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Abstract 

 The main objective of this work is the fundamental physical study of individual isolated 

carbon nanostructures in order to address their intrinsic vibrational and optical properties and 

also to estimate and quantify the environmental effects. For these purposes, we synthesized 

individual single- and multi-walled carbon nanotubes by chemical vapour deposition method on 

dedicated substrates. The main aspect of the work involves the combined use of different 

experimental probes on the same individual nanostructures. We performed a complete structure 

analysis by electron diffraction and high-resolution electron microscopy and the measurement of 

the Raman spectra on these individual nanostructures. Several important environmental effects 

were evidenced for the first time, e.g. the effect of mechanical coupling (van-der-Waals 

interaction) between the layers of double-walled carbon nanotubes leading to the change in the 

low-frequency Raman modes and the optical resonance conditions. Moreover the behaviour of 

high-frequency modes of double-walled tubes was also analysed and described. As a result of 

this work several experimental criteria for structure diagnostics of multi-walled carbon 

nanotubes were proposed.  

Keywords:  Carbon nanotubes, Raman spectroscopy, Electron diffraction, Coupling 

Résumé 

L’objectif principal de ce travail est l’étude fondamentale de nanostructures à base de 

carbone individuelles dans le but d’améliorer la compréhension de leurs propriétés 

vibrationnelles et optiques intrinsèques ainsi que d’estimer et de quantifier les effets 

d’environnement. Dans ce but, nous avons synthétisé des nanotubes de carbone mono- et multi-

feuillets par décomposition catalytique en phase vapeur sur des substrats dédiés. L’aspect 

principal du travail est basé sur l’utilisation combinée de plusieurs sondes expérimentales sur la 

même nanostructure carbonée individuelle. Nous avons effectué une analyse structurale 

complète par diffraction électronique et microscopie électronique haute résolution et mesuré les 

spectres Raman de ces nanostructures individuelles. Plusieurs effets environnementaux 

importants ont été mis en évidence pour la première fois, comme par exemple l’effet d’un 

couplage mécanique (due à l’interaction de van-der-Waals) entre les parois des nanotubes bi-

feuillets conduisant à une modification des modes Raman de basse fréquence et des conditions 

de résonances optiques. De plus, le comportement des modes de haute fréquence des nanotubes 

bi-feuillets a été analysé. Suite à ce travail plusieurs critères expérimentaux permettant un 

diagnostic de la structure des nanotubes multi-feuillets ont été proposés. 

Mots clés : nanotubes de carbone, spectroscopie Raman, diffraction électonique, couplage 
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General introduction 

 Carbon nanotubes (CNTs) are tiny hollow cylinders made up of carbon atoms. They may 

be considered as single molecules or quasi-one dimensional crystals at the same time. Due to 

their unique physical properties, nanotubes are very promising candidates for the modern 

electronics, photonics and for the field of constructional materials. However, for the successful 

use of the nanotubes we need to clearly understand their fundamental properties and the role of 

environmental interactions in their behaviour.  

 Hence, the main objective of this work was the study of individual isolated carbon 

nanostructures in order to address their intrinsic vibrational and optical properties and also to 

evidence, estimate and quantify the environmental effects. For these purposes, we planned to 

synthesize by CCVD method a high number of individual single- and multi-walled carbon 

nanotubes and to achieve their isolation from the environment by means of special substrates and 

sample preparation techniques. The main aspect of the work involved combined experimental 

studies — in a perfectly controlled environment — on the same individual nanostructure. In 

other words, we performed a complete structure analysis of the grown nanotubes by electron 

diffraction and high-resolution electron microscopy techniques and thus measured vibrational 

and optical properties on index-identified nano structures which greatly facilitates subsequent 

data analysis.  

 Another aspect of the thesis concerned the characterization of the nanotubes by 

combination of Raman spectroscopy and Electron diffraction. Currently, the lack of the synthesis 

protocols for the controlled growth of the nanotubes by diameter, chiral angle and electronic type 

complicates the nanotube research. Thus the key role in both fundamental and applied science 

play metrology and characterization methods. As a result of this work we were going to propose 

several experimental criteria for structure diagnostics of multi-walled carbon nanotubes. In 

particular, a widely used assignment method based on Kataura plot, profile of G-modes and 

dependence of radial breathing modes (RBM) and G-mode frequencies on diameters was to be 

elaborated for the case of multi-walled carbon nanotubes by taking into the account the effect of 

van-der-Waals coupling between the layers. These criteria allow the determination of chiral 

indices of multi-walled nanotubes by means of Raman spectroscopy. 

This thesis is organized into 5 chapters which includes the above mentioned topics. In 

Chapter 1 we introduce carbon nanotubes and their electronic, optical and vibrational properties. 

We also review the main advances in the field of Raman spectroscopy of single- and multi-

walled carbon nanotubes. Then in Chapter 2 we present our experimental procedure for the 
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synthesis, localisation and structure characterization of individual ultra-long single- and multi-

walled carbon nanotubes. We give several examples of the ED patterns treatment and discuss the 

existed ambiguities of the index-assignment based on the electron diffraction alone. In Chapter 3 

we discuss the Raman spectroscopy of individual single-walled nanotubes (SWNTs) and 

individual SWNT bundles. In particular, we argue on the possible origin of the environmental 

terms in the experimental ωRBM(d) relations and their deviations from the theoretical relations. In 

addition, we analyse the structure dependence of the features of G-modes in individual SWNTs 

and present the measurements of the resonant excitation profiles of RBM and G-modes for 

several nanotubes. Finally, we discuss the features of phonon modes of an identified 

inhomogeneous dimer (bundle of two different SWNTs). Chapter 4 is devoted to the Raman 

spectroscopy of individual double-walled nanotubes. The effect of van-der-Waals coupling is 

discussed and its consequence on the vibrational and optical properties of double-walled 

nanotubes is analysed. Besides, we present the analysis of the G-modes of DWNTs. Two types 

of behavior are evidenced. We explain these behaviors in terms of an effective pressure (which 

can be negative) between the walls of as-grown DWNT owing to variations in the inter-walls 

distance. Finally, in Chapter 5 we discuss the complementarity between the Electron diffraction 

and Raman spectroscopy to characterize CNTs and its application for the index-assignment of 

single- and multi-walled carbon nanotubes. We introduce a code developed for this particular 

purpose and give several examples of its use. 
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Chapter 1 

Introduction to carbon nanotubes 
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1.1  Single-walled carbon nanotubes 

In this Chapter we consider the geometrical, electronic, optical and vibrational properties 

of the carbon nanotubes and present a review of the Raman spectroscopy of individual single-, 

double- and triple-walled CNTs. 

1.1.1 Atomic structure 

We begin by introducing the basic concepts that determine properties of carbon 

nanotubes. Conceptually, a nanotube can be looked at as a rolled-up sheet of graphene, and it is 

thus common to describe its atomic structure via the graphene lattice vectors [1]. Geometrically 

we obtain SWNT by cutting the graphene sheet in the direction of the so-called chiral vector Ch 

and the translational vector T (see Fig. 1.1a). The former goes around the circumference of the 

final tube and is normally given by  

   (1.1) 

Where a1 and a2 are the graphene lattice vectors and (n, m) are called the chiral indexes 

of a tube. 

 
a 

 
b 

Fig. 1.1: (a) A graphene sheet and its roll-up into a nanotube. From [2,3],(b) Three geometrical 

type of carbon nanotubes: (17,0) zig-zag, (10,10) armchair and (12,8) chiral with corresponding 

unit cells shown in dark grey. From [1]. 
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Table 1.1. Parameters of carbon nanotube [2]. 

Parameter Definition 

Graphene lattice constant a  

Graphene unit vectors (x,y coordinates) 

a1; a2 
 

Graphene reciprocal lattice unit vectors 

(in kx, ky coordinates) 
 

Chiral vector Ch 

Length of Ch 

 

 

Diameter dt  

Chiral angle θ  

Greatest common divisor d gcd(n,m) 

Greatest common divisor dR  

Number of hexagons in the nanotube unit 

cell q 
 

Number of atoms in the unit cell nc  

Translational vector T along nanotube 

axis 

 

Length of T 

 

 

Wavevector K1 

 

 

Wavevector K2 

 

 

Line group / Isogonal point group 
chiral tubes  /  

achiral tubes  /  
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There exist infinitely many geometrical ways to form a nanotube resulting in different 

diameters and microscopic structure of the tubes [1]. However, all parameters, for example 

tube’s diameter, chiral angle θ, unit vectors, number of atoms in the unit cell, etc. can be deduced 

from (n,m) numbers in a straightforward way. In the Table 1.1 we present the compilation of 

these data.  

 

1.1.2 Electronic Properties 

The electronic properties of carbon nanotubes depend strongly on their microscopic 

structure. A small change in the tube’s chirality [take as an example two geometrically similar 

single-wall nanotubes (10,7) and (10,6)] may lead to two different types of conductivity (metallic 

and semiconducting respectively). The simplest way to explain this behavior is to consider a 

zone-folding approach for calculating electronic properties of a nanotube.  

Zone folding maps the reciprocal space of the graphene layer onto the reciprocal space of 

a carbon nanotube by constructing so-called cutting lines based on the geometrical structure of 

the carbon nanotube. The concept of cutting lines can easily be understood from the fundamental 

principles of quantum mechanics. Along the nanotube circumference electrons, phonons and 

other quasi-particles can only have certain, discrete wavelengths, because of the periodic 

boundary conditions [1, 2, 4, 5-9]. At the same time along the nanotube axis quasiparticles are 

not quantified. An infinitely long tube has continuous electronic and vibrational states in this 

direction [1]. These features of electron wavevectors are represented by the q cutting lines in the 

reciprocal space of a nanotube (q is a number of hexagons in the unit cell of the nanotube, see 

Table 1.1 for details) (see Fig 1.2. a,b,c) [2]. 

