphene and the absence of
vibrational and electronic signatures characteristic of gra-
phene indicate the same on Ru(0001) [18,19].

For the epitaxially grown graphene where the substrate
has a different lattice constant, the stiffness of graphene
leads to the formation of structures with large superperio-
dicity. Simulations within the effective-Hamiltonian for-
malism for graphene subjected to superperiodic potentials
suggest that graphene superlattices could be used for tun-
ing the propagation velocity and the density of charge
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carriers in graphene, which is of practical interest in build-
ing graphene based electronic components [23]. The main
effect of a superperiodic potential on the band structure is
the formation of minigaps at the crossing points of a band
and a backfolded band, as found, e.g., for Si(lll)—\/ﬁ X
\/ﬁ—(Ag + Au) [24]. However, minigaps were observed
neither in graphene on SiC [8] nor on Ru(0001), where
they are expected to be present [18].

Here we report on the investigation of the electronic
structure of graphene on Ir(111) by angle-resolved photo-
electron spectroscopy (ARPES). We show that graphene
exhibits a Dirac cone comparable to that of pristine gra-
phene. Because of the moiré superstructure resulting from
the lattice mismatch between graphene and Ir(111), a
corresponding superperiodic potential exists which gives
rise to the opening of moiré-induced minigaps in the band
structure.

The experiments have been performed in two ultrahigh
vacuum systems for ARPES in Zagreb and scanning tun-
neling microscopy (STM) in Cologne with base pressures
in the low 10® Pa range using identical procedures for
substrate cleaning and graphene fabrication. Graphene was
prepared on the clean Ir(111) surface by 7-15 cycles of
room temperature ethene adsorption to saturation and sub-
sequent thermal decomposition at 1450 K. ARPES spectra
have been taken at 60 K by a Scienta SES-100 hemispheri-
cal electron analyzer with an energy resolution of
~25 meV using 21.22 eV photons from a helium discharge
source with a beam spot diameter of about 2 mm. For the
parallel momentum scan the polar angle ¢ ranged from
40° to 70°. The azimuthal angle, ¢, was changed by a
wobble stick and checked by low energy electron diffrac-
tion (LEED) spot orientation with the precision of +0.5°.
Below we show that for a range of azimuths within a few
degrees around the I'-K-M direction, the absolute value of
¢ can be determined to a precision better than 0.1° when
the measured dispersion is fitted by the tight-binding ap-
proximation bands of graphene [25].

Graphene on Ir(111) grows with graphene [1120] and
Ir[101] directions almost perfectly aligned. Because of the

© 2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.102.056808

PRL 102, 056808 (2009)

PHYSICAL REVIEW LETTERS

week ending
6 FEBRUARY 2009

difference in lattice constants, a (9.32 X 9.32) moiré with a
repeat distance of 2.53 nm is formed [21]. The LEED
patterns—indistinguishable in appearance in our two set-
ups—display aligned first order diffraction spots of the
Ir surface and graphene lattices [arrows in Fig. 1(a)] sur-
rounded by the spots of the moiré. The relative position of
the carbon atoms with respect to the iridium surface atoms
changes within the moiré cell, giving rise to a contrast in
STM with the moiré periodicity [Fig. 1(b)]. The amplitude
and sign of the moiré contrast depend on tunneling voltage
[21], indicating its largely electronic origin. From images
of higher magnification [inset of Fig. 1(b)], which display
the moiré contrast together with the graphene lattice, the
misalignment of graphene with respect to the substrate is
accurately determined. Statistics for ~25% graphene cov-
ered surface yield a 0.25° scatter in orientation between the
two lattices. STM imaging of the surface covered up to
70% by graphene shows flakes with lateral dimensions
ranging from several hundred nanometers to a few micro-
meters. The structural perfection and insignificant orienta-
tion scatter (comparable with the 0.1° angular resolution of
our electron analyzer) of graphene are a prerequisite for the
successful application of ARPES.

Because of the alignment of the graphene lattice and the
Ir(111) surface lattice, their Brillouin zones (BZ) are
aligned as well (cf. Fig. 3). The spectrum of clean Ir(111)
along I'-K-M shown in Fig. 2(a) encompasses a region
where the graphene Dirac cone is expected. Conveniently,
this region coincides with an energy gap in the Ir(111)
electronic structure. Three weakly dispersing states, which
we identify as surface states, are clearly visible in the gap:
S, near the Fermi level, and S, and S5 passing near the low
edge of the gap. The ARPES spectrum of graphene on
Ir(111), shown in Fig. 2(b), contains all the features re-
quired to discuss the essential properties of graphene:
(i) presence of a Dirac cone, (ii) marginal doping,
(iii) additional bands, and (iv) opening of minigaps. The
7r band with linear dispersion up to the Fermi level, the
Dirac cone, is visible at the graphene K point [26]. The

FIG. 1 (color online).

