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The interface between two-dimensional (2D) crystals often forms a Moiré superstructure that imposes a new periodicity, which is a
key element in realizing complex electronic phases as evidenced in twisted bilayer graphene. A combined angle-resolved photoemis-
sion spectroscopy measurements and first-principles calculations reveal the formation of a Moiré superstructure between a 2D Dirac
semi-metallic crystal, graphene, and a 2D insulating crystal of noble gas, xenon. Incommensurate diffraction pattern and folded
Dirac cones around the Brillouin zone center imply the formation of hexagonal crystalline array of xenon atoms. The velocity of
Dirac fermions increases upon the formation of the 2D xenon crystal on top of graphene due to the enhanced dielectric screening

by the xenon over-layer. These findings not only provide a novel method to produce a Moiré superstructure from the adsorption of
noble gas on 2D materials, but also to control the physical properties of graphene by the formation of a graphene-noble gas interface.

1 Introduction

The interface between two different materials invites exotic phenomena that do not exist in each mate-
rial alone. For example, the interface between two different oxides can host superconductivity [1, 2, 3]
and magnetism [4] in the presence of electronic phase separation [5]. Most of the rich physics at the ox-
ide interfaces are closely related to the covalent-ionic bonds between two ingredients, leading to much
stronger electrostatic interactions and charge transfer that eventually modify the electronic and mag-
netic properties drastically at the interface [6]. Recent efforts in isolating two-dimensional (2D) materi-
als, on the other hand, have allowed to stack weakly interacting van der Waals 2D crystals [7, 8, 9, 10].
Instead, their 2D nature makes each crystal very sensitive to the potential induced by an adjacent layer,
so that the misorientation between stacked 2D crystals imposes a new periodicity [11, 12, 13]. Resul-
tant Moiré potential with a long periodicity folds the electron band structure of each crystal into a much
smaller Brillouin zone, resulting in heavily modified electronic structures and a variety of novel electronic
phases, including unconventional superconductivity [14], Mott insulating phase [15], ferromagnetism [16],
and ferroelectricity [17].

Periodic adsorption of foreign atoms on a 2D material plays a similar role as the stacked 2D crystals [18,
19, 20, 21]. Especially, the van der Waals nature of 2D crystals made it possible to impose additional
periodic potential without modifying their chemical environment except chemical potential shift by the
change of work function of the whole system. For example, lithium atoms on single- and double-layer
graphene give a short range periodic potential, inducing a (v/3 x /3)R30° phase [18]. Such additional
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potential promotes Kekulé-type charge modulation in underlying graphene, that has been evidenced by
energy gap opening at the Dirac energy of the folded Dirac cones at the Brillouin zone center [20, 21].

The periodic modulation of potential can also occur when noble gases are adsorbed on the surface of 2D
materials. While early studies focussed mostly on the solidification or freezing that constructs a face-

centered cubic structure of noble gases [23, 24, 25, 26], xenon adsorbed graphite [27, 28] exhibits an un-

usual spectral features with the inclusion of additional metallic atoms [29]. Such features have been at-
tributed to the energy gap opening at the Dirac energy by the charge transfer from the metal atoms [30].
Interestingly, xenon atoms adsorbed on graphene were theoretically predicted to exhibit two-dimensional
incommensurate solid phase with the triplet point estimated to be ~100 K at a pressure of 7.6x10~ Torr [31].

Here we combine two complimentary tools, angle-resolved photoemission spectroscopy (ARPES) and
first-principles calculations, to elucidate the low-temperature electronic structure of the graphene-xenon
Moiré heterostructure. Xenon adsorption on graphene leads to an incommensurate superstructure peaks
in the low-energy-electron diffraction (LEED) pattern and folded Dirac cones around the Brillouin zone
center in the electron band structure. Such spectroscopic features indicate the formation of a Moiré su-
perstructure by the presence of the 2D crystalline array of xenon atoms. Concomitantly, the slope of the
Dirac cone becomes steeper, demonstrating enhanced dielectric screening by the 2D xenon crystal that
results in lighter effective mass of quasiparticles in graphene within the Fermi liquid theory. The forma-
tion of 2D xenon crystal is theoretically supported by the dispersive electron band structure of xenon
over-layer. These results provide a simple but straightforward way to tune the physical properties of a
2D material via the Moiré superstructure induced by the crystalline noble gases.

