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We report an experimental study of a high-order moiré pattern formed in graphene-monolayer xenon
heterostructure. The moiré period is in situ tuned from few nanometers to þ∞, by adjusting the lattice
constant of the xenon monolayer through annealing. Using angle-resolved photoemission spectroscopy, we
observe that Dirac node replicas move closer and finally overlap with a gap opening, as the moiré pattern
expands to þ∞ and evolves into a Kekulé distortion. A moiré Hamiltonian coupling Dirac fermions from
different valleys explains experimental results and indicates narrow moiré band. Our Letter demonstrates a
platform to study continuous evolution of the moiré pattern, and provides an unprecedented approach for
tailoring Dirac fermions with tunable intervalley coupling.
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Moiré superlattices provide a promising playground for
explorations of novel quantum phases and phase transi-
tions. In twisted bilayer graphene (tBLG), the moiré pattern
couples Dirac fermions from the same valley but different
layers [Fig. 1(a)], and results in moiré bands with extremely
narrow bandwidth at the magic-angle condition [1]. Novel
quantum phases, including correlated insulators [2–5],
superconductivity [6–13], magnetism [14–17], and non-
trivial topological states [18–20], are experimentally real-
ized by designing moiré patterns and tuning the electron
filling of moiré bands. The flat moiré bands in tBLG are
directly observed by state-of-the-art angle-resolved photo-
emission spectroscopy (ARPES) with nanoscale real-space
resolution [21,22]. Similarly, a moiré pattern in twisted
bilayer transition metal dichalcogenides also induces flat
moiré bands [23] and novel quantum states [24–26] like
Mott insulators [27] and the generalized Wigner crystal
phase [28].
These novel quantum phenomena are very sensitive to

the lattice structures of moiré patterns. Therefore, in situ
tunable moiré patterns can provide a powerful tool to
design electronic structures and quantum phases. The moiré
pattern is determined by twist angle (θ) and lattice constant
mismatch (Δa ¼ a1 − a2) between the constituent layers.
One way of tuning a moiré pattern is to control the twist
angle θ. Using an atomic force microscope tip to push the
specially shaped BN on graphene, θ can be changed
in situ [29,30].
In this Letter, we report a new route to realize in situ

tunable high-order moiré patterns. It is realized in gra-
phene-monolayer xenon heterostructures, which we term as
G=mXe, with moiré period tuned in a range from

nanometer scale to þ∞. Distinct from the previous method
by changing θ, we tune the lattice constant of the Xe
monolayer by an annealing process, therewith to control the
mismatch Δa term. Using ARPES, we directly observe the
replicas of graphene Dirac cones generated by the moiré
pattern, which move close to each other in momentum
space (k space) as the moiré pattern expands in real space.
The replicas finally overlap with each other as the moiré
period approachesþ∞ and the moiré pattern evolves into a
commensurate structure where a
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FIG. 1. (a) Schematic first-order moiré effect in tBLG systems
in k space. (b) Schematic high-order moiré effect in G=mXe.
(c) LEED pattern of moiré pattern measured at T ¼ 60 K.
(d) Large-scale atom arrangements showing moiré pattern of
G=mXe in real space. (e)–(g) Atom arrangements in zoomed-in
areas at the center and neighboring corners of the moiré pattern,
respectively. The primitive vectors of graphene and Xe mono-
layer are labeled in (e).
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Kekulé distortion develops in graphene. A gap with ΔKekulé
∼ 0.4 eV is then observed at the Dirac point, induced by
intervalley coupling of Dirac fermions. A continuum moiré
Hamiltonian H of G=mXe explains the experimental
results, and indicates moiré flatbands for large moiré
periods. Interestingly,H in G=mXe couples Dirac fermions
from different valleys [Fig. 1(b)], in contrast to that in tBLG
coupling Dirac fermions from different graphene layers
[Fig. 1(a)]. Our Letter not only offers a promising platform
for tailoring Dirac fermions with tunable intervalley cou-
pling, but also provides a novel way to induce and tune the
moiré pattern in 2D materials by noble gas monolayer.
Monolayer graphene was achieved by the high-

