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We have studied the influence of one-dimensional periodic nanostructured substrates on graphene band
structure. One-monolayer-thick graphene is extremely sensitive to periodic terrace arrays, as demonstrated on
two different nanostructured substrates, namely Ir(332) and multivicinal curved Pt(111). Photoemission shows
the presence of minigaps related to the spatial periodicity. The potential barrier strength of the one-dimensional
periodic nanostructuration can be tailored with the step-edge type and the nature of the substrate. The minigap
opening further demonstrates the presence of backward scattered electronic waves on the surface and the absence
of Klein tunneling on the substrate, probably due to the fast variation of the potential, of a spatial extent of the

order of the lattice parameter of graphene.

DOI: 10.1103/PhysRevB.97.195410

I. INTRODUCTION

Quantum confinement and structural superperiodicities are
well-known procedures to tailor electronic properties in mas-
sive fermion systems [1-3]. Superperiodic potentials of spatial
period L can lead to the apparition of band replicas (umklapps),
displaced in the reciprocal space by G = 27/L. At the inter-
section between the original band and the replicas (i.e., at the
Brillouin zone edge of the new periodicity), minigaps open up
due to the backscattering of electrons at the potential barrier [4—
6]. In graphene, the situation can be different if Klein tunneling
protects the backscattering [7]. In this situation, when the
barrier is sharper than the electron wavelength, electrons do not
backscatter at normal incidence from the potential barrier, as
experimentally demonstrated [8,9]. This particularity of Dirac
electrons has been studied in slowly varying superperiodic
potentials [10—12], where the spatial variation of the potential
is much smaller than the intercarbon distance, in order to
avoid intervalley scattering. In this situation, therefore, the
chirality of graphene prevents the band-gap opening [10,11],
although new Dirac points associated with the periodicity are
observed.

The influence of electron backscattering in graphene un-
der a superperiodic potential can be studied by graphene
growth on nanostructured substrates. The ultimate monolayer
thickness of graphene makes graphene extremely sensitive
to underlying or overlying nanostructuration. It has been
observed that graphene feels a two-dimensional potential when
it is grown on noble metal [13,14], directly attached to the
SiC (buffer layer) [15-17] or deposited on a BN substrate
[10,18], because of the stacking-induced moiré pattern. One-
dimensional structurations rely on corrugations [19], graphene
suspension on nanotrenches [20], e-beam induced nanostruc-
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tures [21], and growth on different vicinal surfaces [22-25].
Scanning tunneling spectroscopy has allowed to observe in
some cases the appearance of the superlattice Dirac points
[18,19,22,26], observed as extra dips in the density of states. On
two-dimensional moirés, minigaps have even been observed
directly in the band structure [14,27]. On one-dimensional
systems, and despite all the interest that these systems have
evoked [10-12,28-32], no gap has ever been observed in
direct measurements of the band structure [23,24,33]. In
this paper, we focus precisely on graphene grown on one-
dimensional nanostructured vicinal surfaces. We successfully
identify minigap openings at the crossing of the Dirac cones
along the superperiodicity direction, making explicit the partial
confinement of the electronic waves and the absence of Klein
tunneling. We also quantify the strength of the potential barrier
when graphene grows on different periodic nanostructures.

II. EXPERIMENTAL DETAILS

The experiments were carried out in three different
ultrahigh-vacuum chambers equipped with low-energy elec-
tron diffraction (LEED). We measured at CASSIOPEE
beamline and at the Surface Laboratory of SOLEIL for
high-resolution angle-resolved photoemission spectroscopy
(ARPES) with a spot size of the order of 50 microns, and room-
temperature scanning tunneling microscopy (STM), respec-
tively, and we performed low-temperature STM measurements
at the Institut Jean Lamour setup (77 K). Photoemission
experiments were performed at a photon energy of 36 eV and
77 K. The substrates were Ir(332) from Surface Preparation
Laboratory and a curved multivicinal Pt(111) crystal from
BihurCrystal. The pristine Ir(332) surface is composed of 1.25
nm width steps that extend along the [101] direction. The
macroscopic normal of multivicinal Pt(111) ranges from 0° on
the (111) surface up to 16° toward the [112] and [112] direc-
tions. Ir(332) was prepared by Ar* sputtering at 1 keV kinetic

