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Realization of rhombohedral-stacked trilayer graphene by moiré engineering

Ya-Xin Zhao,'> Mo-Han Zhang,"* Zi-Yi Han,"? Ya-Ning Ren,'-* Xiao-Feng Zhou,':3
Chao Yan,'? Ke Lv,"3 Yu Zhang®,%" and Lin He!3"
Center for Advanced Quantum Studies, Department of Physics, Beijing Normal University, Beijing, 100875, People’s Republic of China
2Advanced Research Institute of Multidisciplinary Sciences, Beijing Institute of Technology, Beijing 100081, People’s Republic of China
3Key Laboratory of Multiscale Spin Physics, Ministry of Education, Beijing, 100875, People’s Republic of China

@™ (Received 19 January 2024; revised 9 April 2024; accepted 16 May 2024; published 29 May 2024)

Rhombohedral (ABC) stacked multilayer graphene hosts low-energy flat bands, which have proven to be
an ideal platform toward achieving interaction-driven physics including superconductivity and ferromagnetism.
However, of the two common multilayer graphene configurations, ABC stacked graphene is less energy favorable
than the Bernal (ABA), as a result, experimental realization of large-area ABC stacked graphene is still big
challenge up till now. Here we report a facile method to controllably realize a sub-micrometer-scale ABC
stacked trilayer graphene (ABC-TG). By rotating graphene monolayer relative to a bilayer with a tiny angle,
we observe a large-area and periodic ABC-TG region after atomic reconstruction. Our experiment indicates
that the obtained ABC-TG region is rather stable under thermal annealing and pulse voltages. Using scanning
tunneling microcopy (STM), we demonstrate that the flat bands of the ABC-TG region exhibit a pronounced
size-dependent characteristic when the size of ABC-TG is smaller than about 100 nm, whereas, the bandwidth
of the flat bands becomes a constant when the size is larger than about 100 nm, implying a minimal size for
exploring emergent correlated physics in the ABC stacked graphene.
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I. INTRODUCTION

Two-dimensional van der Waals (vdW) materials with
an interlayer twist angle 6 have proved to be fascinating
platforms to realize emergent quantum phase [1-19]. Re-
cent experimental achievements mainly focus on the moiré
systems, including twisted bilayer graphene, twisted trilayer
graphene, twisted double-bilayer graphene, and twisted tran-
sition metal dichalcogenide, all of which host low-energy flat
electronic bands at certain twist angle [20-23]. Owing to
the quenched kinetic energies, various intriguing correlation-
driven ground states, such as correlated insulating states
[1,2,5,9], unconventional superconductivity [5-8], ferromag-
netism [11-19] and anomalous Hall effects [18], have been
observed in one or more of these systems. However, note
that the realization of flat bands in twisted graphene materials
requires a highly uniform and precise twist angles, which
is strongly restricted by the sample fabrication techniques
[2,24].

An alternative vdW material for realizing low-energy flat
bands is rhombohedral (ABC) stacked multilayer graphene
[25-28]. Theoretically, the flat bands of pristine ABC stacked
multilayer graphene are right at the Fermi energy with electri-
cal tunability and become sequentially narrower as increasing
the layer number [29,30]. Indeed, recent measurements have
uncovered the correlated insulating state, superconductivity,
and magnetism in the ABC stacked trilayer graphene (here-
inafter simply named as ABC-TG) aligned to hexagonal boron
nitride (hBN) [31-33]. And shortly afterwards, abundant cor-
related and topological phenomena have also been reported in
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ABC stacked tetralayer and pentalayer graphene [25,26,34—
40]. These observations establish the ABC stacked multilayer
graphene as a promising candidate for exploring emergent
physics in flat-band systems.

However, of the two naturally multilayer graphene config-
urations presented in exfoliated samples, the ABC stacking
order is less energy favorable than the Bernal (ABA) [41].
Previous experiments demonstrated that only about 15% of
the exfoliated trilayer graphene hosts the ABC stacking order
[42]. Moreover, such a fraction of ABC-TG region prefers to
transform into the ABA stacking order during a dry-transfer
procedure [31,43], which greatly reduces the productivity of
the ABC-TG. Chemical vaper deposition (CVD) is another
widely used method to synthesize trilayer graphene on metal-
lic substrates [44], where the proportion of the ABC-TG
can reach approximately 59%. However, the layer number
of CVD-synthesized graphene is usually uncontrollable and
heterogeneous. In these regards, it is an urgent need to fabri-
cate large-scale trilayer graphene with a stable ABC stacking
order.