The cutting lines can be shifted by the unit vectors b1 and b2 in the reciprocal space of the 

graphene to completely cover its first Brillouin zone (as shown in Fig. 1.2d by solid lines; dashed 

lines denote the ends of the cutting lines). The two alternative representations of the cutting lines 

plotted in Figure 1.2c and d are called the fully K1-extended representation and the fully reduced 

representation. For simplicity, the latter is used in the following to deduce electronic properties 

of CNT [2]. 

 



7 

 

 

 
c 

Fig. 1.2: (a) (10,0) nanotube unwrapped to a graphene sheet. The atoms shown are those inside 

the unit cell of the tube. The gray line is a wave which corresponds to an allowed state of the 

nanotube. (b) Allowed, discrete wavevectors of a (10,0) tube shown in the Brillouin zone of 

graphene. The wave in (a) corresponds to the open circle in (b). The thick lines form the one-

dimensional Brillouin zone of the (10,0) tube [1]. (c) Fully K1-extended and the fully reduced 

representations for a general chiral nanotube [2] 

 

To proceed further we need to introduce the electronic properties of graphene. Graphene 

is a semimetal, in other words its valence and conduction bands cross, but the electronic density 

of states is zero at the Fermi level (the crossing point). The most widely used description of the 

electronic band structure of graphene is an empirical tight-binding model [4, 5, 10], which 

consider only the π states perpendicular to the graphene sheet. In this model under the nearest-

neighbor approximation the valence (E−) and conduction (E+) bands of graphene will be given by 

the simple analytic expression [1,5,10] 

 

  (1.2) 

 

where γ0 describes the interactions energy between two π electrons, k is the electronic 

wavevector  for the graphene Brillouin zone. 
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Fig. 1.3: (a) The conduction and valence bands of the graphene layer in the first Brillouin zone 

calculated according to the π-band nearest-neighbor tight-binding model. Solid curves show the 

cutting lines for the (4, 2) nanotube in the fully reduced representation. Solid dots show the ends 

of the cutting lines in the fully K1-extended representation; Note that formula 2 predicts 

symmetric conduction and valence bands, while in the Fig. 3a they are asymmetric; the 

difference is due to different approximations used in [1] and [2] (b) Band diagram for the (4, 2) 

nanotube obtained by zone-folding from (a). (c) Density of electronic states for the band diagram 

shown in (b). From [2]. 

 

If we now superimpose q cutting lines on the energy-momentum contours of these 

valence and conduction bands in the first Brillouin zone, (Figure 1.3a), we will obtain 2q 

electronic energy subbands in the 1D reciprocal space of the nanotube (Fig. 1.3b) [2]. The band 

structure for a general (n, m) nanotube will be then given by: 

  (1.3) 

where p is an integer running from −(q/2−1) to q/2 [11] 

Figures 1.4 shows the electronic band structure of a (10,10) nanotube. Part (a) in the 

figure is from first-principles calculations, while part (b) was obtained with equation (1.3) (i.e. 

nearest neighbors Tight Binding, nT.B.), and part (c) is the result of the extended tight-binding 

model using up to third neighbors [4]. As can be seen, for all practical purposes, the extended 

tight-binding model is indistinguishable from the ab-initio calculations. The simple nearest-

neighbors tight-binding scheme also works reasonably well. 
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Fig. 1.4: Band structure of a (10,10) armchair nanotube with diameter d = 1.4 nm. (a) Ab-initio 

calculation; (b) nearest-neighbor tight-binding calculation with γ0 = −2.7 eV; (c) third-nearest 

neighbors tight-binding calculation. The dashed lines denote ab-initio calculated energies of the 

band extrema. The agreement of the energies in (a) and (c) is excellent [4] 

 

1.1.3 Types of single-walled carbon nanotubes 

 

 

Figure 1.5: Cutting lines near the K point in the 2D Brillouin zone of graphene for (a) Type 

metallic SWNTs, (b) Type I and (c) Type II semiconducting SWNTs. From [12]. 

 

To determine whether a given nanotube is metallic or semiconducting, we consider its 

cutting lines in the fully reduced representation and check whether the projection of the vector K 

(pointing toward the nearest K point in the Brillouin zone) on the K1 direction contains an 

integer (metallic) or a fractional (semiconducting) number of vectors K1. Using the expression 

for the vector K1 derived, one can easily find that (K·K1)/(K1·K1) = (2n+m)/3 [2]. Thus for 

semiconducting nanotubes of type I (II) the K point lies at the one-third (two-thirds) position 

between two cutting lines, while for metallic tubes it is exactly on the cutting line (Type 0, as 

illustrated in the Fig. 1.5) [12]. This classification is frequently used in the literature (see 

however Table 1.2 for details).  
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Table 1.2: Frequently used classifications for a general nanotube in the literature [1]. It should 

be pointed out that there exist two equivalent classifications of the nanotubes by their electronic 

behavior, namely ‘Type’ classification by Saito et al and ‘family’ classification by Reich et al. 

Classification Definition Remark 

Nanotube’s family ν 

(by Reich et al [1]) 
 

These two 

classification are 

basically equivalent 

as 

0 family ≡ Type 0 

+1 family ≡ Type 2 

-1 family ≡ Type 1 

 

Nanotube’s type ν/ 

(by Saito et al [12]) 
 

Branch index β 

β = 2n+m = const 

Nanotubes in the same branch, so-called, neighbors are connected 

by the following relation: (n',m') = (n-1, m+2) for n'<n, m'>m 

In a branch (n',m') is 

a ‘neighbor to the 

right’ for a (n,m) 

nanotube 

 

1.1.4 The “Kataura plot” and excitons in single-walled carbon nanotubes 

The electronic density of states of a carbon nanotube (Fig. 1.3c) is dominated by van 

Hove singularities (VHS), which are kinks in the density of states (DOS). Each VHS in the DOS 

profile arises from different conduction or valence band extrema (compare Fig. 1.3b and c for 

example) [2]. Metallic nanotubes have a constant density of states in-between the pair of van 

Hove singularities closest to the Fermi level, while semiconducting nanotubes have a chirality-

dependent energy gap that is on the order of 1 eV and spans the region between the van Hove 

singularities for filled and empty states [13]. 

When discussing the electronic band structure of carbon nanotubes we found two 

dependences on the nanotube chirality through zone folding: The separation between two lines of 

allowed wavevectors is given by 2/d. On the other hand, the direction of the allowed lines with 

respect to the graphene Brillouin zone is connected with the chiral angle Θ. The optical transition 

energies depend, consequently, on these two parameters. Calculating the maxima in the band-to-

band absorption probability (the energy separation of the van-Hove singularities) for an 

ensemble of nanotubes and plotting them as a function of the tube diameter d, we obtain the so-

called Kataura plot, Fig. 1.6a. The plot is named after Hiromichi Kataura, who first used it in 

connection with optical spectroscopy [14]. The energies follow roughly 1/d. The deviations from 
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this trend reflect the chiral-angle dependence of the optical (absorption and photoluminescence) 

spectra [3].  

 
a       b 

Fig. 1.6. (a) A Kataura plot. (b) The many-body effects on the band-to-band transitions. 

Electron–electron interaction increases the separation between the ith valence and conduction 

band (dashed lines) by approximately 1.8 eV compared to the single-particle picture (horizontal 

full line at 1). The binding energy due to electron–hole interaction is around 1.3 eV. The 

excitonic transitions (full thin lines) are blue shifted compared to the band-to-band transitions. 

The full thick line was obtained by zone folding [3, 15] 

 

It is worth noting that Kataura plot is widely used to assign the chirality of the nanotubes 

by Raman scattering and optical spectroscopy [17-21]. However, up to now we discussed the 

electronic properties of carbon nanotubes within the simple noninteracting electron model 

(considering only band-to-band transitions). In reality it was proven that electron-electron and 

electron-hole (e.g. exciton) interactions also play an important role in determining the optical 

transition energies in carbon nanotubes. Both theoretical calculations and experimental 

measurements show that the exciton binding energies are anomalously large in carbon 

nanotubes, corresponding to a substantial fraction of the band gap [22]. Interestingly, electron-

hole and electron-electron interactions almost cancels each other and we observe only a slight 

increase in the energy of the nanotube’s optical transitions in comparison with the single-particle 

state (see Fig. 1.6b for details) [15,16]. 
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1.1.5 Raman spectroscopy of single-walled carbon nanotubes 

Raman spectroscopy appears to be one of the most powerful method for the study of 

vibrational and optical properties of carbon nanotubes. Its power particularly lies in the 

exploitation of the resonance effect, which arises from the presence of van Hove singularities in 

the electronic density of states. Since the discovery of carbon nanotubes the Raman experiments 

were largely performed on the bulk samples, namely in bundles and solutions (see Ref [1] for a 

review). Hence, the intrinsic Raman responses of carbon nanotubes were not directly accessible 

due to the presence of a huge number of different chiralities (aggregated in bundles) in a bulk 

sample.  One way to solve this problem was to develop methods of isolation and sorting of 

nanotubes. Indeed, with time a substantial success with the separation of nanotubes by their 

(n,m) structural indices, metallicity (semiconducting or metallic) were achieved by different 

methods, especially density gradient centrifugation in combination with selective surfactant 

wrapping [23] or by gel chromatography [24]. However, the production of suspensions still 

required chemical modification of the CNT surface or addition of surfactants around the 

individual nanotubes inducing environmental effects [25]. For this reason, these types of samples 

are not suitable to determine the intrinsic Raman spectra of nanotubes.  

