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ABSTRACT:



Above a critical diameter, single or few-walled carbon nanotubes spontaneously collapse as
flattened carbon nanotubes. Raman spectra of isolated flattened and cylindrical carbon
nanotubes have been recorded. The collapsing provokes an intense and narrow D band,
despite the absence of any lattice disorder. The curvature change near the edge cavities
generates a change of hybridization that activates a D band, despite framework continuity.
Theoretical calculations based on Placzek approximation fully corroborate this experimental
finding. Usually used as a tool to quantify defect density in graphenic structures, the D band
cannot be used as such in the presence of graphene fold. This conclusion should serve as a
basis to revisit materials comprising structural distortion where poor carbon organization was
concluded on Raman basis. Our finding also emphasizes cultural differences in understanding
of a defect between chemists and physicists, a source of confusion for researchers working in

nanotechnologies.

TOC FIGURE

1300 1400 1500 1600 1700
Raman shift (cm™)

TOC comment: Flattening provokes an intense and narrow Raman D band in carbon

nanotubes.



Keywords: Raman spectroscopy — Collapsed carbon nanotubes — Defects — Raman D band -

Carbon nanotubes — Flattened carbon nanotubes

Raman spectroscopy is a sensitive technique particularly well adapted to characterise
carbon nanomaterials.' "> Notably, the so-called D band has been studied and used
extensively to characterise lattice defects in carbon materials, both qualitatively and
quantitatively.”* > However, a D band does not always account for topological defects and
can easily be misinterpreted.® Furthermore different visions of what a defect is between
physicists (any translational symmetry breaking) and chemists (topological view) can confuse
researchers working with nanomaterials. Unambiguous attribution of a D band is thus of
primary importance for generalization in the broad family of nanocarbons. Flattened carbon
nanotubes (FCNTs, scheme in Fig. 1d) can be considered as few-layer graphene nanoribbons
(GNRs) with continuity at the edges.'®?® They overcome the as-yet unsolved difficulty to
obtain scalable GNRs with atomically-smooth edges, critical for electronics.”' To date there

2223 and in these studies the

are very few reported Raman spectra of self-collapsed FCNTs,
objects were not identified as FCNTs but as GNRs. We report here the Raman signature of
clearly identified, individual self-collapsed FCNTs, together with quantum chemical Raman
spectra simulations of these large objects. Strikingly, the collapse provokes the appearance of
an intense and narrow D band, independent of the presence of topological defects. Therefore,
flattened carbon nanotube can be used as an ideal object to determine Raman cross section of
the D band over the G band. This unusual origin for a D band, which arises solely as a
signature of folding, should have wide repercussions for the field of graphene and related

materials regarding defect quantification, as well as in theory, since it can be used to calibrate

the relative D band intensity as a function of that of the G band.



RESULTS AND DISCUSSION

FCNTs were obtained by extracting nested tubes from multi wall carbon nanotubes
(MWCNTs). After opening their caps by thermal oxidation, MWCNTs were sonicated in
solution (see fig.S1 in ESI, experimental section). This previously reported process removes
inner tubes from the MWCNTs,** leaving large single- or few-walled nanotubes which are no
longer stable and self-collapse into FCNTs driven by interlayer attractive interaction. Single
wall carbon nanotubes spontancously self-collapse for diameters above 5.1 nm.”?® The
resultant solution contains both MWCNTs (blue arrows Fig. 1a) and FCNTs (orange arrows
Fig. 1a) as shown in the TEM image. Most MWCNTs exhibit inner cavity diameters below
3.5 nm and several graphene layers (8 to 30 tubes), typical of the parent MWCNTSs. These
tubes are either not opened or have only undergone partial extraction. In contrast, FCNTs
possess large width (>5nm) and very few graphene layers. Such objects are not observed in
the untreated MWCNT sample. Notably one object (red arrow Fig. la) has both a non-
collapsed (right) and collapsed part (left). The external diameters for both sides ( ~ 5 nm and
~ 7 nm) are consistent with collapsing (width = © x diameter /2, inset Fig. 1a) rather than an
unzipping process (width = m x diameter), initially proposed by Jiao et. al.** and later
contested by Choi (see also ESI Theoretical section and Fig.S16).>* The transversal scheme of
a FCNT in Fig. 1d shows they consist of two longitudinal cavities, linked by a central flat
region composed of multi-layer graphene. These two cavities in the atomic force microscopy
(AFM) height profile Fig. 1d unambiguously confirm the flattened character of the object
shown in AFM height (Fig. 1b) and phase (Fig. 1c¢) imaging. The cavities are also visible as
contrast in the AFM images. We attribute the phase contrast to the change of local strain
imposed by the longitudinal cavities and the concomitant rolling of the graphene sheet onto
itself. The asymmetric cross-section with raised edge cavities is also visible with scanning