In this work, we report a facile method to controllably
fabricate stable ABC-TG regions with a submicrometer lateral
size. By rotating graphene monolayer relative to a bilayer
with an arbitrary tiny angle, we observe a large proportion of
periodic ABC-TG regions after atomic reconstruction. Such
moiré-confined ABC-TG regions are quite stable and can sur-
vive under thermal annealing and pulse voltages. Moreover,
our scanning tunneling spectroscopy (STS) measurements
further reveal that the bandwidth of the flat bands in the
ABC-TG regions becomes a constant and is the same as the
bulk phase when the size of the ABC-TG is larger than about
100 nm. Our results highlight a versatile platform for explor-
ing emergent physics in strongly correlated regimes.
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FIG. 1. Atomic insights figure of tMBG. (a) Schematic of the STM set-up on tMBG device. A tMBG is constructed of a monolayer
graphene stacking onto a Bernal bilayer graphene with a twist angle 6, and is placed on top of a hBN-covered SiO,/Si substrate. (b) Relation
between interlayer twist angle 6 and moiré periodicity A of the tMBG. (c), (d) Schematics of atomic stacking in tMBG with different twisted
angles and the atomic configurations for ABB, ABA, and ABC stacking regions. Atomic reconstruction usually appears at a tiny twist angle.
(e), (f) Representative STM images of transfer-assisted tMBG samples with the twisted angle of 0.76° and 0.07°, respectively. The ABB, ABA,
and ABC stacked regions are marked in the panels. Scanning parameters: (€) Viios = 400mV, I = 100 pA, (f) Vbins = —550mV, I = 200 pA.
(g) Large-scale STM image of a tMBG with the twist angle of about 0.1° under heterogeneous heterostrains.

II. EXPERIMENT

In our experiment, the periodic ABC samples were fab-
ricated by transferring a monolayer graphene onto a Bernal
stacked bilayer graphene with a tiny twist angle, labeled as
tMBG, via a tear-and-stack method [45-47]. Then, the sam-
ples were placed on a hBN-covered SiO,/Si substrate, as
schematically shown in Fig. 1(a) of the STM measurement
setup (see Method and Figs. S1-S3 for more details [48]).
Similar to the twisted bilayer graphene, the wavelength of
moiré pattern A in the tMBG is determined by the twist angle 6
as A = a/[2 sin(6/2)], where a = 0.246 nm is lattice constant
of graphene [see Fig. 1(d)]. For 6 > 1°, the atomic registry
in the tMBG usually changes continuously across an incom-
mensurate moiré structure, resulting in three distinct stacking
orders, i.e., energetically favorable ABA/ABC and unfavor-
able ABB stacking orders [see Fig. 1(c)]. As decreasing the
0, the interplay between the vdW interaction energy and the
elastic energy gradually generates an atomic reconstruction,
and finally, resulting in a tessellation of alternating ABA and
ABC stacked triangular patterns [49,50], as schematically rep-
resented in Fig. 1(d).

III. RESULTS AND DISCUSSION

Scanning tunneling microscopy (STM) topography mea-
surements can be utilized to clearly visualize the atomic re-
construction and precisely identify the stacking orders within
the tMBG. Figures 1(e) and 1(f) show typical STM images of
our tMBG samples with the twist angles & = 0.76° and 0.07°,
corresponding to the tMBG without and with the structure