Another way to deal with the environmental effects was the direct growth of individual 

isolated nanotubes on the substrate. A pioneering work of Jorio et al [26] combining AFM and 

Raman spectroscopy to study vibrational properties of isolated nanotube showed that Raman 

scattering from one carbon nanotube can easily provide its complete (n, m) structural 

information (see Fig. 1.7). Making (n, m) SWNT assignments with the Raman technique was to 

become a major advance for future SWNTs studies.  

Nevertheless this approach wasn’t ideal since: (i) AFM didn’t provide full structural 

information about the nanotubes in question, (ii) it wasn’t possible to independently confirm 

Raman spectroscopy-based assignments and (iii) the substrate itself can induce very important 

environmental effect that can modify the Raman spectra (frequencies and line shapes). 
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Fig. 1.7: (a) AFM images of the sample. The inset shows the diameter distribution of the sample 

taken from 40 observed SWNTs. (b) Raman spectra from three different spots on the Si substrate, 

showing only one resonant nanotube and one RBM frequency for each of 3 spots. From [26]. 

Finally it is worth noting that in this pioneer study a modelization of the nanotubes’ 

electronic properties was required [26] and some index assignment made from Raman only  have 

appeared to be false as claimed by the authors [42].   

In 2005, our group in Montpellier developed a completely new approach based on the 

combination of several complementary techniques: Resonant Raman spectroscopy (RRS), high-

resolution electron microscopy (HRTEM) and electron diffraction (ED) [27]. Initially individual 

SWNTs were grown by chemical vapor deposition on highly doped silicon substrates with a 200 

nm silicon dioxide layer. Then lithographic Au/Cr markers were deposited onto the nanotubes 

using standard e-beam lithography procedure. Finally, the substrate under the nanotubes was 

etched by chemicals in such a way that there were air-suspended parts of nanotubes isolated from 

any environmental effects e.g. tube-tube and tube-substrate interactions. Complementary to 

Resonant Raman spectroscopy, electron diffraction was used on the very same nanotubes to have 

an independent determination of the nanotube structure.  

From these combined measurements on precisely identified nanotube structures, a direct 

confrontation between the structure and the Raman active vibrations (that does not depend on 

any modelization of nanotube electronic properties) has been obtained. [27-30]. This work 

opened a new perspective for a successful study of intrinsic vibrational and optical properties of 

carbon nanotubes. 

Below we present a brief overview of vibrational properties of carbon nanotubes known 

so far: 
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a) Phonon modes of single-walled carbon nanotubes 

 

 

Fig. 1.7: (a) The phonon dispersion relations of the graphene layer in the first Brillouin zone 

calculated with the force constants fitted to the Raman scattering data for various graphitic 

materials [33]. Solid curves show the cutting lines for the (4, 2) nanotube in the fully reduced 

representation. Solid dots show the ends of the cutting lines in the K1-extended representation. 

(b) Phonon dispersion curves for the (4, 2) nanotube obtained by zone-folding from (a). (c) 

Corresponding phonon density of states. From [2] 

The phonon modes of carbon nanotubes can be treated in a way similar to electronic 

properties by applying the zone-folding scheme to the 2D phonon dispersion relations of the 

graphene layer (however, we note that this method is intuitive but not ideal, as it predicts badly 

the behaviour of the low-frequency vibrational modes). The phonon dispersion relations of the 

graphene layer can be calculated within a force constant model [5], by tight-binding [31] or ab 

initio [32] methods.  

Two atoms A and B in the unit cell of the graphene layer give rise to six phonon modes, 

because of the three degrees of freedom per atom. Superimposing the q cutting lines in the K1-

extended representation on the six phonon frequency surfaces in the reciprocal space of the 

graphene layer yields 6q phonon modes for each carbon nanotube (see Fig. 1.7a,b). The 6(q/2-1) 

pairs of the phonon modes arising from the cutting lines of the indices µ and -µ (where µ = 1, . . . 

, (q/2 - 1)) are expected to be doubly degenerate, whereas the 12 phonon modes arising from the 

cutting lines of the indices µ = 0 and µ = q/2 are non-degenerate. So the total number of distinct 

phonon branches is 3 (q + 2) (q is the number of hexagons in the nanotube’s unit cell) [2].  
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From all these 3(q+2) phonon modes only a small number is Raman-active. According to 

group theory, there are 8 Raman-active phonons in achiral and 14 in chiral nanotubes, namely 

[34-35]: 

armchair    

zigzag    

chiral   

 

 

Fig. 1.8: Raman spectrum of SWNT bundles (HiPco) obtained with excitation laser energy EL = 

1.96 eV. From [36]. 

The corresponding Raman spectrum of SWNTs is shown in the Figure 1.8. It is 

dominated by totally symmetric phonons, namely the radial-breathing mode (RBM) and high-

energy phonons (so-called G-band). The other Raman-active phonons are either very low in 

intensity or not observed at all [12]. Additionally, in the presence of disorder (e.g. defects) the K-

point phonon of graphene gives rise to the D mode in the Raman spectra of nanotubes [12, 37-

41]. The harmonic of the D mode, so-called 2D-band (or G’ in some Ref [36]), is also observed 

in the spectrum even when there are no defects. 

 

b) The radial breathing mode 

The RBM is Raman active normal mode vibration where all the C atoms vibrate in phase 

in the radial direction, as if the tube is breathing. Since the atomic vibrational motion does not 
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break the tube symmetry, the RBM is a totally symmetric mode according to group theory, 

belonging to the A1 symmetry irreducible representation [1].  

The radial breathing mode has an important meaning for nanotube research and 

metrology. The fact is that its frequency depends inversely on the nanotube diameter and it is 

even possible to obtain an analytical expression for ωRBM(d). This was first done by G.D. Mahan 

in his pioneering work [43], where he calculated the classical vibrational modes of a thin hollow 

cylinder composed of isotropic material. This approach remained valid for several years, until 

recently Rochal et al [44] proposed a new method within a continuous theory of SWNTs. He 

claims that predictions of Ref [43] for low-frequency vibrational modes seem to be not 

completely justified. The problem is related to the fact that graphene sheet in the Mahan’s work 

is considered as a finite-thickness plate, though thickness in the continuous theory of membrane 

dynamics is an essentially macroscopic parameter. This means that continuous mechanics 

considers bending elasticity of a finite-thickness membrane as a result of the strain difference in 

the membrane's parts situated above and below its mid-surface. This relation is no more 

applicable to continuous mechanics of a membrane constituted by a single-atom layer (the case 

of graphene and carbon nanotube). In a self-consistent continuous model, single-carbon-atom 

graphene sheet should be considered as a 2D membrane. Corresponding bending elasticity of the 

2D membrane is a purely topological quantity related to its curvature variation. Along the same 

line, all characteristics of the continuous mechanics theory for a 2D material membrane in a 

three-dimensional (3D) space are easily obtained using methods of differential geometry, in a 

way similar to classical 3D theory of elasticity. 

To obtain an analytical solution for ωRBM according to the theory of elasticity [45], we 

need to write down the free energy density of the zero-thickness 2D membrane: 

  (1.4) 

where λ and μ are 2D analogues of Lamé coefficients,  K is topological bending rigidity, 

, with Н and Н0 standing for total and spontaneous mean curvatures of the surface, 

 is a 2D strain tensor.  

Next, the equations of motion for the 2D membrane are obtained by variation of the 

functional: 

  (1.5) 
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Where L is a Lagrangian, t is time, dS is the membrane area element, and ρ is the surface 

mass density. 

In other words, by solving Euler-Lagrange equation: 

  (1.6) 

with Lagrangian in the approximation of the radial vibration defined as:  

 (1.7) 

The resulting equation of radial motion has the following form: 

  (1.8) 

   

  (1.9) 

where d = 2R is a nanotube diameter. 

Finally, we need to estimate the required material constants λ, μ, ρ from known graphene 

properties. In Rochal’s work [44] the material constants of graphene sheet and carbon nanotube 

are assumed to be the same. This assumption is justified by the fact that the relation between the 

RBM frequency and SWNT diameter is practically independent on the nanotube chirality. In 

reality, due to the local isotropy breaking in the course of nanotube rolling from the graphene 

sheet the slight splitting and inessential change of material constants in a nanotube are possible.  

 For a 2D membrane (graphene), Rochal finds that 

 ,    (1.10) 

Where and  are the sound velocities in graphene. 

Taking 0.762»ρ  mg/m2, he obtains the following reduced material constants: 2400/ »ρλ  cm-

2nm2, 5200/ »ρμ  cm-2nm2, 12.5/ »ρK  cm-2nm4. This leads to: 

  (1.11) 

We note that the coefficient A = 226 nm·cm-1 in eq. (1.11) may vary in some other 

theoretical and experimental works (227 in Ref [43] and 228 in Ref [55]). However, later in this 

thesis all the relations 226/d, 227/d and 228/d are considered equivalent.  
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Nevertheless, most of the RBM experimental results in the literature have been fitted not 

to the eq. (1.11) but to the relation ωRBM=A/d+B, with values for the parameters A and B varying 

widely from paper to paper (see Ref [1] for a review). In the limit of the tube diameter going to 

infinity, we ideally expect ωRBM → 0, suggesting that B is associated with an environmental 

effect, and the environmental conditions differ from one experimental system to another. This 

environmental effect is present in SWNTs surrounded by different surfactants [46,49,50,51,52], 

in bundles [48,54], in SWNTs sitting on a SiO2 substrate [26], and even in tubes suspended in 

air by posts [53]. Araujo et al proposed a relation to unify all the ωRBM results in the literature, 

[42]: 

, (1.12) 

where  

Parameter C represents the effect of the environment on ωRBM frequency. K (in eV/Å2) 

gives the van der Waals interaction strength, s0 is the equilibrium separation between the SWNT 

wall and the environment shell, E is the Young’s modulus, ρ is the mass density per unit volume, 

ν is the Poisson’s ratio, and h represents the thickness of the shell. 