©2018 American Physical Society
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FIG. 1. (a) Scheme of a curved multivicinal Pt(111) crystal.
(b) Step-edge structure of a noble metal with step edges running along
the [101] direction. Step edges have square (triangular) atomic dispo-
sition in the A (B) step edges. (c) Three-dimensional representation
of an STM image of graphene on the multivicinal Pt(111) crystal
at a vicinal angle of ~ —7deg and 3.5 + 0.5 nm width facets (100
mV, 2.8 nA). The original surface relaxes into (111) terraces (7') and
step bunching areas (SB). (d) STM image of graphene on Ir(332)
(0.9 V, 0.5 nA). (e) Zoom on a T-SB boundary. The border width
is of the order of the lattice parameter of graphene. Some hexagons
are superimposed to indicate the continuity of graphene across the
boundary. (f) Representation of the superperiodic structure (top) and
energetic representation of the potential (bottom). L is the width of
the 7" and SB regions, b is the varying potential region a few A wide,
and U, is the potential barrier.

energy followed by a short annealing at 920 K. Multivicinal
Pt(111) crystal was prepared by four-step cycles consisting of
Ar* sputtering at 1 keV, annealing at 970 K, Ar" sputtering
at 1 keV, and annealing under oxygen atmosphere (1 x 1077
mbar) for 10 min. A final flash at 1220 K ends the preparation.
Graphene is grown by 10 min ethylene exposure to the substrate
kept at 1070 K. This method is self-limited to 1 ML, as the
growth needs the catalytic substrate to dissociate ethylene
[34-36]. Dirac cones of the differently rotated moirés can be
easily studied due to the angular resolution of photoemission.

III. RESULTS AND DISCUSSION

Figure 1 illustrates the one-dimensional nanostructured
substrates for graphene growth. We have studied simultane-
ously graphene on different superperiodic potentials by using
a multivicinal Pt(111) substrate [Figs. 1(a) and 1(c)] and

Ir(332) [Figs. 1(d) and 1(e)]. The multivicinality of the curved
substrate allows us to tune the spatial periodicity and to control
the potential barrier depending on the facet width and the
step-edge type. Figure 1(b) shows a scheme of the step-edge
atomic structure at both sides of the (111) direction. A steps
are characterized by a square disposition of edge atoms, while
B-step atoms are arranged in a triangular fashion. The different
atomic coordination at these step edges varies its reactivity.

When graphene is grown on the substrates, the original
periodicity is modified due to faceting [33], so we have deter-
mined the spatial periodicity after growth by LEED and STM.
Figure 1(c) shows an STM image of the multivicinal Pt(111) at
—7° off normal, where a periodic arrangement of terraces (7')
and step-bunching areas (SB) of similar width (3.5 £ 0.5 nm)
is shown. Graphene grows like a carpet covering the steps,
as appreciated in the STM images on Figs. 1(d) and 1(e).
A sharp boundary between terraces and the step-bunching
areas is appreciated. Graphene grown on these nanostructured
substrates feels a one-dimensional potential varying at the
T-SB boundaries, as illustrated in Fig. 1(f) and demonstrated in
the following. The spatial extension of this potential is much
smaller than the smooth potential in moiré structures where
the mismatch between the atoms in the stacked layers varies
progressively.

Any change in the graphene band structure induced by
the periodic step potential should appear in photoemission
measurements. It is therefore crucial to identify the direction
where the potential varies, which can be determined from the
isoenergetic cuts of the band structure. Figure 2(a) shows an
isoenergetic cut at —330 meV. Different rotated Brillouin zones
(indicated by dotted lines) appear due to the rotational domains
of graphene. These domains correspond to graphene aligned
with the substrate (RO domain) or rotated by 25°, 30°, or 35°
(R25, R30, and R35 domains, respectively). These domains
are explicit in the isoenergetic cut due to the spectral weight
arcs at the K points of the rotated Brillouin zones [Fig. 2(a)].
These arcs correspond to partially observed Dirac cones
due to the photoemission matrix elements. These cones are
sensitive to the one-dimensional potential along the direction
perpendicular to the I'K of Ir, so its effect is better observed
on the RO domain, which is far apart from spectral features
from other rotated domains. Figures 2(b) and 2(c) show the
band structure of this domain along I'K and perpendicular to
it. The E(k) maps use a color scale proportional to the second
derivative of the photoemission intensity. This representation
allows us to observe faint spectral features even when bands are
broad because of the step-width distribution on the substrate.

