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Twisted bilayer graphene is created by slightly rotating the two crystal networks in
bilayer graphene with respect to each other. For small twist angles, the material
undergoes a self-organized lattice reconstruction, leading to the formation of a
periodically repeated domain'. The resulting superlattice modulates the vibrational>*
and electronic®® structures within the material, leading to changes in the behaviour of
electron-phonon coupling”® and to the observation of strong correlations and
superconductivity’. However, accessing these modulations and understanding the
related effects are challenging, because the modulations are too small for experimental
techniques to accurately resolve the relevant energy levels and too large for
theoretical models to properly describe the localized effects. Here we report
hyperspectral optical images, generated by anano-Raman spectroscope’®, of the
crystal superlattice in reconstructed (low-angle) twisted bilayer graphene.
Observations of the crystallographic structure with visible light are made possible by
the nano-Raman technique, which reveals the localization of lattice dynamics, with
the presence of strain solitons and topological points' causing detectable spectral
variations. The results are rationalized by an atomistic model that enables evaluation
ofthelocal density of the electronic and vibrational states of the superlattice. This
evaluation highlights the relevance of solitons and topological points for the
vibrational and electronic properties of the structures, particularly for small twist
angles. Our results are animportant step towards understanding phonon-related
effects at atomic and nanometric scales, such as Jahn-Teller effects" and electronic

Cooper pairing®™

,and may help to improve device characterization® in the context

of the rapidly developing field of twistronics'.

The lattice dynamics of graphite has been widely studied because of
the potential to engineer the thermal and electrical properties of this
semi-metal”. Bilayer graphene in the Bernal stacking (or AB stack-
ing) represents the basic two-dimensional unit which with to build
three-dimensional graphite. It has recently gained attention because
ofiits rich structural and electronic behaviour when arranged with a
small relative twist angle 8 between the two layers. Below a thresh-
old twist angle 6. = 1°, twisted bilayer graphene (TBG) undergoes an
energetically favourable atomic reconstruction, entering the soliton
regime for 6< 6, (refs.>'®). This equilibrium configuration has alternat-
ing AB and BA triangular stacking domains separated by shear solitons,
whichrepresent saddle points of the van der Waals energy landscape!
in the hexagonal network'®, with AA-stacked topological regions at

the vertices of the triangular areas (Fig. 1a). This reconstructed twisted
bilayer graphene (rTBG) is a new material system, in which emerging
local phenomenarelated to electronic and phononicreconstructions
and to morphology rearrangement®'® are yet to be fully understood.

Nano-Raman hyperspectralimaging

Raman spectroscopy—based on the inelastic scattering of light—is
a key experimental technique for studying the vibrational struc-
ture of graphite-related systems™. It is also important for studying
low-dimensional structures?®?, for which inelastic neutron and X-ray
scattering are difficult to use. However, to visualize the detailed
structure of rTBG, anano-Raman spectroscope—capable of resolving
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Fig.1|Nano-RamanspectralimagingofacrystallographicsuperlatticeinrTBG.
a, Schematics of neighbouring AB- and BA-stacked domains, strain solitons (SP)
and topological points (AA).b, Schematics of the plasmon-tunable tip pyramid
(PTTP) nano-antennaresponsible for the enhancement of the Ramansignalina
nanometricarea, inthe tip-enhanced Raman spectroscopy configuration.c,
Comparisonbetween micro-Raman (green) and nano-Raman (red) spectrainthe
sample (anenlarged version of the greenspectrumis shownin Extended Data
Fig.1). Greenandred circles (maininset) indicate the differentillumination areas.

optical information below the diffraction limit of light (Fig. 1b, ¢)—
is necessary'. Figure 1d-f shows nano-Raman imaging of solitonic
arrangements in rTBG with superlattice periodicity of L,,=160 £30 nm,
which corresponds to 8=0.09° + 0.02°, using L, = a,/2sin(6/2) and
agraphene lattice parameter of a, = 0.245 + 0.001 nm. The specific
nano-antenna used in our nano-Raman setup, a plasmon-tunable tip
pyramid®shown schematically in Fig. 1b, is crucial for the acquisition
of the images shown in Fig. 1d, e. It yields a local signal enhancement
of roughly 3 x10°, generating a nano-Raman signal so intense that the
micro-Raman response from the micrometre-sized illumination area
becomes negligible (Fig.1c). The nano-Raman images are obtained at
ambient conditions over regions of the bilayer that appear atomically
flat and featureless in the surface topology images obtained simulta-
neously by the nano-antenna, which also functions as an atomic force
microscope probe (see Methods for details of sample preparation,
characterization and optical setup).

