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Robust flat bands in twisted trilayer
graphene moiré quasicrystals

Chen-Yue Hao1,2,8, Zhen Zhan 3,8 , Pierre A. Pantaleón 3, Jia-Qi He1,2,
Ya-Xin Zhao1,2, Kenji Watanabe 4, Takashi Taniguchi 5,
Francisco Guinea 3,6,7 & Lin He 1,2

Moiré structures formed by twisting three layers of graphene with two inde-
pendent twist angles present an ideal platform for studying correlated quan-
tum phenomena, as an infinite set of angle pairs is predicted to exhibit flat
bands. Moreover, the two mutually incommensurate moiré patterns among
the twisted trilayer graphene (TTG) can form highly tunable moiré quasi-
crystals. This enables us to extend correlated physics in periodicmoiré crystals
to quasiperiodic systems. However, direct local characterization of the struc-
ture of the moiré quasicrystals and of the resulting flat bands are still lacking,
which is crucial to fundamental understanding and control of the correlated
moiré physics. Here, we demonstrate the existence of flat bands in a series of
TTGs with various twist angle pairs and show that the TTGs with different
magic angle pairs are strikingly dissimilar in their atomic and electronic
structures. The lattice relaxation and the interference betweenmoiré patterns
are highly dependent on the twist angles. Our direct spatial mappings, sup-
ported by theoretical calculations, reveal that the localization of the flat bands
exhibits distinct symmetries in different regions of the moiré quasicrystals.

Two-dimensional (2D) moiré superlattices are ideal platforms to
explore strongly correlated phases due to the presence of nearly flat
bands, where the Coulomb interactions dominate over the kinetic
energy1–3. This can be achieved by controlling the twist angle and was
first observed in twisted bilayer graphene (TBG) with a special twist
angle ~1.1° (the so-called magic angle)4–9. The observed correlated
insulator states, superconductivity, quantumanomalousHall effect and
ferromagnetic Chern insulators in the magic-angle TBG have sparked
substantial research on various 2D moiré systems10–23, such as twisted
trilayer graphene (TTG)10–14, twisted double-bilayer graphene15,16, and
twisted transition metal dichalcogenides (TMDC)19–23, aiming at a dee-
per understanding of the underlying moiré physics.

Recently, particular attentions have been focused on the
TTG10–14,24–31, which is predicted to exhibit robust flat bands in an

infinite set ofmagic-angle pairs30,32–35. Such a flexible systemprovides
a more versatile platform for exploring the flat bands-related novel
correlated phases. The TTG is characterized by two independent
twist angles, θTM and θMB, which correspond to the rotation angles of
top (T) tomiddle (M) layers, andM to bottom (B) layers, respectively.
In the case where the ratio θTM/θMB is away from plus or minus one,
two moiré lattices with different periodicities generate a class of
incommensurate structures, named moiré quasicrystals25. The qua-
siperiodicity is defined on moiré length and is formed due to the
incommensurability between the two moiré lattices. We emphasize
that themoiré quasicrystals do not exhibit the rotational symmetries
of the usual type of quasicrystal36–38. Very recently25, super-
conductivity was observed in a TTGmoiré quasicrystal with an angle
pair (θTM = 1.41°, θMB = −1.88°), suggesting that the strict periodic
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structure is not a prerequisite for correlated physics. Therefore, the
TTG is a convenient family for the study of novel correlated phe-
nomena in moiré quasiperiodic systems. However, up to now, only
few experiments on quasicrystals based on 2D materials have been
investigated, for example, scanning tunnelingmicroscopy (STM) and
nano angle-resolved photoemission spectra (ARPES) measurement
on dodecagonal 30° twisted bilayer WSe236, ARPES measurement on
dodecagonal 30° TBG37,38, transport measurement25 and STM26,30 on
TTG moiré quasicrystals. In this work, we present local character-
ization of a series of the TTG moiré quasicrystals (θTM=θMB≠� 1) via
STM and scanning tunneling spectroscopy (STS). We observe spec-
troscopic signatures of the flat bands in a collection of TTGs, which
provide direct confirmation of the theoretically predicted magic
phase in suchmoiré quasicrystals. The spatial distributions of the flat
bands in different regions of the TTGs are directly imaged in the STM
measurements, showing distinct crystal symmetries. Our experi-
ments supported by theoretical calculations show that the moiré

pattern reconstruction and interference in the TTGs strongly depend
on the twist angles.

