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Origami-controlled strain engineering of tunable flat bands and correlated states in folded graphene
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Flat electronic bands with tunable structures offer opportunities for the exploitation and manipulation of
exotic interacting quantum states. Here, we present a controllable route to construct easily tunable flat bands
in folded graphene by nano origami-controlled strain engineering, and we discover correlated states in this
system. Via tearing and folding graphene monolayer at arbitrary step edges with scanning tunneling microscope
manipulation, we create strain-induced pseudomagnetic fields as well as resulting flat electronic bands in the
curved edges of folded graphene. We show that the intensity of the pseudomagnetic field can be readily tuned by
changing the width of the folding edge due to the edge-width-dependent lattice deformation, leading to the well
adjustability of the geometry of flat bands in folded graphene. Furthermore, by creating expected dispersionless
flat bands using this technique, the correlation-induced splits of flat bands are successfully observed in the
density of states when these bands are partially filled. Our experiment provides a feasible and effective pathway
to engineer the system with tunable flat band structures, and it establishes a platform that can be used to realize
devisable strain and interaction-induced quantum phases.
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Graphene-based flat band systems have recently at-
tracted considerable attention due to the emergence of rich
correlation-driven electronic phases. The two most promi-
nent examples are twisted graphene moiré superlattices and
trilayer graphene/hexagonal boron nitride (hBN) heterostruc-
tures. In these two materials, the flat-band-induced correlated
insulating, superconducting, ferromagnetic, and topological
states have been experimentally observed through carefully
controlling their lattice structures [1–10]. For graphene moiré
superlattices, the interlayer twisted angle should approach
a specific value of about 1.1 °, i.e., the so-called magic-
angle, to efficiently narrow the bandwidth [1,2,11]. For the
trilayer graphene/hBN system, the graphene layers should
be ABC-stacked and precisely aligned to the hBN layers, so
that the isolated flat minibands can be created [8–10]. These
experimental fabrications remain challenging, leading to the
difficulties in controlling the sample qualities and obtained re-
sults and also in tuning the electronic structures [3–5,11–13].
Another alternative way to construct flat bands is forming
Landau-level-like discrete bands by a strain-induced pseu-
domagnetic field (PMF) in graphene [14,15]. Such a PMF,
unlike the real magnetic field, does not break time-reversal
symmetry and is expected to introduce superconductivity and
other correlated states [16–19]. Although strain-induced PMF
has been observed in several graphene structures [20–32], the
controllable generation of scalable PMF and corresponding
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flat electronic bands with a well-adjustable configuration that
can introduce correlated effects is still challenging.

In this Letter, we report an efficient route to create a readily
tunable PMF as well as induced flat bands, and we demon-
strate the emergence of correlated states in folded graphene
via nano origami-controlled strain engineering. Through the
tip-manipulated tearing and folding of a scanning tunneling
microscope (STM), we controllably generate folded graphene
structures at arbitrary monolayer step edges. The curved
one-dimensional (1D) edges of the folded graphene undergo
stretched strains perpendicular to the edge, resulting in the
formation of a PMF confined in the 1D folding edge and the
observation of a series of flat bands in scanning tunneling
spectroscopy (STS). We find that the intensity of the PMF can
be easily modified by changing the width of the folding edge
whose value is experimentally controlled by the folding area
per unit length. This brings the well tunability of flat bands
for the folded graphene system and leads to the observation of
correlated states, opening a simple and feasible way to explore
the flat band physics and strain-induced properties.

The folded graphene structures were constructed on a
graphite surface by using the STM tip-manipulated tearing
and folding technique as developed in our recent work [33].
Briefly, the tip is closely approached to the graphene surface
at the position below a step edge and then moved straight
across the step edge along a predefined route. During this
procedure, the greatly enhanced tip-graphene repulsive force
can tear and fold the graphene sheet partly at the step edge
[34,35], leading to the formation of folded graphene nanos-
tructures as schematically illustrated in Fig. 1(a). Based on
this technique, we can controllably generate folded graphene
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FIG. 1. (a) Schematic illustration of the tip-induced graphene tearing and folding process at a step edge. The blue frame shows the zoom-in
structure of the folding edge. (b)–(d) Representative STM topographic images of three folded monolayer graphene structures created by
tip-induced origami on graphite surface. Insets are original STM topographic images for each folded graphene. Tunneling parameters: (b)
Vb = 0.5 V, I = 0.2 nA; (c) Vb = 0.6 V, I = 0.2 nA; (d) Vb = −0.3 V, I = 0.2 nA.

not only from the specific nanosized graphene [Fig. 1(b)],
but from arbitrary graphene sheets at step edges [Figs. 1(c)
and 1(d), and see more experimental data in Fig. S1 of the
Supplemental Material [36]]. This allows us to create folded
graphene structures without any other pretreatment of the
graphene sample [52,53].

