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Band gap opening in graphene by hybridization with Au (001) reconstructed surfaces
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Au(001) surfaces exhibit a complex reconstructed structure [Hex—Au(001)] comprising a hexagonal surface
and square bulk lattices, yielding a quasi-one-dimensional corrugated surface. When graphene was grown on this
surface, the periodicity of the corrugated surface was predicted to change the electronic structure of graphene,
forming bandgaps and new Dirac points. Furthermore, the graphene—Au interface is promising for bandgap
generation and spin injection due to band hybridization. Here, we report the angle-resolved photoemission
spectroscopy and density functional calculation of graphene on a Hex—Au(001) surface. The crossing point
of the original and replica graphene = bands showed no bandgap, suggesting that the one-dimensional potential
was too small to modify the electronic structure. A bandgap of 0.2 eV was observed at the crossing point of
the graphene 7 and Au 6sp bands, indicating that the bandgap is generated using hybridization of the graphene
7 and Au 6sp bands. We discussed the hybridization mechanism and concluded that the R30 configuration
between graphene and Au and an isolated electronic structure of Au are essential for effective hybridization
between graphene and Au. We anticipate that hybridization between graphene 7 and Au 6sp would result in spin

injection into graphene.
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I. INTRODUCTION

The modification of the band structure of graphene by pe-
riodic potentials plays a vital role in both fundamental physics
and applications of graphene, as it fascinates properties such
as superconductivity in graphene [1-3]. It was expected that
using a one-dimensional (1D) periodic potential would make
the band structure of graphene anisotropic, with new Dirac
points at zone boundaries crossing the potential and high
group velocities along the potential [1]. Such an electronic
structure is promising for graphene field effect transistor
(FET) devices using transport anisotropy and resistance peaks
[2,4]. Extensive experimental research has been conducted
on the electronic structure of graphene on periodic surfaces
[5-11].

One of these 1D periodic structures, the Hex—Au(001)
reconstructed structure (shown in Fig. 1), has been studied
to apply a 1D periodic potential to graphene and two-
dimensional materials [5,12-16]. Au is a prevalent chemical
vapor deposition (CVD) substrate for two-dimensional mate-
rials such as graphene because of its low chemical activity,
high melting point, and low volatility [5,12-21]. Zhou et al.
reported forming a new Dirac point in graphene grown
on Au foil substrate due to the spontaneous formation of
Hex—Au(001) 1D periodic potentials [5]. However, the mod-
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ulation of the electronic properties was proposed based only
on the decrease in the density of states using scanning tun-
neling spectroscopy, and the band structure of graphene on
Hex—Au(001) with respect to the electron momentum is
unknown.

Another interesting aspect of graphene on Hex—Au(001)
is that while Au has strong spin-orbit interactions, this system
lacks spatial inversion symmetry. Therefore, Rashba-type spin
polarization can occur at the graphene—Au interface. Spin
polarization of graphene is required for the applications in
spintronics such as spin-FETs, where the weak spin-orbit
interaction of graphene is advantageous [22,23]. This sit-
uation is similar to Au-intercalated graphene on Ni(111)
and SiC(0001), in which a Rashba splitting of 100 meV
was observed due to graphene—Au band hybridization [24,25].
Hex—Au(001) is an excellent example to discuss the hy-
bridization between graphene and Au because previous
studies have clarified its structure [26-29], whereas the
structure of intercalated Au atoms has not been fully eluci-
dated [24,30]. However, the electronic structure of graphene
grown on Hex—Au(001) has not been clarified as previously
described.

In the present study, we used angle-resolved photoemission
spectroscopy (ARPES) to directly observe the band structure
of graphene on a Hex—Au(001) structure. Notably, we used
an Au(001) single crystal with a well-defined orientation as
the CVD growth substrate to achieve low energy electron
diffraction (LEED) and ARPES experiments to determine
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FIG. 1. Schematic illustration of (a) Hex—Au(001) and (b)—(d) graphene (Gr) on the Hex—Au(001) structure. The yellow tetragon with
golden balls, the black hexagon with golden balls, and the gray tetragon with gray balls represent the (5 x 3) superstructure, Hex—Au(001),
and bulk Au(001), respectively. The black and gray arrows represent the lattice vectors of Au. In (b), the 90 ° rotated red hexagon with brown
balls depicts the graphene lattice. The red arrows indicate the graphene lattice vector. The graphene lattice is set in the R30 configuration. (c)
Sideview of (b). (d) Gr on Hex—Au(001) structure in RO configuration. 6,/3 x 6 graphene is virtually set on 5,/3 x 5 hexagonal monolayer

of Au.

