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Abstract
Double-walled carbon nanotubes (DWNTSs), often rdgdras the simplest one-dimensional
(1D) van der Waals moiré superlattices, are thalidgéructures to explore the interlayer

coupling, including mechanical and electronicalmlg, at the nanoscale in 1D systems. By



combining spatial modulation spectroscopy (SMS) aesbnant Raman scattering (RRS)
experiments on well-identified individual free-stiimg DWNTSs with the calculations of their
optical absorption by using the recursion methothwion-orthogonal tight-binding (NTB)
basis functions, we are able to unambiguously astfig nature, namely mirror transition or
cross transition, of each optical transitions in BY. Our study identifies and allows to
determine the conditions of the mixing of the alewic states leading to the appearance of cross
transitions in the optical absorption of DWNTSs, beg of the so-called Koshino’s criteria
previously derived. On the other hand, the stgkaehavior of the resonant excitation profile
(REP) of the Raman active modes around the crassition reveals the strong sensitivity of
the modes intensity on the electronic interlayerptimg in DWNTSs, emphasizing the relevance

of Raman spectroscopy for studying the electronttrmechanical coupling at the nanoscale.

1. Introduction

When repetitive structure are overlaid againshesher a new superimposed moiré
pattern emerges. In layered two-dimensional (2D) dar Waals-coupled heterostructures,
engineering of the electronic band structure thihotige formation of moiré superlattice can
lead to significant alternation of the electronimperties of such nanostructures.This is
exemplified in twisted bilayer graphene (t-BLG) wdea weak van der Waals interlayer
coupling between 2D layers alters the electromiacstire of each layer and induces van Hove
singularities (VHS) in the electronic density ddtsts of t-BLG, the position of VHs depending
on the twist angle between the layers (see [Refand references therein).

Double-walled carbon nanotubes (DWNTSs) are ofesgarded as the simplest one-
dimensional (1D) van der Waals moiré superlattibesg the ideal structures to explore the

interlayer coupling at the nanoscale in 1D systéhid. DWNTs possess a unique two-layer



coaxial structure consisting of two nested singddled carbon nanotubes (SWNTSs) bound
together by weak van der Waals interactions. IndBedelectronic, mechanical, optical and
vibrational properties of DWNTs are not only intied from their SWNTSs building blocks but

also result from interlayer interactiof21].

DWNTSs are uniquely defined by the chiral indicasn§) and €o,mo) of their inner
and outer SWNTSs (or “layers”), respectively aneéaftard they are denoted asrfi) @ (ho,No).
Structurally speaking, the majority of DWNTs areammensurate (a DWNT structure is
commensurate if the two constituents SWNTs havenanton periodicity along its axis and
such a situation is very exceptional). The incomsoeability together with the curved
geometry and structural diversity of DWNTs resuit interesting electronic and optical
properties offering opportunities for the developtnef application$22-26].

Studying the carbon nanotubes at an individualleenstitutes the best approach to
correlate their structural characteristics to tiphiysical properties. This assertion is even more
relevant for DWNTSs. Indeed, even mild ultrasonioatithe method almost always used to
disperse DWNTSs from powders to obtain individualinanotubes suspensions, has been found
to easily extract the inner SWNTSs from outgys-29]. Such samples are consequently actually
constituted, at best, of a mix of SWNTs and DWNTIsis now widely accepted fact severely
complicates DWNTSs spectroscopic studies and evestmns the interpretations of the results
obtained on such “DWNTSs” suspensions. During th&t pacade, several spectroscopy-based
methods have been developed to probe the electeordcoptical properties of identified
SWNTs at the single nanotube level, such as Rdyletgtterind30-34], resonant excitation
profile (REP) of Raman active modgi], photoluminescenc@6-37], and absorption-based
techniques35,37-44] More recently, such approaches have been usegbtore the properties
of individual well-identified DWNTSs. It was expergntally established that electroftic9,17]

and vibrational4,6,7,10,12,15,16properties differ from those of their constituSWNTSs due



to interlayer coupling effects. Concerning the &lmuc and optical properties a pioneer work
[9] has put in evidence a one-to-one correspondenweebe the optical transitions of the
DWNTs and those from the constituents SWNTSs, baittansition energies are always shifted
varying from a redshift of about 190 meV to a bhi#of 50 meV in different incommensurate
DWNT species. These results were understood agdhe hybridizing of the electronic states
of the inner and outer nanotubes, and the resuttinglity-dependent interlayer coupling was
described in the framework of an one-dimensionakzimlding of the electronic structure of
twisted and stretched graphene bilay8is An alternative approach, overlapping in part that
of the Ref.[9], showed that, dependent on the DWNT structuragm@ifeant alteration of
electronic bands can occur and the resulting dpgjpactrum can be far from a simple sum of
the SWNT spectrdall]. Drastic changes of the electronic bands are pesdliethen two
conditions are fulfilled (the so-called Koshinotsteria): (i) either the chiral vectors directions
for the inner and outer SWNTSs are close to eachrahd (ii) the chiral vectors difference is
parallel either to the armchair direction for theecalled strong-coupling regime, or to the
zigzag direction for the so-called flatband or lagad insulating regimgL1]. Outside of these
criteria, it is expected that the interaction betwéhe walls should be very weldk ,20]. It was
also noted that the intertube distance plays adleyi.e. the shorter the distance, the stronger
the interactiong3,11,20] Recently,a drastic change of the optical transition spectiom
(12,11)@(17,16) DWNT was experimentally obserié&d and explained as resultingsifong
interlayer coupling effects as expected from Koslsrcriteria in this peculiar DWNT formed
by two-nearly armchair SWNTELO]. More recently, a linear relation between the agiti
transition energy and frequency shifts of the inmée RBLM has been established within the
same theoretical background and verified experialgnon DWNTs suspensions on]$0].
Nonetheless, it has been found that the photolusnaree of inner tubes was quenched by 4

