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ABSTRACT: In two-dimensional small-angle twisted bilayers, van
der Waals (vdW) interlayer interaction introduces an atomic-scale
reconstruction, which consists of a moiré-periodic network of local
subdegree lattice rotations. However, real-space measurement of
the subdegree lattice rotation requires extremely high spatial
resolution, which is an outstanding challenge in an experiment.
Here, a topmost small-period graphene moiré pattern is introduced
as a magnifying lens to magnify sub-Angstrom lattice distortions in
small-angle twisted bilayer graphene (TBG) by about 2 orders of
magnitude. Local moiré periods of the topmost graphene moiré
patterns and low-energy van Hove singularities of the system are
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spatially modified by the atomic-scale reconstruction of the underlying TBG, thus enabling real-space mapping of the networks of
the subdegree lattice rotations both in structure and in electronic properties. Our results indicate that it is quite facile to study
subdegree lattice rotation in vdW systems by measuring the periods of the topmost moiré superlattice.

KEYWORDS: twisted bilayer graphene (TBG), structure reconstruction, scanning tunneling microscopy (STM) and spectroscopy (STS),

moire magnifying lens

tacking two-dimensional (2D) van der Waals (vdW)

bilayers with a controlled interlayer twist angle provides a
new pathway to engineer structures and electronic properties
of the system with continuous tunability.' > However, recent
studies demonstrate that the structures of the 2D vdW twisted
bilayers could be distinct from that by assuming a rigid rotation
of two adjacent layers.~** In 2D vdW twisted bilayers, vdW
interlayer interaction can cause atomic-scale reconstruction at
the vdW interfaces by favoring commensuration between the
two adjacent layers, which competes with the intralayer elastic
energy. Twisted bilayer graphene (TBG), as the most studied
2D vdW bilayers, exhibits substantial lattice reconstruction at
the interface for small twist angle 6, signiﬁcantlzr changing its
lattice symmetry and electronic structure.'”'>'>*'™** The
interfacial reconstruction in the TBG is achieved by locally
rotating the lattice to form a moiré-period network of the
rotations (the local lattice rotation is usually less than 1°).
Recent developments in state-of-the-art microscopy techniques
have enabled characterization of atomic-scale reconstruction in
the TBG,”” but real-space measurement of the local subdegree
lattice rotation requires extremely high spatial resolution and
has remained an outstanding challenge in experiment.

Here, we demonstrate a general approach for real-space
measurement of the local subdegree lattice rotation in the
small-angle TBG by using a topmost large-angle (small-period)
graphene moiré as a magnifying lens. The sub-Angstrom lattice
distortions in the underlying small-angle TBG are magnified by
about 2 orders of magnitude by the topmost moiré (see Figure
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S1), resulting in the spatial modified twist angles of the
topmost TBG and low-energy van Hove singularities (VHSs)
of the system. These enable us to real-space map the networks
of the subdegree rotations in the underlying TBG both in
structure and in electronic properties. Because of the
magnifying effect of the topmost moir¢, it is possible to obtain
the local subdegree lattice rotation by simply measuring the
nanoscale periods of the topmost moiré pattern.

Figure la shows a schematic of a tiny-angle TBG with a large
period of moiré superlattice. The interfacial reconstruction is
expected to occur by two rotation modes at the AA stacking
regions and the AB (BA) stacking regions. In the past few
years, many efforts have been made to measure the atomic
reconstruction in the tiny-angle TBG. However, only very
recently, the displacement fields and the localized subdegree
lattice rotations of the TBG were measured by using a newly
developed Bragg interferometry, based on four-dimensional
scanning transmission electron microscopy.”” In this work, we
demonstrate that it is possible to real-space map the local
subdegree lattice rotations by introducing another large-angle
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Figure 1. Schematic view of local lattice rotation magnified by a topmost moiré. (a) Left panel: The sketch of a TTG. Middle panel: Schematic of
the moiré pattern for underlying tiny-angle TBG. Right panel: Simulated images of local twist angles between the first and the second layer. (b)
Twist angle as a function of the moiré period. The insets show the first Brillouin zone and the electronic band structure of TBG. K, and K, are the
Dirac points of two layers. The overlap of the two Dirac cones, K; and K5* (or K4%), generates two peaks in the DOS.
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Figure 2. Structure characterization of the TTG. (af) STM topographies showing the “double-moiré” superlattices on two TTG samples.
Topographies were taken at 1 V and 200 pA, and at 0.25 V and 400 pA, respectively. The overlaid circles and lines depict the moiré structure in the
underlying TBG. (b,g) STM images within the orange frame in (a,f), respectively. The profile lines along the dashed lines are shown in (c,h). (d,e)
Corresponding FFT images of device D1. (ij) Corresponding FFT images of device D2. The white circles in (d,i) show reciprocal lattices of