reconstruction, respectively. As we can see, the moiré pattern
of tMBG without atomic reconstruction (6 = 0.76°) pre-
sented in the STM image exhibits bright triangular-arranged
ABB stacked regions, which are surrounded by alternative
ABA and ABC stacked regions under a smooth evolution
[see Fig. 1(e)]. In contrast, for the reconstructed tMBG (6 =
0.07°), the ABB stacked regions are remarkably contracted,
and simultaneously, the well-defined ABA and ABC stacked
regions equally separate the moiré pattern, showing as dark
and bright triangles in the STM contrast (details to distinguish
the ABA and ABC stacked regions will be introduced in
Fig. 2). Such a STM topography is quite different from that
in twisted bilayer graphene, where the AB and BA stacked
regions have an identical contrast and are separated by a bright
domain wall after the atomic reconstruction [51,52].
Apparently, the area of the ABC-TG region in the tMBG
within each supercell (Sapc) is strongly dependent on the
interlayer twist angle 6. Especially for a tiny 6, Sagc can
be roughly calculated by 100/#> nm?, where a subtle de-
crease of 6 results in a greatly increased Sapc, as plotted in
Fig. 1(b). For example, Sagc of the tMBG with 6 = 0.07°
given in Fig. 1(f) can be up to 2 x 10* nm?. Moreover, such
a Sapc can be further enlarged under a slight heterostrain,
which can be deduced from the distorted moiré patterns in
our large-scale STM images shown in Fig. 1(g). It is worth
noting that heterostrain is usually inevitable in vdW ma-
terials during the sample synthesis and transfer processes
[2].Therefore, large-scale ABC-TG regions with a submi-
crometer lateral size can be successfully achieved in the
tMBG. Besides, there is a dense of extremely narrow ABC-
TG stripes appearing in strained tMBG, which also provides a
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FIG. 2. Electronic properties of tMBG. (a) A typical STM image of a small-angle tMBG under heterogeneous strains (Vyi,s = 500 mV,
1 =100 pA). (b) Typical STS spectra recorded on ABB, ABA, and ABC stacking regions, respectively. (c)—(f) Corresponding STS maps of
the tMBG at the energy of —24, 30, and 256 meV, respectively.

(a)

FIG. 3. Tip-manipulated transition of the stacking order in a tMBG. (a) STM topographic image of tMBG with a tiny angle of about
0.1°. The ABA and ABC stacked regions are enclosed by the yellow and gray dotted lines, respectively. (b)—(d) The evolution of the atomic
stacking orders after applying a STM tip pulse with the voltage of 6 V for 60 ms. The ABC-TG regions are robust and stable after the structure
relaxation.
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FIG. 4. Electronic properties of finite-size ABC-TG in tMBG. (a) Representative STM image of tMBG with a small twisted angle and a
large heterostrain after the atomic reconstruction. The width of the ABC-TG is defined as the lateral length marked by the black double-headed
arrow. (b) Typical STS spectra recorded on the locations marked in (a), with the width of 8, 65, and 480 nm, respectively. (c) The evolution of
STS spectra recorded along the red arrow marked in panel a. The FWHM of the resonance peak in each STS spectrum is extracted from the
Gaussian fitting. (d) The relation between the FWHM of the resonance peak and the width of the ABC-TG in tMBG.

platform for realizing one-dimensional superlattice potential
for electrons.

Local stacking orders in the tMBG after the atomic re-
construction, which host quite different electronic structures,
can be easily distinguished by means of STM and STS mea-
surements. Figure 2(a) shows a representative STM image of
a tiny-angle tMBG under a slight heterostrain. As we can
see, there are three regions with distinct contrasts, which
are naturally relative to the ABB, ABA, and ABC stacking
configurations. The corresponding STS spectra acquired at the
center of each stacking configuration are given in Fig. 2(b).
Firstly, we can identify the ABB stacked region from the STM
image directly, since it is energetically unfavorable and prefers
to shrink into a small dot. Then, the alternatively arranged
ABA and ABC stacked regions can be distinguished as dark
and bright STM contrasts with the combination of STM and
STS measurements for the following reasons. On the one
hand, the low-energy band structures of the ABA stacked
trilayer graphene are composed of both the monolayer- and
bilayer-graphene-like bands, which are supposed to exhibit
a V-shaped spectrum [green line in Fig. 2(b)], as previously
reported [53,54]. On the other hand, the ABC-TG band struc-
tures host a pair of cubic bands touching near the Fermi energy

[55,56], thus generating a pronounced low-energy peak [yel-
low line in Fig. 2(b)].

The ABA and ABC stacking orders in the tMBG can also
be clearly visualized from the spatially resolved charge dis-
tribution. As representatively shown in Figs. 2(c)-2(e), the
STS maps acquired at the same location of Fig. 2(a) under
different electron energies exhibit quite different electronic
patterns. For example, the ABC-TG shows a much brighter
contrast under —24 and 30 meV while a darker contrast at
256 meV in the STS maps, which are consistent with the dif-
ferent spectrum weight between the ABA and ABC stacking
orders. More importantly, within each stacking configuration,
the contrast in STS maps for all the energies are almost the
same, implying the local atomic arrangement is quite homo-
geneous. Therefore, our results unambiguously demonstrate
the realization of large-area and periodic ABC-TG regions
constructed by the tMBG after the atomic reconstruction.