orders of magnitude for “weakly interacting” DWNpsinting out an efficient energy transfer



from inner to outer layer even in such cagkg. Furthermore, two theoretical works have
revisited the effects of the interlayer couplingtbe optical spectra of DWNTSs. In a first study,
using the tight-binding approximation, the authdesnonstrate that in specific DWNTs the
interlayer coupling can slightly modify the electio band structure of pristine nanotubes in
such a way that unconventional inter-tube electrdransitions become possible creating
additional peaks in the DWNT optical spectrlii]. In a second study, the optical absorption
of DWNTs was calculated using the recursion methaith non-orthogonal tight-binding
(NTB) basis functiong/19]. The recursion method is used with ab-initio dedivNTB
parameters, which yields realistic prediction o€ thptical transitions of layered carbon
structures and permits addressing their physidglrorCalculations reveal that the interlayer
interaction can give rise to major changes of tleeteonic structure. This theoretical work
extends the previous ones by identifying the caowkt and effects of the mixing of the
electronic states on the optical response of DWNTSs:

(i) Strong mixing of the electronic states can @atthe two non-interacting layers have close
optical transitions. In this case, major changethefelectronic structure can be observed and
result in strong modifications of the optical algmn spectrum. In fact, energy shifts of
“mirror” optical transitionsj.e. the transitions between mirror spikes of the dgnsh states
(DOS) of the DWNT (it can be recalled that in SWNMNsgror transitions are the only ones
optically allowed for incident light polarizatiorapallel to the nanotube main axis according to
the selection rules) and, more strikingly, the @ppece of strong absorption due to “cross-
band” optical transitiond.g., between non-mirror spikes of the DO®)e presence of a cross
transition is associated to the concomitant vangsloif absorption of mirror transitiof$9];

(i) Significant mixing of the electronic statesnche expected even for a relatively large
difference of the transition energies of the namsiacting layers, resulting in absorption peaks

of the cross transitions comparable to those ofrtineor oneg19]. In this case, the model states



that a cross transition arises when spikes of @& ave non-negligible contribution from
both layers which can be interpreted as a sigmfioaixing of their electronic stat¢$9].
Clearly, the latter approa¢h9] is very appropriate for understanding the expemiisdeoptical
spectra of any DWNTSs regardless of their structure.

In the present work, the optical transitions ob twdex-identified individual DWNTSs
have been studied in detail by combining spatiatimt&tion spectroscopy (SMS), resonant
Raman scattering (RRS) and electron diffraction)(EBe Table 1. Although both DWNTSs are
expected to be weakly interacting according to Kusk geometrical criteria, shifts (vs.
SWNTSs) of the optical transitions as large as 1%Vnare evidenced and a new optical
transition absent in the constituting SWNTSs is obsé. The experimental results are explained
in the framework of calculations developed recefit§. In particular, the new transition is
attributed to a cross transition and its impactlm resonant behavior of the RBLM and G-

modes is addressed experimentally.

2. Experimental methods

The experimental data recorded on carbon nanotirbgading those derived from
optical absorption, Raman spectroscopy, photolustieiece, and Rayleigh scattering,
drastically depend on the purity and environmeintairactions in the carbon nanotube samples
under investigation41,45] So, performing experiments on individual envir@mtfree
DWNTs is the most direct and unambiguous route éasure their intrinsic properties. In this
aim ultra-long individual DWNTs were grown by thatalytic chemical vapor deposition
(CCVD) method directly across home-made slits faidad by wet-etching of a SiSi
substrate$46].

Direct measurements of the absolute absorptiossesection spectra of freely

suspended DWNTs were carried out via spatial maodulaspectroscopy technique



[41,44,47,48] This technique modulates the position of a singleotube located under a
tightly focused polarized laser beam and synchrsiyadetects the induced modulation of the
transmitted or reflected light power. Using a comaion of different laser systems, a
femtosecond Ti:Sapphire laser either pumping aicapparametric amplifier or generating
second harmonics in a non-linear crystal, we meastire nanotubes absorption response over
a large spectral range in the visible and neaaieft (390-950 nm or 1.3-3.2 eV) (for details
about the experimental procedure see Ri&f]).

The resonant Raman scattering measurements wei@mped on a home-made
micro-Raman set-up fitted with an iIHR550 spectrané¢Horiba JY), equipped with a LN
cooled Si CCD detector, using a wide variety ofition wavelengths by using DPSS Laser
Diodes, Ar+, Kr+, He-Ne lasers and continuous fmare and dye lasers. The scattered light
was collected through a 100X objective (NA = 0.85)ng a backscattering configuration. In
all the measurements, both incident and scattegéd polarizations are along the nanotube
axis. In order to avoid heatinffects, the laser power impinging the sample was-k&@OuW.
Raman spectroscopy gives unique information ofieiiiires of the radial breathing-like modes
(RBLMs) and G-modes in DWNTSs; especially the RERa@th mode gives information about
its main origin: inner or outer tubes vibrationadgermits to evidence and to quantify the
coupling between the laye$,6,10,15,16,49]

High-resolution transmission electron microscopd®RTEM) images and electron
diffraction patterns were recorded in an aberratimmected FEI Titan microscope operating at
80 kV and within short acquisition times (less tfanfor ED) to reduce damage induced by
electron difraction [50-52]. Comparison between simulated and experimental Bierpa
allow for unambiguous identification of the chicdlnanotubes, (see Fig. S1).

All spatial modulation spectroscopy, resonant Ransagattering, and electron

diffraction measurements were performed on the sarsgended DWNTS, therefore providing



a unigue combination of methods to investigate dipéical, electronic, and vibrational

properties of individual index-identified DWNTSs.