graphene. The green circles in (e,j) show the reciprocal moiré superlattices of the topmost bilayer, and the red circles in (e,j) show the reciprocal
moire superlattices of the underlying bilayer.

graphene moiré as a magnifying lens (see Figure $1).”*7*° By generated between the second and the third layer D,; (Figure

adding a graphene sheet on top of the tiny-angle TBG with a la). The periods of moiré pattern D generated between the

large twist angle, the studied system becomes twisted trilayer topmost layer and the second layer at the AA and the AB (BA)

graphene (TTG) with a small period moiré generated between stacking regions, labeled as Df3' and D5 (D%) respectively,

the first and the second layer D,,, and a large period moiré should be quite different because of the local lattice rotation of
1837
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Figure 3. Real-space map of the local lattice rotation magnified by a topmost moiré. (a,c) The moiré period D, in the devices D1 and D2 as a
function of positions. (b,d) The spatial variations of the 6,,. The overlaid circles and lines in (a—d) depict the moiré structure in the underlying
TBG. (e) Red solid dots show the measured averaged ¢ as a function of 6,; on different devices. The error bars reflect the standard error of the
data. Blue solid triangles are the local relative lattice rotation between the AA and AB regions as a function of 6,3 adapted from Figures 3f and 3h in

ref 22.

the tiny-angle TBG (Figure 1a). We can obtain the local twist
angles at the AA and the AB (BA) stacking regions, labeled as
05 and 025 (0%)) respectively, based on the measured periods
D and D{} (D%) according to D = a/[2sin (6/2)], where a
~ 0.246 nm (Figure 1b).””*" Then, the difference between
the @95 and 0;% (6%)) directly reflects the local relative rotation
@ between the AA and the AB (BA) stacking regions in the
tiny-angle TBG.

To realize the above measurements, the global twist angle
between the topmost layer and the second layer, labeled as 6,,,
should be large enough to ensure that the period of the moiré
pattern is much smaller than the size of the AA stacking region
in the underlying tiny-angle TBG. Another advantage of the
large twist angle is that it depends extremely sensitively on the
period of the moiré pattern (Figure 1b), which ensures more
accurate measurement. In our work, the experiments are
carried out on transferred TTG (see Figure S2) on 0.7% Nb-
doped SrTiO;, as reported in ref 21, by using scanning
tunneling microscopy/spectroscopy (STM/STS). In our TTG,
the global twist angle between the second layer and the third
layer, labeled as 0,3, ranges from 0.24° to 1.6°, and the 6, is
usually larger than 2°. Figure 2 shows representative STM
measurements of two TTG. Both samples can be identified by
the characteristic “double-moiré” superlattices of the
TTG, > according to both the STM images (Figure 2a,f)
and their corresponding fast Fourier transform (FFT) images
(Figure 2d,e,i,j). In the TTG, the large-period moiré patterns
shown in Figure 2a,f are generated by the twist angle 8,; ~
1.01° + 0.05° (device D1) and 0.35° + 0.04° (device D2)
respectively. In the tiny-angle TBG, even minor local
heterostrain variations lead to large changes (~1/6) in the
moiré periodicity.'»*® Therefore, we observe more pro-
nounced irregular moiré patterns in the device D2 TTG (6,5
~ 0.35°).