Results
The structural properties
A schematic of our experimental set-up in the STM measurement is
shown in Fig. 1a. The TTG samples with controlled twist angles (θTM,
θMB)were fabricated by a dry-transfer technique on a hexagonal-boron
nitride (hBN) substrate (Methods). The graphene layers are inten-
tionally misaligned with the hBN to alleviate substrate effects. In our
discussion, we assume that the two angles in the TTG are approxi-
mately commensurate, θTM � mθ0,θMB � nθ0, where m and n are
coprime integers. Here θ0 is approximated to give a period lθ0

�
a=½2 sinðθ0

2 Þ� if we neglect the angle between the two Brillouin zones
defined by θTM and θMB, being a the lattice constant of graphene, as
reported in refs. 30,32. It has been demonstrated theoretically that the
flat bands appear in many different angle ratio (θTM/θMB) with an
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Fig. 1 | Schematic illustration of the MoM and calculated magic-angle pairs
(θTM, θMB) in TTG. a Schematic of the STM set-up of the TTG device. b Calculated
magic-angle pairs (θTM, θMB) for TTG with {1, −2}, {2, −3}, and {3, −2}. The magic-
angle pairs (sample 3–5) measured in our experiment are marked by red stars and
annotated by (m, n, θ0). Sample 1 and 2 (see Supplementary Fig. 12 for detailed
information) are marked by the blue stars. c Schematic of theMoMpattern in TTG
with {1, −2}. The black quadrangle represents the unit cell of theMoMpattern. The
circles represent the AA-MoM, the triangles represent the AB/BA-MoM, and the

ovals represent the DW-MoM. d Local structures of the lθ0
pattern in the central

area of AA-MoM (region 1) and area deviating from AA-MoM (region 2) of the TTG.
The filled circles, filled triangles, and empty triangles indicate AA, AB, and BA
stacking of individual moiré patterns, respectively. The stacking configurations of
DW-AA along the three directions are the same in region 1, but they are different in
region 2, which are labeled as DW-AA-1, DW-AA-2 and DW-AA−3, respectively.
Therefore, the C3z rotation symmetry is preserved in region 1 but broken in
region 2.
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infinite set of θ0, i.e., a magic phase30,32. For example, the continuum
calculations of angle pairs (θTM, θMB) with {m = 1, n = −2} and {m = 2,
n = −3} predict an infinite collection ofmagic θ0 that possess flat bands
(Fig. 1b). In the limit of θTM

�
�

�
�≪ θMB

�
�

�
� or θTM

�
�

�
�≫ θMB

�
�

�
�, TTG decomposes

into a TBG andmonolayer graphene that acts as aweakperturbation in
the low-energy bands. Therefore, the magic-angle curve in Fig. 1b
approaches the TBGmagic angle. For the formation of the flat bands in
the magic-angle phase, we identify two distinct cases: TTG with a
relatively strong strength of the moiré coupling between two moiré
patterns resulting in hybridized flat bands, and a (slightly) decoupled
TTG that can be decomposed into a magic-angle TBG plus a weak
perturbation from a monolayer graphene32,39–41. A direct experimental
confirmation of the predicted magic-angle phase is highly demanded.
Furthermore, theoretical investigations have shown that lattice
relaxation plays a crucial role in the TTG29,31. In the case of
θTM=θMB � ± 1, the θ0 is tiny with θ0≪θTM,θMB. Subsequently, struc-
ture reconstruction leads to the formation of a single-moiré structure
over a large area with a length lθ0

30. In this work, our focus is on the
quasicrystal cases where the ratio θTM=θMB is away from one, for
instance, θTM

θMB
� � 1

2 ,� 1
3 ,� 2

3 ,� 3
4 . . .. In this context, both θTM and θMB

not only give rise to moiré periods λTM and λMB respectively, and
quasiperiodicity lθ0

, but also results in a super-long-range moiré-of-
moiré (MoM) periodicity32 with length lMoM =a=½2 sinðθ0