The obtained folded graphene structures provide a unique
platform to explore strain-induced physics. With a close ex-
amination of the origami-created folded graphene, we can find
that a bright and straight folding edge exists in the topographic
images of the folded graphene samples [see Figs. 1(b)–1(d)
and Fig. S1 [36]]. This bright 1D folding edge is a curved
structure and results from the lattice connection between the
folding layer and the underlying graphene plane [52,54] [see
the schematic illustration in Fig. 1(a) and more experimental
data in Fig. S2 [36]]. Such a curved graphene folding structure
is an unconventional configuration and has been expected
to develop some interesting quantum phenomena including
strain-induced electronic properties [55–57]. In our experi-
ment, we find that nearly all of the folded graphene flakes
created by the tip-manipulated tearing and folding have such a
1D folding edge (see Fig. S1 for more experimental data [36]),
indicating that the nano-origami technique is an efficient way
to construct folded graphene with a closed and curved fold-
ing edge associated with the induced novel quantum states
[55–57]. The present work will show that such a folding edge
can introduce a strain-governed PMF and flat electronic bands
with tunable geometry.

The structure of the 1D folding edge can be well de-
scribed by the folding angle and width. Here, the folding
angle is defined as the angle between the armchair orientation
of graphene lattices and the direction parallel to the folding
edge [Fig. 2(a)]. Thus, the folding angles 0 ° and 30 ° corre-
spond to the armchair and zigzag folding edges, respectively.
Figure 2(b) shows the distribution of the folding angles ob-
tained from 43 folded graphene sheets. It clearly demonstrates
that the graphene sheets are mainly folded along armchair
or zigzag directions [about 42% (18) are armchair and 28%
(12) are zigzag edges]. This preferred folding phenomenon is
consistent with that observed in ultrasound-induced folding of
suspended graphene [54], which boils down to the minimal
formation energy for the armchair and zigzag edges. The
folding edge width (w) is obtained by measuring the full
width at half-maximum of the curved folding edge from the
topographic image [see the inset in Fig. 2(a)]. The measured
width of different folding edges ranges approximately from 2
to 6 nm as shown in Fig. 2(c).

The most striking feature observed in the origami-created
folded graphene is the existence of nonuniform strain in the
1D folding edge region. This can be obtained by analyzing
local lattice deformation from the STM topographic images
and the corresponding fast Fourier transforms in different
positions of the folded graphene sheet [27–30,58]. We find
that there are stretched strains perpendicular to the folding
edge direction in the curved 1D folding edges. That is to say,
for the 0 ° and 30 ° folding edges, the graphene lattices are
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FIG. 2. (a) Atomic-resolution STM image (Vb = −0.2 V, I = 0.2 nA) around the folding edge of a folded graphene. The bright region
represents the 1D folding edge. Arrows indicate directions along the 1D folding edge and armchair orientation of graphene. Inset: height
profile across the folding edge. The folding edge width (w) is extracted by the Gaussian fitting (dashed curve) to the height profile of the
folding edge region. (b) Distribution of the folding angle obtained from 43 folded graphene sheets. (c) Distribution of w. The red curve is a
Gaussian fit to the data. (d) Zoom-in atomic-resolution image of the red frame in (a). The graphene hexagonal lattice is superimposed with
part of the image. The lattice is clearly stretched along the zigzag direction. (e) Superimposed Fourier transforms of the atomic structures
in the folding edge region (yellow dashed circle) and the flat region (blue dashed circle) in (a). The lattice of the folding edge is stretched
perpendicular to the edge direction compared to that of the flat region. (f) Relative lattice deformation (ε) as a function of w. The dashed line
is a guide to show the observed trend. The inset is a schematic side view of the folded graphene edge.

stretched along zigzag and armchair directions, respectively,
as exemplified in Figs. 2(d), 2(e), and S3 [36]. To quantitate
the strain observed in the curved 1D edge, we measured the
relative lattice deformation by comparing the graphene lattice
perpendicular to the folding edge to that along the folding
edge (see Figs. S3 and S4 for more discussion [36]). The
results are shown in Fig. 2(f) as a plot of relative lattice
deformation versus w. Nonuniform strains exist obviously in
the measured folded graphene. Interestingly, it is seen that the
obtained relative lattice deformation decreases with increas-
ing w. This means that the intensity of nonuniform strain in
the folded graphene can be modified by varying the width
of the folding edge. We suspect that such a width depen-
dence of strain is attributed to the strain relaxation in folded
graphene, which is discussed in detailed in the Supplemental
Material [36].

Theoretically, a nonuniform strain will introduce an ef-
fective gauge potential through altering the electron hopping
energies in graphene, thereby resulting in the creation of a
PMF whose intensity is proportional to the strain field [14,15].
This can be verified by local spectroscopic measurements with
spatial resolution in the strained graphene. The strain-induced
PMF can effectively modulate the low-energy band structures
by creating quantized pseudo-Landau levels (PLLs), which
can be directly observed in the STS spectrum [i.e., the dif-
ferential conductivity (dI/dV ) spectrum]. The energies En of
the PLLs with different indices n follow the sequence of mass-
less Dirac fermion LLs in monolayer graphene [59–61] as
described by En = ED + sgn(n)