The particular configuration shown in Fig. 1d was observed previ-
ously using transmission electron microscopy"** and nano-infrared
spectroscopy?. In these studies, the solitonic structure and soliton
interceptionsare attributed to shear strainsolitons and topological AA
points, respectively, on the basis of the similarity between the observed
superlattices and theoretical expectations for rTBG at low twist angles
(Fig.1a). Here, the superlattice imaging is related directly to the dis-
tribution of local vibrational states and the electronic structure of
r'TBG, because the nano-Raman spectroscopy probes the local vibration
of the atomic lattice directly. The main Raman spectral signatures in
graphene are due to the stretching of the C-C bonds (conventionally
named the G band, appearing at1,584 cm™) and the breathing motion
of the hexagonal carbon rings (with the two-phonon symmetry-allowed
scattering appearing at 2,640 cm™, named G’ band; Fig. 1c). Figure 1d
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The Gand G’ vibrationalmodes are depicted by the red arrows (orange and blue
bands, bottominsets), as well as the peak from the hexagonal boron nitride (hBN)
substrate (purple band). The G’bandis alsonamed ‘2D’ in the literature.d,
Crystallographic hyperspectralimage of rTBGbased on the G-band nano-Raman
intensity. e, Close-up of the boxed regionind, built on the basis of the G-band
nano-Ramanlinewidth /. f, Line profile for I'; along the high-symmetry
directionsshownbytheorangeandredlinesine. The dataareaveraged over the
pixels delimited by the ending bars of those lines. a.u.,arbitrary units.

shows a hyperspectral image based on the intensity of the Raman G’
band of rTBG; Fig. 1e shows a close-up of aregion of Fig. 1d and is built
on the basis of the linewidth I'; of the Raman G band. In these images,
the datasets are plotted in their raw forms, without any statistical treat-
ment or data filtering.

Phononlocalization

Not only are the specific vibrational modes for the Raman G and G’
bands (Fig. 1c, bottominsets) different, but the scattering mechanisms
responsible for these Raman features®** differ aswell. The Gbandisa
first-order Raman-active mode related to the doubly-degenerate
high-frequency optical phonon branch in graphene at the centre of
theBrillouinzone (I point; Fig. 2a, red lines). Whereas the Bernal-stacked
bilayer graphene exhibits a single Raman-active phonon band, the
rTBG exhibits a splitting of the vibrations in several branches®, two of
whichareevidentinthe high-frequency branchattheT point. Previous
models for TBG’ cannot explain this splitting because the phonon
branches result from atomic reconstruction with the emergence of
topological solitons. In contrast to results reported previously, our
methodology enables unfolding of the tens of thousands of phononic
bands of the large rTBG unit cell into those of graphene. This capabil-
ity makes it possible to monitor how the intrinsic phonon properties
ofgraphene evolve whenrelaxinginto the rTBG structure. We show an
example of the resulting (unfolded) band structure in Fig. 2a for an
r'TBG (blue lines) with a twist angle of 0.987°. In addition, we show the
local phonon density of states (DOS) around the lower-frequency (G;)
and higher-frequency (G;) phonon branches (Fig. 2b, ¢, left). These
results arealso attributable to our fully atomistic model, whichenables
analysis of the localized projected phonon DOS in AA, AB-BA and
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Fig.2|Phononstructure and the nano-Raman spectral signature. a,
Theoretical phonon dispersion for Bernal AB-stacked bilayer graphene (red)
and for rTBG (blue). The band structure for rTBG was obtained by unfolding the
phonon bands of the small Brillouin zone of the superlattice onto the much
larger Brillouin zone of graphene. The frequency degeneracy at the I’ point for
the AB-stacked phonon (red) and lower-branch rTBG (blue) may be lifted by
differentelectron-phononinteractions, which are not consideredinthese
calculations. b, ¢, Theoretically predicted spatial distributions of the phonon
DOS (left) and Ramanintensity (right) for the lower-frequency (G;; b) and

saddle-point (SP) stacking regions. These modes are therefore pre-
dicted to be localized in space, with the lower-frequency mode G,
appearing more strongly in the AA regions and at the very centre of
the AB-BA domains and the higher-frequency mode G; appearing more
strongly in the SP regions.