2 Results and Discussion

Figure la shows LEED patterns of single-layer graphene epitaxially grown on an SiC(0001) substrate ex-
posed to xenon gas at a sample temperature of 40 K in ultra-high vacuum with a base pressure of 2.4x1071!
Torr. The gray and orange circles denote the characteristic LEED spots corresponding to the SiC sub-
strate and graphene, respectively [32]. Xenon adsorption brings about additional LEED spots denoted

by green circles in the right panel that lose their intensity upon increasing temperature above ~60 K,
suggesting thermal desorption of xenon atoms consistent with previous reports [27, 29]. The LEED pat-

tern of as-grown graphene is fully recovered at 295 K as shown in the left panel. The xenon-induced LEED
spots, however, do not constitute the commensurate (v/3x+/3)R30° phase reported in the previous work [29].
When noble gas is adsorbed on graphene, the center of the hexagonal unit cell, so-called hollow site, is

Graphene

SiC substrate

O Xenon Graphene

O Superstructure unit cell

Graphene/SiC Xe/Graphene/SiC

Figure 1: (a) LEED patterns of the graphene-xenon interface at 295 K (left) and 40 K (right). Orange, green, and gray
circles denote LEED spots corresponding to graphene, xenon, and SiC, respectively. (b) Moiré structure simulated by the
relative lattice constant of graphene and overlying xenon, extracted from the LEED pattern shown in the panel a. Orange
and green hexagons denote the real-space unit cell of graphene and overlying Xe layer, respectively. The blue lozenge is
the unit cell of the Moiré superstructure. (c) Schematic drawing of the characteristic Dirac cone at the Brillouin zone cor-
ner of graphene and additional Dirac cones induced by the Umklapp process by é, the reciprocal lattice vector of xenon
over-layer.
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the most favorable adsorption site [31]. Considering relatively longer atomic radius of most of the adsor-
bates than carbon that constitutes graphene, one adatom per three [18, 20, 21, 22] or four [19] graphene
unit cells is typical of adatom-decorated graphene, resulting in the (v/3x+v/3)R30° or 2x2 phases. In or-
der for the xenon-induced additional LEED spots to be those of the (\/§ X \/§)R30° phase, the lattice
constant is supposed to be 4.26 A. On the other hand, the lattice constant of the xenon-induced phase
was determined to be 4.60 A from the comparison to the inter-spot distance of graphene, of which lattice
constant is 2.46 A [33]. Hence the observed LEED pattern seemingly corresponds to an incommensurate
phase with a hexagonal unit cell whose lattice constant is ~8.0% longer than that of the (\/§ X \/§)R300
phase.

The unit cell of xenon-induced phase of graphene is schematically drawn by green hexagons in Fig. 1b,
based on the lattice constant extracted from the LEED pattern with respect to that of graphene drawn

by orange hexagons. Interestingly, as denoted by a blue lozenge, one can find a hexagonal color pattern
with a periodicity of 13 graphene unit cells. Such a periodic modulation of a solid material is typically
observed when two well-defined crystals with different lattice constant or slight misorientation are over-

laid to produce a Moiré superstructure. This simple cartoon suggests an interesting possibility that xenon
atoms prefer to form a crystalline array instead of occupying randomly distributed hollow sites and that
the resultant reciprocal lattice vector G of the xenon crystal can be used to fold the Dirac cone of graphene
towards the Brillouin zone center via the Umklapp process [34] as schematically shown in Fig. 1c. Due

to the lattice mismatch discussed above, the Dirac cone is predicted to be duplicated not exactly at the

I point in contrast to the case of (v/3x+/3)R30° phase observed, for example, in lithium-adsorbed graphene
[18, 20, 21].