temperature annealing process [31] of n-type 6H SiC(0001)
from PrMat. The monolayer graphene samples were
characterized by scanning tunneling microscopy measure-
ments. Xe monolayers were formed on a clean graphene
surface by depositing slightly thicker layers at T ¼ 44 K
with Xe pressure of 1 × 10−9 Torr and then annealing at a
temperature above the second-layer desorption temperature
(Ts). ARPES measurements were performed at the home-
designed facility with photon energy hυ ¼ 21.2 eV and
spot size about 0.5 mm. Low-energy electron diffraction
(LEED) patterns were measured on the same sample
surface using electron energy of 105 eV, with a facility
mounted on the ARPES chamber.
The Xe monolayer has been grown on a graphite surface

in Ref. [32], forming a hexagonal structure with primitive
vectors 30° rotated from those of graphite. Our LEED
patterns [Fig. 1(c)] and ARPES results consistently indicate
the same structure in G=mXe [Figs. 1(d)–1(g)]. Both Δa ¼
aXe − aGra and θ between the unit cells of graphene and
Xe monolayer are large [Fig. 1(e)], where θ ¼ 30°, aGra ≈
2.46 Å and aXe ∼ 4.4 Å are the lattice constants of gra-
phene and Xe monolayer, respectively (aXe depends on the
annealing process as discussed in the following). Therefore,
the first-order moiré effect directly related to Δa and θ is
expected to be weak in G=mXe. However, a
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supercell of graphene and the unit cell of Xe are rotationally
aligned (θ0 ¼ θ − 30° ¼ 0°) and have a small lattice con-
stant mismatch Δa0 ¼ aXe −
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aGra [Fig. 1(e)]. Therefore,

the high-order moiré effect arising from θ0 and Δa0 is
expected to be pronounced with moiré period a0m given by

a0m ¼ aXeaGra
Δa0

; ð1Þ

The large-scale atomic arrangement plotted in Fig. 1(d)
confirms the high-order moiré pattern in G=mXe. Similar to
tBLG, the moiré pattern in G=mXe forms a hexagonal
structure, with center and corner regions showing different
stacking forms [Figs. 1(e)–1(g)].
In k space, the moiré pattern modulates electronic

structure. Dirac cone replicas are induced by shifting the
original Dirac cones of graphene with momentum transfers

of the first-shell reciprocal lattice vectors of Xe monolayer
G⃗Xe. As illustrated in Fig. 1(b), replicas are located at the
corners of a hexagon centered at the Γ point. This hexagon
is the moiré Brillouin zone (BZ) corresponding to the high-
order moiré period a0m (Fig. S1 in the Supplemental
Material [33]). In addition, replicas can be induced near
theKðK0Þ point also by scatterings of momentum G⃗Xe. Two
replicas and one original Dirac cone sit at three corners of a
hexagon that is centered at the G⃗Xe point. This hexagon is a
momentum-shifted copy of the moiré BZ centered at the Γ
point. The replicas have the same valley arrangement as the
original Dirac cones of graphene, i.e., the nearest neighbor
Dirac cones have different chirality.
We perform ARPES measurements on G=mXe at T ¼

67 K and directly observe the Dirac replicas [Fig. 2(a)],
together with dispersive bands of Xe monolayer at higher
binding energy (EB) (Fig. S2 in the Supplemental Material
[33]). As shown in Figs. 2(b)–2(c), the spectra near the Γ
point is fully consistent with six replicas α1-α6 sitting at
corners of the moiré BZ. Figure 2(d) displays the band
structure along cut 1 in Fig. 2(b), with replicas α1 and α4
clearly observed; we determine the momentum center of
the α4 replica to be κ ¼ ð0.09 Å; 0Þ at T ¼ 67 K. We also
clearly resolve the replicas β1 and β2 in the constant EB
plots [Figs. 2(e)–2(g)] and band structure [Figs. 2(h)–2(i)]
near the K point, in addition to the original Dirac cone γ.
We manage to continuously control aXe by annealing at

different temperatures above the second-layer desorption
temperature Ts and therewith to tune am0 in G=mXe with
Δa0 term in Eq. (1). The tunable moiré pattern is demon-
strated by the moving of replicas in k space as a function of
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(d) (e) (f) (g) (h) (i)

(c)