The several C values obtained by fitting the RBM results for different commonly found 

samples in the literature are given in Table 1.3.  

Though it was recently experimentally shown that the isolated free-standing nanotubes 

free from external interactions have ωRBM vs d  relation with coefficient C = 0 (or equivalently B 

= 0) [55], it is still not clear why experiments performed in our group [53,55] on the isolated 

free-standing tubes give different results (see Fig. 1.10). We will come back to this problem in 

the Chapter 3. 

Table 1.3: Environmental effects on the RBM frequency of different samples, as measured by the 

C factor in Equation 1.12. 

C , nm-2 Sample Reference 

0 
Water-assisted CVD 

Free-standing 

Araujo[42] 

Wang [55] 

0.05 Hipco@SDS Bachilo [49] 

0.059 Alcohol-assisted CVD Araujo [54] 

0.065 SWNT@SiO2 Jorio [26] 

0.065 Free-standing Meyer [53] 
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Fig. 1.10: RBM frequency vs. diameter for our individual suspended SWNTs. The two 

relationships  and 204/d+27 are almost equivalent (note a deviation for 

diameters < 1 nm) in the diameter range of the CCVD-grown SWNTs. On the other hand, there 

is a difference of about 20 cm-1 between the 227/D and  for tubes having a 

diameter close to 2 nm as observed in our samples. 

c) The G-modes or Tangential modes 

In a 2D graphene the first-order Raman-active G-band mode is a single peak feature (ωG 

≈ 1584 cm−1) due to the degeneracy of the longitudinal optical (LO) and in-plane transverse 

optical (iTO) phonons [56]. However, in carbon nanotubes the curvature of the graphene sheet 

lifts this degeneracy and give rise to a bimodal G-band composed of a G+ and G- sub features 

(totally symmetric A1 modes).  

 

Fig. 1.10: The intrinsic Raman responses in the G-mode range of all the types of chiral and 

achiral SWNTs. From top to bottom:  semiconducting chiral (11,10), semiconducting zigzag 
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(25,0), metallic zizgag (24,0), metallic chiral (19,16) and metallic armchair (10,10) SWNT. 

From [29]. 

Fig. 1.10 shows that the G-band profile depends strongly on the metal vs. semiconducting 

nature of the tube. Qualitatively, in a chiral semiconducting tube, the profile of each G-mode is 

narrow and symmetric. The high frequency mode, typically around 1590 cm-1, is assigned to 

longitudinal mode (LO) and the low frequency mode to the transverse mode (TO). By contrast to 

the LO vibration, the frequency of the TO mode depends on the tube diameter (see paragraph 

below) [29].  

In the case of chiral metallic SWNTs, the G-band spectra become soft and broad and are 

represented by the Breit–Wigner–Fano (BWF) lineshape [57]. The phonon softening phenomena 

for metallic SWNTs is understood by the electron–phonon interaction between phonons and free 

electrons at the Fermi energy, and are known as the Kohn Anomaly effect [12, 58]. The narrow 

high-frequency mode is observed typically around 1590 cm-1, while the position of the broad 

low-frequency line again depends on the diameter. Moreover, in agreement with theoretical 

works [59, 60], the high-frequency and low-frequency components are assigned to the TO and 

LO modes respectively (as opposed to the semiconducting nanotubes).  

In the case of armchair and zigzag nanotubes only one G-band sub feature is Raman-

active: transverse optical (TO) and longitudinal optical (LO) modes respectively. The 

longitudinal vibration in this case denotes atomic motion along the tube axis and the transverse 

vibration corresponds to atomic motion perpendicular to the tube axis. For chiral nanotubes the 

atomic vibrations of the G-modes have a mixed character and depend on the chiral angle (see 

Fig. 1.11) [61,62]. 

In other words, the number of G-modes in the (// //) polarized Raman spectrum permits to 

identify the chiral or achiral character of the tube under investigation. A number of components 

greater than two identifies the measurement of a bundle or that of a multi-walled nanotube (for 

example, double- or triple-walled). The lineshape of the low frequency component clearly 

identifies the semiconducting or metallic character of the chiral tubes under investigation [29].  
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Fig. 1.11: (a) The totally symmetric G-band eigenvectors for the (8,4) semiconducting SWNT. 

The atomic displacements are almost parallel to the circumference. (b) The totally symmetric G-

band eigenvector for the (9,3) metallic SWNT. The atomic displacements are almost parallel to 

the carbon–carbon bonds. From [62]. 

The diameter dependence of the G band phonon frequencies is displayed in the Fig. 1.12 

below for semiconducting and metallic SWNTs.  

  

   a      b 

Fig. 1.12: Comparison between LO and TO phonons. (a) For semiconducting tubes: 

calculations; in adiabatic approximation (red dotted lines and open symbols, from [59] and [63] 

respectively). Solid symbols are experimental data measured on identified individual SWNTs.  

(b) For metallic tubes the phonon frequencies are calculated in adiabatic (blue dashed lines) 

and non-adiabatic approximation (red dotted lines and open symbols). 

 

A diameter dependent downshift in frequency of the G-modes, coming from strain and 

from curvature-induced effect (out-of-plane components), is expected. In the time-independent 

perturbation picture (adiabatic approximation), the ωLO G mode frequency is expected to be 

independent of diameter (especially for diameter larger than 1.2 nm), since the atomic vibrations 

are along the tube axis. In contrast, the ωTO G mode has atomic vibrations along the tube 

circumference, and increasing the curvature increases the out-of-plane component, thus 

decreasing the spring constant with a  dependence.  
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This picture holds for semiconducting SWNTs, where G+ now stands for the LO mode, 

and G− stands for the TO mode [64]. For instance, it was found recently that the experimental 

frequency of the G- mode of semiconducting SWNTs can be fit with [65]: 

wG-=1582 -27.5/d2   (1.12) 

 In the Fig. 1.12a, a comparison between the experimental data measured on identified 

individual semiconducting SWNT and calculations performed in an adiabatic approximation are 

displayed. A good agreement between these two sets of data and the recent results of Telg et al 

[65] is found. 

 For metallic SWNTs, on the other hand, it is necessary to take into account the non-

adiabatic correction to describe the experimental dependence of the LO mode. This is directly 

associated with the strength of the electron-phonon coupling in metallic SWNT and the presence 

of Kohn anomaly at the G point. 

 Obviously, G-band frequency is also extremely sensitive to different external effects, for 

example doping [66] or strain [67].  
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1.2 Double-walled carbon nanotubes 

1.2.1 Structure and configurations 

A double-walled carbon nanotube (DWNT) has two concentric carbon layers. This 

structure makes DWNTs the simplest system for studying the effects of inter-wall coupling on 

the physical properties of CNTs. Compared to single-walled carbon nanotubes, DWNTs have 

higher mechanical strength and thermal stability and also possess interesting electronic and 

optical properties [68].  

A DWNT can have one of four possible electronic configurations with each wall being 

either semiconductor (S) or metallic (M): S@S, M@S, M@M, and S@M (inner-tube@outer-

tube). Every configuration may have different electronic properties (see Fig. 1.13)  

 

 

Fig. 1.13: (a) Schematic of a S@M DWNT and its electronic structure. From [68]. 

 

1.2.2 Electronic properties of DWNTs 

Electronic and optical properties of double-walled carbon nanotubes are strongly related 

to those of the participating SWNTs and in addition are modulated by the inter-layer interaction. 

This interaction directly depends on the inter-wall (wall-to-wall, interlayer etc.) distance. 

Calculations [69] demonstrated that the interlayer distance in a DWNT can vary from 0.33 to 

0.41 nm, which is quite different from that of the normal MWNTs (0.34 nm). Indeed, 

experimental values for the interlayer distance were observed by HRTEM to be between 0.32 

[70] and 0.42nm [71].  

Theoretical models as described below were developed to find the lowest interaction 

energy between concentric tubes with respect to their inter-wall distance and tube–tube 

orientation. From the lattice symmetry point of view, the inner- and outer-tubes can be either 

incommensurate or commensurate. A DWNT is commensurate if the ratio between the unit cell 
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lengths of the inner and outer-tubes is a rational number and incommensurate if the ratio is 

irrational [72] A commensurate DWNT has a periodical lattice structure while for 

incommensurate DWNTs the symmetry is broken. [73]. As a consequence of the general 

incommensurability between the inner- and outer-shell tubes, the unit cells of the DWNTs can be 

very large. Thus, the first principles calculations, i.e. DFT, can only be applied to selected tube 

pairs such as armchair–armchair or zigzag–zigzag tubes where commensurability is provided. In 

other cases, empirical potentials are used such as Lennard-Jones potentials for the intertube 

interaction and Brenner potentials or Tersoff potentials [74] for the covalent carbon–carbon 

interaction [75].  

 

Fig. 1.14: Band structure of two SWNTs and the combined DWNT. The dashed bands in DWNT 

(the right part of the figure) are derived from the outertube bands, while the solid bands are 

derived from the inner-tube bands [75, 79]. 