Indeed, the Fermi surface of the graphene-xenon heterostructure taken at 40 K shows six circles around
the I' point, instead of a single circle at the I' point predicted for the (v/3x+1/3)R30° phase, as shown in
Fig. 2a and schematically drawn in Fig. 2b. It should be noted that epitaxial graphene is electron-doped
by the SiC substrate by the formation of a Schottky barrier [35], so that the Dirac energy, i.e., the en-
ergy where the conduction and valence bands meet at a point, is observed below the Fermi energy, Fr.
Hence the Fermi surface for a single Dirac cone is expected to be a single circle. In fact, at the K point
of graphene, constant energy maps taken at 40 K show an electron-doped single Dirac cone as shown

in Fig. 2c and schematically drawn in Fig. 2d, consistent with the Fermi surface known for the single-
layer graphene epitaxially grown on an SiC(0001) substrate [37]. The observation of the six Dirac cones
demonstrates the formation of a two-dimensional solid crystal of xenon and the graphene-xenon Moiré
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Figure 2: (a) Constant energy ARPES intensity maps of the graphene-xenon interface around the Brillouin zone center

(T point) of graphene taken at 40 K. (b) Schematic drawing of the six Dirac cones around the Brillouin zone center of
both graphene and xenon. Inset shows the unit cell of graphene (orange) and xenon (green) in reciprocal lattice space.

(c) Constant energy ARPES intensity maps of the graphene-xenon interface around the Brillouin zone corner (K point) of
graphene taken at 40 K. (d) Schematic drawing of the characteristic Dirac cone at the Brillouin zone corner of graphene.
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heterostructure in line with the LEED result shown in Fig. 1a.

At the Dirac energy, E — Er = —0.4 eV, the constant energy map (Fig. 2a) shows fuzzy six spots that
are connected by finite spectral intensity, rather than six separate spots expected from the six Dirac cones,
while individual energy-momentum dispersion (Fig. 3c) clearly displays the Dirac point. Electron corre-
lations that are typically enhanced at higher energy and hence broaden the photoemission spectra might
have prevented observing clear, well-separated spots. Upon further increasing the binding energy to £ —
Er = —1.0 eV, in which the six Dirac cones meet at a single point, the I point, one can observe a bright
spot at the overlapping point as denoted by the white arrow in Fig. 2a, despite the circles corresponding
to six Dirac cones are not clearly distinguished.

In order to understand the effect of the xenon crystal on the electronic properties of graphene, further
ARPES analysis has been performed as shown in Fig. 3. The area of the Fermi surface at the K point

mry 2 2
k ~
e X e ri X 3.18 X

gives information on charge carrier density in graphene by n = 2 x

10 ¢cm™2 where ry, is the radius of the circle observed at the Fermi surface, |K| is the I'-K distance, and
b is the inter-carbon distance which is 1.42 A. Hence almost the same area of the Fermi surface within
the experimental resolution before and after xenon adsorption implies that overlying xenon does not no-
tably change the chemical potential of graphene either by charge transfer from/to xenon or by affect-
ing the Schottky barrier between graphene and the substrate, different from a previous work reported
the work function change of 0.2 eV [36]. Figure 3b shows two out of six folded Dirac cones induced by
the graphene-xenon Moiré heterostructure in the ARPES intensity map when taken at ky, = 0 along
the ky direction denoted in the inset with respect to the characteristic Fermi surface of the heterostruc-
ture. Both Dirac cones are electron-doped by the substrate as discussed above and do not show a clear
signature of additional energy gap opening at the Dirac energy beyond what is expected from as-grown
graphene [37]. This is different from the lithium-adsorbed graphene case where lithium atoms induce the
Kekulé-type lattice distortion to induce additional energy gap at the Dirac energy [20, 21].