the epitaxial relation of graphene and Au. The electronic
structures of graphene and Au were visualized using ARPES
measurements at various excitation energies and polariza-
tions. The density functional theory (DFT) calculations based
on the experimentally revealed crystal structure showed the
electronic band structure consistent with ARPES measure-
ments. Furthermore, we compared the results of the present
system with other graphene—Au interfaces and comprehen-
sively discussed the electronic structure of graphene and Au.

II. EXPERIMENTAL PROCEDURE

The apparatus we used for sample preparation is described
in detail in Refs. [13,31-33]. Before the graphene growth,
the Au(001) single crystal (the substrate for the graphene
growth) was cleaned using repeated 2kV Ar' ion sputter-
ing and vacuum annealing. The Au(001) single crystal was
annealed in an Ar atmosphere at 850 °C for 30 min to pre-
pare the Hex—Au(001) surface. The sample temperature was
measured using a pyrometer, assuming that the emissivity of
the sample was 0.1. Graphene was grown in an Ar atmo-
sphere by adding 3 standard cubic centimeters (sccm) of CHy
(99.9999% purity) to 250 sccm of Ar (99.9999% purity) at
950 °C. The total pressure was maintained at 10* Pa during
Hex—Au(001) and graphene formation. The graphene growth
time ranged from 15 to 60 min. This study only shows the
results of samples with 60 min growth.

Following the fabrication of graphene, the sample was
transported through the air to another vacuum chamber and
heated at 120 °C for 30 min to eliminate the surface adsorbate
for LEED measurements to clarify the orientation relation-
ship between graphene and Au. A 532 nm laser was used as

excitation light for Raman spectroscopy in the air to
evaluate the defect density and the number of graphene
layers.

ARPES measurements using 21.218 eV (He I«) photon en-
ergy were conducted at the Institute for Molecular Science to
visualize the graphene and Au band structure. We performed
ARPES using different excitation energies and polarization,
which affected the selection rule and the matrix element effect
[34,35] on the beamlines BL5U and BL7U of the UVSOR-III
synchrotron to understand the band structure fully. The results
of this study are shown with incident photon energies of
hv =70 and 30 eV.

In the present study, we performed DFT calculations us-
ing the QUANTUM ESPRESSO package [36,37] within the local
density approximation (LDA) in order to evaluate the re-
producibility of LDA for the preliminary understanding of
ARPES results. We used projector-augmented wave pseu-
dopotentials with a Methfessel-Paxton electronic smearing of
0.01 Ry. The kinetic energy cutoff was set at 50 Ry. The
k—point sampling was 8 x 12 x 1 Monkhorst—Pack mesh
[38]. Figs. 1(a)-1(c) depict the atomic configuration used
for DFT calculation, provided by LEED and ARPES results.
The structure was visualized using the VESTA package [39].
Figure 1(a) depicts the surface structure of Hex—Au(001),
where Au configuration contains the 3,/3 x 3 monolayer of a
hexagonal surface lattice and four-layer of a5 x 3 bulk square
lattice. Since the Au—Au distance is 2.883 A, the Au 5 x 3 cell
corresponds to approximately 14.42 x 8.65 A. The hexagonal
lattice on the top surface has a quasi-one-dimensional (Q1D)
corrugated structure due to the different lattice parameters of
the hexagonal and square lattices in the [110] direction. In
the actual structure, the summits of the corrugation on this
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FIG. 2. (a), (b) The LEED pattern of Hex—Au(001) and graphene on the Hex—Au(001) structure. The red and dark blue circles represent
the diffraction spots of graphene (Gr), whereas the pink and blue circles represent the superlattice (SL) diffraction spots. The inset in (b) shows
the LEED pattern around (00). (c) A typical Raman spectrum of graphene on the Hex—Au(001) structure. The background is also observed

due to Au photoluminescence.

surface also exhibit snake-like in-plane corrugation along the
[110] direction [26,27]. The surface structure against the bulk
was reported to be (5 x 20), (5 x 26), and so on [26,27].
Hammer et al. reported that the actual structure is ¢(28 x 48)
[28]. However, the periodicity in the [110] direction can be
approximated by (5 x n), where n is an integer representing
the periodicity in the [110] direction [26,29]. For simplicity,
we omitted the periodicity of the corrugated structure along
the [110] direction in Fig. 1 and considered (5 x n) period-
icity. Figures 1(a)-1(c) assume the simplest case, a (5 x 3)
superstructure.