electron microscopy (SEM, Fig. 1e and S9, ESI).
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Figure 1 a) TEM image showing MWCNTs (blue arrows) and FCNTs (orange arrows). The
inset shows the collapse from a MWCNT (right) to a FCNT (left), indicated by a red arrow
(middle image is an AIREBO potential optimized atomic structure, top the corresponding
TEM simulation). b,c) AFM image of a FCNT deposited on a substrate (silicon wafer with
300 nm SiO2 layer) in (b) height and (c) phase. d) AFM Height profile along blue line in b
and scheme of a FCNT. e) SEM image of a FCNT on a silicon wafer (primary electrons 1 kV

acceleration voltage, no conductive coating, see also ESI and Fig. S9)

Figure 2a shows an AFM image in the vicinity of the FCNT shown in Fig 1b-c, revealing
five additional elongated objects. By carefully superposing a spatial map of Raman G-peak
intensity onto this AFM image, each object can be unambiguously assigned a Raman
spectrum (see ESI Fig. S2 to S5). Fig. 2b shows the corresponding Raman spectra. Three
MWCNTs and two further FCNTs were identified. It is possible to attribute the flattened
(FCNT) or cylindrical (CNT) character of each object from their height in the topological

AFM image. These values are based on the mean of 6 self-consistent line profiles for each
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object. The two species are clearly distinct: FCNTs 1, 2 and 3 have heights below 3 nm,

whereas CNTs 1, 2 and 3 have heights above 5.8 nm (see inset in Fig2a).
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Figure 2 a) AFM height image of 3 flattened (FCNT) and 3 cylindrical (CNT) nanotubes.
Inset: their respective height H (nm). All values are obtained from the same image, i.e.
recorded with a single tip. b) Corresponding Raman spectra normalized over the G peak
(around 1580 cm™), recorded at 514 nm (2.41 eV) with incident polarisation parallel to the

principal axis of FCNT1.

From this attribution, Figure 2b allows direct comparison of the Raman signal for CNTs
and FCNTs. The spectra are composed of G (= 1580 cm'l) and 2D (= 2700 cm'l) peaks,
typical of sp2 carbon® and D (= 1350 cm™) and D’ (= 1620 cm™) peaks, commonly attributed
to structural defects.”'? The attribution as a D band to the peak at ~1350 cm™ for FCNTSs is
based on its highly dispersive character (see ESI, Fig.S11 in D band dispersion section); ~60
eV/em™ is typical for double resonance processes in other graphitic materials.”” The Raman
spectrum of the parent MWCNT powder taken at 532 nm (2.33 eV, Fig. S8) closely resembles
the spectra of CNT1 to CNT3. The spectra of FCNTs and CNTs are strikingly different; of
particular note is the presence of a strong D peak in the case of FCNTs, absent or quasi-absent
for CNTs (Fig. 2b). A second difference is the presence for FCNTs and absence for CNTs of a

D’ band. Finally, FCNTs show a 2D band typical of few uncorrelated graphene layers
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(intense, narrow with FWHM below 36 cm™, and of single Lorentzian shape), whereas for
CNTs the 2D band has much lower relative intensity, and is broader (FWHM above 45 em’™,
see fits in ESI Fig.S10 and Table S1) with a complex shape. The FWHM and A(2D)/A(G) are
given in Table S2. Finally, contrary to CNTs and as expected,”® FCNTs do not show any
antenna effect, i.e. the global Raman intensity is not influenced by the relative orientation
between the object axis and the light polarization (see the depolarization effect in ESI, Fig.
S12 to S15 in polarization dependency measurement section and Fig. S6).