The hybridization between the Dirac cones can be examined by energy distribution curves (EDCs), i.e.,
intensity spectra as a function of energy at constant momentum. Figure 3¢ shows EDCs taken around
the crossing point between the Dirac cones denoted by the white arrow in the ARPES intensity map in
Fig. 3b, that appears as a bright spot in the constant energy map taken at B.E. = 1.0 eV in Fig. 2a.
The EDC taken at &, = 0.00 A~ (the red curve in panel c) can be fitted by two Lorentzian peaks (Lor.:
gray curves) after subtracting arbitrary linear background (Bgr.: dash-dotted line) to give the better

fit curve (Fit: dashed curve) than the fit using single Lorentzian peak as shown in the upper panel of
Fig. 3d. The separation between two Lorentzian peaks is as much as 0.14 eV at k, = 0.00 A7 that in-
creases upon moving away from the crossing point, e.g., ky = 0.02 A_l, as shown in the lower panel of
Fig. 3d. The subtle but clear separation at the crossing point may suggest hybridization among Dirac
fermions in the graphene-xenon Moiré heterostructure, implying that correlated electronic phases can be
induced not only by the previous reported mechanically stacking of 2D crystals [14, 15, 16, 17], but also
by producing Moiré potential simply with noble gases on 2D materials.

The energy-momentum dispersion taken along the I'-K direction of the graphene unit cell gives informa-
tion on electronic correlations. Figures 3e and 3f show ARPES intensity maps measured from as-grown
graphene and the graphene-xenon heterostructure, respectively. Along this direction denoted by the ar-
row in the inset, only one of the two branches of the Dirac cone is observed due to the Berry phase of
quasiparticles in graphene [38]. The energy-momentum dispersion of each system was extracted from
Lorentzian fit to momentum distribution curves (intensity spectrum taken at constant energy as a func-
tion of momentum) as shown in Fig. 3g. The dispersion of as-grown graphene (blue curve) becomes steeper
upon the formation of the graphene-xenon heterostructure (red curve) with increasing slope by about 8%
from 1.33x10° m/s to 1.44x10° m/s when extracted from the dispersion below the Dirac energy. Within
the Fermi liquid theory, with which electron-doped graphene is well described [39], the enhanced slope
indicates decreased effective mass of quasiparticles in graphene and hence suppressed electron correla-
tions [40]. This is opposite from the behavior expected in the hybridized Dirac cones with strong elec-
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tronic correlations in twisted graphene [14, 15, 16, 17] or in the charge neutral Dirac cones where the
Dirac energy lies at Ep [41, 42].

The suppressed electronic correlations can be understood via the enhanced dielectric screening from the
xenon crystal formed on top of graphene. The 2D nature of graphene makes it very sensitive to its en-
vironment so the dielectrics efficiently tune electronic correlations [41, 42]. While the dielectric screen-
ing that as-grown graphene experiences is the average of that from SiC and vacuum, i.e., €xs_grown =
(€vacuumt€sic) /2, graphene sandwiched by SiC and the xenon crystal will experience the dielectric screen-
ing as much as the average of that from SiC and xenon crystal, i. €., €neterostructure = (Exenon + €sic)/2,
as schematically shown in Fig. 3h. Within the Fermi liquid theory, increased screening for Coulomb in-
teractions will result in suppressed electronic correlations, so that the effective mass of quasiparticles
decreases and hence the slope of an energy-momentum dispersion is expected to increase [40]. The di-
electric constant of solid xenon has been reported to be €xenon = 1.37 [43], which is larger than that of
vacuum €yacqum = 1. Naturally dielectric screening that graphene experiences will be stronger in the
graphene-xenon heterostructure, resulting in the increased slope of the energy-momentum dispersion as
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Figure 3: (a) Constant energy ARPES intensity maps taken at Er around the K point of as-grown graphene (upper panel)
and the graphene-xenon Moiré heterostructure (lower panel). (b) ARPES intensity map of the graphene-xenon Moiré
heterostructure taken along the k. direction denoted in the inset with respect to the characteristic Fermi surface of the
heterostructure around the I'" point. The white arrow at ~1.0 eV below Er denotes the crossing point between folded two
Dirac cones. (c¢) Energy distribution curves around the crossing point denoted in panel b. (¢) Energy distribution curves