2 Þ�
2
. The MoM

consists of three distinct types of high-symmetry stacking configura-
tions: AA-MoM, BA/AB-MoM, DW-MoM, as schematically shown in
Fig. 1c for the case θTM

θMB
� � 1

2. The incommensurability of the two per-
iodicities λTM and λMB produces moiré-scale quasiperiodicity25 with
length of lθ0

, as schematically shown in Fig. 1d. A distinctive feature of
theMoM is that theC3z symmetry of stacking orders is preserved in the
AA-MoM and BA/AB-MoM regions, while it is broken in a general
stacking region, for instance, the region 2 that is deviated from the AA-
MoM region 1 (Fig. 1d). Especially, in Fig. 1d, the region 1 consists of
AAA, ABC, BAB and BAC high-symmetry stackings, whereas the region
2 composes of AAA-BR, DW-AA-1, DW-AA−2 and DW-AA-3 stackings,
being AAA-BR, a stacking deviated from the AAA stacking with a lateral
shift. However, a direct local characterization of the MoM and lattice
reconstruction in TTG quasicrystals has so far been lacking.

In thiswork,five TTG sampleswith different twist angle pairs (θTM,
θMB) are studied. The detailed structural information of the five TTG
samples is listed in Table 1. According to the values of θTM and θMB, we
divided the TTG into two cases. The first case is that at least one of the
twisted angles θTM and θMB is relatively large (samples 1 and 2).
Meanwhile, the coupling strength between the two moiré lattices λθTM

and λθMB
is relatively weak. The second case (samples 3, 4, and 5) is the

magic-angle region of which the coupling strength is relatively strong.
The positions of the five samples are shown with stars of different
colors (blue and red for the cases 1 and 2, respectively) in Fig. 1b.
Figure 2a shows a representative STM image of a TTG with the twist
angle pair (2.85°, −1.9°), i.e., the sample 1 with θ0 = 0.95°, m = 3, and
n = −2. The moiré superlattices with λTM = 4.95 nm, λMB = 7.42 nm, and
the supermodulation lθ0

= 14.84 nm can be clearly identified in both
the STM image and its fast Fourier transform (FFT) image (Fig. 2b). The

unit cell of the MoM is estimated as lMoM =a=½2 sinðθ0
2 Þ�

2 � 895 nm,
which is too large to be directly imaged in the STM measurements.
However, we can identify the AA-MoM regionof theMoMaccording to
the local C3z symmetry of the moiré structures, as summarized in
Fig. 2c–f. Figure 2c, e shows two representative STM images recorded
in the central area of the AA-MoM region and ~100 nm away from the
AA-MoM region, respectively. Although the moiré superlattices λTM,
λMB, and lθ0

are identical in the two STM images, they exhibit quite
different local symmetry of the moiré patterns: the C3z symmetry is
preserved in Fig. 2c, whereas it is broken in Fig. 2e. Such a result is
verified in the topography profiles along L1, L2 and L3, as shown in
Fig. 2d, f. In the central area of the AA-MoM region, the three profiles
exhibit the same period λTM = 4.95 nm with a supermodulation
lθ0

= 14.84 nm (Fig. 2d). However, in the area away from the AA-MoM
region, the profile lines L1, L2 and L3 exhibit noticeably different fea-
tures in both periodicity and magnitude, as shown in Fig. 2f.