√
2eh̄ν2

F |n|BS(here ED is the
energy of Dirac point, e is the electron charge, h̄ is the reduced
Planck’s constant, vF is the Fermi velocity, and BS is the mag-
nitude of the PMF). Figure 3(b) shows the spatially resolved
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FIG. 3. (a) STM topographic image of a folded graphene with
w = 5.6 nm. (b) Spatially resolved dI/dV spectra obtained at the po-
sitions marked by the dots along the arrow in (a). (c) Typical dI/dV
spectra measured on the top of the 1D folding edges with w = 4.0,
5.0, 5.6, and 7.5 nm. The spectra show quantized conductance peaks
(labeled by the corresponding PLL index) and are shifted vertically
for clarity. The extra peaklike feature near zero bias, such as the
one around 55 mV for the 5.6 nm sample, may arise from the finite
coupling to the substrate [69] or the inelastic tunneling signature that
mainly exists in quasi-free-standing graphene [74–76] (see the Sup-
plemental Material [36] for more discussion). (d) PLL peak energies
(dots) extracted from (c) as a function of sgn(n)(|n|)1/2. Lines are
linear fits to the data. (e) Measured BS plotted vs w. The dashed line
is a guide to the eye.

STS spectra measured in folded graphene with w = 5.6 nm
[Fig. 3(a)]. The tunneling spectra recorded on the 1D folding
edge exhibit a series of conductance peaks with unequal en-
ergy separations which arise from PMF-induced PLLs (other
possible origins such as the 1D electron confinement [62] can
be excluded; see the Supplemental Material [36] for details).
The peak features are absent in the STS spectra taken at the
flat region of folded graphene and graphite substrate, which
both show a typical V-shaped structure of graphene. This phe-
nomenon is observed in many other folded graphene samples
with varying w. Figure 3(c) shows representative tunneling
spectra measured on four folding edges with different widths
(4.0, 5.0, 5.6, and 7.5 nm). The PLL peaks are clearly dis-
played in all tunneling spectra of Fig. 3(c). Through labeling
the corresponding PLL indices n (starting from the n = 0
level at the charge neutrality point), the extracted peak ener-
gies exhibit a linear dependence on sgn(n)(|n|)1/2 [Fig. 3(d)].
These results unambiguously confirm the existence of strain-
induced PMF as well as resulting PLLs in the curved folding
edges.

The magnitude of PMF, BS , can be directly estimated by
fitting the PLL peak sequence to the above-mentioned theo-
retical equation. Figure 3(e) summarizes the obtained BS for
the folded graphene with varying w (see Fig. S5 for more
discussion [36]). For a certain folded graphene, it exhibits
a relatively uniform PMF in the folding edge (see Figs. S6
and S7 [36]). For different folded graphene, BS ranges from
10 T to nearly 60 T. The obtained value of PMF is consistent
with that reported in graphene ripples with similar geome-
tries both theoretically [63,64] and experimentally [24,26].
More interestingly, BS exhibits a monotonically decreasing
feature with increasing w. In other words, the intensity of the
PMF has the same w-dependence as the lattice deformation
shown in Fig. 2(f). This result is quite reasonable because the
strain-induced PMF is proportional to the strain level [14,15],
further supporting the interpretation of a strain-induced PMF
in the folded graphene. The above results also indicate that
the intensity of the PMF as well as the structure of the result-
ing PLLs (including the energy location and separation and
even the bandwidth [19]) can be well tuned by changing w

in the origami-created folded graphene. Previously, a strain-
induced PMF has been experimentally generated in some
special graphene structures, such as nanobubbles [20–22],
ripples [23–26], heterostructures [19,27,28], and nanopillar-
supported graphene [29,30]. However, a controllable way to
efficiently construct a PMF with tunable intensity is still
lacking. The origami-controlled graphene tearing and fold-
ing presented in this work thus provides such a desired
route to create a tunable PMF, enabling the easy genera-
tion of flat discrete bands with a prescribed configuration
and thus the exploration of correlation-induced electronic
states.

The tunability of the PMF in the origami-created folded
graphene can be further revealed by investigating the exper-
imental controllability of w. In the experiment, we find that
w shows a roughly inversely proportional dependence on the
folding area per unit folding-edge length (Figs. S8 and S9
[36]). This means that w can be controlled by altering the size
of the folded graphene sheet per unit length. Experimentally,
operating different times tip-manipulated origami processes
along the same tip moving path can change the folding area
per unit length (as shown in Fig. S10 [36] and as reported
in our previous work [33]), which in turn controls w and
the emergent PMF. The origin of the dependence between
w and folding area can be understood by the calculation of
graphene folding energetics (see the Supplemental Material
[36] for details). The above results demonstrate explicitly that
the origami-created folded graphene system has a feasibility
and controllability for constructing a strain-induced PMF with
tunable intensity.