Figure 2(b) shows the dispersion along a direction per-
pendicular to 'K through the K point, i.e., perpendicular
to the step edges. The low dispersing spectral features at the
Fermi level, ~ —1 and ~ —1.6 eV indicated by S1, S2, and
I, correspond to substrate features [37,38]. Coexisting with
them, the characteristic dispersion of graphene is observed. The
Dirac point is above the Fermi level, as expected for graphene
on noble metal [14,38-41], so a band-gap opening there is
unobservable by photoemission. Strikingly, the spectral weight
decreases below the Fermi level at two different reciprocal
space locations when the electronic structure is proven perpen-
dicular to the step edges [arrows in Fig. 2(b)]. On the contrary,
the graphene dispersion is unaffected parallel to the step edges
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FIG. 2. Electronic structure of graphene on Ir(332). (a) Isoen-
ergetic map of the band structure at —330 meV. The Brillouin
zones associated with the different graphene rotations are shown
by the dotted lines. “Ir” labels the substrate spectral features [38].
dI?/d?E maps of the dispersion relations E (k) along the directions
(b) perpendicular and (c) parallel to the steps [see the continuous lines
in (a)]. The insets show the experimental geometry. S1, S2, and I are
substrate-related features. The graphene dispersion exhibits minigaps
of ~400 meV (E,) perpendicularly to the steps, while no band-gap
opening is appreciated in the parallel direction.

[Fig. 2(c)], which indicates that the gap opening is related
to the one-dimensional periodicity. The dispersion exhibits
some slope changes, as previously observed [42,43]. Moreover,
the k locations where the intensity decreases are compatible
with a translation of the Dirac cone by multiples of G =
2m /L, where L is the one-dimensional structural periodicity.
The one-dimensional surface potential has, therefore, opened

FIG. 3. LEED pattern of Ir(332) at 148 eV showing the G,
vector of the Ir(111) substrate and the G vector due to the facet peri-
odicity. This G vector allows us to determine the spatial periodicity.
In this case it is L = 1.8 & 0.2 nm along the [121] direction.

minigaps in graphene band structure. The spatial periodicity
L can be obtained from STM images and from LEED. In
LEED patterns, L is deduced from the distance between the
(1 x 1) substrate spots and the replicas associated with the
step-induced periodicity (Fig. 3).

The minigap opening is not exclusive of Ir(332). We have
also determined the electronic structure in three different
regions of a multivicinal Pt(111) single crystal [Figs. 4(a)—
4(c)]. Minigaps appear in a reciprocal space position /L
away from the K point as shown in the second derivative
images [Figs. 4(a) and 4(b)] as well as in the original spectra
(Fig. 5). Spatial periodicities of L = 3.2 and 3.5 nm exhibit
minigaps at different k locations [Figs. 4(a) and 4(b)]. The
potential inducing the gap is different from the moiré potential
existing in the nonvicinal surface [14], as the gap openings
appear at different k in both cases (Fig. 6). Also, when
the step-edge type varies from A to B [panels (b) and (c),
respectively] and therefore the graphene is anchored differently
to the substrate, the amplitude of the minigap varies. We thus
conclude that the minigaps are correlated to the periodicity
of the one-dimensional nanostructured substrate and also to its
strength. The potential strength can be estimated by comparing
the experimental data to the numerical solution of a Dirac
Hamiltonian model [44—46]:

cos(k, L) = cos(kja) cos(kyb)
ki v: —(V — EY?

sin(kya) sin(k,b) (1)

R*vikiky
with
1/2
[V-EP .,
k= (— —k @
h-vy
1/2
[Vv—-EP-U} ,
ky = (T —k; 3)

where vy is the Fermi velocity and V describes the exper-
imental doping of the system. The potential strength Uyb
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FIG. 4. Electronic structure of graphene on multivicinal Pt(111). d12/d*E maps of the dispersion relations E(k) for different facet size and
orientation angle with respect to the (111) direction: (a) 3.2 & 0.1 nm and —5.5°, (b) 3.5 = 0.1 nm and —2°, and (¢) 3.5 £ 0.1 nm and +2°. The
Dirac Hamiltonian model is shown as continuous lines, corresponding to a periodicity and potential strength of (a) 3.2 nm and 3.35 eV ()
3.5nmand 2.8 eV A, and (¢) 3.5 nm and 1.8 eV A. The vertical dashed lines indicate the k location of the band-gap opening (k). (d) Spectra of
the original photoemission intensity around ko, integrating in a k range of 0.1 A~'. Gaps are indicated by arrows. The Fermi level corresponds

to0eV.