The electronic properties
In our experiment, the same STM measurements are carried out in all
the studied TTG quasicrystals and similar features are observed in the
localmoiré symmetryof theMoM. Figures 3 and 4 show representative
results obtained in two TTG samples, i.e., the sample 3 with a twist
angle pair (0.54°, −1.08°) and θ0 = 0.54°, and the sample 4 with a twist
angle pair (0.88°, −1.76°) and θ0 = 0.88°. All the information also can be
clearly identified in both the STM image (Figs. 3a and 4a) and its FFT
images (Figs. 3b and 4b). First, we can identify the studied regions of
the MoM according to both the local moiré symmetry in the STM
images, as shown in Figs. 3a and 4a, and the high-symmetry profile
lines in Figs. 3c and 4c (local strain slightly affects themoiré periods in
the three directions, but has a small effect on the atomic structures of
different stacking regions). Our measurement further indicates that
the different stacking configurations of the MoM not only affect the
moiré patterns in the STM images, but also strongly influence the
spatial distributions of the flat bands in the TTG. The left panels of
Figs. 3d and 4d show typical dI/dV spectra recorded in the AAA and
AAA-BR regions of samples 3 and 4, respectively. The low-energy
pronounced peaks in the spectra are attributed to the high density of
states (DOS) of the flat bands in the TTG. Our theoretical (TB) calcu-
lations, considering the twist angle pairs determined in our experi-
ment, confirm the existence of flat bands, which result in high local
DOS near the Fermi level (Figs. 3e and 4e). The right panels of Figs. 3d
and 4d display the measured energy-fixed STS, i.e., dI/dV, maps over
several moiré unit cells, which directly reflect the spatial distributions
of the flat bands. In the central area of the AA-MoM region, similar to
the TBG, the flat bands are concentrated on the AAA stacking regions,
confirming the preservation of the C3z symmetry. However, in the area
away from the center of the AA-MoM region, the flat bands are dis-
tributed in the AAA-BR and DW-AA-2 stacking regions. Moreover, the
dI/dV spectra measured in the DW-AA-1, DW-AA-2 and DW-AA−3 are
different (see Supplementary Note 6). Thus, in this region, the C3z

symmetry is broken. In fact, from the structure in Fig. 1d, the region 2

Table 1 | The detailed information about the five samples in our experiment

Category m θTM (°) λTM (°) n θMB (°) λMB (nm) θ0 (°) lθ0
(nm) lMoM(nm)

Case 1 Sample 1 3 2.85 4.95 −2 −1.9 7.42 0.95 14.84 894.9

Sample 2 7 2.91 4.85 −3 −1.25 11.32 0.415 33.98 4689.1

Case 2 Sample 3 1 0.54 26.11 −2 −1.08 13.05 0.54 26.11 2769.5

Sample 4 1 0.88 16.02 −2 −1.76 8.01 0.88 16.02 1042.9

Sample 5 2 0.92 15.32 −3 −1.38 10.21 0.46 30.64 3816.6

Foreachsample,we assume that the twoangles,θTM andθMB areapproximatelycommensurate,θTM � mθ0,θMB � nθ0,wheremandnare coprime integers.Here,θTM,θMB andθ0 areapproximated

to give four periods λTM � a=½2 sinðθTM
2 Þ�,λMB � a=½2 sinðθMB

2 Þ�, lθ0
� a=½2 sinðθTM

2 Þ� and lMoM = a=½2 sinðθ0
2 Þ�

2
.
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deviated from the AA-MoM center only has C2xT symmetry. In Figs. 3e
and 4e, we project the theoretical DOS of the flat bands onto the top
graphene layer, where the electronic states are mainly detected in the
STM measurements. The distribution in Fig. 4d is slightly different to
that in Fig. 4e, but it is very similar to localDOSon themiddle layer (see
Supplementary Fig. 16b). It implies that the experimental feature has
some contributions from the middle layer. Our theoretical results
effectively capture the key features observed in our experiment.

Our STS measurements indicate that all the studied TTG samples
in this work exhibit pronounced low-energy peaks in the spectra (see
Figs. 3 and 4 and Supplementary Fig. 13). Interestingly, the width of
these low-energy DOS peaks depends sensitively on the twist angle
pairs (see Supplementary Note 8). We use the full width at half max-
imum (FWHM) of the DOS to represent the width, and all the FWHM
are obtained from a multi-Gaussian fitting procedure. To further
understand our experimental results, we calculated the bandwidth of
the low-energy electronic states from the band structure of the TTG
systems with different angle pairs via a continuum model (see Sup-
plementary Fig. 8). Figure 5b, c shows the continuumresults of theTTG
with (θTM, θMB) for {m = 1, n = −2} and {m = 3, n = −2}, where is clear that
the bandwidths strongly depend on the values of m, n and θ. Our
experiment, supported by theoretical calculations, indicates that TTG
can exhibit robust flat bands at an infinite set ofmagic-angle pairs. The
observed bandwidths are larger than that obtained in the calculations,

which is presumably due to thermal broadening of temperature,
strain42, reconstruction43–45, and electron-electron interactions arising
from the partial filling of the flat bands46. Moreover, there are several
degrees of freedom to tune the bandwidth, a crucial aspect for rea-
lizing novel correlated phases.