Closeinspection of the experimental Raman data reveals two satel-
lite peaks next to the G band, which appear above and belowit and are
also named G; and G;, respectively (Fig. 2d-g). Remarkably, they are
localizedin space exactly as predicted by theory (Fig.2b-e). The Raman
intensity is not only defined by the phonon DOS, but also depends on
the electron-phonon coupling. The absence of an experimental con-
tribution from G, at the centre of the AB-BA domains (compare Fig.2b
andFig. 2d) isin agreement with the Raman intensities computed using
the bond polarizability model* (Fig. 2b, ¢, right; Supplementary Infor-
mation). The Gband is reminiscent of the unfolded structure. Itis par-
tially contaminated by data from the Bernal-stacked region, owing to
the limited resolution of the tip-enhanced Raman spectroscopy, but
also exhibits local information, as clearly evidenced by the change in
linewidth showninFig.1e, f.

The theoretically predicted phonon localization, which cannot be
accessed via the usual continuous models, is consistent with the experi-
mental nano-Raman results of highly localized phonons in rTBG. Fig-
ure 2d, fshows datafromthe same location used in Fig. 1e; Fig. 2d shows
the local contribution of the AA spectrum in Fig. 2f, and Fig. 2eis a
higher-resolution image of a single soliton, to better demonstrate
thelocalization of the SPspectrawith the lower-intensity G; peak (Fig. 2g).
This dataprocessing relied on principal component analysis (Methods).

Raman shift (cm™)

higher-frequency (G;; ¢) optical phonons at theI'point. Theimagesinband ¢
differinsize and position with respect to each other, for better comparisontod
ande.d, e, Experimentally measured hyperspectral mapping of the AA (d) and
SP (e) Ramanspectra, as definedinfand g (the contributionindicates their
respective spectral weight, as defined in Methods). f, g, Representative G-band
spectraof AA, SPand AB-BAregions, obtained from the hyperspectraindand
e, respectively. The experimentally observed G, and G, peaks are indicated.
Dataindandfcome fromthe samelocation as for Fig.1c. Data for other rTBG
samples areshownin Extended Data Fig. 2.

Electronlocalization

The Raman G’ band, used to obtain Fig. 1d, is also related to the
high-frequency optical phononbranchingraphene, but away fromthe
centre of the Brillouin zone, close to the K or K’ points?®*%, Figure 3a, b
illustrates nano-Raman spectra observed atan AB-BAregionand ata SP
region. We see no clear distinction between the spectral signatures of
thesolitonand AAregions. The spectrum shownin Fig. 3ais typical of
aBernal-stacked bilayer, with four Lorentzian peaks®, thus confirming
the AB stacking structure. The spectrumin Fig. 3bis different, display-
ingaunique SP-AA Ramansignature. These spectral profiles were used
to fit the G’ hyperspectra shown in Fig. 1. The spectral weights of the
AB-BA and SP-AAspectraare plotted inFig. 3c, d, clearly demonstrat-
ing the rTBG structure.

The G’ line shape is known to be sensitive to the electronic struc-
ture, because itis mediated in part by electron-phonon coupling?®#%,
Moreover, it depends on the number of Bernal-stacked layers* and on
thetwist angle’. Here, we show that in rTBG both the phonon structure
and the electronicstructure exhibitlocalization, as shown previously™
anddiscussed in detail in Supplementary Information. Figure 3e-gillus-
trates how the electronic DOS in momentum space, at a fixed energy
Epos, changes locally in a typical low-angle rTBG system (6 = 0.505°).
Other low-angle rTBG structures are investigated and discussed in
more detail in Supplementary Information. We chose £, =—-0.98 eV,
the energy of the valence electrons that are excited to the conduction
band by our excitation laser (laser energy E, =1.96 eV; |Epos| = E,/2).
Therefore, consistent with the non-local effects due to the number
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Fig.3|Nano-Ramanspectral signatures (upper panels) and electronic
structure (lower panels). a, b, Spectral Raman signatures of the AB-BA-stacked
domains (a) and the SP-AA domains (b). c,d, Spectral weights for the AB-BA (c)
and SP-AA (d) signatures, inrTBGreal space (same location as for Fig. 1e).
e-g,DOS (colourscale) at E=-0.98 eV, plotted in momentum space, for the

of Bernal-stacked layers? or to the twist angle’, the changes in the
electronic structure of rTBG are qualitatively reflected locally in the
spectral signature of the G’ band (Figs. 3a-d). However, a clear quan-
titative analysis requires further theoretical developments to address
the electron-phonon coupling in these complex systems.