3. Theoretical background

Most of the DWNTSs, including the ones studied hecensist of layers of
incommensurate periodicity, which rules out theediiruse of band-structure computer codes
for periodic or finite-size systems. The periodi@f the layers can still be used by considering
the interlayer interaction as a perturbation, wlattbws for estimation of the shift of the optical
transitions[17,18] but not for the prediction of additional transiteorThe latter problem has
been tackled successfully by the application ofrdwairsion methofb3] with the NTB model
[54] in a recent stud§19], and this computational approach is adopted here.NTB model
utilizes parameters for the Hamiltonian and therlayematrix elements between s, px, py, and
pz atomic orbitals of carbon, derived in ab-ingtadies for the intralayer interactiofi]| and
the interlayer interactiong®6]. The recursion method is implemented here to tatleithe
electronic density of states (DOS) and absorptaeifcient of the DWNTSs. In the former case,
a 200 nm long piece of a DWNT with over 300,000vatoorbitals, as well as 5,000 recursion
iterations, are used for obtaining the optical¢rons with an accuracy of 0.01 eV, comparable
to the experimental error. In the latter case, allempiece of a DWNT of the length of 40 nm
with over 60,000 orbitals, as well as 1,000 reaursterations, are found sufficient for the
prediction of new optical transitions. Similar aakttions are performed for the separate layers
of the DWNTSs in order to derive the DOS and absorptoefficient for non-interacting layers.
The comparison of the DOS for interacting and naefacting layers yields the shift of the

optical transitions, as well as the energy of théittonal optical transitions, identified from the



corresponding spectra of the absorption coefficigat details about the computational

approach, see Rdfl9])

4. Resultsand discussion
In this work, we are mainly interested in evidentée consequence of the interlayer
interaction on the absorption. In this aim, we o the comparison between experimental
and calculated absorption spectra of two specifWNO's: the (16,12)@(27,10) and the
(10,9)@(18,11).Table 1summarizes the structural information for these ®WNTs and
Figure Sldisplays their electronic diffraction patterns. @e other hand, in relation to the
absorption results, the analysis of the REPs oRBeMs and G-modes permits addressing the

impact of the interlayer coupling on the Ramanrnstges.

4.1 Absorption spectrum of (16,12)@(27,10) DWNT

The experimental absolute absorption spectrurh@fil@)@(27,10) DWNT measured
in the 1.35-3 eV energy range for incident lightapized along the nanotube axis is displayed
in Figure 1&black dots). The experimental spectrum is compoa$édo main distinct features
as identified previously in the absorption speatfaSWNTs [41], namely: well-defined
resonant absorption peaks and a non-resonant gosiant absorption background. Each
absorption peak ifrig. 1lais well reproduced by a Voigt profile being the eolution of an
excitonic line, assumed to exhibit a Lorentzianpghand the Gaussian spectral profile of the
incident laser beam (grey line ing. 19. In addition to these peaks, side-features a@egnt
in the spectrum (vertical arrows liig. 19 and assigned as phonon side-bands (se€/Reéf.
and references therein). The result of the fit wags the main absorption features except around

1.9-2.0 eV. However, according to Raman excitapoufiles (see ref. [49] anHig. S), the



small feature around 1.98 eV is not associatedh topdical transition and its origin remains an
open question. Nevertheless, the overall goodffthe experimental data using the method
detailed in Ref[41] demonstrates the excitonic nature of absorptiarsiti@ns of this DWNT.
Six well-defined resonant peaks are observed dt 1.67, 1.81, 2.15, 2.44, and 2.76 eV. Their
absolute absorption cross-secti6ffi() were evaluated as 0.62, 0.51, 0.31, 0.15, ORt9al9
nn?/nm respectively {able 9. The absorption cross-section of the absorptiackground
(Cibs) was evaluated at 0.15 nm2/nm (maximum deviationthe absorption measurements are

+0.025 nm?/nm) (for details about the evaluatiothefabsorption cross-section, see Ref]).

The total absorption is defined &, = C5&

e T Cips, expressed as an absorption cross-section

per unit of length of the nanotub€,fs;) or in units of cm per carbon atomC,,sc =
Cabs 1 (din + dout), Whereac is the radius of the equivalent surface occupigé lzarbon
atom in the crystalline lattice.

The Raman spectra of the (16,12)@(27,10) DWNT wermrded at excitation
energies corresponding or close to the energidseaibsorption peaksig. 1cand1d). All the
Raman spectra excited at these energies cleanly itthal breathing-like modes (RBLMs) and
G-modes. The collective in-phase and out-of-phaBENRs are observed respectively at 109
cmit and 142 cmt in good agreement with the predictions (110'camd 141 cm) of the
mechanically coupled oscillator modé] taking into account the environmental effectshon t
outer tubg4,52]. The G-modes present a narrow and symmetric hapes in agreement with
the semiconducting character of both inner andrdutees[57]. As stated in our recent work
regarding the dependence of G-modes of DWNTs asnetibn of their atomic structure
[10,12,15] the highest-frequency peak at ~1589'dmassigned to the overlap of longitudinal
optical G-mode of the outer (L&) and inner (LG) nanotubes; the two others peaks located at
1577 cmt and 1568 cm are assigned to the transverse optical (TO) G-s\adehe outer

(TOouy) and inner (TQ) tubes, respectively.



The excitation energy dependence of the Ramaneactivdes (RBLMs and G-
modes) and the absorption broadband spectrum affenique combination of techniques
allowing the unambiguous identification of eachapsion transition. In the following, we
designate each excitonic mirror transition of a DWb S (S2%) when this one mainly
originates from the constituting semiconductingeinrfouter) SWNT. By combining the
experimental absorption and Raman spectra of Bd2)@(27,10) DWNT, we propose that
the peaks at 1.44, 1.67 and 2.44 eV originate foptical transitions of the outer tube because
strong intensities of the in-phase RBLM andoji@ode are observed at these energies. On the
basis of optical transition energies measured arwdlculated on SWNTR3,54], the energy
transitions at 1.44 and 1.67 eV are identified rgimating from theS$y* andS2¥t , transition
respectively, and the absorption at 2.44 eV encesgzmboth th&2X andSZ¥* transitions (it
can be emphasized that the unusual strong inteoisthe TQu mode in the Raman spectrum
excited at 2.44 eV is ascribed to constructive guannterference§!9]). The peaks at 1.81,
2.15, and 2.76 eV are associated with optical ttians of the inner tube since the out-of-phase
RBLM dominates the Raman spectra recorded at #resgieskig.19 and, on the other hand,
the TG, mode is observed in the same spedtig.(19. Consequently, these transitions are
identified as originating from th&i%, Si* andS:t transitions, respectivelyT@ble J. The
energies of each absorption peak, their assignamahthe experimental shifts of the different
transitions with respect to the measured resonamceslated SWNTs of the same chiral
indices[33] are given inrable 2