Another significantfinding related to theflat bands is their distinct
layer distributions in the TTG, depending on the twist angle pair. Fig-
ure 5a shows representative STS spectra recorded in sample 1 with the
twisted angle pair (2.85°, -1.9°). The two peaks flanking the Fermi level
in the representative spectra are noticeably weaker compared to the
calculated results. Meanwhile, the left top panel of Fig. 5d shows the
STSmap of the DOS peak at 40mV in sample 1, which follows the twist
angle of θ0 but with a very weak signal. To understand the reason for
this observed weak signal, we simulated the distribution of this LDOS
peak on each layer. As shown in the other panels in Fig. 5d, the LDOS is
mainly concentrated on themiddle and bottom layers, while the other
two strong LDOS peaks are primarily concentrated on the top and
middle layers (see Supplementary Fig. 16d–f). This result implies that
the electronic properties of sample 1 can be understood as a super-
position of twoTBG (SupplementaryNote 3). To gain a comprehensive
understanding of this, we calculated the DOS of sample 1 and the DOS
of two TBG with twist angles 2.85° and 1.9° respectively, as shown in
Fig. 5f. For comparison, we also calculated theDOSof sample 4 and the
DOS of two TBG with twisted angles 0.88° and 1.76° respectively, as
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shown in Fig. 5e. It is noticeable that the DOS of the sample 1 is nearly
identical to the superposition of that of the two TBG. This implies that
the electronic properties of sample 1 can be understood as a super-
position of the two TBG, and the coupling between θTM and θMB is
rather weak. While the experimental results show that the flat bands of
sample 3 and 4 have a strong distribution in the top layer (see Figs. 3d
and 4d). In fact, according to our theory calculations, the flat bands in
these two systems distribute evenly in the three layers, and the cou-
pling between θTM and θMB is relatively strong (see Supplementary
Fig. 1c and Supplementary Fig. 16a–c).

The influence of structure reconstructions
In our experiment, the observed structure reconstruction is sig-
nificantly different from the case of θTM=θMB � ± 1. In the studied five
TTG samples, the supermoiré scale (� lMoM) lattice relaxation is weak
anddoesnot result in a large-area single-moiré structure, as observed in
the case of θTM=θMB � ± 129–31,47. Instead, the observed lattice relaxa-
tionsbehave similarly to theTBGcase48–51. For instance,whenoneof the
twist angles in the angle pair is small (<~1°), the AAA regions shrink, and
the ABA regions expand to a triangular domain separated by sharp
domain walls (Fig. 3). Similarly, our theoretical calculation indicates
that the lattice relaxation renormalizes the Fermi velocity of the narrow
bands (Supplementary Figs. 1−3). The slight difference is that the lattice
relaxation effect in the TTG is not only dependent on themagnitude of

the twist angles, but also on the ratioθTM=θMB. Up tonow, the structure
reconstruction of the TTG has been investigated only in a few angle
pairs, and how it behaves in other angle pairs is still unclear.