(a) LEED pattern (69 eV) of graphene
on Ir(111). First order Ir spots, C spots, as well as surrounding
moiré spots are visible. (b) STM topograph (75 nm X 50 nm)
exhibiting moiré contrast (enhanced by an unsharp masking
filter). Tunneling conditions 0.05 V, 32 nA. Inset: 5 nm X
5 nm atomic resolution image of graphene lattice. Tunneling
conditions 0.37 V, 32 nA.

7r-band spectrum is sharp, with a full width at half maxi-
mum not larger than 0.15 eV and 0.035 A~! in the energy
and momentum distribution curves, respectively. The
Dirac cone branches have noticeably anisotropic intensity.
The measured ARPES m-band dispersion is accurately
reproduced for all measured azimuths by the tight-binding
approximation bands for the unperturbed graphene de-
scribed in [25], shifted in energy in order to obtain the
best fit of the position of the main and replicated Dirac
cones. According to this fit we estimate the position of the
Dirac point to be 0.10 = 0.02 eV above the Fermi energy;
i.e., graphene on Ir(111) is just slightly p doped. As the
Dirac point is not accessible with ARPES, we are unable to
judge whether a band gap opens at the Dirac point or not
[27]. However, if there is one, it ought to be smaller than
twice the distance from the Fermi energy to the estimated
Dirac point; i.e., its width must be smaller than 0.20 eV.
Besides the primary Dirac cone Fig. 2(b) displays an addi-
tional band, a faint replica labeled R. At the location where
the band R intersects the Dirac cone in the I'-K branch
[indicated by a horizontal arrow in Fig. 2(b)], a band gap
is visible, in the following referred to as minigap. A mini-
gap is also visible in the K-M branch in the Dirac cone in
Fig. 2(b).

In order to clarify the origin of the additional band R and
the minigaps in Fig. 2(b) we show the Brillouin zones of
graphene and Ir(111) in Fig. 3(a). The reciprocal lattice
vectors Gy and G, of the Ir surface and graphene, respec-
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FIG. 2 (color online). (a) ARPES spectrum of clean Ir(111),
¢ =0.5° £0.1°. The positions of K points of iridium and
graphene are marked as Ky, and K,, respectively. §; — S5 are
surface states. (b) ARPES spectrum of Ir(111) covered by
graphene along the same azimuth as in (a). Horizontal arrows
denote the minigap in the primary Dirac cone. A visible replica
band is labeled as R. Detailed analysis in [34]. (c), (d) ARPES
spectra for ¢ = 1.4° £ 0.1° and ¢ = 3.0° £ 0.1°, respectively.
The dashed lines are tight-binding-approximation-calculated
bands for Dirac cones located at positions 0, 1, 2, and 5 defined
in Fig. 3(b).
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FIG. 3 (color online).

(a) BZ of the Ir(111) surface and graphene lattices drawn to scale. Mini—Brillouin zone (mBZ) is indicated

around the K point of graphene. Open dots denote the vertices of Dirac cones replicated by moiré reciprocal vectors, G,,. (b) Blowup
of the mBZ. Central dot denotes the center of the primary Dirac cone, while 1-6 are replicas. (¢) ARPES experimental plane (shaded)
along the I'-K-M high symmetry direction cuts the primary and replica cones (only partially shown). Bright lines at the intersection

mark the bands observed in Fig. 2(b).

tively, give rise to the moiré reciprocal vectors G,, = G, —
Gy,, the same which create the LEED pattern in Fig. 1(a).
From the dependence of the moiré contrast on tunneling
parameters [21] it is evident that the electron potential of
graphene is modulated by the substrate. This superperiodic
potential, with the corresponding G,, vectors, creates rep-
lica bands centered at the points labeled 1-6 in Fig. 3(b)
and opens the gap in the Dirac cone along the mini-BZ
(mBZ) boundary. For the I'-K-M experimental scan direc-
tion the cones 1 and 2 give rise to the hyperbolic band with
the maximum centered at « [schematically shown in
Figs. 3(b) and 3(c)], visible as the band R in Fig. 2(b).
As we turn the scan direction off the I'-K-M, we move
away from the vertex of the primary Dirac cone. Its ARPES
cut gets lower in energy, while the opposite happens for the
replicas whose vertex is approached, as exemplified for
two azimuths in Figs. 2(c) and 2(d).