Figure 2ashows the calculated DOS of the (16,12)@(27,100NOWhblack curve) in
comparison with the DOS of the non-interacting 12,(blue curve) and (27,10) (red curve)
layers.Figure 2bshows the contributions of the inner layer (blue)iand outer layer (red line)

at the DOS of the (16,12)@(27,10) DWNT (black lin€)early, the electronic structure of



DWNT is strongly perturbed by the interlayer intgran, which is seen as additional spikes in
the DOS mainly for high energies (black cumd-ig. 2.

The results of the calculation of the absorptioefticient of the (16,12)@(27,10)
DWNT (red curve) are shown kig. 1bandFig. S3(Fig. S3shows the results of the calculation
in an extended energy range). On the same figheesalculation of the absorption coefficient
for non-interacting (16,12) and (27,10) SWNTs ({+(27,10), blue dotted curve ling. 1b
andFig. S3 is shown and the assignment of each absorptiak {gegiven. The number of
peaks in (16,12)@(27,10) DWNT absorption spectrenthe same as in the calculated
absorption coefficient of the inner and outer laygi6,12)+(27,10), blue dotted curveFiy.
1bandFig. S3. In other words, no new transitions are predidcte(ll6,12)@(27,10) DWNT.
Therefore, although the calculated DOS of DWNT kckmplicated, the calculations of the
absorption coefficient predict that the absorpi®mnot perturbed below 1.3 eWi(.S3, and
the absorption peaks are slightly changed andesh&#bove 1.3 eVHg.1bandFig. S3.

Comparison between the experimental and calculatexbrption coefficients is
performed orfFigure 1aand1b. It must be emphasized that the optical transsticadculated in
the 0.93-2.63 eV range correspond to the optiealsitions measured in the 1.3-3 eV range.
Indeed, calculations do not take into account tlay¥body effects related to the excitonic
character of the transitions neither the electrenreening between the layers in DWNT. These
two contributions explains the energy shifts betwdbe experimental and calculated
transitions. An average shift between the expertaieaand calculated transitions is estimated
at about 370 meV. This 370 meV shift is in goodeagnent with the expected one resulting
from the sum of &430 meV blue shift due to many-body effeft§,52,58]and a=55 meV
redshift related to dielectric screenirig9] not included in the model. The excitonic nature of
the transitiorvs. the single-particle approximation used for thegktions explain the different

lineshape of the peaks which is symmetric in theeexnental spectrum and asymmetric in the



theoretical one. Nevertheless, the calculationsarably reproduce the general profile of the
experimental absorption, especially they predisigaificantly weaker intensity of thes&n
transition with respect to the intensities of th@eo transitions. Calculations also permit
precising the physical origin of each measured @ghem peak Fig. 19. Although the
electronic structure of the DWNT looks complicatége to the interlayer interaction, the
contributions of the inner and outer layers ofM&NT reported irig. 2bshow that the optical
resonances originate from transitions between mspikes of the DOS with a one-to-one
correspondence with the transitions of the norraiing layers. No new cross-transition
appears, and the assignment of the optical transitas referred to the non-interacting layers
agrees with the Raman conclusions.

In order to overcome the problem of the shift lwthe experimental and calculated
transitions energies, we compareTiable 2the experimental/calculated energy shifts of the
DWNT optical transitions with respect to their ewpeental/calculated energies in the
corresponding individual SWNTs. Doing so, we hageeas to a direct comparison between
experiment and calculations of the energy diffeesnbetween the DWNT and SWNTs
transitions (se@able Sifor the list of transitions energies of the (16@2»7,10) DWNT and
(16,12) and (27,10) SWNTSs). Calculations predikirge redshift for th&% transition (-130
meV), a significant redshift for thgt? (-80 meV), smaller redshifts for tHE¥t + Sg¥t (-50
meV) andSt% (-50 meV) transitions, and slight redshifts foe #§%¢ (-20 meV) ands$¥t (-10
meV) transitions. On average, the calculated slifter from the experimental ones by -50
meV (+/-20 meV) and -30 meV (+/-35 meV) for the@nand outer layers, respectively. Given
the 55 meV redshift related to dielectric screenjifiy expected between the model and
experiment, the data for the inner layer are ity g@od agreement and the deviations observed
are within the experimental/calculation errors. €aming the outer layer, the average shift

differs significantly from the expected one, an@ tspreading of the data is beyond the



experimental/calculations errors. We interpret thssrepancy as the remaining environmental
effect on the outer layer in our experiments, adenced by the up-shift of the in-phase RBLM
(109 cm') as compared to the value expected for an envientvinee outer layer (97 ch[4,

52].

REPs of the RBLM and G-modes of this DWNT havenbeeeasured with laser
excitations ranging from 1.3 to 2.7 g¥9]. As discussed in our previous papé®|, the
observed intensity dependencies can be well uradetatising the common Raman intensity
expression and taking into account interferencectsft Looking at the data in more details, it
can be noted that the relative intensity of the RBLchanges from one transition to another.
For example, the ratio of the maximum intensitiethe in-phase vs. out-of-phase RBLM=3
for the S9¥* transition and=10 for theS2}¢ transition (seé=ig. S2). This is at odds with the
expectations that can be derived from the mechbyicaupled oscillator moddb]. Indeed,
within the framework of this model, this ratio stbe constant for ali%** (or Si*) transtions
when quantum interference effects can be neglecedyhen the separation in energy of
successive transitions is large enough as fasiie andSg:* transitions considered here. This
finding points out that the electronic couplingweén the two layers has an impact on the

Raman intensities though it is rather subtle indage of this DWNT.