To activate a D (and D’) band, the excited electron should be elastically backscattered
by an inhomogeneity in the electronic potential.>'' Since local structural and chemical defects
necessarily break the symmetry, the D/G peak relative intensity is commonly used to estimate
defect types and density, hence the degree of functionalization of a carbon material.>'*>""> For
GNRs especially, D band intensity has been used as a basis to discuss edge quality and
orientation (armchair/zig-zag).>'*""*****° Our CNTs and FCNTs come from exactly the same
solution, having undergone identical physical and chemical treatments, and so their defect
density is expected to be similar. Since the MWCNTs exhibit no D band, this means that the
sharp and intense FCNT D band is not due to local structural defects. Instead, we assign it to
the presence of lateral edge cavities, as demonstrated below.

Incident polarisation dependency measurements (see Fig. 3a and ESI) show that the D
band intensity is highest when the light polarization is parallel to the cavities and minimal
when the polarization is orthogonal. This peanut shape dependency on polarisation (Fig. 3a,
S13c¢ & S14c) is fully consistent with a D band originating from a iTO phonon, activated by
the cavities parallel to the tube axis. In fact, when the light polarisation and the cavities are
parallel, the iTO phonon allows the electron to travel orthogonally to the cavity. The electron

then arrives with a normal incidence compared to the cavity allowing backscattering. On the



contrary, when the light polarization is orthogonal to the cavity the electron is scattered (by
the phonon) in a direction parallel to the cavity and may never reach it.

This model is further supported by the narrow bandwidths seen for FCNTs (~ 18 cm™,
Table S2), which demonstrates there are only few, randomly distributed defects, i.e. the
electronic band structure is preserved. Edge curvature does not create electronic levels nor
charge localisation around the Fermi level."” Instead the electron (or hole) is scattered by an
1TO phonon and backscattered by the localised curvature before photon emission by electron-
hole recombination. There are multiple scattering mechanisms possible associated with the
edge of a collapsed nanotube. These include (i) direction change of the electron wave packet,
as it moves around the curved edge from the top to bottom dogbone surface, resulting in an
inversion of the k-vector and a switch of associated k-space valley, (ii) local change in
curvature at the interface between the flat central region and the start of the edge. This
involves a small out-of-plane rehybridisation of the carbon atoms, which can act as an
electrostatic potential scattering barrier (Figure 3b-d), (iii) the change from bilayer to two
fully decoupled separated layers as the folded edge is approached breaks the symmetry and
acts as a scattering barrier, particularly in the situation where the electron wave packet in the
central region is distributed across both top and bottom layers. In practise all these
mechanisms may be acting in parallel and it is difficult to distinguish between them. They are
all manifestations of the same underlying structural change, namely localisation of curvature
at the edge of the collapsed carbon nanotube. The D-band peak is narrow (full width half
maximum of only ~18 cm™) compared to a more conventional defect-driven D-band. This is
both because of the lack of disorder in the sample (as demonstrated by the absence of D-band
in the cylindrical tubes in the sample), and in particular, because the folded edge structure is
highly uniform with no roughness along the length of the FCNT. Among the ten thousand or

more Raman articles on carbon materials, to the best of our knowledge, there is only one



phenomenological report of a D band related to folding, and that without physical
interpretation.’’ That experimental evidence actually confirms our finding. This work thus
appears as an extension of graphene edges. However, in FCNTs, there is no a priori limit, the
graphene sheet being continuous everywhere, contrary to graphene edges where the
termination of the structure is a physical limit to any propagation.

The central zone of a FCNT is a twisted bi-layer, which could be associated to phonon
activation and needs to be considered in addition to the activation associated with the two
edge cavities. In the case of twisted graphene bi-layers, additional features are visible, due to
intralayer and interlayer electron—phonon interactions.'> However, as the signal for FCNTS
never presents features associated to intralayer and interlayer electron—phonon interactions,
neither here nor in a previous report where they were erroneously identified as GNRs**(vide
infra) we believe that the lateral size of FCNTS is not large enough to give an observable
Raman signal contrary to twisted bi-layer graphenes. Furthermore, as the D band observed for
FCNTs is dispersive and no other band is observed, the Raman spectrum is dominated by both
the classical G band and the D band activated by the localisation of the curvature at the edge.

While an isolated CNT has a homogeneous electronic potential, and thus no elastic
backscattering is possible, in FCNTs the situation is different. Figure 3 shows the density
functional theory (DFT) optimised curvature of a FCNT, free-standing (c) and interacting
with a surface (d). Tube curvature is pronounced at the edge (black arrows) and between the
flat zones (red arrows), where the atomic orbitals distort causing partial sp2-sp3
rehybridisation.?” The associated change in electronic potential corresponds to a barrier which
is associated with a reflection coefficient. Thus, the electron (or hole) can be elastically
backscattered, inducing a structural defect-free D band. Conservation rules must be respected

which implies that the D band is activated for an armchair fold (zig-zag tube) and not for a



zigzag fold (armchair tube, vide infra). The same occurs with GNRs where the edge structure
determines the presence or not of a D band.'”