Graphene covered this surface at a 6 x 2,/3 orientation
[Fig. 1(b)], resulting in a cell size of 14.77 x 8.53 A as the
ring-to-ring distance of graphene is 2.462A. The cell size
was fitted to the 6 x 2,/3 graphene for the DFT calculations
because the electronic properties of graphene could be altered
when the cell size was fitted to the substrate, as pointed out by
Stawinska et al. [40]. We optimized the structures based on the
stress range below 0.0001 Ry/Bohr. C atoms in graphene, the
surface hexagonal Au layer, and the second square Au layer
are free, whereas the other square Au layers remain at the
bulk positions. After the structural relaxation, the maximum
corrugation height of the Au surface along the [110] direction
was 0.64 A, which is quantitatively consistent with the 0.65 A
in the all-electron DFT calculation [26]. This consistency
indicated that the Au structure was calculated reliably, even
though the cell size fitted to the graphene lattice rather than the
Au lattice. The structural relaxation also resulted in the dis-
tance between graphene and surface Au being approximately
3.2 A, consistent with previous experiments and theoretical
calculations for graphene on Au(111) using LDA and DFT-
D3 [41,42]. Notably, the DFT calculation using generalized
gradient approximation (GGA) showed a longer equilibrium
distance of 4.4 A in the present calculation, similar to the
report by Yortanl et al. [41]. We calculated the band structure
after removing the Au square layers and leaving the frozen
graphene/Hex—Au configuration to focus the discussion on the
interface, as reported by Kang et al. [43]. We also calculated
the band structures of the isolated hexagonal monolayer of
Au and graphene in the same supercell separately to discuss
the effect of the hybridization. Due to the limitation of the
calculation resource, we set the supercell for the DFT calcu-
lation to be Au 5 x 3, which introduced the periodicity in the

[110] direction to the DFT calculations. This periodicity is
unrealistic; therefore, we carefully confirm that we discuss the
energy band not originating from the periodicity in the [110]
direction.

III. RESULTS

Figure 2(a) shows the LEED pattern of our Hex—Au(001)
sample. The diffraction spots exhibit a fivefold periodicity to
the bulk square lattice, indicating that the periodicity L corre-
sponds to a quintuple of the interatomic distance in bulk Au.
Due to the periodicity along the [110] direction, the second,
third, and fourth diffraction spots from the origin were split,
whereas the first and fifth were not. The diffraction spots
are located every 90°, indicating the double-domain of the
Hex—Au(001), because the epitaxial relationship of the sur-
face hexagonal lattice on the bulk square lattice can rotate by
90 °. These characteristics are consistent with previous reports
[5,27,28]. The domain size was within the electron beam size
of LEED, consistent with those in the previous LEED and
scanning tunneling microscopy (STM) evaluations being less
than 200 nm [5,28]. Furthermore, the LEED results indicate
that the Hex—Au(001) structure formed in our sample prepa-
ration method remained stable during air transport from the
CVD chamber to the LEED chamber.

Graphene was grown on Hex—Au(001) surface by CVD.
Figure 2(b) shows the LEED pattern after the CVD growth
of graphene. The inset shows the diffraction spots from the
superlattice, with a periodicity of L = 1.44nm. Figure 2(b)
presents graphene-derived diffraction spots (red and dark blue
circles) every 30°, and superlattice diffraction spots appear
around the graphene diffraction spots (pink and blue circles).
The colors were chosen to correspond to 90 ° rotated dou-
ble domains. The distance between graphene and superlattice
spots was approximately one-sixth of that between graphene
spots and the origin, corresponding to the 6 x 2.462 A =
14.772 A, close to L = 1.44nm. This value indicates that
superlattice diffractions are generated by the (5 x n) surface
corrugation of Hex—Au(001), which is consistent with previ-
ous reports [5,44]. This superlattice diffraction was negligible
in an earlier report [5] and unobserved in our sample when
grown for a short time. In addition to the sharp spots, a
faint ringlike diffraction pattern was observed in Fig. 2(b),
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FIG. 3. (a) An illustration of Brillouin zones (BZ). (b), (c) The constant energy contour of the ARPES intensity plot at the binding energy
of 0.5 eV around the K, point. In (c), the BZs are superimposed. The broken red lines indicate the shifted BZ by 0.44 A~!, and we named the
—0.44 and 4-0.44 A~ shifted K points as the Kx_; and Kx, points, respectively. (d) The ARPES intensity plot is a function of energy along
ky directions. Please see the main text for the definitions of the illustrations and spectral weight.