FIG. 2. (a) Fermi surface mapping of G=mXe. (b),(c) Constant
energy intensity plots near the Γ point at EF and EB ¼ 1.6 eV,
respectively. (d) The band structure along the cut1 in (b). (e)–(g)
Evolution of constant energy intensity plots near the K point.
(h),(i) Photoemission intensity plots along cut2 and cut3 labeled
in (e), respectively.
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temperature shown in Figs. 3(a) and 3(b). As T decreases,
the α1 and α4 replicas move close to each other, touch at EF
at T ¼ 57.5 K [Fig. 3(b-VI)] and finally overlap at T ∼
51.5 K [Fig. 3(b-VX)]. Here the Fermi energy EF is
390 meV above the Dirac points. The FS also evolves
from six pockets at T ¼ 67 K [Fig. 2(d)] into a single
pocket at T ¼ 51.5 K [Fig. 3(c)]. Such evolution of a moiré
pattern is reversible with both increasing and decreasing
temperature [Figs. 3(d) and 3(e)]. Note that the change in
aGra is negligible in the temperature range of 50 ∼ 70 K.
Therefore, the tunable moiré pattern is induced by variation
of the lattice constant of the Xe monolayer aXe. The
changes in aXe are directly shown in temperature dependent
LEED measurments, which are also reversible with temper-
ature cycling (Fig. S3 in Supplemental Material [33]).
We can determine the T dependence of the replica’s

momentum κ, and extract a0m and aXe, with the results
shown in Figs. 3(f)–3(h), respectively. The magnitude jκj
has a good T-linear dependence [Figs. 3(a), 3(b), and 3(f)].
Results in Fig. 3(h) indicate that ARPES is a sensitive
method to determine lattice constant of Xe monolayer in
G=mXe with the resolution of the order of 0.1 Å.
As aXe approaches
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G=mXe. In this process, the high-order moiré pattern with
a0m → þ∞ evolves into a Kekulé distortion with a
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reconstruction of graphene [38]. Replicas near the Γ
point overlap with each other with κ → 0. Because the
nearest replicas have different valley chirality, the Kekulé
gap Δ is opened by intervalley coupling. The energy

distribution curve (EDC) at the Γ point for a0m → þ∞
shows a double-peak line shape with an energy separation
around 0.4 eV [Fig. 3(b-VX)], where the line shape is
similar to that in other graphene systems [39] with a Kekulé
gap. The observation of the Kekulé gap excludes the
photoelectron surface diffraction as the reason of replicas
in ARPES experiments.
The in situ tunable moiré pattern in G=mXe offers an

opportunity to study the moiré modulation effect on Dirac
fermions with variable a0m. In Fig. 4(a), we plot the band
structure of G=mXe near the K point with different a0m,
where the original Dirac cone γ remains at the K point. As
shown in Fig. 4(b), the EDC at the K point for a0m ¼ 5 nm
has a single peak feature, similar to EDC of pristine
graphene. The additional spectra weight at EB > 1 eV
corresponds to β2 replica in Fig. 4(a-I). For larger a0m,
jκj becomes smaller rapidly and the replicas β1 and β2 move
close to the γ cone. The spectra weight corresponding to
replicas shifts in energy towards the Dirac point, leading to
a broad peak with nearly flat top for a0m ¼ 10 and 15 nm.
As a0m further increasing, the EDC evolves into a double-
peak shape. An energy gap with Δ ∼ 0.4 eV is identified at
the K point as a Kekulé distortion forms at a0m → þ∞,
which is consistent with ΔKekulé observed at the Γ point.
To interpret the experimental results, we construct a

continuum moiré Hamiltonian H for Dirac fermions in
G=mXe based on symmetries (see the Appendix and
Supplemental Material [33] for details). The form of H
is similar to that of tBLG, but it couples Dirac fermions

(a) (b) (c) (f)

(g)

(h)(e)(d)

