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A small twist angle between the two stacked crystal networks in bilayer24

graphene enables self-organized lattice reconstruction with the formation of a25

periodically repeated domain [1–3]. This superlattice modulates the vibrational26

[3, 4] and electronic [5, 6] structures, imposing new rules for electron-phonon27

coupling [7, 8] and the observation of strong correlation and superconductivity28

[9]. Here we report the direct observation of hyperspectral optical images of the29

crystal superlattice in reconstructed twisted bilayer graphene, generated by the30

inelastic scattering of light in a nano-Raman spectroscope [10]. The observation31

of the crystallographic structure with visible light is made possible by the lattice32

dynamics localization with image formation due to spectral variations caused by33

the presence of strain solitons and topological points [1]. The results are ratio-34

nalized by an atomistic model that allows for unfolding the tens of thousands35

of phononic bands on fully-relaxed structures of the large unit cell. This pro-36

cedure enables the evaluation of local density of vibrational states that, along37

with electronic properties of the same relaxed structures, highlights the rele-38

vance of solitons and topological points, particularly pronounced for structures39

with small twist angles. We anticipate this discovery to play a significant role40

in understanding Jahn-Teller effects [11] and electronic Cooper pairing [12–14],41

among many other important phonon-related effects at the atomic and nano-42

scales, and it is poised to enable important development in the characterization43

of devices [15] in the framework of the fast-developing field of twistronics [16].44

Graphite lattice dynamics have been widely studied for engineering the broadly uti-45

lized thermal and electrical properties of this semi-metal [17]. Bilayer graphene, which in46

the so-called AB Bernal stacking represents the basic two-dimensional unit to build three-47

dimensional graphite, has recently gained great attention because of its rich structural and48

electronic behavior when arranged with a small relative twist angle θ between the two lay-49

ers. Below a threshold twist angle θc ∼ 1◦, twisted bilayer graphene (TBG) undergoes an50

energetically favorable atomic reconstruction, entering the soliton regime for θ < θc [3, 18].51

This equilibrium configuration possesses alternating AB and BA triangular stacking domains52

separated by shear solitons representing saddle-points (SP) of the van der Waals energy land-53

scape [1] in the hexagonal network [1, 18], with AA-stacked topological regions composing54

the vertices of the triangular areas (see Fig. 1a). This reconstructed twisted bilayer graphene55
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(rTBG) is a novel material system, where emerging local phenomena related to electronic56

and phononic reconstructions in addition to the morphology rearrangement [6, 18] are yet57

to be fully understood.58
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FIG. 1. Nano-Raman spectral imaging of a crystallographic superlattice in recon-

structed twisted bilayer graphene. a Schematics showing neighbouring AB and BA-stacked

domains, strain solitons (saddle-points - SP), and topological points (AA). b Schematics of the

plasmon-tunable tip pyramid nano-antenna responsible for the enhancement of the Raman signal

in a nanometric area, in the tip-enhanced Raman spectroscopy (TERS) configuration. c Compar-

ison between micro-Raman (green) and the nano-Raman (red) spectra in the sample (an enlarged

version of the green spectrum can be found in the supplementary information). Green and red

circles indicate the different illumination areas. The G and G′ vibrational modes are depicted,

as well as the peak from the hBN substrate. The G′ branch is also named 2D in the literature.

d Crystallographic hyperspectral image of a reconstructed twisted bilayer graphene based on the

G′ band nano-Raman intensity; e Zoomed-in image from b based on the G band nano-Raman

linewidth (ΓG). f Line profile for ΓG along the high symmetry directions shown by the orange and

red lines in e. The data is averaged over the pixels delimited by the ending bars in those lines.

Experimentally, Raman spectroscopy, the inelastic scattering of light, remains a key tech-59

nique to study the vibrational structure of graphite-related systems [19], even gaining fur-60
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ther importance for low-dimensional structures [20, 21], where inelastic neutron or X-ray61

scattering are difficult to use. To visualize the detailed structure of rTBG, however, a nano-62