Although itis evident that strain has arole in the observed Raman
frequencies and linewidthsin rTBG, this time-independent perturba-
tion alone cannot explain the observed results, as evidenced by the I,
line profile in Fig. 1f and by a joint analysis of the G and G’ features,
based on what has been established in the literature (Extended Data
Fig. 3)”%. Aspects related to dynamic electron-phonon coupling,
already showntobe veryimportantin determining the phonon prop-
erties of graphene-related systems®* %, including AB-stacked bilayer
graphene®, have tobe taken into account. Inthis sense, changes in the
local DOS for rTBG also take place near the Fermilevel (Fig. 3h; see Sup-
plementary Information for more details, including a localized joint
DOS analysis), with further implications for the electron-phonon cou-
pling and consequently the nano-Raman imaging. G-band phonons
canbeannihilated, generating an electron-hole pair. This mechanism
decreases the overalllifetime of G-band phonons, thus broadening the
Gpeakinthe Ramanspectrum®**, A G-band phonon carries an energy
of hw;=0.2eV (h, reduced Planck constant; wg, G-band frequency). As
aresult, we expect that the presence of DOS peaks at £0.2 eV for the SP
region and at the Fermi level for the AA region in Fig. 3h, which are
preserved even for smaller 8, willbroaden the rTBG G band in the cor-
responding SP (purple) and AA (orange) regions. These predictions
agree withtheresults showninFig.1e, f, most notablyinthe AAregions,
in which the G band is wider as a result of the DOS peak at the Fermi
level (Fig. 3h). In addition, the widths of the G; and G; peaks are
26-30 cm™ and 30-32 cm™, respectively, with the G; peak always
slightly sharper (2-4 cm™ narrower) than the G; peak. These values
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may provide insights into the real-space electron-phonon coupling,
because the two modes are associated with regions with different stack-
ing order.

Nano- and micro-Raman connection

Tolink the nano-Raman scattering experiments presented here with
the usual micro-Raman spectroscopy characterization of TBG, in
Fig. 4a we show the micro-Raman G and G’ spectra for different 6
between 0.01°and 2.6°. For reference, we also plot in Fig. 4a the spec-
tra for the Bernal bilayer graphene; Fig. 4b shows the full-width at
half-maximum (FWHM) for the observed G band (/;). Anincrease in
I; when decreasing the twist angle below 8 = 5° was reported previ-
ously*. However, here we see evidence that I'; reaches a maximum
near the magic angle (6 ~1.1°)° and decreases for lower 6, approach-
ing the reference Bernal AB stacking value of [;=12cm™as 6> 0
(Fig. 4b). Considering the reconstruction regime for 6 <1.2° (ref. '),
as O decreases, the ratio between the areas of the AA-SP and AB-BA
regions decreases and the TBG Gband tends to the corresponding AB
version (Fig. 4b). However, it is interesting to have found I; as high
as 19 cm™ near the magic angle, consistent with the I'; observed at
AA points in Fig. 1e, f. This value is higher than that of graphene at
the charge neutrality point, where the electron-phonon coupling is
maximum®-, As already pointed out, I';is affected by both strain and
the time-dependent perturbations related to the electron-phonon
coupling®*?, Our I'; results indicate a peak in the electron-phonon
coupling near the magic angle, which provides evidence of a pos-
siblerole for phononsin graphene superconductivity. However, the
relation between I'; and the theoretical analysis of strain and local
DOS-based electron-phonon coupling is only qualitative. Future
temperature-dependent experiments to extract the contribution
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from anharmonic effects (phonon-phonon interaction®) and
low-temperature gate-doping experiments® to independently change
the electron-phonon coupling may quantify the importance for I
of electron-phonon coupling as opposed to other possible struc-
tural effects>®. The results might differ from those of similar work
onsingle-layer and AB-bilayer graphene®>?** because in rTBG the
electronic structure near the Fermi level is more complex and it may
not be possible to switch off the coupling. Regardless, it may be pos-
sible to use the micro-Raman spectrato evaluate twist-angle disorder”
inrTBG and to search regions close to the magic angle.