indicating that a few graphene domains rotated randomly
from the epitaxial relation. The short growth time and low-
temperature growth increased the ring pattern, indicating that
prolonged heating in our sample improved commensuration
between graphene and Hex—Au(001).

Below, we discuss the epitaxial relationship between
graphene and Au. Graphene growth was reported on the
hexagonal Au lattice of the Au(111) surface in RO and R30
[18]. Figures 1(b) and 1(d) show these epitaxial relations in
which the lattice vectors of graphene and Au are parallel and
perpendicular, respectively. The twofold symmetry of the su-
perlattice diffractions in Fig. 2(b) indicates that graphene grew
in each Hex—Au(001) domain in a single epitaxial relation-
ship. One graphene reciprocal lattice vector is perpendicular
to the corrugation periodicity in Fig. 2(b). Conversely, one
graphene lattice vector is parallel to the corrugation periodic-
ity [110] in real space [Fig. 1(b)]. Thus, the lattice vectors of
graphene and Au are perpendicular in real space, indicating
the R30 relationship between graphene and Hex—Au(001),
consistent with previous STM observations of graphene on
Hex—Au(001) [5].

Figure 2(c) depicts the typical Raman spectrum of grown
graphene. As similar spectra could be obtained everywhere on
the sample, the graphene was considered to cover the surface
entirely. Three peaks are observed at approximately 1355,
1590, and 2707 cm™!, corresponding to D, G, and 2D, respec-
tively [45]. The D and G peaks create A, and E>; phonons.
The D peak is forbidden in a perfect graphene lattice, indi-
cating that this sample contains grain boundaries or defects.
The peak intensity ratio of D to G (Ip/Ig) was 0.2. When
the excitation laser has a 532-nm wavelength, as in this study,
this Ip/Ig value indicates that the domain size of graphene
is 100 nm [45]. As discussed in Fig. 1(d), the Hex—Au(001)
domain size is 200 nm or less, and the graphene domain size
cannot be larger than that [13]. Thus, we concluded that the
graphene domain boundary is the primary source of the D
band in this sample, and the graphene basal plane is clean,
consistent with the clear band dispersion observed in ARPES
(Figs. 3-5). The double-resonant Raman scattering process
generates the 2D peak [45]. The successful peak fitting of the
2D peak with a single Lorentz function (not shown) indicates
that the graphene in this sample is a monolayer [45]. The
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FIG. 4. (a), (b) The ARPES intensity plots along the 'K, line
with the He I light source as a function of k, and the binding
energy. The arrows highlight the feature of the plots in the same way
as shown in Fig. 3(d). (c), (d) Energy distribution curves (EDC) of
ARPES intensity with a He I light source. Black markers highlight
the graphene bands. The purple arrow highlights the energy gap. The
red curve shows EDC around the gap (k, = 1.545 A"). (d) The EDC
was deconvoluted of two Gaussian functions (thin red lines) and a
linear background. The thick red line shows the fitting result.

monolayer graphene was grown on the Hex—Au(001) surface
in the R30 epitaxy, according to the structural analyses in
Fig. 2, and the Hex—Au(001) surface maintained its corru-
gated structure after graphene growth.

Figure 3 summarizes the entire electronic structure of
graphene on Hex—Au(001) observed in ARPES using the
70 eV and P-polarized synchrotron radiation light source.
Figure 3(a) depicts the Brillouin zones (BZs) of bulk Au,
graphene (A domain), and 90 ° rotated graphene (B domain)
drawn in a black box, red hexagon, and blue hexagon, respec-
tively. The red and blue broken lines represent the periodicity
of the Hex—Au(001) reconstruction in the A and B domains.
The yellow box shows the BZ corresponding to the unit cell
in Fig. 1 used in the DFT calculations. The X point of this
BZ is illustrated as the Xgp. point. The &, direction was named
after the I'-X s of Hex—Au(001) periodicity and the I'-Kj of
graphene in the A domain.

