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Moiré potential has become a powerful tool to modulate electronic structures and realize quantum phases.
Authors of previous studies mainly focused on the first-order moiré effect in systems with small lattice
mismatches and rotation angles. Here, we report evidence of a high-order moiré effect and multiple Dirac cone
replicas by performing angle-resolved photoemission spectroscopy on a graphene-SiC heterostructure. Despite
that the first-order moiré effect is weak due to large lattice mismatch and rotation angle, a high-order moir€ effect
with a 1.9 nm periodicity in real-space is experimentally observed. Different from previously studied first-order
moiré systems, in which only replicas with momentum transfer by the primitive reciprocal lattice vectors were
observed, Dirac cone replicas with momentum transfer by second- and third-order reciprocal lattice vectors
are experimentally identified. Our results not only demonstrate the high-order moiré effect in a graphene-SiC
heterostructure but also provide opportunities to engineer moiré systems without the limitation of small lattice

constant mismatches.
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I. INTRODUCTION

Designing Dirac cone structures of graphene by moiré
heterostructures has become a promising platform for real-
izations of quantum phases and phase transitions [1-36]. In
the graphene-boron nitride (BN) heterostructure, the moiré
potential generates clones of Dirac cones near the corners of
the Brillouin zone (BZ) of graphene, which leads to a fractal
energy spectrum in a strong magnetic field [1-7]. Recently,
the moiré potential in twisted bilayer graphene [8,9] gener-
ated nearly flat bands with a strong electronic correlation,
in which correlated insulators, superconductivity, and exotic
quantum phases were achieved [10-24]. By introducing an
additional superlattice potential from BN or WSe, into the
twisted bilayer graphene and trilayer graphene, supercon-
ductivity, ferromagnetism, and the quantum anomalous Hall
effect are realized [25-36].

Authors of previous studies mainly focused on the
first-order moiré effect in systems with both small lattice
mismatches [Aa = (a; — ay)] and small twist angles (6), as
described in Fig. 1(a). In this case, the moiré€ lattice constant
in real space is
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In momentum space (k space), the corresponding moiré
vector G,, equals the difference between the primitive re-
ciprocal lattice vectors of the component layers (G, — G»)
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in Fig. 1(b). Graphene-BN, twisted bilayer graphene, and
twisted transition metal dichalcogenides [37] belong to this
case, in which the first-order moiré effect dominates the sys-
tems.

Here, we experimentally identify a high-order moiré effect
in a heterostructure with large Aa and 6 and reveal the moiré
modulation effect on an electronic structure by perform-
ing angle-resolved photoemission spectroscopy (ARPES)
on graphene-SiC. The first-order moiré effect is weak in
graphene-SiC, with a small moiré period of a,, ~ 0.49 nm
according to the formula in Eq. (1). In contrast, the high-
order moiré effect associated with the lattice mismatch Ad’
and twist angle 6’ between the graphene-(2 x 2) supercell
and the SiC-(v/3 x /3) supercell is experimentally observed
with @), ~ 1.9 nm. Different from the first-order moiré ef-
fect in graphene-BN and twisted bilayer graphene, in which
only the Dirac cone replicas with momentum transfer by the
primitive reciprocal lattice vector of the other consisting layer
(first-order momentum transfer) are experimentally observed,
we reveal additional multiple Dirac cone replicas stemming
from the high-order moiré effect with momentum transfer
by second- and third-order reciprocal lattice vectors of SiC
(second- and third-order momentum transfers). Our results not
only uncover a moiré system with multiple Dirac cones cloned
by high-order moiré effects but also extend the application
conditions of the moiré effect to heterostructures with large
lattice constant mismatch.

II. EXPERIMENTAL DETAILS

ARPES measurements were performed at the
home-designed facility with a base pressure better than
5x 107" Torr and photon energy hv =212eV, at a

©2021 American Physical Society
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FIG. 1. (a) and (b) Schematic first-order moir¢ effect in real and k spaces, respectively. (c) and (d) Same as (a) and (b) but for the high-order
moiré effect. The graphene (2 x 2) and SiC +/3 x +/3 supercells are marked by bold hexagons in (c). The moiré vector 5;n in k space is
labeled in (d). (e) Scanning tunneling microscope (STM) image of the graphene-SiC heterostructure. The moiré superstructure is labeled. (f)
The corresponding fast Fourier transform (FFT) results. The arrow and hexagon in the zoomed-in area are the G;n vector and corresponding
moiré Brillouin zone (BZ). (g) Low-energy electron diffraction (LEED) image of the graphene-SiC heterostructure. The blue and red circles
mark the graphene and SiC structures, respectively. The area marked by the dashed rectangle, which is blocked by the electron gun in the
normal emission geometry, is measured by rotating the sample off the normal emission.