  

For instance, Bellarosa et al [76] investigated the dependence of the ground-state energy 

for DWNT pairs with respect to wall-to-wall distance and chirality and found its weak chiral 

angle dependence. Moreover, Okada and Oshiyama [77] calculated ground-state energies for 

zigzag tubes [(7, 0), (8, 0), (10, 0)] in various outer zigzag tubes. It was found that the minimum 

ground-state energies for WtWD were slightly larger than the interlayer distance in graphite. For 

example, for a (7, 0) inner tube, the lowest energy was found for 0.35nm WtWD for a (16, 0) 

outer tube. While the (7, 0) and the (16, 0) tubes were semiconducting, the combination (7, 

0)@(16, 0) turned  out to be metallic. This metallization was due to a difference in the 

downshifts of energy bands between the inner-shell and outer-shell tubes. Due to a stronger σ-π 

rehybridization, the inner tubes, in particular the π -band, exhibits a stronger downshift, leading 

eventually to a finite DOS at the Fermi level. 

Other calculations [78, 79, 80] confirmed these results. Figure 1.14 depicts electronic 

bands for (7, 0), (15, 0) and for (7, 0)@(15, 0) close to the Fermi  level. Both isolated tubes 

exhibit a gap. For (15,0) tube it is induced by the curvature.  Due to different energy-level 
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downshifts in the combination of the two tubes, the Fermi level is crossed by two bands. In this 

particular case the valence band and the conduction band from the inner tube become 

overlapping. For larger wall-to-wall distances, the different shifts of the inner tube π and π  

bands become weaker so that they no longer overlap. For larger-diameter inner tubes such as (8, 

0), the downshift of the bands was smaller and did not lead to a metallic state.  

 

 

Fig. 1.15: Raman map for DWNTs. The color-coded Raman intensities represent the response 

from the outer-shell tubes (low-frequency side) and from the inner-shell tubes (main part of the 

figure). The open symbols depict values for individual tubes as calculated from a symmetry-

adapted nonorthogonal tight-binding model corrected for many-body effects after. The full 

symbols represent experiments recorded for HiPco tubes. The dashed lines connect tube families 

2m + n = const. From [75]. 

 

The fact, that the inter-tube interactions drive the systems to a metallic state or at least 

noticeably reduce the gap energy, is consistent with the downshift of the electronic transitions for 

double-walled nanotubes, that was observed in [82] (see Fig.1.15). In the absence of large 

systematic experimental data on the optical properties of DWNTs, the Kataura plot established 

for individual single-walled carbon nanotubes may be used as a first approximation. However, in 

case of contradiction, the possible deviations due to complex character of DWNTs should be 

taken into account. 

  

1.2.3 Raman spectroscopy of DWNTs 

The Raman scattering is the main analytical tool to study structural bulk effects in 

DWNTs. However, as in the case of SWNTs spectroscopic experiments on DWNTs have been 
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largely performed on solution-based samples or in bundles [81-85]. For this reason, it has been 

difficult to identify and learn about the Raman spectroscopic signatures that are specific to 

individual DWNTs. Lately, more evolved experiments using combinations of different 

complementary techniques (e.g., atomic force microscopy (AFM), electron diffraction and 

Raman spectroscopy) were performed to measure the Raman spectra from the inner and the outer 

tubes of individual DWNTs [86, 87, 12]. 

One of the focuses of this work is the study of vibrational properties of DWNTs. The 

main discussion, especially related to the environmental effects, will be presented in the Chapter 

4. Below, however, we review some important works that appeared mainly before 2010 (prior 

the thesis).  

a) Radial-breathing like modes in DWNTs. 

 We present below two approaches for calculating radial breathing-like modes of DWNTs: 

the discrete model of Popov and Henrard [88] and the 2D continuous model of Rochal et al [44]. 

Discrete model 

Popov and Henrard in the work [88] showed that the radial-breathing modes of double-

walled nanotubes have a more complicated behavior than the ones in the individual SWNTs. The 

eigenmodes of the inner and outer tubes combine into in-phase and out-of-phase modes in the 

double-walled tube, and their coupling is described best by the graphite interlayer coupling 

strength. Using a valence-force field model, it was shown that the both coupled radial modes 

increase in frequency compared to the same tube in single-walled form (see Fig.1.16) [3, 88]. 

The first experimental observation of these radial breathing-like modes in individual and isolated 

DWNTs was made in the framework of this thesis and will be discussed in the Chapter 4.  
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Fig. 1.16: (left) Frequencies of coupled radial-breathing modes in double-walled nanotubes as a 

function of the outer layer radius. Open symbols belong to uncoupled tubes of the same 

diameter, solid symbols to double-walled nanotubes. The coupled frequencies are always higher 

than the uncoupled ones. (right) Eigenvectors and eigenfrequencies (in cm−1) of the radial-

breathing mode of two different diameters DWNTs. In-phase and corresponding out-of-phase 

modes are seen. After [88]. 

 

The 2D continuous model [44] 

The calculation of the RBLM frequencies of DWNTs is similar to the single-walled case. 

However, here we need to include the contribution of van der Waals interaction between co-axial 

SWNTs to the full free energy of the DWNT, namely:  

 (1.13) 

where and are the radial displacement fields of the first and the second nanotubes, 

respectively; G is a measure of van der Waals interaction .  

 Then, the full action of the system is expressed as a sum of actions (1.5) for two 

nanotubes plus a coupling contribution (1.13):  

 (1.14) 

By solving Euler-Lagrange equation, we get the following system 

 (1.15) 

where R1 and R2 are the radii of the inner and outer tubes, respectively. Replacing  

in Eq. (1.15) with  and introducing ρG=G' /  we obtain bi-quadratic equation: 
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  (1.16) 

 

where ω1 and ω2 are the RBM frequencies of the inner and outer tubes in the absence of the 

interaction, respectively. 

 Equation (1.16) represents a user-friendly tool for the BLM behavior analysis. 

 

Experimental observations 

The interactions between the inner and outer-tubes were also observed by Pfeiffer et al 

[84]. They investigated the Raman response of the inner-tube RBMs in DWNTs and found that 

the number of observed RBMs is two or three times larger than the number of possible 

nanotubes in the studied frequency range. The discrepancy was reconciled by inter-wall 

interaction-induced splitting of the inner-tube Raman response (see Fig. 1.17) and also by the 

fact that several inner tubes can be accommodated in the same outer tube. 

F. Villalpando-Paez et al. reported a detailed study of 11 individual C60@SWNT peapod-

derived DWNTs with a semiconducting (6,5) inner-tube and various outer metallic tubes [87]. 

They observed that the ωRBM of the inner (6,5) semiconducting tube hardens as the diameter of 

the outer metallic tube decreases. In other words, the stronger the interaction, the further the 

inner-tube RBM shifts to higher frequencies. 

Moreover, the intrinsic linewidth of the inner tubes can be as small as 0.4 cm-1 [89]. This 

indicates rather long phonon lifetimes and thus remarkably defect-free inner tubes. Hence, the 

outer tube can be regarded as providing a nano clean room in which the inner tubes grow. 
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Fig. 1.17: Calculated RBM frequencies of inner-shell tubes as a function of wall-to-wall distance 

(top) and the constructed Raman response for the (6, 4) cluster and the spectrum obtained from 

the calculation with the frequencies dressed with Lorentzian lines (bottom). Constructed means 

the height of each peak was normalized to the maximum scattering intensity from the Raman 

map [81]. 

 

b) G-modes in DWNT 

Several attempts were made to reveal the G-line components from the inner and outer 

tubes. F. Villalpando-Paez et al. observed a frequency upshift of ω(G-) which was correlated 

with an upshifted ωRBM for the inner nanotube [87]. Hence, they attributed the upshift of ω(G-) to 

the increasing inter-tube interactions in the DWNTs (see Fig. 1.18 (a)). Yet there were no 

splitting of the G+ and G- components of the inner and outer tubes observed. 

 

a          b 

Fig. 1.18: (a) RBM-band, D and G-band regions of the Raman spectra corresponding to five 

different DWNTs whose inner and outer walls are simultaneously in resonance with the same 
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laser line ELaser = 2.10 eV, from [86]. (b) G band of individual DWNT (left side) and bundles of 

DWNTs (right side) using three different excitation energies, from [90]. 

 

In contrast to the previous work, Puech et al [90] measured Raman spectra of individual 

double wall carbon nanotubes on silica. They explained the splitting of the G band due to 

contributions of the inner and outer tube when using an excitation energy in resonance with the 

inner metallic tube and outer semiconducting tube. It was believed that the spectral splitting 

indicated the strong coupling between the layers (see Fig. 1.18 (b)). 

The in-depth study of tangential modes of double-walled carbon nanotube will be 

presented in the Chapter 4. 

 

1.3 Triple-walled carbon nanotubes 

 Triple-walled carbon nanotube (TWNT) is another example of a complex nanosystem 

whose properties are determined not only by the constituent layers but also by their intrinsic 

interactions. Recently Hirschmann et al [91] studied 5 individual TWNTs by Resonant Raman 

spectroscopy. They managed to locate, distinguish, and characterize individual TWNTs with 

three di erent flavors (S@M, S@S, and M@S) for the individual, inner DWNTs (Fig. 1.19).  

 

Fig. 1.19: (a) The spectra show the RBMs of the inner and middle tubes of five individual 

TWNTs, marked with capital letters (A-E). (b) The spectra represent the RBM resonance 

evolution of the TWNT A with a S@M DWNT flavor. The RBM of the metallic middle tube has its 

maximum intensity at 2.13 eV, in contrast to what occurs to the RBM of the semiconducting 
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inner tube (6,5) between 2.10 and 2.13 eV. (c) G-band of the TWNT C taken by di erent ELaser. 