Based on the above results, we now explore correlation
effects of flat bands in folded graphene by creating ap-
propriate strain-induced dispersionless flat bands using the
tip-induced origami technique under liquid helium tempera-
ture. Figure 4(a) shows an origami-created folded graphene
structure with w = 4.5 nm obtained at 4.6 K (see Fig. S11
for more details [36]). Similarly, the STS spectrum measured
on the folding edge region [Figs. 4(b) and 4(c)] exhibits a
sequence of PMF-induced PLL peaks. The value of the PMF
is extracted ∼13 T by fitting [inset of Fig. 4(b)]. In addition,
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FIG. 4. (a) STM image (Vb = 0.5 V, I = 0.2 nA) of a folded graphene on graphite. (b) Typical STS spectra for the folding edge region (red
curve) and flat region (gray curve) taken at the positions marked by the red dot and gray square in (a), respectively. Inset: PLL energies of the
folding edge region plotted vs sgn(n)(|n|)1/2. (c) STS spectra recorded at different positions of the folding edge labeled by the colored dots
in (a) showing different fillings of the flat band near Fermi energy. The dashed peak curves are peak fits to the flat bands. The dashed straight
lines denote the position of zero conductance for each spectrum.

there are three notable features observed in the STS spectra
of the folding edge. First, a pronounced n = 0 level peak
exists near the Fermi energy with a smallest bandwidth of
∼14 meV. This width is slightly narrower than that of the
flat bands (∼18 meV) detected in the magic-angle twisted bi-
layer graphene under the same experimental conditions [65],
suggesting that the kinetic energy of quasiparticles in this
flat band is smaller enough for the generation of strongly
correlated states. Second, negative differential conductance is
observed between n = 0 and 1 levels [Figs. 4(b) and 4(c)],
evidencing the good separation between n = 0 and higher
levels (see Fig. S12 for more discussion [36]). Third, there is
a slight change of doping in different edge positions, which is
reflected by the variation of filling state of the n = 0 PLL flat
band: from full filling to partial filling [Fig. 4(c) and see the
Supplemental Material [36] for more discussion]. Thanks to
the above three features, we observed clear correlated effects
in this sample. As shown in Fig. 4(c), when the n = 0 PLL
is fully filled, it shows a single sharp peak in the tunneling
spectrum (top curve), while when the n = 0 level is partially
filled, the peak splits into two shoulder peaks with varying
relative intensities for different partial filling states (lower
three curves). In particular, the two splitting peaks exhibit
equal intensities at nearly half-filling state accompanying an
energy separation of ∼15 meV (red curve). The co-occurrence
of the partial-filling-induced spectroscopic splitting and peak
weight redistribution in the PLL flat bands is a clear mani-
festation of the emergence of correlated states in the folded

graphene, which is very analogous to that obtained in the
flat bands of magic-angle twisted bilayer graphene displaying
correlated insulating and superconducting phases [66–68]. A
similar phenomenon has also been observed in strain-induced
flat bands of graphene superlattices [19,32], where a valley-
polarized ground state with a comparable gap was detected
[32]. Further evidence about the existence of correlated effects
in the folded graphene is obtained by examining the quasipar-
ticle lifetime, from which an interaction-induced linear energy
dependence of inverse lifetime is observed [69–71] (see the
Supplemental Material [36] for details). Our results demon-
strate that the origami-created folded graphene is indeed a
feasible flat-band system that can host correlated electronic
states, and more importantly, it shows a well tunability of
the flat bands that can be used to manipulate the correlation
effects.

Although the geometry is different between our sample
and the graphene moiré systems, they exhibit very similar
interaction-induced spectroscopic characteristics as discussed
above. A similar situation has also been recently observed
in an ABC-stacked trilayer graphene system in which both
ferromagnetism and superconductivity have emerged with
[8,10] and without [72,73] the existence of a moiré super-
lattice. It seems that the ultranarrow bands are the most
important role. The observed correlated effects in our folded
graphene thus further support such a view, providing another
nonsuperlattice and a simpler structure of a strongly corre-
lated graphene system. In addition, considering the specific
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structure of our folded graphene, the underlying microscopic
mechanism of the observed correlated effects may also be
related to the quasi-1D feature of the folding edge. Further
experiments are needed to understand the origin of the corre-
lated states and to reveal more exotic quantum states in folded
graphene.

In conclusion, we have demonstrated a controllable method
to create easily tunable flat bands and generated correlated
states in folded graphene via nano origami-controlled strain
engineering. Our work indicates that the origami-created
folded graphene system is an attractive platform that can
realize devisable strain and band flattening engineering, of-
fering a simple and effective approach to construct strain-
and correlation-driven quantum phases with high tunability.
The investigation of this non-moiré flat-band system may
help us to better understand the correlated-electron physics in
graphene. Our experiment is also instrumental in the exploita-

tion of strain-modulated emergent properties in other van der
Waals layered materials.
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Watanabe, T. Taniguchi, L. Covaci, F. M. Peeters, A. K. Geim,
Y. Jiang, and E. Y. Andrei, Evidence of flat bands and correlated
states in buckled graphene superlattices, Nature (London) 584,
215 (2020).