We can now estimate the C, factor, which represents the effect on Ip/Ig, of the area able to
activate a D band at the periphery of a point defect, but without being part of the structurally
disordered zone. When considering only the peripheric area, Ca is defined as the
proportionality factor linking Ip/Ig with the total fraction of this area. "> To evaluate the
fraction of the object able to activate a D band, a width W of ca 30 nm for FCNTI1 is
considered (see AFM profile Fig.1d) and an activation of the D band up to r,= 3 nm on each
side of the line of curvature change (value from ref.'®). Thus, we have Ip/Ig= C,*(4r,/W), i..
C, = 5.5. for FCNTI1 (Ip/Ig= 2.2), giving an estimate for the three FCNTs (Ca~9 for FCNT3,
probably due to quasi-zigzag (optimal) nanotube). These values are larger than the value
obtained for a point defect (4.2 in ref.') showing that the whole intensity for the D band
measured for FCNTs is explained by the two lateral cavities generating a zone that activates a
D band, and is exempt of any structural disorder. This definitely validates the interpretation of
the D band as activated by localization of curvature at the edge.. A more sophisticated
analysis'® shows that a line defect approach leads to a lower D-band intensity, proving that D-
band activation in FCNTs is beyond all known systems. Thus, FCNT are perfect candidates to
measure the C, factor, a key parameter in the field, to merge calculations mixing third and

fourth order of the perturbation theory approaches.
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Figure 3 a) D band intensity vs incident polarization for FCNT1 (no analyzer was used for the

scattered light), normalized by the experimental TO peak area of the silicon substrate (100)
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and compensated for the theoretical polarization dependence of the TO peak area of the
silicon substrate, to account for the different polarization dependency of the substrate and the
objects (see ESI). The incident light polarization was kept fixed along the 90°-270° axis while
the object was rotated of an angle 0 (details in ESI). Thus the angle 6=0 correspond to a
situation where FCNT1 was orthogonal to the light polarization and 6=90 correspond to a
situation where FCNT1 was parallel to the light polarization. A similar dependency has been
obtained for FCNT2 (Fig. S14). b) Schematic of a zig-zag FCNT showing the armchair line of
hybridization change. Curvature of a FCNT c) Free standing, d) On a substrate. The color

scales according to the local curvature.

Nanocarbon Raman spectra are commonly simulated using perturbation theory, which
allows for an accurate description of resonant scattering processes.” This method, however,
requires the evaluation of electron-phonon matrix elements over the entire Brillouin zone,
which is computationally too demanding for large systems with hundreds of atoms, as is the
case for FCNTs. Here we use the Placzek approximation instead, based on the evaluation of
the dielectric function derivative with respect to phonon eigendisplacements. The method has
successfully described the Raman spectra of narrow graphene nanoribbons.’**> DFT
calculations are used to obtain phonon frequencies and eigenvectors at the gamma point of the
one-dimensional Brillouin zone of the FCNT. We then displaced the equilibrium geometry of
the FCNT along the eigenvectors of each phonon mode and evaluated the corresponding
frequency-dependent dielectric function. The derivatives of the dielectric function with
respect to the eigendisplacements were then used to obtain the Raman tensors for different
excitation wavelengths (details in ESI Computational method section). The resulting spectra
were obtained by averaging the polarizations of incident and scattered light in the plane of the

FCNTs and applying a Lorentzian broadening of the peaks. The method successfully predicts
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D band free spectra for cylindrical SWCNTs, as well as the appearance of a broad D band

upon introduction of a point defect (ESI Theoretical section and Fig.S17).

We recall that CNT type (zig-zag, armchair, chiral) refers to the arrangement of
carbon atoms around the tube circumference, while GNR notation refers instead to the atom
arrangement along their length. For FCNTs, we follow the nanotube notation and hence, for
example, a (70,0) zig-zag FCNT has carbon atoms in zigzag orientation around its
circumference and armchair orientation along its length (Fig 3b). Tangential shear allows the
interlayer stacking of a collapsed tube to vary. In our calculations, the lowest energy
interlayer stacking was considered (AB’ for the (70,0)), although interlayer stacking was
varied (see Fig. S17) and does not qualitatively change the results and conclusions.