temperature <6 K. Low-energy electron diffraction (LEED)
patterns were measured on the same sample surface using
electron energy of 150 eV, with a facility mounted on the
ARPES chamber. Scanning tunneling microscope (STM)
measurements were performed by a commercial Unisoku
1300 system at 4.2 K with a constant current mode. Electro-
chemically etched tungsten tips were used in our measure-
ments. Samples were directly transferred into the ARPES and
STM chambers without breaking the vacuum. High-quality
monolayer graphene was achieved by an annealing process
[38] of n-type 6H-SiC(0001) from PrMat. Large-scale STM
measurements confirmed that sample surfaces were covered
by monolayer graphene in hundreds of nanometers, with
small parts covered by bilayer graphene and SiC substrate.
The band splitting as the signature of bilayer graphene was
not observed in ARPES measurements due to the small
fraction.

II1. RESULTS

Compared with the first-order moiré effect in Fig. 1(a),
both Aa and 6 = 30° are large in the graphene-SiC het-
erostructure [Fig. 1(c)]. The first-order moiré effect is
expected to be weak with a small a, in real space ac-
cording to the formula in Eq. (1) and a large G, in k
space [Fig. 1(d)]. On the other hand, we can construct a
(2 x 2) supercell for graphene and a (v/3 x +/3) supercell for
SiC, indicated by bold blue and red hexagons in Fig. 1(c),

respectively. Between these supercells, the lattice mismatch
Ad = (ﬁGSiC — 2agr,) 1s quite small, and the twist angle
0’ = 6—30° = 0°, which is like the first-order moiré systems
depicted in Fig. 1(a). Therefore, the high-order moiré effect
related to Ad’ and 6’ between the supercells is expected to
be pronounced, with a moiré period a,, = “%75¢ = 1.9 nm
according to the formula in Eq. (1).

The corresponding high-order moiré vector 6;;,, in k space
is the difference between the second reciprocal lattice vector
of graphene and the third reciprocal lattice vector of SiC in
Fig. 1(d). The high-order moiré vector (_?,’n has a 0.38 A~!
length, which is much smaller than the first-order moiré vector
G. The G,/n vector has the same orientation with the primitive
vector of SiC, and 30° rotated from that of graphene.

The high-order moiré effect on electronic structure mod-
ulation in real space is suggested in the large-scale atom
arrangement plot in Fig. S1 in the Supplemental Material [39]
and directly observed by STM measurement in Fig. 1(e). We
append a), vectors and the moiré superstructure, which fit the
STM results very well. A fast Fourier transform (FFT) of
STM data is shown in Fig. 1(f). Except the pattern labeled
by gray circles corresponding to the original graphene struc-
ture, additional patterns related to a bigger superstructure are
directly observed at the center and near the graphene pattern.
As seen from a zoomed-in area of Fig. 1(f), the experimentally
determined superstructure wave vector in k space fully agrees
with the high-order moiré vector é;n in Fig. 1(d). The LEED

pattern in Fig. 1(g) shows consistent signatures of C;n vectors

235130-2



OBSERVATION OF HIGH-ORDER MOIRE EFFECT AND ...

PHYSICAL REVIEW B 104, 235130 (2021)

@) # —— #6 (b)  #1
T T T MaX
. 0l &0 7
< ol . 3
s W
. v
w
Min
2 1 0 1 2 05 1.0 15
k(A ke (A7)
(©  k=0.66A" (d)k.=0.85A" (€)k,=1.04A" (Nk=1.32A" (@)k,=1.7A"
m m ih e
g ! €4 g L K
>
i 1
'S
W ] C
w
04l P___ Min
04 0.0 04-0.4 0.0 0.4 -0.4 0.0 0.4 -0.4 0.0 0.4 -0.4 0.0 0.4 05 10 15
-1 -1 -1 -1 -1 -1
ky (A7) ky (A7) ky (A7) ky (A7) ky (A7) ke (A7)

FIG. 2. (a) Fermi surface mapping of the graphene-SiC heterostructure. All the expected replicas are marked based on symmetries. (b)—(g)
Photoemission intensity plots along the cut #1-6 in (a). The momentum distribution curves at Eg are appended on top. (h) Constant energy
map at 1 eV below Eg. The triangle shapes are drawn for guiding of eyes.

near the center for graphene and SiC patterns. The LEED
pattern corresponding to the SiC substrate also appears [red
circles in Fig. 1(h)] because of a slightly deeper penetration
depth of low-energy electrons than the tunneling current in
STM measurements.