[20] N. Levy, S. A. Burke, K. L. Meaker, M. Panlasigui, A. Zettl, F.
Guinea, A. H. Castro Neto, and M. F. Crommie, Strain-induced

L041001-6

https://doi.org/10.1038/nature26154
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/s41586-019-1695-0
https://doi.org/10.1126/science.aaw3780
https://doi.org/10.1126/science.aay5533
https://doi.org/10.1038/s41586-020-3028-8
https://doi.org/10.1038/s41586-020-03159-7
https://doi.org/10.1038/s41586-019-1393-y
https://doi.org/10.1038/s41567-018-0387-2
https://doi.org/10.1038/s41586-020-2049-7
https://doi.org/10.1038/s41586-020-2255-3
https://doi.org/10.1038/s41586-020-2473-8
https://doi.org/10.1038/s41567-020-0928-3
https://doi.org/10.1038/nphys1420
https://doi.org/10.1103/PhysRevB.81.035408
https://doi.org/10.1103/PhysRevLett.111.046604
https://doi.org/10.1103/PhysRevB.93.214505
https://doi.org/10.1038/nphys3109
https://doi.org/10.1038/s41586-020-2567-3


ORIGAMI-CONTROLLED STRAIN ENGINEERING OF … PHYSICAL REVIEW MATERIALS 6, L041001 (2022)

pseudo-magnetic fields greater than 300 tesla in graphene
nanobubbles, Science 329, 544 (2010).

[21] H. Yan, Y. Sun, L. He, J.-C. Nie, and M. H. W. Chan, Ob-
servation of Landau-level-like quantization at 77 K along a
strained-induced graphene ridge, Phys. Rev. B 85, 035422
(2012).

[22] P. Jia, W. Chen, J. Qiao, M. Zhang, X. Zheng, Z. Xue, R. Liang,
C. Tian, L. He, Z. Di, and X. Wang, Programmable graphene
nanobubbles with three-fold symmetric pseudo-magnetic fields,
Nat. Commun. 10, 3127 (2019).

[23] D. Guo, T. Kondo, T. Machida, K. Iwatake, S. Okada, and
J. Nakamura, Observation of Landau levels in potassium-
intercalated graphite under a zero magnetic field, Nat. Commun.
3, 1068 (2012).

[24] L. Meng, W.-Y. He, H. Zheng, M. Liu, H. Yan, W. Yan,
Z.-D. Chu, K. Bai, R.-F. Dou, Y. Zhang, Z. Liu, J.-C. Nie,
and L. He, Strain-induced one-dimensional Landau level quan-
tization in corrugated graphene, Phys. Rev. B 87, 205405
(2013).

[25] W. Yan, W. Y. He, Z. D. Chu, M. Liu, L. Meng, R. F. Dou,
Y. Zhang, Z. Liu, J. C. Nie, and L. He, Strain and curva-
ture induced evolution of electronic band structures in twisted
graphene bilayer, Nat. Commun. 4, 2159 (2013).

[26] C. Ma, X. Sun, H. Du, J. Wang, M. Tian, A. Zhao, Y. Yamauchi,
and B. Wang, Landau quantization of a narrow doubly-folded
wrinkle in monolayer graphene, Nano Lett. 18, 6710 (2018).

[27] Y. Liu, J. N. B. Rodrigues, Y. Z. Luo, L. Li, A. Carvalho, M.
Yang, E. Laksono, J. Lu, Y. Bao, H. Xu, S. J. R. Tan, Z. Qiu,
C. H. Sow, Y. P. Feng, A. H. C. Neto, S. Adam, J. Lu, and
K. P. Loh, Tailoring sample-wide pseudo-magnetic fields on a
graphene-black phosphorus heterostructure, Nat. Nanotechnol.
13, 828 (2018).

[28] P. Nigge, A. C. Qu, É. Lantagne-Hurtubise, E. Mårsell, S.
Link, G. Tom, M. Zonno, M. Michiardi, M. Schneider, S.
Zhdanovich, G. Levy, U. Starke, C. Gutiérrez, D. Bonn, S. A.
Burke, M. Franz, and A. Damascelli, Room temperature strain-
induced Landau levels in graphene on a wafer-scale platform,
Sci. Adv. 5, eaaw5593 (2019).

[29] Y. Jiang, J. Mao, J. Duan, X. Lai, K. Watanabe, T. Taniguchi,
and E. Y. Andrei, Visualizing strain-induced pseudomagnetic
fields in graphene through an hBN magnifying glass, Nano Lett.
17, 2839 (2017).

[30] C.-C. Hsu, M. L. Teague, J.-Q. Wang, and N.-C. Yeh, Nanoscale
strain engineering of giant pseudo-magnetic fields, valley po-
larization, and topological channels in graphene, Sci. Adv. 6,
eaat9488 (2020).

[31] H. Shi, Z. Zhan, Z. Qi, K. Huang, E. V. Veen, J. Á. Silva-
Guillén, R. Zhang, P. Li, K. Xie, H. Ji, M. I. Katsnelson, S.
Yuan, S. Qin, and Z. Zhang, Large-area, periodic, and tunable
intrinsic pseudo-magnetic fields in low-angle twisted bilayer
graphene, Nat. Commun. 11, 371 (2020).