taken at kx = 0.00 A" and kx = 0.02 A7 from the ARPES intensity map shown in panel b. Each energy distribution
curve was fitted by two Lorentzian peaks (gray curves: Lor.) after subtracting arbitrary linear background (dash-dotted
line: Bgr.) to give a fitted curve (dashed curve: Fit). (e-f) ARPES intensity maps of as-grown graphene (panel e) and the
graphene-xenon interface (panel f) taken along the ky direction denoted by an arrow with respect to the graphene unit

cell shown in the inset. White curves are Lorentzian fits to the spectral intensity. (g) Energy-momentum dispersions of
as-grown graphene (blue curve) and the graphene-xenon interface (red curve) shown as white curves in panels e and f. (h)
Schematics of as-grown graphene (upper) and the graphene-xenon Moiré heterostructure (lower).
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Figure 4: (a) Possible adsorption sites of a xenon atom on graphene. (b) The atomic configuration of the graphene-xenon
interface, where orange and green balls denote carbon and xenon atoms, and the blue lozenge denotes the superstructure
unit cell. (¢) Calculated electron band structure of xenon over-layer depicted in panel (b) with a zoomed-in view at higher
energy relative to the Fermi energy on the right panel.
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witnessed in Fig. 3g.

To further understand the electronic properties of the graphene-xenon heterostructure, the electronic
band structure has been investigated by the first-principles calculations. As the first step, total energy
of single xenon atom adsorbed on four graphene unit cells was calculated to find the most favorable ad-
sorption site among the hollow, bridge, and on-top sites schematically shown in Fig. 4a. Although the
adsorption on the hollow site is still the most favorable in terms of energy, energy differences are virtu-
ally negligible against the bridge and the on-top sites, with the values of —0.88 meV and —1.29 meV, re-
spectively. In the absence of strong chemical bonds between graphene and xenon atoms, once one xenon
atom occupies a hollow site, the adsorption site of a neighboring atom will be determined by the com-
pletion among inter-xenon attractive potential, i.e., lattice formation energy, inter-xenon repulsive po-
tential, i. e., Pauli repulsion, graphene-xenon attractive potential, and thermal activation energy. When
the thermal energy by the experimental temperature (~3.45 meV corresponding to 40 K) and the forma-
tion energy of the xenon lattice (~12.0 meV [44]) far exceed the maximum diffusion barrier for a xenon
atom on a graphene layer (<1.29 meV), thermal activation will promote the diffusion of xenon atoms on
graphene. Hence, neighboring xenon atoms occupy slightly off the hollow sites until the fifth one occu-
pies the hollow site once again, instead of favoring the adsorption on randomly distributed hollow sites
of graphene. The resultant atomic array of xenon atoms imposes a new periodicity to graphene consti-
tuting a graphene-xenon heterostructure with a periodicity of /13 x v/13 graphene unit cells as schemat-
ically shown in Fig. 4b, where the blue hexagon denotes the unit cell of the Moiré heterostructure. This
is in excellent agreement with the observation of the well-defined LEED pattern shown in Fig. 1la and
folded Dirac cones around the I' point in ARPES measurements shown in Fig. 2a.