Figures 3(b) and 3(c) present the band structure close to
the K point. In (b), the filled black, filled red (blue), blank
red (blue), and filled orange arrows highlight the Au, original
graphene in A (B) domains, replica graphene in A (B) do-
mains, and randomly rotated graphene states, respectively. A
ringlike state around the K, point indicates that it is a Dirac
cone. Because the incident light was P-polarized, the K-M
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FIG. 5. (a), (b) ARPES intensity plots of graphene on

Hex—Au(001) as a function of the binding energy and &, taken with
30 eV and P-polarized synchrotron radiation light source. The arrows
highlight the features of the plot in the same rule as shown in Figs. 3
and 4. (c), (d) EDCs depicted in the same rule as Fig. 4. (e) DFT
calculated band structure of graphene on Hex—Au(001). (f) An
illustration of the graphene 7 and Au 6sp bands. The scale of the
schematic illustration is arbitrary.

side of the ring was rendered invisible due to the selection rule
[34]. Figures 3(b) and 3(c) also present the replica bands of
the Dirac cones. The invisible part of the original and replica
of the Dirac cones indicates that the original Dirac cone at
the Ko point had replicas on the I'—X, line, showing the
R30 epitaxial relationship between graphene and surface Au,
consistent with the LEED results and previous reports [5,18].
The distance between the original and replica bands is approx-
imately 27 /L = 0.44 A~!, corresponding to a periodicity L of
1.44 nm.

The spectral weight is observed at 1.1 A~! from the I" point
in the first BZ of Au at E = 0.5eV. We assigned them to the
Au 6sp band because it was similar to that observed in the
bare Hex—Au(001), indicating that the electronic structure of
Hex—Au(001) was preserved after the graphene growth [12].
The Au 6sp band is a paraboloid of revolution centering the
I' point; thus, its curvature suggests that this band originated
from the I" points of the second BZ. This characteristic is also
reported on Hex—Au(001) [27].
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The linear dispersion, which is the characteristic of the
Dirac cone, is also observed around the K, point in the
ARPES intensity plot using the P-polarized light source
shown in Fig. 3(d), whereas Fig. S1 in the Supplemental
Material shows the data obtained using the S-polarized light
source [46]. The filled black, filled red, and blank red arrows
highlight the original Au 6sp, original graphene, and replica
graphene bands, respectively. The periodicity of 277 /L is high-
lighted in the k, direction. Although the P-polarization was
used for the incident light, a faint state in the K—M direction
was observed in addition to the robust one in the I'-K direc-
tion [34]. The Dirac point is estimated from the extrapolation
of the linear dispersions in the I'-K and K-M directions to be
0.18 eV higher than the Fermi energy, indicating that graphene
donates electrons to Au. This value is close to the electron
donation degree from graphene to Au(111) [18,47], despite
the corrugation of the Hex—Au(001) topmost surface. The
blank black arrow highlights the gap in the Au 6sp band. In
the Supplemental Material [46], the detail of the Au 6sp band
structure is discussed using the ARPES intensity plot in the k,
direction (Fig. S2). Notably, this Au 6sp band can be assigned
to the Yp point. We will discuss whether or not the Au 6sp
band in the A domain was observed in Fig. 5.

The most exciting feature in the graphene band is the
anomaly at (k,, E) = (1.55 A1, —09 eV) [the filled purple
arrow in Fig. 3(d)]. We discussed its origin in Figs. 4 and 5.
Figures 4(a) and 4(b) depict the ARPES image with the He
I light source. The I'-K and K-M sides of the Dirac cone
were visible because the incident light was unpolarized. The
graphene bands show a gaplike feature, highlighted by a pur-
ple arrow in Figs. 4(a) and 4(b). The energy distribution curve
(EDC) in Figs. 4(c) and 4(d) showed two peaks around the gap
(k, = 1.545 A1), where the peak positions were —0.82 and
—1.04 eV. We thus concluded that graphene on Hex—Au(001)
showed an energy gap of 0.2 eV centering at —0.93 eV.