The calculated Raman spectrum for a flattened (70,0) nanotube at 2.3 eV excitation energy
(538 nm) is shown in Figure 4, with eigendisplacements associated with key peaks below it.
The spectrum shows two main peaks at 1371 and 1564 cm™. The eigendisplacement
corresponding to the 1371 cm™ peak exhibits “breathing” of individual hexagons, resembling
the phonon shape common for the graphene-iTO branch near the K-point of the hexagonal
Brillouin zone. These phonons are known to participate in the defect-induced D band of
graphene.36 Note that the same calculation on the same, unflattened, 70,0 tube shows no D
band (Fig 4, top). The cavities break the lattice symmetry as described above and couple
these phonons to the electronic structure, resulting in a modulation of the dielectric function.
The slight frequency overestimation of this peak vs the experimental value of 1352 cm’
(Table S1) is attributed to the known DFT overestimation for iTO phonons near the K-
point.’**” The higher frequency peaks at ~1564 cm™ and ~1568 cm™ are associated with two
phases of a C-C bond stretching mode polarized along the collapsed nanotube periodic axis.

These resemble strongly the iTO graphene branch at the I'-point, and are interpreted as the G
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band. A smaller peak at 1603 cm™ arises from a mode whose intensity modulates around the
circumference of the collapsed nanotube. Its transversal displacements resemble the iLO
graphene branch at the I'-point, which coupled with its high frequency value allows
attribution of this peak to the D’ band of defective graphene (activated by cavities in the case

of FCNTSs).
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Figure 4 (Top) Calculated Raman spectrum of a zig-zag (70,0) carbon nanotube, either
cylindrical or flattened with AB' stacking at 2.3 eV excitation energy (538 nm) (incident and
scattered light polarization are averaged in the FCNT plane). (insert) cross-section of the
structure for the flattened (70,0) (Below) Eigendisplacements of the strongest vibrations
contributing to the Raman peak for the flattened (70,0). Each is labeled with its corresponding
frequency and non-zero Raman tensor components in the flattened tube plane. Only the top-

half and front-face of the tube is shown for clarity.
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The Raman spectrum of a chiral FCNT (40,10) has also been computed (its width is
smaller than the (70,0) to limit the number of atoms, since chiral tubes have longer unit cells
along their axes). The same qualitative result was obtained, i.e. the appearance of a D band at
1352 cm™ (2.5 eV excitation energy). As for the zig-zag FCNT, if restored to a circular cross-
section the D band disappears. Furthermore, calculations for an armchair (50,50) nanotube at
2.3 eV excitation energy (538 nm) show an absence of peaks in the D band region, as
expected on the basis of backscattering geometry by the wave vector of this specific edge'®
(vide supra) and as observed in the case of GNRs.

The interpretation of the D band origin for FCNTs presented here differs from that proposed
in the literature for the same objects. Objects produced by sonication of arc-discharge
MWCNTs in solution”*** were initially identified, instead of FCNTs, as GNRs that would
have been produced via an unzipping process of the parent MWCNTs. The straight parallel
lines showing dark contrast in HRTEM were proposed to be bending edges rather than FCNT
lateral cavities. The small D/G intensity ratio (~0,5) first measured was used as an argument
to prove the high quality of the GNR edges. Subsequent Raman characterisation of the objects
showed a dependence of D band intensity with light polarization orientation relative to the
object, with D/G intensity ratio sometimes up to almost 10.% This is consistent with our data
but was attributed to D band behaviour of GNR edges instead of curvature. Tube extraction
rather than unzipping, giving FCNTs instead of GNRs was later proposed and experimentally
confirmed by Choi et al.** Our interpretation assigning the strong and sharp D band to FCNT
cavities actually clear the apparent contradiction of a high D/G intensity ratio despite the good
quality of objects and also matches the observation of a D band associated to a graphene fold

by Gupta et al.”!