[32] Y. Zhang, Z. Hou, Y.-X. Zhao, Z.-H. Guo, Y.-W. Liu, S.-Y. Li,
Y.-N. Ren, Q.-F. Sun, and L. He, Correlation-induced valley
splitting and orbital magnetism in a strain-induced zero-energy
flatband in twisted bilayer graphene near the magic angle,
Phys. Rev. B 102, 081403(R) (2020).

[33] L.-J. Shi, L.-Z. Yang, J.-Q. Deng, L.-H. Tong, Q. Wu, L. Zhang,
L. Zhang, L.-J. Yin, and Z. Qin, Constructing graphene nanos-
tructures with zigzag edge terminations by controllable STM
tearing and folding, Carbon 165, 169 (2020).

[34] C. Sabater, D. Gosalbez-Martinez, J. Fernandez-Rossier, J. G.
Rodrigo, C. Untiedt, and J. J. Palacios, Topologically Protected
Quantum Transport in Locally Exfoliated Bismuth at Room
Temperature, Phys. Rev. Lett. 110, 176802 (2013).

[35] M. Omidian, S. Leitherer, N. Neel, M. Brandbyge, and J.
Kroger, Electric-Field Control of a Single-Atom Polar Bond,
Phys. Rev. Lett. 126, 216801 (2021).

[36] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevMaterials.6.L041001 for more experimental
data, details of the calculation, and analysis, which includes
Refs. [37–51].

[37] J. González, F. Guinea, and M. A. H. Vozmediano, Unconven-
tional Quasiparticle Lifetime in Graphite, Phys. Rev. Lett. 77,
3589 (1996).

[38] Y. Zhang, V. W. Brar, F. Wang, C. Girit, Y. Yayon, M.
Panlasigui, A. Zettl, and M. F. Crommie, Giant phonon-
induced conductance in scanning tunnelling spectroscopy of
gate-tunable graphene, Nat. Phys. 4, 627 (2008).

[39] N. G. Chopra, L. X. Benedict, V. H. Crespi, M. L. Cohen,
S. G. Louie, and A. Zettl, Fully collapsed carbon nanotubes,
Nature (London) 377, 135 (1995).

[40] H.-V. Roy, C. Kallinger, B. Marsen, and K. Sattler, Manipula-
tion of graphitic sheets using a tunneling microscope, J. Appl.
Phys. 83, 4695 (1998).

[41] L. J. Yin, W. X. Wang, K. K. Feng, J. C. Nie, C. M. Xiong,
R. F. Dou, and D. G. Naugle, Liquid-assisted tip manipulation:
Fabrication of twisted bilayer graphene superlattices on HOPG,
Nanoscale 7, 14865 (2015).

[42] G. Kresse and J. Furthmüller, Efficient iterative schemes for
ab initio total-energy calculations using a plane-wave basis set,
Phys. Rev. B 54, 11169 (1996).

[43] P. E. Blöchl, Projector augmented-wave method, Phys. Rev. B
50, 17953 (1994).

[44] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized Gradient
Approximation Made Simple, Phys. Rev. Lett. 77, 3865 (1996).

[45] S.-Y. Li, H. Liu, J.-B. Qiao, H. Jiang, and L. He, Magnetic-
field-controlled negative differential conductance in scanning
tunneling spectroscopy of graphene npn junction resonators,
Phys. Rev. B 97, 115442 (2018).

[46] Y.-W. Liu, Y. Su, X.-F. Zhou, L.-J. Yin, C. Yan, S.-Y. Li, W.
Yan, S. Han, Z.-Q. Fu, Y. Zhang, Q. Yang, Y.-N. Ren, and
L. He, Tunable Lattice Reconstruction, Triangular Network of
Chiral One-Dimensional States, and Bandwidth of Flat Bands in
Magic Angle Twisted Bilayer Graphene, Phys. Rev. Lett. 125,
236102 (2020).

[47] K. S. Kim, T. H. Kim, A. L. Walter, T. Seyller, H. W. Yeom,
E. Rotenberg, and A. Bostwick, Visualizing Atomic-Scale Neg-
ative Differential Resistance in Bilayer Graphene, Phys. Rev.
Lett. 110, 036804 (2013).

[48] L.-J. Yin, L.-Z. Yang, L. Zhang, Q. Wu, X. Fu, L.-H. Tong,
G. Yang, Y. Tian, L. Zhang, and Z. Qin, Imaging of nearly flat
band induced atomic-scale negative differential conductivity in
ABC-stacked trilayer graphene, Phys. Rev. B 102, 241403(R)
(2020).

[49] J.-B. Qiao, L.-J. Yin, and L. He, Twisted graphene bi-
layer around the first magic angle engineered by heterostrain,
Phys. Rev. B 98, 235402 (2018).

[50] G. Li, A. Luican-Mayer, D. Abanin, L. Levitov, and E. Y.
Andrei, Evolution of Landau levels into edge states in graphene,
Nat. Commun. 4, 1744 (2013).