4.2 Absor ption spectrum of (10,9)@(18,11) DWNT

The experimental absolute absorption spectrum 6{9j@(18,11) DWNT was
measured in the 1.3-3.05 eV energy range for imtitight polarized along the nanotube axis
(Figure 3a dots (raw experimental data), black line is adgufor eyes). The absorption
spectrum present six transitions located at 1.589,12.20, 2.42, 2.79 and 2.99 eV, with
absorption cross-section 0.50, 0.12, 0.31, 0.35 &nd 0.10 nm?/nm respectively on top of the

non-resonant absorption background of 0.23 nm2@mthe samé&igure 3aare displayed the



REP of the in-phase RBLM, located at 135%r{red curven Fig. 39 and that of the out-of-
phase RBLM, located at 196 ¢n{green curve ifrig. 39 measured in the 1.2-2.0 eV excitation
range. The REP of the in-phase RBLM exhibits resoes at 1.59 eV and 1.89 eV and that of
the out-of-phase RBLM one at 1.26 eV and 1.59 evah be emphasized that the REPs of the
in-phase and out-of-phase RBLM are close in intgrasiound the resonance located at 1.59
eV. So, combining the absorption and REP data ifilenseven transitions in the 1.2-3.05 eV
range, namely.26, 1.59, 1.89, 2.20, 2.42, 2.79 and 2.99 eV.

The RBLM and G-modes regions of the Raman spettre (10,9)@(18,11) DWNT,
recorded at excitation energies correspondingl¢®eg to the energies of the absorption peaks
are shown irFig. 3c-d Depending on the excitation energy, two pair&eahodes are clearly
identified: 1592-1577 crhand 1586-1557 cth Regarding the dependence of G-modes of
DWNTs as a function of their atomic structlii®,12,15] we can assign these pairs asolsO
TOout pair and LG-TOin pair, respectivelyHig. 39.

A single high-frequency mode assigned as the bphase RBLM is observed in the
RBLM range of the Raman spectra excited at 1.272a#tl eV Fig. 39. On the other hand,
the LOn-TOin pair dominates the G-modes range of the Ramartrapecited at 1.44 and 2.54
eV corresponding to outgoing resonance conditioitis thve transitions at 1.26 and 2.42 eV for
the inner tube G-mode$if. 39. For an excitation at 2.41 eV, correspondingnooming
resonance, the LETOi, pair is also observed but the T Ooutpair is also present because
of the outgoing resonance with the transition at&/. Consequently, the 1.26 and 2.42 eV
absorption peaks are associated with mirror trmsitof the inner tubes, respectively the
Si% ands:it transitions.

A single low-frequency mode assigned as the irs@HRBLM is observed in the
spectra excited at 1.92 and 2.71 éW( 39 and the LQu-TOoutpair is also observed at the

same excitations~g. 3d (note that, in the same spectra, the LT, pair is present as well



due to outgoing resonances with the transitioris% and 2.42 eV). So the absorption peaks
at 1.89 and 2.79 eV are assigned € andS2¥ transitions.

Finally, the presence of the LE@TOoutpair in the spectra excited at 2.21 (incoming
resonance) and 2.41 eV (outgoing resonarfee) Bd leads to assign the absorption peak at
2.20 eV as th§2¥ transition. It can be emphasized that no low-freqyeRBLM is observed
in the Raman spectrum excited at 2.21 eV. The hargof the in-phase RBLM at the 2.21 eV
excitation is consistent with theoretical calcwdasg[59], which predicts a low intensity for the
RBM excited close of thg,, transition in the (18,11) SWNT.

To sum up, the analysis of excitation dependeridbeoRaman spectra allows the
identification of five transitions in the 1.2-2.8 energy range (1.26, 1.89, 2.20, 2.42, 2.79 eV)
which are associated to mirror transitions in DWNihsolving inner or outer layers.
Additionally, the absorption peak at 2.99 eV cartdsgtatively attributed to th& transition.
Clearly, the 1.59 eV absorption peak cannot béated to a corresponding mirror transition
of the constituting SWNTs. Moreover, it exhibitparticular behavior since both RBLMs are
observed with comparable intensities for excitatainthis energy conversely to all other
transitions where a single RBLM largely dominatesRaman response. This difference points
out that another effect beyond mechanical cougdligs involved. In conclusion, the 1.59 eV
absorption peak has to be associated with an addltiransition not present for the constituting
SWNTSs. The energies of each absorption peak, #ssignment and the experimental shifts of
the different transitions with respect to the meagduesonances in isolated SWNTSs of the same
chiral indiceq33] are given infable 3

Figure 4a(black curve) shows the calculated DOS of theQ{®,(18,11) DWNT in
comparison with the DOS of the non-interacting 9)@blue linein Fig. 49 and (18,11) (red
line in Fig. 49 layers. The horizontal arrows between the mispikes mark the optical

transitions in the investigated experimental eneemge for the non-interacting layers. In the



1.2-2.8 eV energy range, in agreement with the Ratoeaclusions, the optical resonances at
1.26, 1.89, 2.20, 2.42, 2.79 eV in DWNT originatenfi transitions between mirror spikes of

the DOS with a one-to-one correspondence with rdmesitions of the non-interacting layers.

Calculations predict the upshift 6€%* and S2¥ transitions and the downshift of all other

mirror transitions in the DWNT as compared to thestituting SWNTSs. The directions of these

shifts are in agreement with the experimental (sgaTable 3.