Raman spectroscope, capable of resolving the optical information below the light diffraction63

limit (Figs. 1b,c), is necessary [10]. Figures 1d-f reveal a nano-Raman imaging of solitonic64

arrangements in a rTBG with LM = 160 ± 30 nm superlattice periodicity, which corre-65

sponds to θ = 0.09 ± 0.02◦, using LM = a0/2 sin (θ/2) with graphene lattice parameter66

a0 = 0.245 ± 0.001nm. The specific nano-antenna of our nano-Raman setup, a plasmon-67

tunable tip pyramid [22] shown schematically in Fig. 1b, is crucial for the acquisition of the68

images reproduced in Figures 1d,e. It yields a local signal enhancement on the order of69

3 × 103, thus generating a nano-Raman signal so intense that the micro-Raman response70

from the micron-sized illumination area becomes negligible (see Fig. 1c). The nano-Raman71

images are obtained at ambient conditions over regions of the bilayer that appear atomically72

flat and featureless in the surface topology images simultaneously obtained by the nano-73

antenna, which also functions as an atomic force microscope probe. Extremely clean rTBG74

samples without a top, capping hBN flake are also essential for high quality nano-Raman75

data. To produce such samples, we developed a new dry tear-and-stack method [23], based76

on a semi-pyramidal stamp that allows the preparation of high-quality TBG flakes on a glass77

coverslip. These samples were extensively characterized by scanning probe microscopy tech-78

niques (SPM), including atomic force microscopy (AFM), scanning microwave impedance79

microscopy (sMIM), and scanning tunneling microscopy (STM).80

The particular configuration shown in Fig. 1d was observed previously by transmission81

electron microscopy (TEM) [1, 3, 4] and nano-infrared spectroscopy [24] techniques. The82

authors of these studies attribute the solitonic structure and soliton interceptions to shear83

strain solitons and topological AA points, respectively, based on the similarity between the84

observed superlattices and theoretical expectations for TBG reconstruction at low twist85

angles (see schematics in Fig. 1a). Here, the superlattice imaging is directly related to the86

distribution of local vibrational states and electronic rTBG structure, since the nano-Raman87

spectroscopy probes the local atomic lattice vibration directly. The main Raman spectral88

signatures in graphene are due to the stretching of the C-C bonds (conventionally named89

G band, appearing at 1584 cm−1) and the breathing motion of the hexagonal carbon rings90

(named G′ band, symmetry-allowed overtone appearing at 2640 cm−1), as assigned in Fig. 1e.91

Fig. 1d is a hyperspectral image based on the intensity of the rTBG Raman G′ band, while92
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Fig. 1e is a zoomed-in region of Fig. 1d based on the linewidth (ΓG) of the Raman G band.93

Note that in these images, the data-sets were plotted in their raw forms, i.e., without any94

statistical treatment or data filtering.95
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FIG. 2. Phonon structure and the nano-Raman spectral signature. a Theoretical phonon

dispersion for Bernal AB-stacked bilayer graphene (red) and for reconstructed twisted bilayers

graphene (blue). The band structure for the rTBG was obtained by unfolding the phonon bands

of the small Brillouin zone (BZ) of the superlattice onto the much larger BZ of graphene. The

frequency degeneracy at the Γ point between the AB-stacked phonon (red) and lower branch rTBG

(blue) may be lifted due to different electron-phonon interactions, which are not considered in these

calculations. b and c are the theoretically predicted spatial distributions of the phonon density

of states (PDOS, left) and Raman intensity (right) for the lower (G−r ) and higher (G+
r ) frequency

optical phonons at the Γ point, respectively. b and c are different in size and position with respect to

each other, for better correlation to d and e. d and e are the experimentally measured hyperspectral

mapping of the AA and SP Raman spectra, as defined in f and g, respectively (the contribution

renders their respective spectral weight, as defined in the Methods). Data in d,f comes from the

same location as in Fig.1c.

The specific vibrational modes for the G and G′ Raman bands (see inset to Fig. 1c)96

are not only different, but the scattering mechanisms that are responsible for these Raman97
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features [20, 21] differ, as well. The G band is a first-order Raman active mode related to98

the doubly-denegerated high-frequency optical phonon branch in graphene at the Brillouin99

zone center (Γ point, see red lines in Fig. 2a). While the Bernal-stacked bilayer graphene100

exhibits a single Raman-active phonon band (red G), the rTBG exhibits a splitting of the101

vibrations in several branches [6], two of which are predominant in the high-frequency at the102