Continuum model with Hartree potential
To gain insight into the electronic structure, we complement our TB
calculations with a continuummodel to conduct a detailed analysis of
the electronic properties of all samples (see Supplementary Note 4).
Considering the various local stackings across the MoM periodicity in
the continuummodel, we found that although the electronic structure
depends on stacking, the flat bands persist (see Supplementary Fig. 7
and Note 10)32,41,52. We notice that there is a slight difference between
the DOS obtained with the TB calculations and the dI/dV spectra. As
discussed before, this discrepancy may be related to the thermal
broadening of temperature, strain42, reconstruction43–45, and electron-
electron interactions46. In fact, our theoretical analysis reveals that all
combinations exhibit narrow bands in the middle of the spectrum
whose bandwidth is comparable with the effective long-range Cou-
lomb interaction strength. Therefore, we can estimate the strength of
electron-electron interactions and obtain the filling-dependent renor-
malized bands through a self-consistent Hartree potential (see Sup-
plementary Note 4). Focusing solely on samples featuring well-defined
and isolated narrow bands, we observed electronic band renormali-
zation with filling and pinning of the Fermi energy to the van Hove
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singularity, closely resembling the effects observed in TBG. Our find-
ings indicate that, contrary to helical TTG where the interaction-
induced band renormalization is weak53, in our samples the electro-
static effects appear to be significant. On the other hand,we also found
that, to properly describe the electrostatic interactions in our systems,
we require a Hartree potential whose Fourier expansion is beyond a
first harmonic approximation (see Supplementary Note 5). The addi-
tional Fourier components indicate a quasicrystal structure, which is
also reflected in the real-space shape of the Hartree potential (see
Supplementary Note 5). Therefore, the presence of a strong Hartree
potential and its dependence on doping suggests that electrostatic
interactions play a significant role in these systems.

Discussion
In summary, the structural and electronic characteristics of the TTG
are carefully studied via STM and STS measurements, complemented
with a direct comparisonwith theory.Wedemonstrate the existenceof
robustflat bands in TTGwith different twist angle pairs, identifying the
theoretically predictedmagic phases. Specifically, the flat bands in this
system are determined by the quasiperiodicity, in the scale of several
nanometers, arising from incommensurability between two moiré
lattices. Our experiment indicates that TTG is a powerful platform to
explore the strongly correlated physics embedded in the flat bands of
quasicrystals.

Methods
Device fabrication
The device was fabricated by using the “tear and stack” method54. A
thick hBN was picked up by Polydimethylsiloxane (PDMS) film while
the graphene exfoliated on SiO2/Si chips was pre-cut into three parts
by atomic force microscopy tip. Next, the three parts were picked by
the thick hBN piece by piece with manually adjusted twisted angles.
Finally, with the help of another PDMS, the whole heterostructure was
upturned and transferred to the SiO2/Si chip with a pre-coated Au/Cr
electrode and the graphite flake was used to connect the electrode
with the sample. In order to clean the device surface, we annealed the
samples at 200 °C for about 8 hours in LPCVD and ultrahigh vacuum
before the STM measurements. Note that in this work we fabricated
and measured five separated samples.

STM measurements
STM/STS measurements were performed in low-temperature (78 K)
and ultrahigh-vacuum (~10−10Torr) scanning probemicroscopes [USM-
1400] from UNISOKU. The tips were obtained by chemical etching
from a tungsten wire. The differential conductance (dI/dV) measure-
ments were taken by a standard lock-in technique with an ac bias
modulation of 5mVand 793Hz signal added to the tunnellingbias, and
all the STM measurements were performed in a constant-current
mode. The STM tip was obtained by etching tungsten wire and
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calibrated to be atomically sharp in the Au surface before the
measurements.

The density of states and charge distribution calculations
We employed an atomic tight-binding (TB) model to compute the
density of states and LDOSmapof the TTG (detailed in Supplementary
Note 1−2). We used a round disk method to construct the TTG with
commensurate or incommensurate twist angles55. Then, the samples
were relaxed with the semi-classical molecular dynamics implemented
in LAMMPS56–58. The radius of the disk was 700a, which contained 10
million carbon atoms. To obtain the DOS and LDOS map of these
complex samples, we utilized the tight-binding propagation method
(TBPM) without a diagonalization process, which is implemented in
the TBPLaS package59. Note that the TBPM method is an efficient
method to deal with the system without periodicity, for example, the
dodecagonal bilayer graphene quasicrystal55.

Continuum model and Hartree calculations
Wedetermine the electronic band structure of all samples employing a
low-energy continuummodel. The methodology outlined in ref. 32. is
followed, considering an approximately commensurate trilayer system
(detailed in Supplementary Note 4). A self-consistent Hartree calcula-
tion of the electronic bands is carried out60 specifically for samples 3
and 4, because they are characterized by well-isolated narrow bands
(detailed in Supplementary Note 4).

Data availability
The raw data generated in this study are available at https://doi.org/10.
6084/m9.figshare.26787553.

Code availability
The codes that support this study are available from the correspond-
ing author upon request.
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