Figure 4bshows the contributions of the (10,9) inner laydué line) and (18,11)
outer layer (red line) to the DOS of the (10,9)@{18 DWNT (black line). It is clear that the
electronic states of the two layers associated trithsitionsS:? and S9%¢ strongly couple in
this DWNT. As shown irFigure 4athis coupling produces shifts of the mirror sgike these
states in DWNT. More strikingly, it is seen thagslk spikes have contributions from the states
of both layers leading to additional transitiorfspwn asS%;,.andS? .. on Figure 4b

The results of the calculation of the absorptioeficient of the (10,9)@(18,11)
DWNT are shown ofrig. 3b(red line) and-ig. S4(Fig. S4shows the results of the calculation
in an extended energy range), and compared toallcalated absorption coefficient for non-
interacting (10,9) and (18,11) SWNTs (blue dottedve). This comparison allows the
assignment of most absorption peaks in DWNT asraiog from mirror transitions in non-
interacting layers. This confirms unambiguously pgresence of a new absorption band at
around 1.3 eV (uncorrected theoretical value) iis DWNT (red arrow inFig.30. The
coupling between thg? andS9¥¢ transitions, already put in evidence from the D©§.4b),
manifests itself in the absorption spectrum bygaificant downshift of thes:? transition and
a significant upshifts of thg93* transition. Given the relatively large differenoetween the
theS{% andSS¥t energies, the electronic states mixing scenaniesponds to the second case
reported in ref[19] and summarized in the introduction part (ii). Theaks of the other

transitions seem to be slightly affected by theriiatyer interactions.



Comparison between the experimental and calculatexbrption coefficients is
performed onFigure 3aand 3b. The optical transitions calculated in the 0.9-8\8 range
correspond to the optical transitions measuredhénlt24-3.14 eV range. As previously, the
shift between the experimental and calculated ttians is due to the lack of consideration of
the many-body effects and dielectric screeninghandalculations. For this DWNT, we have
estimated an average shift between the experimanthlcalculated transitions close of 340
meV (this shift puts in coincidence the centraltpdrexperimental and calculated absorption
spectra). By taking into account this shift, thefipe of the calculated absorption coefficient
(red linein Fig.3h) exhibits a relatively good agreement with thpesxmental one (black line
in Fig.39. Except for the position of thg&? transition,and to a lesser extent that of $18
transition, which are upshifted in the calculatiotie positions of the calculated absorption
peaks are close to the experimental ones. Firthynodel predicts a weakening of the coupled
Si% and S9¥t with regards to the intensity of th&0} and Si% transitions as experimentally
observed for the2¥¢ (the Si% is out of the experimental absorption range).

A guantitative comparison between the calculamdws experimental energy shifts
of the DWNT optical transitions with respect toithealculated/experimental energies in the
corresponding individual SWNTs is presented @ile 3(seeTable SZor the list of transitions
energies of the (10,9)@(18,11) DWNT and (10,9) €ér&j11) SWNTs). Large experimental
redshifts are measured for thg (-135 meV) andi% (-145 meV) transitions and a smaller
one (-15 meV) is observed for t§&} transition. Calculated shifts are predicted atngv, -

70 meV and +10 meV respectively for the same ttimms. By applying at the calculated shifts
a 55 meV redshift, related to dielectric screeniijgthe calculated and experimental shifts are
in good agreement for tt&? , Si% andSi? transitions (the differences between experimental
and calculated shifts are, respectively, 0, -20&8@ImeV what falls within the expected error).

Experimental upshifts of th€93* (85 meV) andS2¥t (10 meV) transitions and a large



experimental redshift of th§Ji* (-90 meV) transition are measured. The corresipgnd
calculated shifts are evaluated at 80, 10 and -4\9,mespectivelyTable 3. Applying the rigid
additional downshift due to the screening effe@&Y-meV fromRef. [9]) leads to calculated
shifts, which differ significantly from expected es) especially for thes$3tand So¥*
transitions. Striking, for the latter transitiortsseems that the downshift due to screening effect
is totally compensated by an upshift possibly duether interactions, including environmental
effects.

It is worth highlighting that our combined expeéntal and theoretical approach leads
to the unambiguous assignment of the experimebtaration peak at 1.59 eV as originating
from transitions between non-mirror spikes of th@P It has to be reminded that additional
transitions were previously observed in (12,11)@ &y DWNT [17]. The origin of this
additional transitions was attributed to the stronggrlayer coupling effect in the Moiré
superlattice formed by two nearly armchair nanaosubdlowing the so-called Koshino’s
criteria which predict the appearance of such ttiams(the so-called strong-coupling regime)
[11]. For the (15,13)@(21,17) DWNT, the number of peakbe Rayleigh spectrum measured
in Ref.[17] matches well with the one expected for each indi@i¢onstituent nanotubes what
leads the authors of R¢1.7] to conclude that no additional transition is prese this DWNT.
However, the theoretical analyses reported on [R8f.suggest that this conclusion should be
revised putting forward that some of the observradsitions are new transitions (i.e. cross
transitions), see Reff19] for more details. The theoretically predicted canitant vanishing
of some mirror transitions explains that the nundfgreaks in the Rayleigh spectrum remains
unchanged. Nevertheless, this (15,13)@(21,17) DVilNalso expected to be in the strong
coupling regime as defined in R¢f1]. On the contrary, the (10,9)@(18,11) DWNT studied
here would be classified as in a weak couplingnegiThus, our work puts in evidence that the

presence of additional non-mirror transitions in NWcan be observed beyond Koshino’s



criteria. In the (10,9)@(18,11) DWNT, a significantixing of the electronic states for
relatively large difference of the transition enesgof the non-interacting layers leads to an
additional cross transition comparable in intensityhose of the mirror transitiga9].

Finally, the analysis of the REP of the RBLMs &adnodes reveals the specific
nature of the cross transitiong( non-mirror transition) at 1.59 eV. As showrFigure 3a(see
also the maps in the Supplement Informatiegure S9, the in-phase and out-of-phase RBLMs
show a close excitation dependence of their intg@asound thes,,;, transition.