Γ point. This splitting will be the focus of our attention in the following discussion. Previous103

models for twisted bilayer graphene [7] cannot explain this splitting because these phonon104

branches result from atomic reconstruction with the emergence of topological solitons. In105

stark departure from results previously reported in the literature, our methodology allows106

for unfolding the tens of thousands of phononic bands of the large rTBG unit cell into107

those of graphene, thus making it possible to monitor how graphene’s intrinsic phonon108

properties evolve when relaxing into the rTBG structure. We show an example of the109

resulting (unfolded) band-structure in Fig. 2a for a rTBG (blue lines) with a twist angle110

of 0.987◦. In addition, we show in the left half of Fig. 2b and Fig. 2c the local phonon111

density of states around the lower phonon branch (G−r ) and the higher phonon branch (G+
r ),112

respectively, another specificity of our fully atomistic model, which allows the analysis of113

localized projected density of phononic states in AA, AB/BA and SP stacking regions.114

These modes are, therefore, predicted to be localized in space, the lower frequency mode G−r115

appearing more strongly on the AA regions and at the very center of the AB/BA domains,116

and the higher frequency mode preferentially in the SP regions.117

A close inspection of the experimental Raman data shows the appearance of two satellite118

peaks next to the G band, also named here G+
r and G−r , appearing above and below the G119

band, respectively. Remarkably, they are localized in space exactly as predicted by theory120

(see Figs. 2b,d and c,e). The Raman intensity is not only defined by the phonon density of121

states, but it also depends on the electron-phonon coupling, and the absence of an experi-122

mental contribution from G−r at the center of the AB/BA domains (compare Figs. 2b,d) is in123

agreement with the Raman intensities we computed using the bond polarizability model [25],124

as displayed in the right half of Figs. 2b and c (details in the supplementary information).125

Notice also that the most intense G band is never predicted to disappear, being observable126

all over the rTBG sample. The G band itself is reminiscent of the unfolded structure, par-127

tially contaminated by Bernal stacked data because of the limited TERS resolution, but128

also exhibiting local information, as clearly evidenced by the change in linewidth shown in129
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Fig.1e,f.130

The remarkable result is that the theoretically predicted phonon localization, which can-131

not be accessed with usual continuous models, is consistent with the experimental nano-132

Raman results of highly-localized phonons in twisted bilayer graphene. Figures 2d,f are133

data from the same location used in Fig. 1e, and Fig. 2d shows the local contribution of the134

spectrum named AA, as defined in Fig. 2f. Fig. 2e is a higher resolution imaging of a sin-135

gle soliton to better evidence the SP spectra with the lower intensity G+
r peak, as shown in136

Fig. 2g. This data processing relied on the principal component analysis (PCA), as described137

in the Methods.138

The frequency difference between the theoretically predicted G−r andG+
r peaks is 45 cm−1,139

while for the experimentally observed G−r and G+
r peaks, it is 90 cm−1. This splitting is140

predicted to increase with decreasing twist angle [6], consistent with the different twist angles141

in experiment (θ = 0.09◦) and calculations (θ = 0.987◦), the latter already reaching the limit142

of our computational capability. Note that in [6], the splitting was calculated between the143

maximal and minimal eigenvalues that feature prominently at Γ (yielding a value of 60144

cm−1), while here the value of 45 cm−1 was measured as the distance between the centre of145

the sub-bands. Our ability to experimentally define the θ-dependence of the splitting is also146

limited, but by our TERS resolution: we cannot properly image a moiré pattern smaller147

than 40 nm, limiting the rTBG we can image to those with θ < 0.3◦.148

The G′ band, utilized to obtain Fig. 1d, is also related to the high-frequency optical149

phonon branch in graphene, but away from the Brillouin zone center, close to the K or K ′150

points [20, 21, 26]. Figures 3a and b illustrate nano-Raman spectra observed at an AB/BA151

region and at an SP region, respectively. We see no clear distinction between the soliton and152

AA region spectral signatures. The spectrum shown in Fig. 3a is typical of a Bernal-stacked153

bilayer, depicting four Lorentzian peaks [27], thus confirming the AB-stacking structure,154

while the spectrum in Fig. 3b is different, displaying a unique shape for the SP/AA Raman155

signature. These spectral profiles were used to fit the G′ hyperspectra shown in Fig. 1, and156

the spectral weight of the AB/BA and SP/AA spectral information are plotted in Fig. 3c157

and Fig. 3d, respectively, evidencing clearly the rTBG structure.158

The G′ lineshape is known to be sensitive to the electronic structure as it is mediated in159

part by electron-phonon coupling [20, 21, 26]. Moreover, the dependence on the number of160