Previously, a 1D-periodic potential was considered the
origin of the bandgap formation in graphene m bands on
Hex—Au(001) [L1,5]. Thus, the crossing point of the orig-
inal and replica graphene bands should show an anomaly
[1]. Figure 4(b) shows a faint band highlighted by a blank
red arrow crossing the w band of graphene at (k,, E) =
(1.50 Al —12 eV). The relative momentum difference of
this band is 0.4 A~! from the graphene 7 band of the K-M
direction (k,, E) = (1.90 Al —12 eV) shown in Fig. 4(a).
We attributed this band to the replica band of graphene.
However, the crossing point of the replica and original bands
shows no gap [the blank purple arrows in Figs. 3(d), 4(a),
and 4(b)], although the symmetries of those graphene bands
should be the same. One possibility is that the 1D periodic
potential of the Hex—Au(001) could be too small to cre-
ate the observable bandgap because the periodic potential
height determines the bandgap size [1]. Another explanation
is that the replica graphene 7 band appeared due to the final
state effect [48]. In this case, the replica band appears due
to the diffraction of the photoelectron, and the periodic po-
tential does not modulate the graphene band structure. The
modification of the electronic structure of graphene by the
1D periodic potential of the Hex—Au(001) requires further
research.

In order to discuss the origin of the gap in the graphene
m band, we analyzed the gap structure using 30 eV and
P-polarized synchrotron radiation light source in Figs. 5(a)—
5(d). Significant bands around the X and K, points appear
in Fig. 5(a), corresponding to the Au 6sp and graphene 7
bands discussed in this paper. A faint dispersive band was
also observed around the X4 point, which is the 4+-0.44 Al
shifted X point. We attribute this band to a replica of the
Au 6sp band. The replica Au 6sp meets the original graphene
m bands at (k,, E) = (1.56 A-1, —0.78 eV) in Fig. 5(b). We
also analyzed Fig. 5(a) by making the EDCs in Figs. 5(c)
and 5(d). The peak positions were —0.81 and —1.04 eV. As
a result, the upper band positions in Figs. 4 and 5 are quantita-
tively consistent. Thus, we concluded that the bandgap formed
at the crossing point of graphene 7 and replica Au 6sp, and the
origin of the graphene 7 bandgap is the hybridization between
graphene 7 and Au 6sp bands. The hybridization between the
original graphene m and replica Au 6sp bands indicates that
the replica Au 6sp band appears not due to the final state ef-
fect. From the viewpoint of symmetry, the mirror inversion on
the zx plane should be considered in the symmetry operation
for the bands on the k, line. Both graphene 7 and Au 6sp
bands are symmetric to the mirror inversion for the zx plane;
therefore, hybridization between these bands is plausible. The
gap structure along the k, direction is also analyzed in Fig.
S3 of the Supplemental Material [46]. Notably, the replica Au
6sp band around the X, point must be in the A domain,
in contrast to the original Au 6sp band in Fig. 3, which is
assigned to the B domain. This is one of the reasons that
we discuss the crossing point of the original graphene 7 and
replica Au 6sp bands. The slope of the Au 6sp band around
the Xa; point in Fig. 5(a) was 11.0eVA, while that of the
Au 6sp bands in Figs. 3(d) and S1, belonging to the B domain,
were approximately 9.3 eVA. As the slope of the Au 6sp band
around k, of 1.1 A= in Fig. 5(a) was 8.5eVA, we assigned
this band to the B domain. We attribute the different slopes
to the asymmetricity of the Au 6sp bands between the I' =X
and I'—Yp directions and/or the effect of the hybridization
with the graphene 7 band. In the present study, we observed
original Au 6sp bands only in the B domain in Figs. 3(d), S1,
and 5(a). The observation of the Au 6sp band in the A domain
was achieved only for its replica by changing the polarization
and energy of the incident light. We attributed these results to
the matrix element effect that affects the ARPES intensity of
the bands depending on the incident light.