More striking is the excitation dependence of Gwenodes in thes,,;, excitation
range. Spectra excited &t,;,, andS,,ixtE¢c—mode @re shown irFigure 5a(E; _ 040 1S the G-
mode energy). The L&-TOou pair (respectively L@-TOin pair) dominates the spectrum at
theS,,i, (respectivel\s,,ixtE¢—mode) €XCitation. It can be reminded that for excitatavound
theS,,;, transition, the in-phase and out-of-phase RBLMeappn the same spectrum (see the
spectrum excited at 1.61 eV kingure 39.

To complete our information, we have measuredett@tation dependence of the
intensity of each LO and TO G-mode in the 1.4-2a¥itation range. The corresponding REPs
are shown irFigure 5b(LOout (red curve) and L@ (blue curve))and Figure 5¢TOout (red
curve) and T@ (blue curve))The REP of each mode is complex, with a well-ideediprimary
maximum and the presence of secondary maxima awodldgrs. These REPs differ
significantly from the usual profile of the REPs ®fmodes measured on SWN[B5] and
DWNTs [49] when these DWNTs do not show cross transitions. Moee striking and
important result is the significant difference beém the REPs of each pair of G-modes.
Especially the primary resonance occurs at diffeesrergies for the two pairs of G-modes,
namely around,,;, (1.59 eV) for the LQurTOout pair and arount,,,;x+E; _moqe (1.79 eV) for

LOin-TOin pair (Figure SbandFigure 5¢.



Our results clearly illustrate the strong sewmsitiof the REP of the G-modes on the
electronic interlayer coupling in DWNT. From a gealgoint of view, these results point out
Raman spectroscopy as a powerful tool to cleadwntifly the nature of the optical transitions
in DWNTSs and to distinguish between mirror and sryansitions in a more direct and error-
proof way than optical absorption or Rayleigh smaty measurements. Further theoretical

developments are required for getting a better rgtaieding of these very interesting results.

5. Conclusion

By combining spatial modulation spectroscopy (SIS resonant Raman scattering
(RRS) experiments on well-identified individual drstanding (suspended) double-walled
carbon nanotubes (DWNTSs) with the calculations redirt optical absorption by using the
recursion method with non-orthogonal tight-bindifyTB) basis functions[19], we
unambiguously assign the nature, namely mirrorsitenm or cross transition, of each optical
transitions in DWNTS.

This combined approach also permits understanihiegrigin of the experimental
upshift or downshift of mirror transitions in theAINT as compared to the energies of the
mirror transitions in the constituting SWNTSs.

Our study states that the presence of cross ti@msin DWNTS, beyond previously
derived criterig11], can be observed when a significant mixing ofaleetronic states of the
transition energies of the non-interacting layexssts and can be predicted within the
framework of a realistic microscopic mod&9].

Finally, the RBLM relative intensity is shown t@ Isensitive to the mixing of the
electronic states of the layers and not only tartheechanical coupling5] nor quantum
interferences between transitida$. The striking behavior of the REPs of the G-maatesind

the studied cross transition reveals the strongisety of the G-modes intensity on the



electronic interlayer coupling in DWNTs. More gealbr, the relevance of Raman
spectroscopy for studying the electronic and meicharcoupling at the nanoscale can be

emphasized.
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Chiral angl
Indices Type diameter (nm) szo)a neke Ad/2 (nm)
DWNTI1 (16,12)@(27,10) S1@Sy 1.905@2.595 25.6@15.1 0.345
DWNT2 (10,9)@(18,11) SI@S; 1.289@1.985 28.3@22.1 0.348

Table 1. Structural information for the DWNTSs investigatedhis work. Chiral indices were
derived from electron diffraction measurements.

Exp. DWNT vs. SWNTs transition
Optical transition energy shift (meV)
transition energy

(eV) Exp. Calc. [Exp.— Calc.
Sout 1.44 -70 -10 -60
Sout 1.67 -50 -20 -30
sin 1.81 -75 -50 25
Sin 2.15 -190 -130 -60

Sout +gout 2.44 -45 -50 5

st 2.76 -135 -80 -55

Table 2. Optical transitions characteristics of the (16,12)@(27,10) DWNT (DWNT 1). The
DWNT vs. SWNTs experimental energy shift is calculated by subtracting to the experimental
transition energy of the DWNT, the corresponding SWNT one. This latter is determined by
using the empirical formula of Ref. [33]. The DWNT vs. SWNTs calculated energy shift is the
difference between the calculated transitions energies of the DWNT and the corresponding
calculated transitions of the constituting SWNTs. The last column corresponds to the difference
between experimental (column 4) and calculated (column 5) DWNT transitions energy shifts
relative to corresponding SWNTs.
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Exp. DWNT vs. SWNTSs transition
Optical transition energy shift (meV)
transition energy
(eV) Exp. Calc. | Exp.—Cal
sin 1.26* -135 -80 -55
Smix 1.59 / / /
Sout 1.89 85 80 5
Sout 2.2 -90 -10 -80
Sin 2.42 -145 | -70 -75
Sout 2.79 10 10 0
Sin 2.99 -15 10 -25