Besides the “double-moiré” superlattices, the most pro-
nounced feature observed in the STM images of the TTG is
that the periods of the topmost moiré pattern D;, vary at
different positions (Figure 2a,f; see Figures S3 and S4 for more
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STM characterizations). For example, D4’ ~ 1.96 + 0.08 nm
and D?} ~ 2.14 + 0.08 nm in the device D1 (Figure 2b,c),
which indicate 64 &~ 7.21° + 0.29°and &/} ~ 6.60° + 0.25°,
suggesting a local lattice rotation between the AA and AB
regions (see Figure SS for method of measuring the moiré
periods). The twist angle 6 can also be roughly measured
according to the FFT of the STM images, and both methods
obtain the consistent result (see Figure S6 for method of
measuring the twist angle according to the FFT imag<e).27—30’3'5
Similarly, we obtain Di$ ~ 4.27 + 0.28 nm (643 ~ 3.32° +
0.22°) and DP ~ 5.62 + 0.22 nm (#F ~ 2.51° £ 0.10°) in the
device D2 (Figure 2gh). For the TBG with a large twist angle,
the size of the moiré pattern is quite small, and the rigid
structure is energetically preferable. To confirm this, we carry
out atomic-resolved STM measurement of the lattice structure
of the top layer, which indicates that there is no comparable
reconstruction and detectable strain in the top layer, i.e., the
top layer sits rigidly on top of the studied structure (see Figure
S4 for details). The semiclassical molecular dynamics
simulation method is used to study full lattice relaxation of
the system. Our simulation indicates that the topmost layer has
a minor influence on the lattice relaxation of the second and
third layers and the topmost layer can be approximately
regarded as a rigid structure when the twist angle between the
topmost layer and the second layer are relatively large (see
Figure S24 for details). Hence, the periods of the moiré pattern
should be a constant. Therefore, the observed spatial variation
of the moiré Dy, is attributed to the local lattice rotation in the
underlying small-angle TBG, as illustrated in Figure 1.

To further explore effects of the local lattice rotation on the
structure of the topmost TBG, we measure the moiré periods
Dy, in the two exemplary TTG samples (6,; ~ 1.01° and
0.35°) as a function of positions, as shown in Figure 3a,,
respectively. Obviously, the measured results exhibit the same
feature of a moiré pattern in the underlying TBG, which
provides direct experimental evidence that the spatial variation
of the D,, arises from the structural reconstruction in the
underlying TBG. According to D = a/[2sin(6/2)], the spatial
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Figure 4. Spatial variation of electronic properties induced by the structure reconstruction in TBG. (a) The experimental (left panel) and
theoretical (right panel) dI/dV spectra along the arrow in device D2 in panel (b). (b) Map of the AE, in the topmost TBG, plotted according to
13160 spectra recorded at different positions. (c—f) STS maps of the 0,3 &~ 0.35° TTG with the fixed sample bias, i.e., 230, —124, 80, and 150 mV,
respectively (tunnel current I = 400 pA). The overlaid circles and lines depict the moiré structure in the underlying TBG.

distributions of the ), in the two TTG samples are plotted in
Figure 3b,d. Generally, the 5 is larger than the €3 (6%') and
02 ~ 0%, which are consistent with the reconstruction
mechanism predicted by theoretical studies.””” The moiré
superlattice magnifies the local lattice rotation of the networks
and allows us to measure it with standard STM measurement.
Actually, even the atomic resolution is unnecessary to measure
the subtle local lattice rotation. Based on the results in Figure
3b,d, we can also obtain the local relative lattice rotation in the
triangular network of the domain walls (DWs) 62", and
generally, we obtain 65 > 013" > 65 (~0}). Our experiment
also indicates that there is local strain in the second/third layer
of several studied samples, which results in anisotropy of the
large moiré period (see Figure 2f as an example). Then, there
is a slight spatial variation of the small moiré period generated
between the first and the second graphene layer in the AB
regions of the second and the third layer (see Figure 3c as an
example). This can slightly vary the obtained local rotation
angle (see Figure 3d). However, such a result does not affect
the main feature of the spatial variation of the local rotation
angle, see Figure 3b,d for comparison. Similar measurements
were carried out in 15 TTG with different 8,; values, ranging
from 0.24° to 1.6° (see Supporting Information Figures S7—
S12), and we generally obtain 65 > 62" > 647 (~0%) for all
the studied samples. Figure 3e summarizes the averaged local
relative lattice rotation between different AA and AB regions,
defined as ¢ = &% — @2, as a function of ,; based on the
measurements of the 15 TTG. For comparison, the result
obtained in ref 22 is also plotted. Both results reveal
quantitatively a similar trend in the amplitude of the local
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lattice rotation: as the 6,; nears zero, the ¢ approaches a
limiting value of approximately 1.0°. Extrapolation of ¢ to large
60,5 indicates that the onset of reconstruction begins below
about 1.7°.