Concluding remarks

Our results provide information on how local lattice vibrations and
electron-phonon coupling behave in systems characterized by a
soliton network, such as rTBG. Our findings rely on developments
in nano-Raman techniques and on computational and algorithmic
developments that enable an accurate description of the localization
of phononic properties at length scales relevant to experiments. Our
findings shed light ontheimportance of changesin thelocal DOS for the
fundamental properties of rTBG at angles small enough to support the
formation of soliton domains. They provide abasis for understanding
many-body effects and for determining the optical, mechanical, ther-
mal and electronic properties common to graphene-related systems
butunique inrTBG systems, owingto the localization. Future advances
require rigorous evaluation of the elements of the electron-phonon
coupling matrix. Given the size of the systems considered, these ele-
ments cannot be computed directly without further algorithmic and
theoretical developments. In general, our work provides a tool for
the study of twistronics' and of many quantum properties and exotic
phenomena absent in pristine graphene, such as ferromagnetism?$,
the anomalous quantum Hall effect® and large linear-in-temperature
resistivity*®, and may be useful for characterizing devices®.
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Methods

Theory

Phonons are computed using a combination of a second-generation
REBO potential for intralayer interactions and the registry-dependent
Kolmogorov-Crespi potential, in its local normal formulation for inter-
layer interactions, as fully described in ref. ¢. For rTBG, relaxation of
the structure in an energy-minimum microstate is crucial for anaccu-
rate description of its properties, and here all atomic positions and
lattice parameters of the considered structures are optimized until
all force components are less than 107 eV per atom. The dynamical
force constants at the zone centre are computed using finite differ-
ences. While our method is able to investigate (and unfold) phononsin
rTBG structures made of tens of thousands of atoms, we are not able to
reach structures with twist angles smaller than 8= 0.9°, as the system
size becomes prohibitively large in terms of diagonalization of the
dynamical matrix, impinging affordable cost to computer memory,
rather than CPU time.

Theelectronicstructureis computed by diagonalizing a tight-binding
Hamiltonian based on the recursive Green’s function, allowing us
to compute highly accurate electronic models (that is, atomistic
tight-binding Hamiltonians taking into account the effects of struc-
tural relaxation), which enables computation of the real-space and
momentum-dependentlocal density of electronic states LDOS(E, r, k)
of rITBG with extremely small angles (that is, large moiré superlattices).
This efficient numerical technique allows us to calculate both local
and total DOS using the same data from the fully relaxed structure
used for phonon calculations, and to present the electronic structure
of r TBG using real- or momentum-space maps, delivering results that
arenot obtainable with continuous models. More details are provided
in Supplementary Information.

Optical setup

Thenano-Ramansystemis acombination of amicro-Raman and ascan-
ning probe microscopy (SPM) setup in atip-enhanced Raman spectros-
copy (TERS) configuration, as described in ref. ¥, where the radially
polarized light reachesthe sample and the tip coming fromaninverted
optical microscope (thus limited to transparent substrates*?), tightly
focused by an oil-immersion objective (1.4 numerical aperture), and
the back-scattered light is collected by a spectrometer equipped with a
charge-coupled device (CCD). The TERS tips used are monopole-based
plasmon-tunable tip pyramids, with ananopyramid size of L =470 nm,
whichisresonant withthe HeNe excitation laser (633 nm), generating
anunusually highlocal enhancement, enough to substantially surpass
the Raman signal coming from the considerably larger confocal illu-
mination area®. This nano-antennawas produced as described inref.
2 with an apex diameter of 10 nm, as measured by scanning electron
microscopy, generating a TERS resolution of the order of 20 nm, as
observedinour data. The experiments are conducted under ambient
conditions, withthe excitation laser power limited to 0.15mW to avoid
TERStip burning and accumulation times limited to 0.5 s per spectrum
to avoid too long hyperspectral TERS acquisitions.

Sample preparation procedure and characterization

Clean rTBG samples without a top, capping hBN flake, deposited ona
glass coverslip are needed for the high-quality nano-Raman data. To
produce such samples, we developed a dry tear-and-stack method,
using a polydimethylsiloxane (PDMS) semi-pyramidal stamp covered
with a polycarbonate sheet (Extended Data Fig. 5). The method is similar
to the standard tear-and-stack**, but we use the PDMS stamp to tear
agraphene flake in two pieces and stack them together, forming the
rTBG arrangement. Next, we dry-transfer the rTBG from the stamp to
an hBN flake, a flat substrate that is sufficiently decoupled from the
sample®, thus avoiding vibrational interference, reducing the surface
roughness and improving the cleanliness of the sample. We do not heat

the polycarbonate in this process to avoid contamination residues,
we just make physical contact between the rTBG and hBN flakes, thus
obtaining clean TBG without further sample annealing. See Supple-
mentary Fig. 1for more details.