Table 3. Optical transitions characteristics of the (10,9811) DWNT (DWNT 2). The
DWNT vs. SWNTs experimental energy shift is caltediaby subtracting to the experimental
transition energy of the DWNT, the corresponding NBMbne. This latter is determined by
using the empirical formula of R€B83]. The DWNT vs. SWNTs calculated energy shift is the
difference between the calculated transitions eesrgf the DWNT and the corresponding
calculated transitions of the constituting SWNTise Tast column corresponds to the difference
between experimental (column 4) and calculatedu(oal 5) DWNT transitions energy shifts
relative to corresponding SWNTSs. *Determined usfagman RBLM excitation profile.
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Figure 1: (a) Absolute absorption cross-section spectra of the (16,12)@(27,10) DWNT for
incident light polarization parallel to the DWNT axis, black dots (experimental) and grey line
(fit of the experimental data, see text). (b) The calculated absorption coefficient of the
(16,12)@(27,10) DWNT (red line) in comparison with that for a DWNT without interlayer
interaction (dotted blue line). The blue S//* and SJ*¢ labels indicate the optical transitions of
the inner and outer layers, respectively. Note that the energy scale of panel (b) has an offset of
-370 meV relative to panel (a) in order to facilitate the direct comparison between experiment
and theory, see main text. (¢) and (d) Raman spectra of the individual free-standing
(16,12)@(27,10) DWNT recorded at different excitations energies as labeled on the left hand
side of (d): (c) RBLMs and (d) G-modes.
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Figure 2: (a) The calculated DOS of the DWNT (16,12)@(27,10) (black line) in comparison
with the calculated DOS of the non-interacting inner layer (16,12) (blue line) and outer layer
(27,10) (red line). The horizontal arrows between the mirror spikes mark the optical transitions
in the experimental energy range for the non-interacting layers, denoted by S7* and S3%¢ for
the inner and outer layer, respectively. (b) The calculated DOS of the DWNT (16,12)@(27,10)
(black line) in comparison with the contributions of the inner layer (16,12) (blue line) and outer
layer (27,10) (red line) are shown.
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Figure 3: (a) Experimental absolute absorption cross-section spectra of the (10,9)@(18,11)
DWNT for incident light polarization parallel to the DWNT axis, black dots and line (guide for
eyes). Green (resp. red) open squares and line (guide for eyes), Raman excitation profiles of the
out-of-phase (resp. in-phase) RBLM. (b) The calculated absorption coefficient of the
(10,9)@(18,11) DWNT (red line) in comparison with that for a DWNT without interlayer
interaction (dotted blue line). The blue S* and S3%¢ labels indicate the optical transitions of
the inner and outer layers, respectively, the red arrow, labelled S,,;,, pointes the new optical
transition present only in the DWNT. Note that the energy scale of panel (b) has an offset of -
340 meV relative to panel (a) in order to facilitate the direct comparison between experiment
and theory, see main text. (¢) and (d) Raman spectra of the individual free-standing
(10,9)@(18,11) DWNT recorded with different excitations energies as labeled on the right hand
sides: (¢) RBLMs and (d) G-modes.
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Figure 4: (a) The calculated DOS of the DWNT (10,9)@(18,lack line) in comparison
with the calculated DOS of the non-interacting miager (10,9) (blue line) and outer layer
(18,11) (red line). The horizontal arrows betwdaamirror spikes mark the optical transitions
in the experimental energy range for the non-irttimg layers, denoted L8/ and S2“¢ for the
inner and outer layer, respectively. (b) The caltad DOS of the DWNT (10,9)@(18,11) (black
line) in comparison with the contributions of tmmer layer (10,9) (blue line) and outer layer
(18,11) (red line). The red and blue horizontabars show transitions between mirror spikes
corresponding to specific pairs of transitions lod tayers, while the black horizontal arrows
show cross-band transitions, induced by the miginidne electronic states.
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Figure 5: (a) Raman spectra of the (10,9)@(18,11) DWNT G-modes excited at 1.61 and 1.8 eV
as labelled on the graph and corresponding to S,i, and Syix+tE¢_mode» respectively .

(b) and (c) Raman Excitation Profiles of (10,9)@(18,11) DWNT G-modes of outer and inner
layers, (a) LO modes and (b) TO modes.



Supplementary Information

(10,9)@{18,11)

(16,12)@(27,10) ----

Figure S1: ED patterns, experimental (left part) aalculated (right part) of the DWNTSs (a)
(16,12)@(27,10) and (b) (10,9)@(18,11).
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Figure S2: Raman excitation profiles of the in-ghB8LM (a) and out-of-phase RBLM (b) on
the (16,12)@(27,10) DWNT. Red open dots, experialafdta and solid blue line, fit. See Ref.
[S1].
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Figure S3: The calculated absorption coefficienthef(16,12)@(27,10) DWNT (red line) in
comparison with that for a DWNT without interlayateraction (dotted blue line).
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Figure S4: The calculated absorption coefficientef(10,9)@(18,11) DWNT (red line) in
comparison with that for a DWNT without interlayateraction (dotted blue line).
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Figure S5: Raman maps of (a) RBLM and (b) G-mod€$®9)@(18,11) as function of
excitation energy in the range 1.25 - 1.95 eV.

Experimental transition energy (elV)Calculated transition energy (eV)
Optical transition

(16,12)@(27,10)(16,12) | (27,10) |(16,12)@(27,10)(16,12) | (27,10)

S9ut 1.44 1.51 1.14 1.15

Sgut 1.67 1.72 1.34 1.33
sin 1.81 1.885 1.44 1.49
s 2.15 2.34 1.76 1.89

sout ygout 2.44 1.985 2.035
sk 2.76 2.895 | 2.485 2.4 2.48

Table S1: Energy of the optical transitions of (h&,12)@(27,10) DWNT, (16,12) and (27,10)
SWNTs as determined from experiments and theoryd@ta are from this work, except the
experimental data of the (16,12) and (27,10) SWiNfieh are extracted from Ref. [S2].



Experimental transition energy (e))Calculated transition energy (e\)
Optical transition

(10,9)@(18,11) (10,9) | (18,11)|(10,9)@(18,11) (10,9) | (18,11)
s 1.26 1.395 1.04 1.12
Spix 1.59 1.265
sout 1.89 1.805 1.49 1.41
Sout 2.2 2.29 1.83 1.84
sin 2.42 2.565 2.09 2.16
sout 2.79 2.78 2.37 2.36
Sin 2.99 3.05 2.68 2.67

Table S2: Energy of the optical transitions of (he,9)@(18,11) DWNT, (10,9) and (18,11)
SWNTs as determined from experiments and theoryd@ta are from this work, except the
experimental data of the (10,9) and (18,11) SWNM&lkvare extracted from Ref. [S2].
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