The local lattice rotation in the underlying tiny-angle TBG
not only leads to spatial variation of the twist angles but also
results in spatial modulated electronic properties of the system.
The twist angle determines the momentum separation, AK =
2IKlsin(8/2), of the two Dirac cones (K; and K,) between the
adjacent graphene layers (here IKl = 47/3a), as schematically
shown in inset of Figure 1b for the TBG. A finite interlayer
coupling t, generates a pair of saddle points, which introduce
two pronounced VHSs with the energy separations AEyy; in
the density of states (DOS).”*’~*" Therefore, the spatial
variation of the 6, is expected to lead to spatial modulation of
the VHSs. To explore this effect, we carry out STS
measurements in the TTG and two low-energy VHSs emerge
in the STS spectrum (see Figure S13 for method in
determining the AEyys). In our experiment, the interlayer
coupling in the topmost TBG is stable®® and the AEy is
independent of the measured time (Figure S14). The
heterostrain in the topmost TBG is almost negligible and is
not expected to affect the measured AE;s (see Figure
§15).”77*? According to the result in Figure 4a (left panel), the
AEys depends sensitively on the measured positions. To
further understand the electronic properties of the system, we
carry out band structure calculations for bilayer and trilayer
graphene in different stacking configurations. Our calculations
indicate that only considering electronic structures of the
topmost bilayer cannot consistently explain the observed
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AEyys in different regions, especially the difference between
the values of AEys in the AB and BA regions (see Figure
S16). However, by taking into account the stacking orders of
the three layers, our calculation can reproduce well the spatial
variation of the AEyys observed in experiment, as shown in
Figure 4a (right panel) (see Figure S17 for details). Figure 4b
shows the spatial variation of the AE,ys measured in the
device D2 (see Figures S18 and S19 for more experimental
data). Obviously, the spatial variation of the AE;s exhibits the
same structure of the moiré pattern in the underlying TBG,
demonstrating explicitly that the electronic properties of the
system are strongly modified by the structural reconstructions
in the underlying TBG. Because the twist angle between the
first/second layers is large, the electronic structures and local
density of states are almost independent of positions in both
the AB and BA regions (see Figure $20), which are
distinguished from the large-area trilayer graphene with
different stacking orders (see Figure S21). However, the
substrate and the STM tip can generate an effective electric
field on the AB and BA regions and break their
symmetry,””**™** which may slightly affect the values of
AEy s in the two regions. For the sake of simplicity, we applied
a vertical electric field to the AB region, and the calculated
values of AEyy in the three regions can be roughly consistent
with our experiment. According to the result in Figure 4b,
there are other features that cannot be simply explained by the
structural reconstruction in the underlying TBG. Our experi-
ment also indicates that the local heterostrain in the underlying
TBG can affect the spatial variation of the AEq;;, as shown in
bottom of Figure 4b showing the region with a large anisotropy
of the moiré periodicity. Such a result is reasonable because the
heterostrain of tiny-angle TBG can lead to a tetragonal
structural transition in the moiré pattern, even resulting in a
missing DW that separates the AB and BA regions.'”*"*

By carrying out energy-fixed STS mapping at different
energies, as shown in Figure 4c—f, we can clearly observe
effects of the interfacial reconstruction in the underlying TBG
on the electronic properties. The spatial variations of the VHSs
in the topmost TBG induced by the underlying interfacial
reconstruction are shown in Figure 4d—f, which agree quite
well with the STS spectra shown in Figure 4a. Such a result
demonstrated explicitly that the interfacial reconstruction in
the underlying TBG leads to the spatial variations of the VHSs.
In our experiment, the measured size of the AA stacking
regions in the underlying bilayer is almost the same as that
obtained in the TBG of ref 22, which further confirms that the
relaxation within the underlying bilayer is almost independent
of the topmost layer (see Figure S22). In the STS
measurement, besides the two VHSs, two new peaks only
localized in the DW are observed in the spectra (see Figure
$23). Our energy-fixed STS map indicates that the new peak is
strongly localized in the triangular DWs, as shown in Figure 4c.
These features remind us of the predicted DW modes
(pseudo-Landau levels) at the interfaces of AB and BA regions
in the tiny-angle TBG.” However, because of the structural
reconstruction in the tiny-angle TBG, the highly localized
pseudo-Landau levels form a triangular network connecting
different AA regions, rather than the predicted Kagome lattice
with assuming a rigid rotation of two adjacent layers, as
observed very recently.”’