These samples were also characterized extensively using SPM, includ-
ing atomic force microscopy (AFM; Extended Data Fig. 6), scanning
microwave impedance microscopy (sMIM; Extended Data Fig. 7) and
scanning tunnelling microscopy (not shown).

Data analysis

While the images in Fig. 1d, e were built directly from the spectral
G’-band intensity and the G-band linewidth, the AA and SP images in
Fig. 2d, e relied on principal component analysis, owing to the low
signal-to-noise ratio observed for these weak features. Principal com-
ponent analysis generated the representative features displayed in
Fig. 2f, g, and each spectrum of the corresponding hyperspectral data
was fitted with a linear combination of the representative features.
The fitted spectrum was confirmed to properly represent the feature
signature by computing the Pearson’s correlation between the raw
dataand thefitted profile. The contribution plotin Fig.2d, eis defined
by the percentile values of these linear coefficients. The contribution
in Fig. 3¢, d follows the same definition with respect to the spectral
featuresin Fig.3a, b.
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Extended DataFig.1|Comparisonbetween micro-and nano-Raman and compare the details of the two spectra. The enhancement of the hBN
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theintensity of the micro-Raman spectrum multiplied by 26 to better visualize samplebetween thetip and the substrate.
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Extended DataFig.2|Representative spectral profiles and images for two
other rTBG samples. a, ¢, The spectral Raman profiles evidence different
frequency values for the G; and G; peaks observed in two different rTBG
samples (black arrows link the profiles to the correspondingimagesinband d).
The verticallines indicate the central frequencies for the observed G,, Gand G;
peaks.b,d, The spectralimages are based on the G*-band intensities (colour
scale). Thearrowindindicates the where the specrumin c was taken. In Fig. 2f
(rTBGwith 8=0.09°), the peaks are observed atwg-=1,522 cm'and

wg=1,612 cm L The frequency difference between the theoretically predicted
G, and G; peaksis Awg:=45 cm™! (for §=0.987°; already reaching the limit of
our computational capability). For the experimentally observed G; and G;

peaksfor§=0.09°,itis Awg:=90 cm™L Our ability to experimentally define the
6dependence of the splittingisalso limited, by the TERS resolution. We cannot
properlyimage a moiré patternsmaller than 40 nm (twice the TERS resolution),
limiting the rTBG samples that we canimage to those with 6<0.3°. The Awg:
splittingis predicted toincrease with decreasing twist angle®, consistent

with experimental observations: for Ly, =160 nm (8= 0.09°), we observed
0g=1,522 cm™andw=1,612 cm™ (Awg:=90 cm™); forLy=210nm
(6~0.07°), weobserved w-=1,517 cm™ and wg=1,616 em™ (Awg=99 em™);
forL,>1,000nm(6<0.01), g, wWasnot observed, buta)G; =1,619 cm'follows
thetrend.
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Extended DataFig.5|Schematics of the sample preparation procedure.
a, We cover the newly developed PDMS tear-and-stack pyramid stamp (TPS)
witha polycarbonate (PC) sheetand align the TPS edge with the middle of a
graphene flake. b, Next, we make contact between the TPSand graphene,

followed by atemperature ramp from 70 °Cto 80 °C. ¢, We then wait for the
system to cool down, reaching atemperature of 70 °C, similarly to the pick-up

method*®, removing a piece of the graphene flake. d, e, We then rotate the base
(d) and stack the two parts of graphene together, forming the TBG (e). f, We do
the previous temperature ramp and cool-down procedure again to remove the
remaining graphene piece. g, Next, we put the TBGin contact withaflatand
cleanhBN flake atroomtemperature. h, The vander Waalsinteractions
betweenthemisstrong enough for thehBN to pull out the TBG from the TPS.
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Extended DataFig. 6| TERS imaging of nine different moiré structures (right). The solitonic structures are observable only inthe TERS images (darker
from rTBG. a-i, TERSimages from various moiré structural formations based bluelines); they are absentinthe AFMimages. The contrast discontinuitiesinb
onthe G’-band intensity (left) and the simultaneously obtained AFM images andfareduetotherealignmentofthetip with thelaser duringthe scan.



Extended DataFig. 7| Multi-technique structural characterization of rTBG. a, b, TERS (a) and sMIM (b) images of the same rTBG region.
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