depends on the energy barrier Uy and its spatial extent b
[Fig. 1(f)]. By adjusting our experimental results with this
model, we obtain for Ir(332) minigaps of 390 meV and a
potential strength of 4.4 eV A. For the different regions of
the Pt(111) multivicinal substrate, the minigaps are explained
for potential strengths of 3.2 eV A [panel (a)], 2.8 eV A
[panel (b)], and 1.8 eV A [panel (c)]. The 27 /L reciprocal
vector determined by photoemission is in agreement with the
structural periodicities observed by LEED and STM, which
are3.2 £0.1,3.5+0.1,and 3.5 & 0.1 nm, respectively. These

(a) 200x10° -
190 -

180 —

170 —

Intensity (a.u.)

160 —

150 —

KRR

Binding energy (eV)

(b)

results allow us to understand the observed minigaps promoted
by the different step periodicities and different coupling to
the substrate (Table I). In facets on the same material and
with the same step edge but with different widths, a stronger
potential barrier appears for smaller terrace widths, where
the electronic confinement is enhanced. If we compare the
graphene anchoring to the substrate in surfaces with A- and B-
type step edges, we observe a doubling of the potential barrier
for A steps, probably because of a higher graphene-substrate
coupling. Finally, we observe that the Ir promotes higher
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FIG. 5. Energy distribution curves of photoemission intensity. (a) EDCs for graphene on Ir(332). Black markers show the graphene dispersion
and green markers show the iridium states /, S1, and S2. The arrows indicate the minigaps. (b) EDCs for graphene on multivicinal Pt

corresponding to Fig. 3(c).
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FIG. 6. Comparison between gap openings due to moiré and
a one-dimensional periodicity. Simulation of gap openings in the
one-dimensional periodicity of Fig. 2(a) (blue) and on the moiré of
a Ir(111) surface (red). The minigaps due to Ir(111) moiré do not
correspond to the gaps by nanostructuration as they appear at different
k locations.

potential barriers because of the smaller graphene-substrate
distance [47-49].

In all the previous situations, the physical origin of the gap is
puzzling, since the Klein tunneling forbids the backscattering.
However, the band gap can be understood by taking into
account that Klein tunneling applies only for normal incidence
to the potential barrier. As the system is a two-dimensional
layer feeling a one-dimensional potential, Klein tunneling is
not strict when electrons exhibit an out-of-normal incidence to
the potential barrier. An alternative or supplementary origin to
the band gap is the surface moiré. The moiré exists already on
flat surfaces and promotes a band gap, which was attributed to a
moiré-induced inequivalency between the A and B sublattices

TABLE I. Gap opening in the studied materials and vicinalities.

Substrate 0° Terrace width (nm)  Step type  Gap (eV)
Pt multi. —5.5 32 A 0.36
Pt multi. -2 3.5 A 0.29
Pt multi. +2 35 B 0.20
Ir (332) +11 35 B 0.39

of graphene [14]. Vicinality may modify and amplify the moiré
gap, possibly indicated by the presence of several Fourier
components in the potential, associated with the vicinality and
the moiré. The potential consists indeed of different Fourier
components, as E, ~ E !’{, whereas a single Fourier component
potential should promote gaps of decreasing amplitude.

IV. SUMMARY

In conclusion, we have studied the effects of one-
dimensional potentials on graphene by growing graphene on
Ir(332) and on multivicinal Pt(111) substrates, demonstrating
the band-gap tailoring in graphene band structure. Photoemis-
sion shows the presence of minigaps related to the spatial
periodicity, whose strength can be varied with the step-edge
type, the nature of the substrate, and in a more general way as
a function of the anchoring of the graphene to the substrate.
The minigap opening further demonstrates the presence of
backward scattered electronic waves on the surface and the
absence of Klein tunneling on the substrate, probably due to
the fast-varying potential, of a spatial extent of the order of
the lattice parameter of graphene. These results show a way
to tailor graphene band structure in a solid-state system and
possibly in analogous graphene metamaterials.
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