The high-order moiré effect on electronic structure mod-
ulation in k space is directly observed in ARPES measure-
ments. In addition to the original Dirac cone at the K point
of graphene, additional ARPES intensity hotspots clearly ap-
pear in the Fermi surface (FS) map shown in Fig. 2(a). The
band dispersions cutting through these hotspots are Dirac
conelike [Figs. 2(b)-2(f)], like the Dirac cone at the K point
in Fig. 2(g). The locations of Dirac cone replicas are deter-
mined by the momentum distribution curves at Er shown in
Figs. 2(b)-2(g). In addition to the &; band, there are more
Dirac cone replicas (g,—¢¢) forming a hexagonal shape cen-
tered at the K point, which have stronger spectra weight in the
ARPES experiment using higher energy photons, as seen from
Fig. S2 in the Supplemental Material [39]. We notice that each
&; replica can be connected to one of the y/5 bands by the GSiC
vector, as seen from Fig. 2(a). This suggests that the interlayer
coupling between graphene and the SiC substrate could play
an important role in cloning the Dirac cones, as expected
from the high-order moiré effect. Furthermore, as seen from
Fig. 2(h), the constant energy plot at Eg = 1 eV indicates
trianglelike shapes of the o and 8 replicas and the original
cone. The o and B replicas show the different orientation to
the original cone.

The experimentally observed Dirac cone replicas are fully
explained by the high-order moiré effect with momentum

transfer. As seen from Fig. 3(a), the first-order momentum
transfer shifts a pair of Dirac cones by the primitive vector
of SiC (labeled by purple circles). The replicas are expected
at the end points of the I?r(n]]) and f(;f:z) vectors in Fig. 3(a), if
putting the starting points of I?,ffl) and I?,Ellz) vectors at the BZ
center. We directly compare the K'! and I?,(nlz) vectors with
the symmetrized FS map determined by ARPES experiments
in Fig. 3(b), which fit the o and B replicas very well. It
also naturally explains the orientation of o and $ replicas at
Eg =1 eV, shown in Fig. 2(h). As seen from Fig. 2(b), the «
and p replicas corresponding to the I?,E,ll) and I?,(nlz) vectors have
opposite valley properties. Therefore, the o and 8 replicas on
the same side have the same valley property but opposite to
the original Dirac cone at the K point [Fig. 3(b)].

In the first-order moiré-effect-dominated systems, for
example, graphene-BN and twisted bilayer graphene het-
erostructures, only replicas with first-order momentum trans-
fer are experimentally observed. In the graphene-BN system,
the Dirac cone replicas form a hexagon centered at each K
point, which is 30° rotated compared with the BZ of graphene
[7]. In the graphene-SiC heterostructure with the high-order
moiré effect, the Dirac cone replicas with first-order momen-
tum transfer sit relatively far from the K point. They form two
hexagons centered at the I' point in the same orientation as
the BZ of graphene. Furthermore, replicas with second- and
third-order momentum transfers are also clearly observed in
the graphene-SiC heterostructure. As seen from Fig. 3(a), the
second-order momentum transfer process shifts a pair of Dirac
cones marked by yellow triangles by the second primitive
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FIG. 3. (a) The schematic first-, second-, and third-order momentum transfer in the graphene-SiC heterostructure. (b) The direct compar-
ison of the first-order momentum transfer vectors K"’ and experimentally determined Dirac cone replicas. (c) and (d) Same as (b) but for the

m

second-order momentum transfer vectors K? and third-order momentum transfer vectors K, respectively.

vectors of SiC (yellow circle). The locations of the ending
points of I?r(nzl) and 12;122) (yellow arrows) match the y and 8
replicas very well. The Dirac cone replicas with second-order
momentum transfer form a pair of hexagons with £21.2°
rotated from the BZ of graphene.

Similarly, the third-order momentum transfer shifts the
nearest six Dirac cones (blue triangles) by the third-order
reciprocal lattice vectors of SiC (blue circle), as shown in
Fig. 3(a). The locations of the ending points of I?,(fl) - 13,5136)
(blue arrows) are fully consistent with the &;—¢¢ replicas ob-
served in Fig. 3(d) and Fig. S2 in the Supplemental Material
[39]. As seen from Fig. 3(d), the wave vectors between the
&1—&¢ Dirac cone replicas and the original Dirac cone at the
K point are fixed. Compared with Fig. 3(a), such a wave
vector equals the moiré vector é;n This relationship forces
e1—¢¢ replicas to form a hexagon centered at each K point,
which is fully consistent with the ARPES results with higher
photon energy in the Supplemental Material [39] as well
as previous results [40]. This structure of replicas is quite
similar to the first-order momentum-transfer-induced ones in
the graphene-BN system [7], but the orientation of é;n here
is 30° rotated from G,, in the graphene-BN system. Similar
high-order momentum transfer processes were reported in the
30° twisted bilayer graphene system [41,42].