The absence of a significant D-band and the (decreasing) increasing of the G- occurrence for the 

semiconducting middle and inner tube are seen. From [91]. 

By using ωRBM vs d relations, they found the WtW distances of the two inner tubes of 

individual TWNTs to be 0.330 ± 0.007 nm. Characteristic high-frequency G-band and low-

frequency RBLMs spectra of the TWNTs are presented in the Fig. 1.19. 

 We also emphasize that the RBLM frequency of the outer layer was never measured. 
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Summary 

 In this chapter we have briefly reviewed the structural, electronic and vibrational 

properties of individual carbon nanotubes. Furthermore, we considered the Raman spectroscopy 

study of individual single- and multi-walled CNTs and presented theoretical and experimental 

data that were present in the literature prior to this work. 

 We also analyzed a 2D continuous membrane theory for the frequency calculations of the 

radial breathing and breathing-like modes of single- and double-walled nanotubes respectively. 

 Finally, a short review of the Raman spectroscopy study of triple-walled carbon 

nanotubes was done. 
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Chapter 2 

Synthesis and structural identification  

of individual carbon nanotubes 
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 In our group we had developed an experimental procedure for studying vibrational and 

optical properties of individual well-identified single-walled carbon nanotubes by combination 

of Raman spectroscopy, high-resolution electron microscopy (HRTEM) imaging and electron 

diffraction (ED). For the use of all these techniques on the same nanotubes, CNTs must be 

spatially isolated and suspended in order to be accessible for the electron beam.  

 The very first way to prepare such samples, used since 2005, consisted in the synthesis of 

individual CNTs on substrates, followed by lithography and etching steps to isolate nanotubes 

[1]. The main disadvantage of this protocol was in the use of different chemicals: resists, KOH, 

TMAH etc., which led to the potential contamination of the CNTs. 

 Hence, this chapter is organized in the following way: we first present an improved 

protocol of the synthesis of suspended isolated CNTs performed in only one step on specially 

designed substrates (with no chemicals). Then we discuss the spatial localization and structure 

identification steps and give a short review on the structure identification of nanotubes by 

electron diffraction. Finally, we present several examples of ED pattern analysis of single- and 

multi-walled nanotubes. 

 

2.1  The synthesis of ultra-long individual nanotubes  

Catalytic chemical vapor deposition (CCVD) is a comparably low-temperature method 

(600°C – 900°C) in which a carbon molecular precursor is thermally decomposed to produce 

reactive carbon species and ultimately CNTs. This process can be driven using a template or a 

substrate and with use of a catalyst. A variety of carbon precursors and metal nano-particles as 

catalysts can be used in this process [2].  

Substantial work on CCVD protocol was done within the framework of Tinh Than’s PhD 

thesis, developed in our group [3]. Here we will remind only its main points and not discuss 

growth mechanisms as they are beyond the scope of this manuscript. Tinh Than studied the 

influence of growth parameters on the synthesis of CNTs, namely the type and the size of the 

catalysts, the type of precursors (ethanol, methane), temperature, pressure, atmosphere 

composition, slow and fast cooling methods etc. It was found that the growth can be achieved 

with different CСVD temperatures and different total flow rates, but there existed several CСVD 

conditions, which gave higher reproducibility:  
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2.1.1 Slow-heating protocol with methane (or ethanol) as precursors. 

 Before heating and gas purge stages, the sample was put in the center of the furnace. To 

hold the sample a tubule of 6 mm in diameter and 11 cm in length was usually used in order to 

promote a laminar flow close to the substrate. The protocol is shown in figure 2.1a (for 

methane). Before heating, all gas lines and the reactor tube were purged by Ar at a flow rate of 

1400 sccm for 30 minutes. Then the furnace was heated to 900°C at a ramping rate of 20°C/min 

under an Ar flow of 1400 sccm. The ramp lasted about 44 minutes. When the temperature 

reached 900°C, argon was replaced by hydrogen at a flow rate of 100 sccm for 17 minutes. Then, 

the temperature was increased from 900°C to 950°C in about 3 minutes. When the temperature 

reached 950°C, the hydrogen flow rate was increased to 200 sccm. After 5 minutes, methane was 

injected into the reactor tube by increasing steps of 25 sccm in order to reach 100 sccm after 1 

minute. The temperature and gas flows were left constant for 60 minutes to perform the growth 

of nanotubes. The furnace was then switched off and left cooling by itself. During cooling, 

hydrogen and methane were replaced by Ar at a flow rate of 60 sccm. 

 For ethanol the protocol was slightly different though the general procedure remained the 

same (see Fig. 2.1b below). 

 

a 

 

b 

Figure 2.1: Slow-heating CCVD protocols with methane (a) and ethanol (b) as precursors. 

Adapted from [3]. 
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2.1.2 Fast-heating protocol with methane (or ethanol) as precursors. 

 In this protocol a sample was inserted in the reactor tube but kept outside of the heating 

zone. As in the former method, the sample was usually held inside a quartz tubule with 6 mm in 

diameter and 11 cm in length. Before heating all gas lines and the reactor tube were purged by 

Ar at a flow rate of 1400 sccm for 30 minutes to remove air. Then the furnace was heated to 

950°C at a ramping rate of 20°C/min in Ar at a flow rate of 1400 sccm for 47 minutes. When the 

temperature reached 950°C, argon was replaced by hydrogen and methane at flow rates of 200 

sccm and 100 sccm, respectively. After 5 minutes, the sample was rapidly transferred in the 

heated zone with the help of the magnetic insertion bar or by sliding the furnace. The 

temperature and gas flows were left constant for 60 minutes to perform the growth of nanotubes. 

After that, the furnace was switched off and left for cooling. Hydrogen and methane were 

replaced by argon at a flow rate of 300 sccm. 

 The experimental protocol for ethanol is presented in the Fig. 2.2b. 

 

a 

 

b 

Figure 2.2: Fast-heating CCVD protocols with methane (a) and ethanol (b) as precursors. 

Adapted from [3]. 

Tinh Than showed that these experimental protocols may produce ultra-long nanotubes 

(as long as 5 cm) [3] being able to overcome millimeter-large trenches or a 500µm-high barrier 

during growth. In other words, using described CCVD methods we can produce suspended 

nanotubes by growing them directly on commercial perforated silicon nitride TEM grids [4] for 
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subsequent Raman studies [5]. Moreover, to avoid CNT contamination it was possible to use a 

separated substrate for the catalyst, placed near the grid (which acts as a receiving substrate) in 

the CCVD furnace.  Figure 2.3a shows a low-resolution TEM overview of the commercial grid 

after the synthesis. In the thinned middle part, long as-grown individual CNTs are deposited 

across several holes on the perforated Si3N4 membrane, as shown on the SEM picture of Fig. 

2.3b. The typical diameter of the holes is 3 µm and we can see that most of the time only one 

nanotube is found in a given hole. Figure 2.3c displays a TEM image of one of these suspended 

CNT at the edge of a hole (the latter can be used to improve the focus during TEM experiments). 

 

Figure 2.3: a) SEM image of a commercial silicon nitride TEM grid, b) TEM image of the 

central part of the TEM grid showing suspended CNTs, c) TEM micrograph of an individual 

suspended CNT.  

 

Finally we note that other types of receiving samples were used in this study consisting of 

typical Si/Si0x wafers with an open-ended slits (several tens of microns in width) produced by 

standards micro-fabrication techniques before the synthesis. These substrates were especially 

suitable for Raman mapping (described later in this chapter) but, unfortunately, we encountered 

some difficulties with TEM and ED characterization of the CNTs suspended on this kind of 

samples.  

In Table 2.1 we present a summary of all the samples studied in this work. The type of 

substrates, growth conditions, characterization techniques as well as the kind of nanotubes 

synthesized are shown below. 
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Table 2.1. List of different samples studied in this work (in order of interest). 

# 
Code 

name 
Substrate Growth conditions 

Characterization 

techniques 
Nanotubes 

1 V65 TEM grid 

Ethanol, Catalyst: FeCl3 (0,01M), Total 

flow in CCVD process: 60 sccm, 900 °C, 
Slow heating+ Slow cooling. CVD in 60min 

HRTEM+ED iSWNTs+iDWNTs 

2 V66 TEM grid 

Ethanol, Catalyst: FeCl3 (0,01M), Total 

flow: 60 sccm, 900 °C, Fast heating+ Slow 
cooling. CCVD in 60min 

HRTEM+ED iSWNTs+iDWNTs 

3 V127b TEM grid 

Ethanol, Catalyst: Fe 10 Å, Total flow: 20 
sccm, 1000 °C, Fast heating+ Fast cooling, 

CCVD in 30min 

HRTEM+ED 
Mostly iDWNTs 

+iTWNT 

4 
F385-2 

(B15) 
TEM grid 

Protocole F121; synthesis with CH4  30sccm 

(10%) 60min, 1000°C, FeCl3 (0,01M) on 

separate SiO2, H2 60sccm ( 8,5%) 

HRTEM+ED One long iDWNT 

5 
F385-8 

(B16) 
TEM grid 

Protocole F121; synthesis with CH4  30sccm 

(10%) 60min, 1000°C, FeCl3 (0,01M) on 

separate SiO2, H2 60sccm ( 8,5%) 

HRTEM+ED 

Mostly iDWNTs, 

iTWNTs and 

bundles 

6 V14A2 TEM grid 

Protocole F121; synthesis with CH4  30sccm 

(10%) 60min, 1000°C, FeCl3 (0,01M) on the 

same SiO2 as the nanotubes, H2 60sccm ( 

8,5%) 

HRTEM+ED Mostly iDWNTs 

7 V126a TEM grid 

Ethanol, Catalyst: Fe 5 Å, Total flow: 30 
sccm, 950 °C, Fast heating+ Fast cooling. 