Figure 5(e) depicts the theoretically calculated band struc-
ture along & to discuss the bandgap formation of the graphene
7 band. The red, pink, and purple plots show graphene, while
the gray and black plots represent Au. We used red and purple
plots for the original and replica Dirac cone due to the period-
icity along the k, direction. Black plots were used to highlight
the Au 6sp band around the gap. Yellow lines show the BZ
of the supercell. Notably, the crossing point of the original
graphene 7w and Au 6sp bands was heavily overlapped by Au
5d, as shown in Fig. S4 in the Supplemental Material [46].
Thus, we discussed the relatively shallow energy region. In
Fig. 5(e), the  bands of graphene (red and purple plots) cross
without any energy gap, consistent with Fig. 4. The absence of
a gap in the DFT calculations indicates that even if the replica
graphene 7 band in Fig. 4(b) originates from the initial state
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effect, the energy potential generated by the Au corrugation is
considered insufficient to modulate the electronic structure of
graphene. Moreover, a 0.1 eV energy gap was formed around
the crossing point between graphene 7 and Au 6sp bands (red
and black plots) at —0.8 eV, qualitatively consistent with the
observed bands in ARPES shown in Figs. 3(d), 4(a), 4(b),
5(a), and 5(b). Therefore, DFT calculations indicate that the
origin of bandgap formation was not the periodic potential
of the surface corrugation but rather the hybridization be-
tween graphene 7 and Au 6sp bands. However, the bandgap
positions in the energy axis obtained from experiments and
calculations are quantitatively inconsistent. Further calcula-
tions, especially ones accounting for van der Waals interaction
(for example, GGA + vdW could improve the results quanti-
tatively) and the relativistic effect, are required to illustrate the
band structure of graphene on Hex—Au(001) structures.

Figure 5(f) summarizes the relation between original and
replica graphene and Au bands. The Dirac cone of graphene
was represented by a red cone. This band has a replica Dirac
cone represented by the purple cone. A blank purple arrow
highlights the intersection of the red and purple cones, where
the gap was not observed. The gray parabolas represent the
original Au 6sp bands centering at the I' points in the first
and second BZs, accompanied by the replica Au 6sp band
represented by the black parabola. This replica band crosses
the original Dirac cone, highlighted by a filled purple arrow,
where the gap was observed.

IV. DISCUSSION

This study found the hybridization between graphene and
Au on Hex—Au(001). We discuss the consistency and in-
consistency of our results with the previous experimental
and theoretical reports [24,25,40,49]. A large Rashba split-
ting of 100 meV in the graphene m band was reported for
Au-intercalated graphene on the Ni(111) system due to the
hybridization with Au 5d bands around binding energy of
5eV [24,30,50-55]. However, Au 6sp does not hybridize with
the graphene 7 band in this system. Other systems, such as
Au-intercalated graphene on Ru(0001) and Re(0001), do not
exhibit hybridization between graphene and Au 6sp [56-58].
Au atoms grew epitaxially to the substrates in those sys-
tems, resulting in the hexagonal lattice. The epitaxial relations
between graphene and intercalated Au were RO [imaginary
shown in Fig. 1(d)], whereas the structure of intercalated Au
is under discussion [24,30]. Although a large supercell (8 x 8
or 9 x 9) was necessary to accommodate the large (approx-
imately 10%) lattice mismatch of graphene and Au in RO
relation, theoretical calculations have shown that these sys-
tems would not result in graphene and Au 6sp hybridization
for Au intercalation [S9-61]. We speculate that such a signifi-
cant lattice mismatch might result in insufficient graphene and
Au orbitals overlap.

To the best of our knowledge, graphene and Au 6sp
hybridization was reported for the first time in the Au-
intercalated graphene on SiC(0001) system [25]. The R30
epitaxial relation describes the similarity of graphene on
Hex—Au(001) to Au-intercalated graphene on SiC(0001)
systems [62]. Thus, we discussed the consistency of these
references to our results. In Au-intercalated graphene on

SiC(0001), the doping level of graphene is 4+0.1 eV, similar to
our results [25,62]. They also observed gap openings at —1.1
and —1.9 eV. The authors attributed these to the hybridization
with the Au 6sp band [25] based on DFT calculation [24].
We agree with the conclusion but disagree with its process
because the calculated band structure of the graphene and
Au interface was in the RO relation [24]. Unfortunately, their
ARPES measurement uses the angle resolution of 1 °, which is
insufficient for discussing the faint bands due to the develop-
ment of Au 6sp, which can hybridize with graphene 7 bands.
Presumably, due to this limitation, the electronic structure of
Au 6sp was not clarified in Ref. [25].