The momentum transfer vectors of the high-order moiré
effect in Fig. 3(a) not only fit the experimentally observed
Dirac cone replicas very well but also explain the relative
geometry of the replicas. As seen from Figs. 3(a) and 3(c), the
8 and ¢, replicas originate from the same Dirac cone, shifted
by the second- and third-order reciprocal lattice vectors of
SiC, respectively. Therefore, the distance between the § and
&, replicas equals the primitive vectors of SiC in Fig. 3(c).
Similarly, the distance between the 8 and ¢ replicas on the
opposite side is also a primitive vector of SiC.

The observed Dirac cone replicas cannot be fully explained
by the 6 x 6 [43] or 6+/3 x 6+/3 [44,45] reconstructions. As
illustrated in Fig. S3 in the Supplemental Material [39], the
primitive reciprocal lattice vector of the 6 x 6 reconstruction
GSiC (6 x 6) is very similar to the moiré vector f;;n. Therefore,
the €;—¢¢ replicas can be explained by the 6 x 6 recon-
struction by shifting the original Dirac cone at the K point
with GSiC(6 x 6). However, the new observed Dirac cone
replicas a—4 are not consistent with the 6 x 6 reconstruction
scenario. Along the I'-K direction, the 6 x 6 reconstruction
would induce a series of replicas with a constant interval of
6510(6 x 6), which disagrees with the experimental results
shown in Fig. 2(b). Furthermore, as seen from Fig. 2(h),
the o and B replicas show a different orientation to the
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FIG. 4. (a) Schematic drawing of Dirac cone replicas induced by the high-order moiré effect in the graphene-SiC heterostructure. The
first-, second-, and third-order momentum transfer vectors and corresponding Dirac cone replicas are labeled. (b) Same as (a), with the corners

of hexagons indicating the Dirac cone replicas.

original Dirac cone. This behavior also cannot be explained by
the 6 x 6 reconstruction scenario. Similarly, the 64/3 x 64/3
reconstruction is not consistent with the new observation of
Dirac cone replicas @—§. The high-order moiré-effect-induced
replicas without a fixed interval in the k space in graphene-SiC
are also distinct from the ones in the metal monolayer on
substrates, which have a constant interval [46,47].

The high-order moiré effect breaks the limitation of small
lattice constant mismatch Aa for realizations of the moiré
effect (more discussions in Fig. S4 in the Supplemental Ma-
terial [39]). It provides an opportunity for using materials
without a good lattice match but which host properties such
as magnetism and superconductivity to design a moiré pattern
potential and control the electronic structure. The interplays
between the high-order moiré effect, quantum phases, and
phase transitions deserve further investigations.

IV. CONCLUSIONS

In summary, we demonstrated the high-order moiré effect
in a graphene-SiC heterostructure, defined by a/, in real space
related to a small lattice mismatch Ad’ = (ﬁasm — 2aGra)
and a twist angle 6’ = 0° between the supercells [Fig. 1(c)]
and moiré vector é;n in k space [Fig. 1(d)]. The high-order
moiré effect on the electronic modulation in real space is
clearly revealed by STM measurements and corresponding
FFT results, with @, = 1.9 nm and G, =0.38 A~!. Our
ARPES results uncover the high-order moiré effect in &
space with the observation of multiple Dirac cone replicas
a—§ which cannot be explained by the reconstruction scenar-
ios [43-45]. Figure 4 summarizes the positions of replicas
with the series of momentum transfer vectors I?gf) and the

geometry relationships. Like the first-order moiré effect in
the graphene-BN system [40], six replicas form a hexagon
centered at the K point with a distance of the moiré vec-
tor G;n in the graphene-SiC heterostructure [blue cones in
Fig. 4(a) and blue hexagon in Fig. 4(b)]. However, such a
hexagon is induced by the third-order momentum transfer
in the graphene-SiC system, instead of the first-order mo-
mentum transfer in the graphene-BN system. The first- and
second-order momentum transfers in the graphene-SiC sys-
tem generate replicas forming a hexagon centered at the I'
point with the orientations rotated 0° and +21.2 ° from the BZ
of graphene, respectively. The Hofstadter butterfly states in-
duced by the multiple Dirac cone replicas are expected under
magnetic field and require further experimental investigations.
Our results not only reveal a type of high-order moiré effect
which could dominate heterostructures with large lattice mis-
matches and rotation angles but also provide a way to design
the moiré effect using materials hosting properties without the
limitation of good lattice constant match.
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