Now we turn to examine the stability of the ABC-TG
constructed by the tMBG. Our experiments indicate that
the periodic ABC-TG regions are quite stable after thermal
annealing up to about 300°C and under traditional STM
measurements, which implies that the ABC-TG region is sta-
bilized by the moiré structure of the tMBG. To further explore
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the stability of the obtained ABC-TG regions, we apply a
large STM tip pulse onto the tMBG with a pulse voltage of
6 V for 60 ms, which locally changes the moiré structure
in the tMBG. The evolution of the stacking orders of the
tMBG can be recorded by continuously measuring the STM
topography images at the same location, as summarized in
Fig. 3 (for simplicity, the time of applying the tip pulse is set
to 0). Obviously, there is an obvious transition between the
ABC and ABA stacking orders around the tip-pulse position
and the stacking orders become stable after 159 minutes of
the tip pulse. Such a long-time relaxation can be attributed
to the local heating effect and the electric field effect in-
duced by the tip during the STM measurements, as reported
previously [57,58]. Even with the local structural reconstruc-
tion in the tMBG, the ABC-TG regions always take up a
certain proportion in the studied area. Comparing with the iso-
lated ABC-TG constructed via exfoliation or CVD methods
in previous studies [31,59], our ABC-TG confined in tiny-
angle tMBG shows a significant advantage for the structural
stability.

The ABC-TG regions in the tiny-angle tMBG provide an
ideal platform to explore the finite size effect on the flat
bands of the ABC-TG. Here we take the tMBG region shown
in Fig. 4(a) as an example, where the size of the ABC-TG
(enclosed by the yellow dotted lines) varies continuously. The
width of the ABC-TG is defined as the lateral length marked
by the black double-headed arrow in Fig. 4(a), and hence,
the ABC-TG width has a spatial distribution from 0 to sev-
eral hundreds of nanometers. It is worth noting that the STS
spectra acquired on the ABC-TG with different widths exhibit
pronounced differences, as typically shown in Fig. 3(b). To be
specific, there is no peak feature in the STS spectrum acquired
on the ABC-TG with the width of 8 nm, implying the absence
of the flat bands. As the ABC-TG width increasing to 65 nm,
a weak density-of-states (DOS) peak emerges near the Fermi
energy, and such a peak is much more pronounced when the
width reaches to 480 nm. Figure 4(c) shows the spatially re-
solved STS spectra in the ABC-TG region along the red arrow
marked in Fig. 4(a), where the evolution of the low-energy
DOS peak is guided by the dotted lines. Moreover, we extract
the full width at half-maximum (FWHM) of the DOS peak via

a Gaussian fitting, and then plot the FWHM as a function of
the ABC-TG width, as summarized in Fig. 4(d). Remarkably,
as the ABC-TG width increasing, the DOS peak emerges once
the width reaches 64 nm, and gradually becomes narrower
and higher until the width up to 100 nm. After that, the
STS spectra are almost unchanged, exhibiting a quite similar
behavior to that of pristine ABC-TLG as previously reported
[41,53,60]. It is worth noting that the critical value of the
ABC-TG width is of the same order as the Fermi wavelength,
indicating that the formation of the flat band in ABC-TG may
requires the width exceeding the Fermi wavelength. Similar
observation has also been observed in different samples (see
Fig. S4 [48]), which help us rule out any possible artifacts.
Such a result implies a minimal size ~100 nm for exploring
emergent correlated physics in the ABC stacked graphene and
indicates that the large-scale ABC-TG constructed by tMBG
provides an unprecedented opportunity towards the flat-band
engineering.

IV. CONCLUSIONS

In summary, we report a method to controllably fabricate
the ABC-TG via a tMBG moiré engineering technique. Our
ABC-TG samples can reach a sub—micrometer size and show
significant advantages of stability. The STS measurements
further reveal that the flat bands of the ABC-TG are very
robust and exhibit the same bandwidth as the bulk phase
when the size of ABC-TG is larger than about 100 nm. Taken
together, our results, which greatly improve the success rate of
realizing the ABC-TG, highlight the tiny-angle tMBG to be a
promising platform for exploring emergent physics in strongly
correlated regimes.
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