Bernal-stacking layers [27] and on twist-angle [7] in bilayer has been established. Here, we161
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FIG. 3. Nano-Raman spectral signature (upper line) and the electronic structure (lower

line). a spectral Raman signature of the AB/BA-staked domains; b corresponding data for the

SP/AA domains; c and d are the spectral weights for the AB and SP/AA signatures, respectively, in

the rTBG real space (same location as in Fig.1c); e to g are the density of states at E = −0.98 eV,

plotted in momentum space, for the AB/BA, SP and AA regions, respectively. The color map

renders the DOS values, as shown by the insets with the line-trace for the DOS values along the

K-Γ-K′ direction. The choices of (e) green, (f) purple and (g) orange make a connection to the

respective real spatial locations in c,d. h DOS as a function of energy near the Fermi level for

AB/BA, SP and AA regions.

show that in rTBG not only the phonon structure exhibits localization, but also the elec-162

tronic structure, as shown in [18] and discussed in details in the supplementary information.163

As explained in Methods, our developed calculation techniques based on recursive Green’s164

functions allow to compute highly accurate electronic models (i.e., atomistic tight-binding165

Hamiltonians taking into account the effects of structural relaxation). These calculations are166

not only tractable for very low twist angles but also allow for the detailed analysis of both167

global (dispersion relations and total DOS) and local electronic properties, thereby provid-168

ing information that cannot be obtained using continuous models. Figures 3e to g illustrate169
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how the electronic density of states (DOS) in momentum space, at a fixed energy, changes170

locally in a typical low-angle rTBG system (θ = 0.505◦). Some other low-angle rTBG struc-171

tures are also investigated and discussed in more details in Fig. S11 of the supplementary172

information. The fixed energy was chosen as EDOS = −0.98 eV, i.e., the energy for the va-173

lence electrons that are excited to the conduction band by our EL = 1.96 eV excitation laser174

(|EDOS| = EL/2). Therefore, consistent with the non-local effect due to number of Bernal-175

stacking layers [27] or interlayer twist-angle [7], the changes in the electronic structure in176

rTBL are qualitatively reflected in the G′ band spectral signature locally, see Figures 3a177

to d. However, a clear quantitative analysis requires further theoretical developments for178

addressing the electron-phonon coupling in these complex systems.179

While it is evident that strain plays a role in the observed Raman frequencies and180

linewidths in rTBG, this time-independent perturbation alone cannot explain the observed181

results, as evidenced by the ΓG line-profile in Fig.1f and by a joint analysis of the G and182

G′ features, based on what has been established in the literature (details are provided as183

supplementary information) [28–30]. Aspects related to dynamic electron-phonon coupling,184

already proven to be very important in determining the phonon properties of graphene-185

related systems [31–34], including AB-staked bilayer graphene [35], have to be taken into186

account. In this sense, changes in local DOS for rTBG also take place near the Fermi level,187

as shown in Fig. 3h (see supplementary information for more details, including a localized188

joint DOS analysis), with further implications for the electron-phonon coupling and, conse-189

quently, for the nano-Raman imaging. G band phonons can be annihilated, generating an190

electron-hole pair, and this mechanism decreases the overall G phonon lifetime, thus broad-191

ening the G peak in the Raman spectrum [32, 33, 35]. A G band phonon carries an energy192

of }ωG ≈ 0.2 eV. As a result, we expect that the presence of DOS peaks at ±0.2 eV from193

the Fermi level in Fig. 3h, which are found to be preserved even for smaller twisted angles,194

causes a broadening of the rTBG G band in the SP (green) and AA (blue) regions. These195

predictions agree with the results shown in Fig.1e,f, notably in the AA regions, where the196

G band is wider due to the DOS peak also at the Fermi level (see Fig. 3h). In addition, the197

widths of the G−r and G+
r peaks have been found in the range 26–30 cm−1 and 30–32 cm−1198

(see additional data in the supplementary information), respectively, with the G−r always199

slightly sharper (2–4 cm−1) than the G+
r . These values may bring future insights into the200

real-space electron-phonon coupling, as these two modes are associated with regions with201
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different stacking order.202
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FIG. 4. Micro-Raman spectral fingerprint for different twisted bilayer graphene at

different twist angles. a focuses on the G and G′ band spectra and b shows the full-width at

half maxima of the G peak (ΓG). The rTBG θ values were measured by high-resolution sMIM. The

spectrum for Bernal AB-stacking was measured for reference.