The close-packed atomic array of xenon atoms implies another interesting application of the method used
in this study. Figure 4c shows calculated the electronic band structure of the xenon atoms with the pe-
riodic array shown in Fig. 4b. It is intriguing to note that it does not show molecular states, i.e., non-
dispersive discrete states, that may be typically predicted from non-interacting gas particles. Instead,
three bands, stemming from Xe 5p orbitals at an energy range from 7 eV to 8.5 eV below Ep, have band
width as broad as 0.7 eV as shown in the right panel, while rest of the bands above Er are strongly dis-
persive. While the dispersive electronic band structure itself manifests the formation of a crystal of a no-
ble gas, xenon, this finding suggests a plausible route not only to obtain a stable crystalline structure of
inert gas utilizing graphene, but also to tune the periodicity of the Moiré heterostructure of graphene

to realize correlated electronic phases of Dirac fermions that have been explored in twisted multilayer
graphene [14, 15, 16].
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3 Conclusions

The electronic structure of the graphene-xenon Moiré heterostructure has been investigated using ARPES
and first-principles calculations. The formation of crystalline xenon has been evidenced by the additional
LEED peaks and the folded six Dirac cones around the Brillouin zone center, which is further corrob-
orated by the first-principles calculations. Upon the formation of the graphene-xenon hetero-interface,
the slope of the Dirac cone increases due to the enhanced dielectric screening, i. e., suppressed electronic
correlations. Our findings suggest a viable route to create a Moiré heterostructure using the adsorption
of noble gas on 2D materials, which goes beyond the conventional stacking and twisting of 2D layers. It
also propose a possibility of tuning the electronic properties of 2D materials using the adsorbed layers of
noble gases.

Note: During the preparation of this manuscript, a related work has been reported in Ref. [45], whose
results are essentially consistent with ours except the temperature scale required to bring the xenon atoms
to the diffusion limit.

4 Methods

ARPES measurements:

Graphene samples were prepared by the epitaxial growth method on an SiC(0001) substrate [46]. Graphene
was exposed to xenon gas under a pressure of 1x10~7 Torr at 40 K. Xenon exposure of 6 Langmuir (L)

did not show notable change in the LEED pattern indicating that xenon atoms were not condensed yet,
which possibly suggests that the xenon coverage on graphene is far less than 1 monolayer (ML). Addi-
tional 12 L exposure of xenon gas led to the LEED pattern and ARPES data corresponding to the Moiré
heterostructure shown in Figs. 1 and 2, indicating that xenon crystal is finally condensed. LEED pat-

terns have been measured at 40 K and room temperature at several different energies. High-resolution
ARPES experiments have been performed at 40 K using Helium I « (21.2 eV) for the measurements
around the I" point of the Moiré heterostructure and Helium IT « (40.81 eV) for the measurements around

the K point of the graphene unit cell. Energy and momentum resolutions were 68 meV and ~0.03 Afl,
respectively, at 40 K. All the measurements were performed in ultra-high vacuum with a base pressure of
2.4x10~! Torr.

Band structure calculations:

The electronic structure of the crystalline xenon single-layer on graphene has been calculated using OpenMX
code [47]. The atomic position of experimentally suggested supercell is relaxed within Perdew-Burke-
Ernzerhof exchange correlation potential [48], and 2x2x1 k-point mesh has been used. The effect of the
spin-orbit coupling for light atom, carbon, and filled shell atom, xenon, was ignored in the structure op-
timization and the van der Waals interaction within D3 scheme was taken into account. To understand
the effect of graphene on a xenon atom, total energies were compared for the systems where xenon sits
on the hollow, on-top, and bridge sites in a 4x4 graphene supercell. The system is the most stable with
the shortest graphene-xenon distance when a xenon atom sits on the hollow site, while the other two
high symmetric sites, on-top and bridge sites, differ only by about 0.01 A at most. The energy differ-
ence from other configurations (<1.29 meV) is negligible as well compared to the formation energy of
the xenon lattice (~12.0 meV) [44].
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Moiré heterostructure created by crystalline xenon atoms adsorbed on graphene exhibits folded Dirac cones from each
corner of the Brillouin zone all packing into the momentum close to the center.