FIG. 3. (a) T-dependent photoemission data at EF along the Γ-K direction. (b) Corresponding T-dependent band structure. The
momentum distribution curves (MDCs) at EF are also plotted on the top. The red and blue arrows indicate the Fermi momenta of the α1
and α4 replicas, respectively. (c) The FS mapping near the Γ point at T ¼ 51.5 K. (d) Photoemission data at EB ¼ 0.36 eV along the
Γ-K direction with both increasing and decreasing temperature. (e) Corresponding temperature evolution of band structure near the Γ
point. (f)–(h) T-dependent data of κ, a0m and aXe, respectively. The dashed lines are fitting curves. The value of
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aGra is indicated by

the solid line in (h).
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from two valleys in graphene, instead of from two layers in
tBLG. The H captures the main features of the ARPES
results, with replicas from two valleys located at the moiré
BZ corners κ0 and κ for a finite a0m. We theoretically
simulate the ARPES spectra near the K point. As shown in
the insets of Fig. 4(a), hybridization gaps open at the
crossing points between the γ cone and replicas, which is
consistent with sudden intensity changes around the cor-
respondingEB marked by arrows. Similar to tBLG systems,
the Dirac nodes remain gapless for a finite a0m in our model
because of Ĉ2zT̂ symmetry, where Ĉ2z is the twofold
rotation symmetry around the z axis and T̂ is time-reversal
symmetry, and form a moiré band separated from other
states. The bandwidth of this moiré band can be tuned by
a0m, and become nearly flat for large a0m [Fig. 4(a-V) and
Supplemental Material [33]].
Our model also describes the EDC evolution at the K

point. As seen from Fig. 4(c), side peaks appears in the
simulated EDC for a0m ¼ 5 nm, which correspond to the

spectra weight replicas at high EB in ARPES results
[Fig. 4(b)]. As a0m increases, two side peaks corresponding
to the upper and lower branches of replicas move close to
the energy of the original γ Dirac node in the simulation.
Because of the limitation of energy broadening in ARPES
experiments, we observe a broader peak in EDC for
a0m ¼ 10 nm, corresponding to three peaks close to each
other in the model. Meanwhile, spectra weight transfers
from the main peak of γ node to side peaks of replicas in the
simulation. Therefore, we can experimentally resolve the
two side peaks for a0m > 20 nm. In the limit of a0m → þ∞
(i.e., aXe ¼

ffiffiffi
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aGra and κ → 0), the main peak at the Dirac

point is expected to vanish and the two side peaks define
the Kekulé gap ΔKekulé. Because the experimental peak
width is on the same order asΔKekulé, there are finite spectra
weights inside ΔKekulé in ARPES results for a0m → þ∞.
By using ARPES energy broadening, the simulated
EDCs from the model can better reproduce the features
of experimental results (Fig. S5 in the Supplemental
Material [33]).
The large a0m moiré pattern in G=mXe, in which flat

moiré bands are predicted, can be realized in a wide range
of temperatures. Above the second-layer desorption tem-
perature Ts, a0m can be tuned by Xe pressure PXe (Fig. S6 in
the Supplemental Material [33]). Below Ts, a0m can be
tuned through different annealing processes (Fig. S7 in the
Supplemental Material [33]).
In summary, we demonstrate an in situ tunable high-

order moiré pattern in G=mXe with a0m from nanometer
scale toþ∞. The moiré pattern induced Dirac cone replicas
are directly observed by ARPES measurements, which
move in k space as a0m changes in real space. The moiré
pattern evolves into a Kekulé distortion at a0m → þ∞, and
replicas overlap in k space with a gap opened at Dirac point.
The theoretical model indicates flat band physics in
G=mXe. We note that we use lab-based ARPES with
0.5 mm beam size in the current Letter. G=mXe provides an
opportunity for ARPES probes of moiré physics without
the need of nanoscale spatial resolution. Bands of both
graphene and G=mXe observed here are broader than that
of exfoliated graphene and tBLG [21,22], possibly due to
the imperfection of graphene samples grown on SiC
substrates. ARPES measurements on better quality gra-
phene are helpful to resolve details of moiré bands for large
a0m. Transport measurements with gate tunable electron
filling would provide smoking-gun evidence for the poten-
tial correlated states, superconductivity, and other flat band
related quantum states in G=mXe. The high-order moiré
pattern has also been observed in a graphene-SiC system
[40], in which lattice mismatch Δa and twist angle θ are
large between unit cells. We have realized graphene- and
bilayer-graphene-based heterostructures consisting of other
noble gas monolayers, e.g. krypton (Kr) and argon (Ar),
and the in situ tunable high-order moiré pattern is gene-
rally observed. We also observed similar behaviors in