Finally, to link the nano-Raman scattering experiments presented here with the usual203

micro-Raman spectroscopy characterization of twisted bilayer graphene, Fig. 4a shows the204

micro-Raman G and G′ spectra for different twist angles between 0.01 and 2.6 degrees. We205

also plot in Fig 4a the spectra for the Bernal-bilayer graphene, for reference, and Fig. 4b206

shows the full-width at half maximum (FWHM) for the observed G band (ΓG). An increase207

of ΓG when decreasing the twist angle below θ = 5◦ was reported [36], but here we see208

evidence that it reaches a maximum near the magic angle (θ ∼ 1.1◦) [9], and it decreases for209

lower twist angle values, back to the reference Bernal AB-stacking value at ΓG = 12 cm−1210

when θ → 0, see Fig. 4b. Considering reconstruction regime for θ < 1.2◦ [18], when the211

angle decreases, the ratio between the AA/SP and AB/BA areas decrease, and the TBG G212

band tends to the corresponding AB version, see Fig. 4b. It is interesting, however, to find213

ΓG as high as 19 cm−1 near the magic angle, consistent with the ΓG value observed at AA214

points in Fig. 1e,f. This value is higher than graphene at the charge neutrality point, where215

the electron-phonon coupling is maximum [32, 33]. As already pointed out, ΓG is affected by216

both strain and the time-dependent perturbations related to the electron-phonon coupling217

[35, 37], and the ΓG results here indicate a peak in the electron-phonon coupling near the218

magic angle, an evidence of the possible role of phonons in graphene superconductivity. We219

stress, however, that up to this point, the relation between ΓG and the theoretical analysis of220
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strain and local DOS-based electron-phonon coupling is qualitative. Future low-temperature221

gate-doping experiments [32] for independently changing the electron-phonon coupling can222

be performed to quantify the importance of electron-phonon in ΓG, as contrasted to other223

possible structural effects [5, 6]. The results might be unique as compared with similar224

works on single and AB-bilayer graphene [32, 33, 35], since in rTBG the electronic structure225

near the Fermi level is more complex, and switching the coupling off may not be achievable.226

In that way, it would be possible to use the micro-Raman spectra to evaluate twist-angle227

disorder [15] in rTBGs and for searching regions close to the magic angle.228

In closing, we stress that twisted bilayer graphene (TBG) has drawn increasing attention229

since the discovery of strongly correlated phenomena, such as unconventional superconduc-230

tivity [9]. In that context, the results shown here provide invaluable information on how231

local lattice vibration and electron-phonon coupling behaves in systems characterized by a232

soliton network such as rTBG. The presented findings rely on state-of-the-art developments233

in nano-Raman techniques and in computational and algorithmic developments that allow,234

for the first time, the accurate description of localization of phononic properties at length235

scales relevant to experiment. Our findings shed light on the importance of changes in the236

local density of states in the fundamental properties of rTBG at angles small enough to237

support the formation of soliton domains, important not only as a basis to understanding238

many-body effects but also to the outstanding optical, mechanical, thermal, and electronic239

properties common to graphene-related systems, but unique here due to the localization240

in the special rBLG system. Future advances would require the rigorous evaluation of241

electron-phonon coupling matrix elements. Given the size of the systems considered here,242

these cannot be directly computed without further algorithmic and theoretical developments.243

It is likely they will pave the way towards an understanding of such effects as Jahn-Teller244

effects [11] or electronic Cooper-like pairing [12–14]. Experimentally, this achievement was245

only conceivable because of the new tear-and-stack TBG preparation method and the use of246

plasmon-tunable tip pyramids [22] for tip-enhanced Raman spectroscopy that, at this point,247

is limited to transparent substrates (see Methods). In general, this work provides an im-248

portant tool for the study of twistronics, with an extra degree of manipulation [16] of many249

quantum properties and exotic phenomena absent in pristine graphene, like ferromagnetism250