Replica cones in epitaxial graphene may arise as a final
state effect through surface umklapp, involving the recip-
rocal Ir surface lattice vectors G}, and G3, [cf. Fig. 3(a)] in a
momentum change of the photoelectron diffracted at the
surface. This mechanism was put forward in explaining the
nature of replicas in graphene on SiC(0001) where, con-
trary to our observation, the replica cone intensity disap-
peared at room temperature [8]. Consistent with this
interpretation no gaps at the intersection of primary and
replica cones were observed [7,8]. Thus, the presence of
superperiodic contrast in STM topographs of graphene on
SiC(0001) is then to be interpreted as a purely geometric
height modulation [28]. Though we cannot exclude final
state contributions to the intensity of the replica cones, the
surface umklapp alone cannot create the minigap reported
here. Therefore, we consider the presence of the minigap as
an evidence for an initial state effect in ARPES, i.e., the
existence of a moiré periodic potential. The analysis of
ARPES spectra reveals that the minigap is indeed located
on the Bragg planes bounding the mBZ (Fig. 4). The
measured gap width is in the range 0.1-02 eV.
Consequently, the amplitude of the moiré potential is of
the order of 0.05-0.10 eV, small compared to the 7r-band

width. No closing of the minigap was observed. Note that a
model using a long-wavelength superperiodic potential
which does not break the symmetry of the two graphene
sublattices opens a minigap which vanishes at specific
points of the boundary of the superstructure BZ, but does
not open the gap at the Dirac point [23].

The symmetry breaking as a consequence of the inequi-
valence of two carbon atoms within each unit cell of
graphene ought to imply opening of a band gap at the
Dirac point [29], and lifting of the complete asymmetry
of the ARPES intensity [8,30]. A band gap due to symme-
try breaking has been clearly observed in the bilayer and
few layer graphene on SiC(0001) [7,8], but it remains
under debate for monolayer graphene on the same substrate
[9,10]. A detailed analysis of the moiré of graphene on
Ir(111) shows that the atoms in the two sublattices of
graphene are locally and globally inequivalent [21]. The
global inequivalence reveals itself through the fact that Ir
clusters formed on graphene [31,32] bind only to the areas
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FIG. 4 (color online). The minigaps determined from ARPES
scans along the directions indicated by dashed lines fall on the
edge of the mini—Brillouin zone. Their widths are annotated in
meV. The dashed lines correspond to ¢ = —1.9°, ¢ = 0.5°,
¢ =14° ¢ =3.0°,and ¢ = 3.9°.
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of the moiré where the carbon atoms of one sublattice sit
atop of substrate iridium atoms. Our ARPES spectra show
visible asymmetry of the photoemission intensity, which
along with the estimate of a small gap at the Dirac point
(<0.2 eV) indicates that the effects of the symmetry break-
ing for graphene on iridium are small.

As one of the most prominent features, the Dirac cone of
graphene on Ir(111) shows no sign of hybridization with
substrate electronic bands. Consistently, density functional
theory (DFT) calculations taking into account the large
supercell of graphene on Ir(111) suggest a weak bonding
of graphene [31,32]. In particular, density functional the-
ory calculations yield a large average graphene-Ir(111)
separation of 0.34 nm [32], which also explains the defect
free growth of the graphene flakes over step edges [20].
Our measurements suggest that the weakness of bonding
can be ascribed to the dearth of metallic states of appro-
priate symmetry (i.e., the existence of the band gap) around
the K point of the surface BZ of Ir(111). Marginal p doping
comes out as a fortuitous match of several system parame-
ters: proper graphene-Ir(111) distance, work function dif-
ference, and weak chemical bonding [33].

Our experiments single out graphene on Ir(111) as a
system with unique properties as compared with other
epitaxially grown graphene systems. In distinction to gra-
phene on Ni(111) [15,16] and Ru(0001) [17-19], it is a
weakly interacting graphene. In distinction to graphene on
SiC(0001) [5-10,28,29] and two-layer graphene on Ru
(0001) [19], it is a simple system with no carbon rich
intermediate layer necessary to passivate the substrate. It
is this simplicity, together with its unparalleled structural
quality, which makes it an attractive candidate for model
experiments. To give an example, for graphene on Ir(111)
there is a straightforward method to vary the strength of the
moiré periodic potential through ordered adsorption of
small metal clusters of well defined size into the moiré
[31], allowing one experiments on charge carrier manipu-
lation through periodic potentials [23].

In conclusion, our ARPES measurements show that the
electronic bands of graphene on Ir(111) near the Fermi
level have the form of the Dirac cone of pristine graphene,
only slightly shifted to lower binding energies due to a
marginal p doping by the substrate. The periodic potential
associated with the moiré gives rise to the formation of
replica cones and minigaps at the Bragg planes between the
primary and replica cones. The simplicity of the system
and its desirable structural and electronic properties make
it interesting for fundamental research and a candidate for
graphene-metal contacts in potential applications of gra-
phene in electronics.
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