L041001-7

https://doi.org/10.1126/science.1191700
https://doi.org/10.1103/PhysRevB.85.035422
https://doi.org/10.1038/s41467-019-11038-7
https://doi.org/10.1038/ncomms2072
https://doi.org/10.1103/PhysRevB.87.205405
https://doi.org/10.1038/ncomms3159
https://doi.org/10.1021/acs.nanolett.8b02243
https://doi.org/10.1038/s41565-018-0178-z
https://doi.org/10.1126/sciadv.aaw5593
https://doi.org/10.1021/acs.nanolett.6b05228
https://doi.org/10.1126/sciadv.aat9488
https://doi.org/10.1038/s41467-019-14207-w
https://doi.org/10.1103/PhysRevB.102.081403
https://doi.org/10.1016/j.carbon.2020.04.070
https://doi.org/10.1103/PhysRevLett.110.176802
https://doi.org/10.1103/PhysRevLett.126.216801
http://link.aps.org/supplemental/10.1103/PhysRevMaterials.6.L041001
https://doi.org/10.1103/PhysRevLett.77.3589
https://doi.org/10.1038/nphys1022
https://doi.org/10.1038/377135a0
https://doi.org/10.1063/1.367257
https://doi.org/10.1039/C5NR03372A
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.97.115442
https://doi.org/10.1103/PhysRevLett.125.236102
https://doi.org/10.1103/PhysRevLett.110.036804
https://doi.org/10.1103/PhysRevB.102.241403
https://doi.org/10.1103/PhysRevB.98.235402
https://doi.org/10.1038/ncomms2767


LI-ZHEN YANG et al. PHYSICAL REVIEW MATERIALS 6, L041001 (2022)

[51] K.-K. Bai, Y.-C. Wei, J.-B. Qiao, S.-Y. Li, L.-J. Yin, W. Yan,
J.-C. Nie, and L. He, Detecting giant electron-hole asymmetry
in a graphene monolayer generated by strain and charged-defect
scattering via Landau level spectroscopy, Phys. Rev. B 92,
121405(R) (2015).

[52] H. Chen, X.-L. Zhang, Y.-Y. Zhang, D. Wang, D.-L. Bao,
Y. Que, W. Xiao, S. Du, M. Ouyang, S. T. Pantelides, and
H.-J. Gao, Atomically precise, custom-design origami graphene
nanostructures, Science 365, 1036 (2019).

[53] K. Akius and J. v. Ruitenbeek, Graphene nano-origami using
scanning tunneling microscopy, arXiv:1812.09501.

[54] J. Zhang, J. Xiao, X. Meng, C. Monroe, Y. Huang, and J.-M.
Zuo, Free Folding of Suspended Graphene Sheets by Random
Mechanical Stimulation, Phys. Rev. Lett. 104, 166805 (2010).

[55] E. Prada, P. San-Jose, and L. Brey, Zero Landau Level in Folded
Graphene Nanoribbons, Phys. Rev. Lett. 105, 106802 (2010).

[56] D. Rainis, F. Taddei, M. Polini, G. León, F. Guinea, and V. I.
Fal’ko, Gauge fields and interferometry in folded graphene,
Phys. Rev. B 83, 165403 (2011).

[57] F. Queisser and R. Schützhold, Strong Magnetophotoelectric
Effect in Folded Graphene, Phys. Rev. Lett. 111, 046601
(2013).

[58] S.-Y. Li, Y. Su, Y.-N. Ren, and L. He, Valley Polarization
and Inversion in Strained Graphene Via Pseudo-Landau Levels,
Valley Splitting of Real Landau Levels, and Confined States,
Phys. Rev. Lett. 124, 106802 (2020).

[59] L.-J. Yin, S.-Y. Li, J.-B. Qiao, J.-C. Nie, and L. He, Landau
quantization in graphene monolayer, Bernal bilayer, and Bernal
trilayer on graphite surface, Phys. Rev. B 91, 115405 (2015).

[60] W.-X. Wang, L.-J. Yin, J.-B. Qiao, T. Cai, S.-Y. Li, R.-F. Dou,
J.-C. Nie, X. Wu, and L. He, Atomic resolution imaging of
the two-component Dirac-Landau levels in a gapped graphene
monolayer, Phys. Rev. B 92, 165420 (2015).

[61] W. Yan, S.-Y. Li, L.-J. Yin, J.-B. Qiao, J.-C. Nie, and L. He, Spa-
tially resolving unconventional interface Landau quantization in
a graphene monolayer-bilayer planar junction, Phys. Rev. B 93,
195408 (2016).

[62] H. Lim, J. Jung, R. S. Ruoff, and Y. Kim, Structurally driven
one-dimensional electron confinement in sub-5-nm graphene
nanowrinkles, Nat. Commun. 6, 8601 (2015).

[63] T. O. Wehling, A. V. Balatsky, A. M. Tsvelik, M. I. Katsnelson,
and A. I. Lichtenstein, Midgap states in corrugated graphene:
Ab initio calculations and effective field theory, Europhys. Lett.
84, 17003 (2008).

[64] F. Guinea, M. I. Katsnelson, and M. A. H. Vozmediano, Midgap
states and charge inhomogeneities in corrugated graphene,
Phys. Rev. B 77, 075422 (2008).