[38], anomalous quantum Hall effect [39] and large linear-in-temperature resistivity [40], and251

it may be useful for characterizing devices [15]. All these new aspects come with the ability,252
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presented here, to observe a crystallographic moiré pattern using visible light, and providing253

a full Raman spectrum for each image pixel.254

METHODS255

Theory256

Phonons are computed using a combination of second-generation REBO potential for257

intralayer interactions and the registry-dependent Kolmogorov–Crespi (KC) potential, in258

its local normal formulation for intralayer interactions as fully described in Ref. [6]. For259

rTBG, relaxation of the structure in an energy-minimum microstate is crucial for an accurate260

description of its properties, and here all atomic positions and lattice parameters of the261

considered structures are optimized until all force components are less than 10−3 eV/atom.262

The dynamical force constants at the zone center are computed using finite differences.263

While our method is able to investigate (and unfold) phonons in tBLG structures made of264

tens of thousands of atoms, we are not able to reach structures with twist angles smaller265

than θ ∼ 0.9◦, as the system size becomes prohibitively large in terms of diagonalization266

of the dynamical matrix, impinging affordable cost to computer memory, rather than CPU267

time.268

The electronic structure is computed by diagonalizing a tight-binding Hamiltonian based269

on the recursive Green’s function techniques that enables computing the real-space and mo-270

mentum dependent local density of electronic states LDOS(E,r,k) of rTBG with extremely271

small angles (i.e. large moiré superlattices). This efficient numerical technique allows to272

calculate both local and total DOS using the same data from the fully-relaxed structure273

utilized for phonon calculations, and to present the electronic structure of rTBG using274

real/momentum space maps. More details in the supplementary information.275

Optical setup276

The nano-Raman system is a combination of a micro-Raman and a scanning probe mi-277

croscopy setups in a TERS configuration, as described in [41], where the radially polarized278

light reaches the sample and the tip coming from an inverted optical microscope (thus limited279
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to transparent substrates [42]), tightly focused by an oil-immersion objective (1.4 numeri-280

cal aperture), and the back-scattered light is collected by a spectrometer equipped with a281

charged-couple device (CCD). The TERS tips utilized are monopole-based plasmon-tunable282

tip pyramids, with nanopyramid size of L = 470nm, which is resonant with the HeNe ex-283

citation laser (633 nm), generating an unusually high local enhancement, enough to surpass284

significantly the Raman signal coming from the considerably larger confocal illumination285

area [43]. This nano-antenna was produced as described in [22], with an apex diameter286

of 10 nm, as measured by scanning electron microscopy, generating a TERS resolution in287

the order of 20 nm, as observed in our data. The experiments are conducted in ambient288

conditions, with excitation laser power limited at 0.15 mW to avoid TERS tip burning and289

accumulation times limited at 0.5 s per spectrum to avoid too long hyperspectral TERS290

acquisitions.291

Sample preparation292

We prepared the rTBG samples by a new dry tear-and-stack method, using a Poly-293

dimethylsiloxane (PDMS) semi-pyramidal stamp covered with a polycarbonate (PC) sheet.294

The method is similar to the standard tear-and-stack [23], but here we use the PDMS stamp295

itself to tear a graphene flake in two pieces and stack them together, forming the rTBG ar-296

rangement. Next, we dry-transfer the rTBG from the stamp to a hexagonal boron nitride297

(hBN) flake, a flat substrate that is sufficiently decoupled from the sample [44], thus avoid-298

ing vibrational interference, reducing the surface roughness and improving the cleanliness299

of the sample. We do not heat the PC in this process to avoid contamination residues, we300

just make physical contact between the rTBG and hBN flakes, thus obtaining clean TBG301

without further sample annealing. See Fig. S1 for more details.302

Data analysis303

While the images in Figs. 1d,e were build directly from the spectral G′ band intensity and304

the G band linewidth, the AA and SP images in Figs. 2d,e relied on principal component305

analysis (PCA) due to the low signal-to-noise ratio observed for these weak features. PCA306

generated the representative features displayed in Figs. 2f,g, and each spectra of the corre-307
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sponding hyperspectral data was fit with a linear combination of the representative features.308

The fitted spectrum was confirmed to properly represent the feature signature by computing309

the Pearson’s correlation between the raw data and the fitted profile. The contribution plot310

in Figs. 2d,e are defined by the percentile values of these linear coefficients. Contribution in311

Figs.3c,d follow the same definition with respect to the spectral features in Figs.3a,b.312
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