CONCLUSIONS
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The close correlation between Raman spectroscopy and AFM employed here serves to
unambiguously identify Raman spectra of isolated flattened nanotubes. MWCNTSs in the
vicinity can be directly compared with the FCNTs. Knowing that the two families of objects
have a comparable defect density confirms that the very intense and narrow D band observed
in FCNT spectra does not come from structural defects but is, at least, activated by a line of
curvature-induced hybridisation change along the two edge cavities. This activation is
actually expected since this line behaves as a translational symmetry breaker between the flat
and the cavity region. DFT calculations coupled with the Placzek approximation support this
observation of a chemical defect free D band in FCNTs, reproducing the activation of phonon
modes. This assignment is of great importance since D band intensity is commonly employed
to quantify the amount of structural defects in carbon materials in general. We show here that
in FCNTs, the D band is an inherent property of the FCNT geometry and not the consequence
of a defective region. This folding-induced D band should be a general result, also valid for
single folds in graphene’’ and buckling in annealed nuclear graphites,”® reconstructed folded
edges in carbon stacked platelet nanofibers,” platelet carbon nanofibers,” graphene
nanoribbons,*' hexagonal pyramidal hillocks,** cone-shaped graphenic whiskers," graphenic

polyhedral crystals***

and elsewhere where symmetry in the carbon lattice is broken through
a change in curvature. Reports describing graphenic materials where a D band is associated
with poorly organised carbon or quantifying the amount of graphenic materials using Ip/Ig,
might be revisited, particularly in cases of structural distortion such as those indicated above,
induced by mechanical exfoliation, high-pressure measurements and high-temperature

annealed materials. Finally, FCNTSs represent a unique system to study the Raman of disorder

activation without actual disorder being present.

METHODS
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Experimental: After cap removal by thermal oxidation (580 °C, up to 72 % weight loss,
14475 Pa oxygen partial pressure), 5 mg of MWCNTs (Arc discharge synthesis,
MerCorporation) have been tip sonicated for 1 hour in 15 ml of 1 %(w/v) aqueous solution of
sodium cholate A drop of the diluted solution (1 to 4) have been deposited on a silicon surface
coated with 300 nm silicon oxide. After rinsing with pure water, the surface was examined by
AFM (Tapping mode, Bioscope Resolve Bruker), and a zone of interest was localized.
Successive Raman mappings at selected wavelengths allows to find precisely the zone of
interest and attribute a Raman spectrum to isolated objects. The perfect matching between the
AFM height images and the Raman mapping is shown in ESI. For polarized measurements,
the surface has been placed on a homemade turntable (see Fig. S6 ESI) and Raman mappings
recorded every 10° rotation to unambiguously assign spectra to the objects, while the linear
laser polarization was kept fixed. No analyzer was used. More precise experimental details are
available in ESI.

Atomistic Simulations: All DFT computations are performed with the software package

AIMPRO.**" The exchange-correlation functional is treated by the generalized gradient
approximation (GGA) parametrized by Perdew, Burke, and Ernzerholf (PBE) formalism.*
Van der Waals are added by DFT-D2 scheme.” Hexagonal unit cells are used to contain
circular nanotubes and orthorhombic cells for flattened carbon nanotubes, adopting periodic
boundary conditions. A primitive cell is used for the zigzag case, the supercell is doubled
along the periodic axis for the armchair tube. Both nanotube geometry and axial lattice vector
were allowed to fully relax with no symmetry constraints. Reciprocal space is sampled by a
4x1x1 grid mesh using the Monkhorst-Pack formalism.™ Cell sizes are large enough (e.g. at
least 20 A for nanotubes) to avoid interaction with periodic replicas.

The flattened zigzag (70,0) tube is 7.96 nm wide, the armchair (50,50) 10.21 nm. These are

less than the experimental samples (~30 nm), but above the 7.65 nm width threshold where
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collapse is thermodynamically favourable. Interlayer stacking in the central flattened section
is set to the lowest energy cases imposed by the tube chirality, i.e. AB-stacking for the (50,50)
armchair tube and AB’-stacking for the (70,0) zigzag tube.

Vibrational frequencies are determined by calculating energy and forces for £0.106 A
atomic displacements. Phonon calculations use the second derivative of the energy with
respect to atomic positions, using a finite difference scheme of the derivative from the
calculated forces. The first derivative of the real and imaginary part of the dielectric function
are calculated under the dipole approximation. Dielectric functions require an extremely high
level of precision, and for this reason we used a dense 360x1x1 k-point grid with an electronic
convergence criterion of 1 x 10" Ha. Raman intensity calculations are then performed within

51,52

the Placzek approximation.” >~ Full details are available in Supporting Information.
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