Forti et al. used ARPES to investigate the electronic struc-
ture of Au-intercalated graphene on SiC(0001) [62]. The
p-type Au-intercalated graphene reported the energy gap at
—1.1 eV in the k; direction (perpendicular to the 'K line).
They attribute its origin to the interaction with the Au 6sp
band [62], according to Ref. [25]. We also observed the gap at
—0.9 eV in the k, direction, as shown in Fig. S5 in the Sup-
plemental Material [46]. Thus, our findings are qualitatively
consistent with their reports. However, quantitatively, the gap
position along the energy direction is not the same, presum-
ably due to the difference between the electronic structures of
Au 6sp in Hex—Au(001) and Au interacted graphene on SiC:
the former has 1D corrugated in 0.6 f\, while the latter has a
2D moiré structure in 2 A height. These results mean that the
hybridization gap with Au 6sp locates around —1 eV, and its
position is affected by the periodicity of the Au hexagonal
lattice. We expect the shallow and tunable gap position to
be promising for spin injection into graphene for spin-FET.
Further experiments using spin-resolved ARPES are required
to reveal the spin characteristics of graphene and Au inter-
faces, including Au-intercalated graphene on SiC(0001) and
graphene on Hex—Au(001).

Many DFT calculations were conducted for the R30 con-
figuration of graphene and Au hexagonal lattices, as this
structure requires only a 2 x 2 supercell [40,41,43,49,63].
The calculated band structures for R30 are not always con-
sistent with the experimental and theoretical results for RO,
as pointed out by Voloshina and Dedkov [60]. However,
discussing the band structure of graphene on Hex—Au(001)
is reliable as its epitaxial relation is understood to be R30
[5]. The calculated band structures for the R30 configura-
tion showed that the energy gap in the graphene m band
formed due to graphene 7w and Au 6sp band hybridization
[40,41,43,49,63]. These experimental and theoretical results
indicate that the R30 configuration is essential for hybridiza-
tion and band-gap formation. The R30 configuration resulted
in the on-top relation for some C and Au atoms, as shown
in Fig. 1(b). Therefore, Au and C atoms were spatially close
to each other in the R30 configuration for graphene on the
Hex—Au(001) surface, resulting in overlapping orbitals hy-
bridizing to create the band gap in the graphene 7 band.

In addition to graphene on Hex—Au(001) and Au-
intercalated graphene on SiC(0001), graphene on the Au(111)
surface experimentally showed R30 (and RO) epitaxial rela-
tions and no visible bandgap in the 7 band [18]. Although
RO epitaxial graphene on Au(111) does not exhibit hybridiza-
tion for the reasons stated above, R30 graphene on Au(111)
could result in graphene and Au 6sp hybridization and
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bandgap formation. Previous DFT calculations for graphene
on Au(111) showed hybridization and bandgap formation
between graphene and Au 6sp, contradicting previous experi-
mental results [18,40,41,43,49]. The critical difference in the
electronic structures between Au(111) and Hex—Au(001) is
that in the Hex—Au(001), the symmetries of the surface and
bulk are different, isolating the electronic structure in the Au
hexagonal lattice from the bulk [5,27]. Thus, we suspect that
the isolated electronic structure of the hexagonal Au lattice in-
teracts strongly with graphene. Further theoretical studies are
required to understand the interaction between graphene and
the Au(111) surface in the R30 configuration. We anticipate
that our results for graphene on Hex—Au(001) will be helpful
for further research as its epitaxial relation is fixed to R30.

V. CONCLUSIONS

We prepared graphene on a Hex—Au(001) surface us-
ing CVD while maintaining its corrugated structure. LEED
and ARPES revealed that the epitaxial relationship between
graphene and Au is R30. The band structure of graphene
on the Hex—Au(001) surface was observed using ARPES,
discussed using DFT calculation, and no gap was found at the
crossing point of graphene 7 bands. The 1D potential created
by the Au corrugation of 0.6 A appeared to be too small to

create the bandgap. Conversely, we observed the hybridization
between graphene and Au 6sp and a large bandgap of 0.2 eV
(0.1 eV) in ARPES (DFT). We discussed the graphene and
hexagonal Au interfaces in RO and R30 epitaxial relations
compared with previous reports and concluded that the R30
relation is critical for hybridizing graphene 7 and Au 6sp
bands. The Au electronic structure isolated from the bulk also
seems necessary to interact with graphene. We anticipate that
a similar electronic structure of graphene on Hex—Au(001) to
that of other graphene and Au interfaces will result in the spin
characteristics even in graphene on Hex—Au(001).
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