In summary, by using the magnifying effect of the topmost
small-period graphene moiré, we realize real-space measure-
ment of the local subdegree lattice rotations of small-angle
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TBG. The subdegree lattice rotation in the underlying small-
angle TBG spatially modifies twist angles of the topmost small-
period graphene moiré and low-energy VHSs of the system,
which enable us to real-space measure the local rotation
networks both in structure and electronic properties. Our
results provide a general method to study the structural
reconstruction in the vdW systems by using the moiré
superlattice as a magnifying lens. A general criterion is that
the top layer has weak coupling and a small lattice constant
difference with the underlying bilayer.

B METHODS

Preparation of Samples. The graphene was synthesized
on a 25-pm-thick nickel foil (purchased from Alfa Aesar) via a
low-pressure chemical vapor deposition (LPCVD) method.
Figure S2 shows the growth process. The nickel foil was first
heated from room temperature to 1000 °C in 40 min under a
H, flow of 50 sccm (standard cubic centimeter per minute)
and an Ar flow of 50 sccm in a horizontal tube furnace
(Xiamen G-CVD system). Then, the temperature and gas
environment were kept for 20 min. Next, 20 sccm CH, was
introduced to the system for 15 min as carbon source for the
growth of graphene. Finally, the sample was cooled down to
room temperature.

Transfer of Graphene Sheets. The as-grown graphene
film was transferred onto an annealed 0.7% Nb-doped SrTiO;
substrate by the PMMA-assisted method using the transfer
platform from Shanghai Onway Technology Co., Ltd. First of
all, spin-coated poly(methyl methacrylate) (PMMA) film onto
the graphene surface at 180 °C for 3 min. Next, the sample was
immersed into the FeCl; solution to etch the nickel away, so
the PMMA/graphene film was detached from the nickel foil.
After that, we used ultrahigh-purity water to clean it for hours,
then transferred the PMMA/graphene membrane onto a
SrTiO; substrate (was annealed in ultrahigh-vacuum (UHV)
chamber at ~1200 °C for ~30 min to obtain large terraces)
before it dried in air for hours. Finally, the PMMA was
removed in CVD vacuum at 550 °C for 6 h under an Ar flow of
50 sccm and a hydrogen gas flow of 50 sccm. Then, the sample
was inserted into the UHV chamber and was annealed at 200—
300 °C for ~10 min to remove airborne adsorbates from the
surface. After that, the samples are directly studied by using
STM. There are large-area terraces in the annealed 0.7% Nb-
doped SrTiO; substrate, which are important to measure
structures and electronic properties of large-area twisted
trilayer graphene (TTG). Due to the twist tendency between
adjacent layers of the synthesized graphene, it is easy to find
TTG with different twist angles to carry out the experiment. In
our experiment, we carried out measurements on 15 different
TTG samples. In these TTGs, the period of the moiré pattern
generated between the topmost layer and the second layer is
much smaller than the size of the AA stacking region between
the second layer and the third layer; thus, the local lattice
rotation in the underlying TBG can be magnified by the
topmost moiré superlattice.

STM and STS Measurements. STM/STS character-
izations were performed with a low-temperature (~4.2 K)
ultrahigh-vacaum (~107"" Torr) single-probe scanning probe
microscope (USM-1300, magnetic field up to 1S T) from
UNISOKU. The STM tips were obtained by chemical etching
from a wire of Pt(80%) Ir(20%) alloys. Lateral dimensions
observed in the STM images were calibrated using a standard
graphene lattice as well as a Si (111)-(7 X 7) lattice. The STS
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spectra were calibrated using a Ag(111) surface. The STS
spectrum (the dI/dV—V curve) was carried out with a standard
lock-in technique by applying a 793 Hz alternating current
modulation of the bias voltage of S mV to the tunneling bias.
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