-1

0

-0.2 0.0 0.2

-1.0 -0.5 0.0

 5nm
 10nm
 15nm
 20nm
 30nm

-1.0 -0.5 0.0

 mXeG

 (b)

E - EF (eV)

-1

0
E

 -
 E

F
 (

eV
)

 1 

  2

 (a)

 a'm=5nm

-0.2 0.0 0.2 -0.2 0.0 0.2

E
 -

 E
F
 (

eV
)

ky (Å
-1

) ky (Å
-1

) ky (Å
-1

)

 15nm10nm 

 30nm

In
te

ns
ity

 (
a.

 u
.)

 Min

 Max

 Graphene

 I  II  III

 IV  V  VI

 (c)

E - EF (eV)

In
te

ns
ity

 (
a.

 u
.)

 20nm

 30nm
 20nm
 15nm
10nm 
 5nm

 a'm=

 Kekule

 Kekule

FIG. 4. (a) The band structure evolution near the K point, with
different moiré period a0m. The MDC at EB ¼ 1.3 eV are
appended on top, with colored arrows indicating the β1 and β2
replicas and original γ cone. The simulated band structures for
finite a0m are appended with the same energy and k scales for a
direct comparison. (b) The a0m-dependent EDCs at the K point of
G=mXe. The EDC of bare graphene is also plotted as purple line
on the top. (c) The calculated EDCs at the K point of G=mXe for
finite a0m. Different curves are shifted vertically for clarity.
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heterostructure consisting of layered vdW superconductor
CuxTiSe2 and monolayer Kr=Xe. Our Letter opens up vast
new opportunities provided by the in situ tunable moiré
patterns in designing quantum phases of 2D materials.
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Appendix: Theoretical model.—The continuum moiré
Hamiltonian H for the Dirac fermions in G=mXe is
constructed based on symmetry analysis (See
Supplemental Material [33]), and is given by

H ¼
�
hþðk − κþÞ TðrÞ

T†ðrÞ h−ðk − κ−Þ

�
; ðA1Þ

where the diagonal terms h�ðkÞ ¼ ℏvFð�kxσx þ kyσyÞ are
the Dirac Hamiltonians for the two valleys, and σx;y are
Pauli matrices in the sublattice space. The momentum shifts
κ� ¼ 4π=ð3a0mÞð∓ 1=2;

ffiffiffi
3

p
=2Þ connect the center and

corners of the moiré BZ. The off-diagonal term TðrÞ
captures the intervalley coupling induced by the moiré
superlattices, and is parametrized as follows:

TðrÞ ¼ T0 þ Tþ1eig2·r þ T−1eig3·r;

Tj ¼
�
w0e−i2πj=3 w1

w1 w0ei2πj=3

�
; ðA2Þ

where g2 ¼ 4π=ð ffiffiffi
3

p
a0mÞð−

ffiffiffi
3

p
=2; 1=2Þ and g3¼

4π=ð ffiffiffi
3

p
a0mÞð−

ffiffiffi
3

p
=2;−1=2Þ are moiré reciprocal lattice

vectors, and w0;1 are two parameters.
In the limit of the moiré period a0m → þ∞, the vectors κ,

κ0, and g2;3 all tend to vanish, and the moiré HamiltonianH
becomes

HKekulé ¼ ℏvFðkxτzσx þ kyσyÞ þ 3w1τxσx; ðA3Þ

where τx;z are Pauli matrices in the valley pseudospin space.
The last term 3w1τxσx in Eq. (A3) represents an intersu-
blattice and intervalley coupling induced by Kekulé distor-
tion, andgaps out theDirac fermionswith a gap given by 6w1.
The experimentally measured Kekulé gap ΔKekulé is 0.4 eV.
Therefore, we estimate that w1 ¼ ΔKekulé=6 ≈ 67 meV.
Terms in TðrÞ that are proportional to w0 correspond to

on site potential modulations in the moiré superlattices,
and break the particle-hole symmetry of the energy
spectrum in the presence of a finite w1. Because the

ARPES measurement does not show significant particle-
hole asymmetry for the Dirac cones, we take w0 ¼ 0 for
simplicity in the calculation. Further studies are required to
determine the values of w0;1 from microscopic physics.
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