CCVD in 30min 

HRTEM Mostly bundles 

8 V75a Slit 

Ethanol, Catalyst: Fe 5 Å, Total flow: 60 
sccm, 900 °C, Fast heating+ Slow cooling, 

CCVD in 60min 

Raman imaging 
iSWNTs, iDWNTs 

+ bundles 

9 V75b Slit 

Ethanol, Catalyst: Fe 5 Å, Total: 60 sccm, 
900 °C, Fast heating+ Slow cooling, CCVD 

in 60min 

Raman imaging 
iSWNTs, iDWNTs 

+ bundles 

10 V79b Slit 

Ethanol, Catalyst: Fe 5 Å, Total flow: 60 
sccm, 900 °C, Fast heating+ Fast cooling, 

CCVD in 60min 

Raman imaging 
iSWNTs, iDWNTs 

+ bundles 

11 V80a Slit 

Ethanol, Catalyst: Fe 5 Å, Total: 40 sccm, 
900 °C, Fast heating+ Slow cooling, CCVD 

in 60min 

HRTEM + 

Raman imaging 

iSWNTs, iDWNTs 

+ bundles 

12 V110d Slit 

Ethanol, Catalyst: Fe 5 Å, Total flow: 30 
sccm, 1000 °C, Fast heating+ Fast cooling. 

CCVD in 30min 

Raman imaging 
iSWNTs, iDWNTs 

+ bundles 

13 V112c Slit 

Ethanol, Catalyst: Fe 5 Å, Total flow: 30 
sccm, 1000 °C, Fast heating+ Fast cooling. 

CCVD in 30min 

Raman imaging 
iSWNTs, iDWNTs 

+ bundles 

14 V126c Slit 

Ethanol, Catalyst: Fe 10 Å, Total flow: 30 
sccm, 950 °C, Fast heating+ Fast cooling. 

CCVD in 30min 

Raman imaging 
iSWNTs, iDWNTs 

+ bundles 
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In the framework of this thesis we performed consistent studies of several samples from 

Table 2.1 by high-resolution electron microscopy. It was found that the above presented 

synthesis protocols might give single- and multi-walled (mainly double- and triple-) nanotubes, 

sometimes organized in small bundles (see Table 2.1). However, a systematic and statistical 

study of the samples was not the aim of our work and we cannot give a complete and accurate 

trend between the synthesis parameters and the structural characteristics of the CNTs. 

   As an example, we show in the Fig. 2.4 HRTEM images of different structural types of 

carbon nanotubes that we analyzed and studied during this work, e.g. medium size and extra-

large SWNTs, medium and extra-large DWNTs, bundles of single-walled nanotubes and triple-

walled nanotubes. Regardless of the number of walls, the smaller nanotubes found in our 

samples have diameters of about 1.4-1.5 nm (probably because of the size of the catalyst nano-

particles). Moreover, these HRTEM images show that the as-grown carbon nanotubes are 

straight and have high crystalline quality. Finally, a few amount of amorphous carbon is 

observable at the CNTs surface, sometimes deposited during the TEM analysis. 

 

 

Figure 2.4: HRTEM images of (a) SWNT with d = 2.4 nm , (b) SWNT with d=5.9 nm, (c) Bundle 

of two SWNTs, d1= 1.8nm, d2=1.9 nm, (d) DWNT with din= 2.0 nm, dout= 2.8 nm, (e) DWNT with 

din= 6.4 nm, dout= 7.1 nm, (f) TWNT with d1= 3.3 nm, d2= 4.0 nm, d3= 4.7 nm;  

2  n m2  n m 2  n m2  n m 2  n m2  n m

2 nm2 nm 2  n m2  n m 2  n m2  n m
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2.2 Localization of as-grown individual carbon nanotubes 

 The growth mechanism associated with CCVD synthesis is beyond the scope of this 

work. However, it was shown previously [3] that the tubes are first grown in the gas phase before 

to be deposited on the substrate (kite growth) during the CCVD process. Consequently, we 

cannot control the position of the nanotubes on the sample. Moreover, our CCVD protocols 

produce CNTs deposited on the grid with a favored orientation (probably aligned by the gas 

flow, see for instance sketch of Fig. 2.5c).   The first point make thus essential to localize the 

nanotubes in order to perform micro-Raman measurements. On the other hand the rather good 

alignment of the tubes on the substrate greatly facilitate Raman measurements, in particular the 

sample orientation with respect to incident polarization is kept the same to measure different 

nanotubes on a given sample.  In this work we used three types of localization techniques: 

scanning electron microscopy (SEM), low-resolution TEM and Raman mapping as detailed 

hereafter. 

 

2.2.1 Scanning electron microscopy (SEM) or Low-resolution TEM 

Electron microscopy (SEM and TEM) offers an efficient way to visualize positions of 

carbon nanotubes on the samples. We usually start in a low-magnification mode and search for 

reference points on the substrates. They may be simple bunches of amorphous carbon, small 

cracks in the HRTEM grid or any other imperfections (dust etc...). With respect to these micro-

metric markers, we then scan again the sample with a higher magnification and mark the 

nanotubes’ locations. It should be pointed out that at this stage it is impossible to say anything 

about the structure of the nanotubes. Only subsequent HRTEM studies may reveal this 

information.  

Fig. 2.5a shows a low-resolution electronic image of a TEM grid with as-grown carbon 

nanotubes. Fig. 2.5b shows some parts of this grid in more details (individual carbon nanotube is 

highlighted by red line). A final map of the sample is given in the Fig. 2.5c.  
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Fig. 2.5: (a) TEM overview of the grid showing a default used as a marker in the left hand side 

(the scale bar is 10 μm) (b) the different holes near this marker are labeled (individual carbon 

nanotube highlighted by thick line)  (c) Final map of the sample showing the different localized 

markers and nanotubes. 

 

2.2.2 Raman mapping 

Raman mapping is another approach for the localization of carbon nanotubes that 

combines the non-destructive character of Raman effect (assuming a low laser power density) 

with the visualization advantages of the microscopy. As mentioned in the Chapter 1, carbon 

nanotubes due to their 1D structure have a resonant response to the incident radiation. Thus, 

high-intensity vibrational lines in the Raman spectra can be used to map CNTs on the samples. 

We used two different techniques of micro-Raman mapping, namely point-by-point 

mapping and global imaging.  

The point-by-point method involves acquiring spectra sequentially from a series of (X, Y) 

positions on the sample. Then a given Raman mode is selected (for instance G mode) to produce 

images indicating the intensity of this spectral line (encoded with false colors) as a function of 

the (X, Y) coordinates on the sample.  

The second method consists in visualizing the sample using the excitation laser rather 

than the white light. To do this, the laser beam is expanded to illuminate a disc-shaped area on 

the sample. The resulting scattered light is spectrally filtered choosing a band pass filter with 

wavelength equal to a Raman mode (e.g. G mode) and focused to produce a 2D image directly 

on the CCD detector. Note that in this configuration the grating does not disperse light but acts 

as a mirror. The size of the illuminated disc is inversely proportional to the magnification of the 

objective lens; it is typically 50 μm diameter for a 50× objective. This mode is well suitable to 

locate rapidly the resonant nanotubes (see Fig. 2.6). However, no spectral information is 

available since there is no dispersion of the scattered light. 
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The point-by-point method has been successfully used to acquire a 1D map (line 

mapping) of the samples. Though this method is very appealing we cannot use it to map TEM 

grids-based samples due to the small size of the holes (which are only about 3 microns) and due 

to the strong reflectivity of the membrane.  

 

        a          b 

Fig. 2.6: Raman images of a slit with individual carbon nanotubes.  
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Summary 

 In the two previous sections, we have shown our experimental procedure for the synthesis 

and the spatial localization of the individual carbon nanotubes. 

 A typical synthesis protocol had the following characteristics: 

Carbon feed: Methane (CH4) or Ethanol (C2H5OH) 

Atmosphere: Argon and (or) Hydrogen (H2) 

Catalysts: FeCl3 or Fe 

Growth temperature: 900 - 1000 °C 

Growth time: 30 - 60 min 

 As nanotube localization techniques, we used SEM, low-resolution TEM and Raman 

mapping. Electron microscopy however has a disadvantage as it exists a certain chance of the 

contamination of the nanotubes (e.g. by amorphous carbon) during electron beam irradiation. 

Nevertheless, it is still attractive because it locates all the nanotubes on a given sample in a 

single run. Raman mapping, on the other hand, shows only the resonant nanotubes at a given 

excitation wavelength but in principle is free of contamination. 
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2.3 Structure identification of individual carbon nanotubes.  

2.3.1 Introduction and experimental section 

Identifying atomic structure of carbon nanotubes is essential for the consequent studies of 

their vibrational and optical properties. Electron diffraction is one of the best choices for that 

matter. In addition, it can be combined with direct imaging of the sample, including high-

resolution imaging of the crystal lattice (HRTEM).  

We note however that the distances (or CNTs diameters...) measured by HRTEM are 

very sensitive to the orientation of the tubes with respect to the electron beam and to the defocus 

conditions. Therefore, the atomic structure of a nanotube can be obtained by HRTEM only under 

particular observation conditions, which limits the use of this technique for such studies. Electron 

diffraction does not have these limiting factors and is therefore the most reliable technique to 

obtain the nanotube's atomic structure. 