[65] L.-J. Yin, J.-B. Qiao, W.-J. Zuo, W.-T. Li, and L. He,
Experimental evidence for non-Abelian gauge potentials in
twisted graphene bilayers, Phys. Rev. B 92, 081406(R)
(2015).

[66] Y. Jiang, X. Lai, K. Watanabe, T. Taniguchi, K. Haule, J. Mao,
and E. Y. Andrei, Charge order and broken rotational symmetry
in magic-angle twisted bilayer graphene, Nature (London) 573,
91 (2019).

[67] A. Kerelsky, L. J. McGilly, D. M. Kennes, L. Xian, M.
Yankowitz, S. Chen, K. Watanabe, T. Taniguchi, J. Hone, C.
Dean, A. Rubio, and A. N. Pasupathy, Maximized electron
interactions at the magic angle in twisted bilayer graphene,
Nature (London) 572, 95 (2019).

[68] Y. Xie, B. Lian, B. Jack, X. Liu, C. L. Chiu, K. Watanabe,
T. Taniguchi, B. A. Bernevig, and A. Yazdani, Spec-
troscopic signatures of many-body correlations in magic-
angle twisted bilayer graphene, Nature (London) 572, 101
(2019).

[69] G. Li, A. Luican, and E. Y. Andrei, Scanning Tunneling Spec-
troscopy of Graphene on Graphite, Phys. Rev. Lett. 102, 176804
(2009).

[70] S. Simon, E. Voloshina, J. Tesch, F. Forschner, V. Enenkel, C.
Herbig, T. Knispel, A. Tries, J. Kroger, Y. Dedkov, and M.
Fonin, Layer-by-layer decoupling of twisted graphene sheets
epitaxially grown on a metal substrate, Small 14, e1703701
(2018).

[71] L.-J. Yin, L.-J. Shi, S.-Y. Li, Y. Zhang, Z.-H. Guo, and L.
He, High-Magnetic-Field Tunneling Spectra of ABC-Stacked
Trilayer Graphene on Graphite, Phys. Rev. Lett. 122, 146802
(2019).

[72] H. Zhou, T. Xie, T. Taniguchi, K. Watanabe, and A. F.
Young, Superconductivity in rhombohedral trilayer graphene,
Nature (London) 598, 434 (2021).

[73] H. Zhou, T. Xie, A. Ghazaryan, T. Holder, J. R. Ehrets, E. M.
Spanton, T. Taniguchi, K. Watanabe, E. Berg, M. Serbyn, and
A. F. Young, Half- and quarter-metals in rhombohedral trilayer
graphene, Nature (London) 598, 429 (2021).

[74] H. W. Kim, W. Ko, J. Ku, I. Jeon, D. Kim, H. Kwon, Y. Oh, S.
Ryu, Y. Kuk, S. W. Hwang, and H. Suh, Nanoscale control of
phonon excitations in graphene, Nat. Commun. 6, 7528 (2015).

[75] N. Néel, C. Steinke, T. O. Wehling, and J. Kröger, Inelastic elec-
tron tunneling into graphene nanostructures on a metal surface,
Phys. Rev. B 95, 161410(R) (2017).

[76] S.-Y. Li, K.-K. Bai, W.-J. Zuo, Y.-W. Liu, Z.-Q. Fu, W.-X.
Wang, Y. Zhang, L.-J. Yin, J.-B. Qiao, and L. He, Tun-
neling Spectra of a Quasifreestanding Graphene Monolayer,
Phys. Rev. Applied 9, 054031 (2018).

L041001-8

https://doi.org/10.1103/PhysRevB.92.121405
https://doi.org/10.1126/science.aax7864
http://arxiv.org/abs/arXiv:1812.09501
https://doi.org/10.1103/PhysRevLett.104.166805
https://doi.org/10.1103/PhysRevLett.105.106802
https://doi.org/10.1103/PhysRevB.83.165403
https://doi.org/10.1103/PhysRevLett.111.046601
https://doi.org/10.1103/PhysRevLett.124.106802
https://doi.org/10.1103/PhysRevB.91.115405
https://doi.org/10.1103/PhysRevB.92.165420
https://doi.org/10.1103/PhysRevB.93.195408
https://doi.org/10.1038/ncomms9601
https://doi.org/10.1209/0295-5075/84/17003
https://doi.org/10.1103/PhysRevB.77.075422
https://doi.org/10.1103/PhysRevB.92.081406
https://doi.org/10.1038/s41586-019-1460-4
https://doi.org/10.1038/s41586-019-1431-9
https://doi.org/10.1038/s41586-019-1422-x
https://doi.org/10.1103/PhysRevLett.102.176804
https://doi.org/10.1002/smll.201703701
https://doi.org/10.1103/PhysRevLett.122.146802
https://doi.org/10.1038/s41586-021-03926-0
https://doi.org/10.1038/s41586-021-03938-w
https://doi.org/10.1038/ncomms8528
https://doi.org/10.1103/PhysRevB.95.161410
https://doi.org/10.1103/PhysRevApplied.9.054031