 Early electron diffraction studies using standard selected area electron diffraction 

(SAED) techniques were performed on multi-wall [8-10], bundled [11,12] and individual single 

wall tubes [13,14]. The diffraction pattern quality was typically poor and therefore analysis 

limited. In 1997 the use of nano-beam electron diffraction (NBED), in which a coherent and 

parallel electron beam of width a few tens of nanometres is incident on the carbon nanotube, was 

first used to study ropes containing multiple SWNTs [11,15]. This technique significantly 

improves the quality of electron diffraction patterns and allows for a more analytical approach to 

chirality assignment [7,17]. It has been also employed to investigate borone nitride nanotubes 

[18]. 

 Figure 2.7 illustrates three modes of electron diffraction: SAED (fig. 2.7a), nano-area or 

NBED (fig. 2.7), and convergent-beam electron diffraction (CBED, fig. 2.7c). A schematic 

diagram of the principle of parallel-beam (or nano-beam) electron diffraction from a nanometer-

sized area in a TEM is shown in the Fig.2.7b. The electron beam is focused onto the focal plane 

of the objective lens, which forms a parallel beam illumination on the sample. For a condenser 

aperture of 10 μm in diameter, the probe diameter is around 50 nm, which is much smaller than 

conventional SAED, and does not suffer from aberration induced image shift. The third 

condenser lens (available for example, at JEOL and FEI Titan microscopes), or mini-lens, in this 

mode provides the flexibility and demagnification for the formation of a nanometer-sized 

parallel beam. In electron microscopes with two condenser lenses in the illumination system, the 

first lens is used to demagnify the electron source and the second lens to transfer the demagnified 
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source image to the sample at focus (for probe formation) or under-focused to illuminate a large 

area [16]. 

 

Fig. 2.7: Three modes of electron diffraction. Both selected area electron diffraction (SAED) (a) 

and nanoarea electron diffraction (NED) (b) use parallel illumination. SAED limits the sample 

volume contributing to electron diffraction by using an aperture in the image plane of the image 

forming lens (objective). NED achieves a very small probe by imaging the condenser aperture on 

the sample using a third condenser lens. Convergent beam electron diffraction (CBED) (c) uses 

a focused probe. Nano-beam electron diffraction is important for the investigation of CNTs 

because of the small scattering cross section of carbon and the requirement of a straight tube for 

electron diffraction. Adapted from [16]. 

In this work HRTEM and NBED experiments were performed in a FEI Titan Cubed Cs 

corrected 60-300 kV TEM of the Laboratorio de Microscopias Avanzadas (Instituto de 

Nanociencia de Aragon, U. de Zaragoza, Zaragoza (Spain)), operating at 80 kV. For the NBED, 

the smallest condenser aperture was employed, providing a highly coherent and parallel 

nanoprobe (40−50 nm). The CNTs electron diffraction patterns (EDPs) were recorded using a 

charge-coupled device (CCD) camera (Gatan Ultrascan 2Kx2K) with two different camera 

lengths: 285 mm and 460 mm. We note that no ”blooming” effect was observable. The 

acquisition time of each EDP was <10 s. We have checked that with this procedure several EDPs 

can be acquired without any radiation damage of the tube. Indeed, for avoiding any damage, we 

limited the electron beam dose. [17] 

 

2.3.2 Electron diffraction of carbon nanotubes 

a) Single-walled nanotubes 

In Chapter 1 we have seen that the structure of carbon nanotube may be determined in a 

unique way either by a set of (d,θ) parameters or by a pair of (n,m) indices. Knowledge of 

structural information is an essential step in the correct analysis of optical and vibrational 



53 

 

properties of the nanotubes. Below we consider the electron diffraction by single-walled 

nanotubes and show that it provides a direct way to determine all the structural data of the 

nanotubes in question. 

An electron diffraction pattern of a SWNT can be seen as an image of its reciprocal space 

superimposed with some extra features. We can distinguish here two effects: 

Diffraction from two parallel sheets of graphene  

Figure 2.8b shows reciprocal space (and hence the diffraction pattern) for three graphene 

sheets having armchair (left), zig-zag (center) and chiral (right) geometries. An incident electron 

beam normal to the tube axis passes sequentially through two graphene sheets (corresponding to 

the ‘top’ and ‘bottom’ wall of the carbon nanotube). The resultant diffraction pattern is the sum 

of that from each graphene sheet. If the graphene sheets are rotated with respect to one another 

about the axis normal to the plane of the sheets (as in the case of chiral nanotubes), then the two 

diffraction patterns will also be rotated with respect to one another by the same angle.  

As it is clear from Fig. 2.8a,b the reciprocal lattice orientation corresponds to those of the 

real space honeycomb structure. Consequently, we are able to retrieve the nanotube chiral angle 

by analyzing hexagonal structure of the ED patterns. 

 In real ED patterns however the sharp diffraction spots from Fig. 2.8b appear smeared in 

the radial direction due to the finite diameter and radial curvature of the nanotube. The smeared 

spots form a series of so-called layer lines (see Fig. 2.9a). 

Diffraction from the nanotube as a whole 

Carbon nanotube may act as a slit for an incoming electron beam, which results in a 

diffraction pattern similar to those of a single slit diffraction in optics (Fig. 2.8c). Keeping in 

mind that positions of maxima and minima in such diffraction pattern depend on the size of the 

slit, we may be able to access the nanotube diameter from EDP. 
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Armchair Zig-zag Chiral 

   

a 

   

b 

 

c 

Fig. 2.8: (a) Electron diffraction of the single-walled carbon nanotubes as a superposition of the 

two effects: (b) Diffraction from the nanotube walls. Figure shows the honeycomb structure 

(dashed black lines in the background) of the graphene sheet, its hexagonal direct space lattice 

(in red) and hexagonal reciprocal lattice (in blue) for armchair (left), zig-zag (center) and chiral 

(right) nanotubes. (c) Diffraction from a nanotube as a whole resembling single-slit diffraction 

from optics. 

  

b) A review on the structure identification of carbon nanotubes by electron diffraction 

 The structural information from electron diffraction patterns may be retrieved either by 

measuring axial positions of the layer lines or by determining the intensity distribution in the 

radial direction (see Ref [7] for a review). We now examine each approach in detail. 
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Axial measurements 

Gao et al [19] was the first to explicitly use the axial positions of the layer lines to 

determine SWNT structure. By applying simple geometrical arguments, he determined the chiral 

angle of the nanotube in the following way:  

 (2.1) 

 where di is the distance of the ith layer line from the equatorial line (see Fig 2.9a). Note 

that eq. (2.1) is based on a ratio between distances in the EDP. The calculation of the chiral angle 

is then free from calibration of the EDPs. In the following, we will actively use the relation (2.1) 

to calculate θ. 

 

 

Fig. 2.9: (a) A schematic depiction of the diffraction pattern obtained from a SWNT. The 

hexagons mark the first order reflections from the graphene lattice. The first three layer lines are 

indicated (L1–L3) as is the equatorial oscillation and its oscillatory period, d. The chiral angle θ 

is shown and the axial distances of each of the layer lines (d1 to d3) are marked. (b) The 

theoretical form of the radial intensity distribution of one of the layer lines. The separation of the 

first and second order peaks (P1 and P2) are shown as is the separation of the first order minima 

(M1) and the oscillatory period (Δ12). From [7]. 

 The further development of this analysis was performed by Liu et al in 2005 [19]. In 

particular, he related the ratio of the chiral indices m/n to the di values measured from EDP [19, 

20]: 

 (2.2) 

 (2.3) 

 (2.4) 
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The use of di ratios allows a calibration-free analysis and in addition makes it robust 

against any tilt of the axial plane of the SWNT away from normal to the incident electron beam. 

 Approximating the Ewald sphere to a plane (due to the high energy of the electrons used 

in diffraction experiments), simple geometric considerations show that tilting the tube away from 

normal to the incident electron beam increases the measured di distances by a factor of 1/cosτ, 

with τ being the axial (out-of-plane) tilt angle of the tube [21] axis. For very large tilt angles (τ > 

45°) the planar approximation of the Ewald sphere will introduce a systematic error approaching 

the order of magnitude of experimental uncertainties. However, for realistic values of τ this 

approximation is sufficient [7]. 

Jiang et al [21] in 2007 proposed an alternative way to determine chiral indices of carbon 

nanotubes. He proposed to divide the di distances by the period of the equatorial oscillations δ. In 

that way, Jiang obtained the dimensionless (and hence calibration independent) parameters ξi, 

which are related to (n,m) indices by the following formulas: 

   

     

   (2.5) 

Here the subscripts correspond to the pairs of di distances used in the calculation with n12 

= n13 = n23 = n and m12 = m13 = m23 = m. The chiral indices calculated in this way, while being 

independent of the calibration of the diffraction pattern, are not independent of any tilt of the 

axial plane of the SWNT with respect to the incident electron beam. The measured values of ξi 

are therefore a factor of 1/cosτ greater than the real values. Thus axial tilt will result in the 

calculation of non-integer values for ni,j and mi,j [7]. 

Radial measurements 

A more complete description of electron diffraction through an individual SWNT, first 

introduced by Qin in 1994 [10], is obtained by considering the tube as a series of molecular 

helices [20]. Within this description the radial intensity distribution of each layer line is 

described by the square of a Bessel function, the order of which is directly related to the chiral 

indices of the tube: 
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 (2.6) 

 where Ii(X) is the radial intensity distribution of the ith layer line, D0 the diameter of the 

SWNT and X the reciprocal space distance in the radial direction [7]. Within this molecular helix 

model the radial intensity of the equatorial oscillation, IEq can be described by the square of a 

zero order Bessel function: 

 (2.7) 

A zero order Bessel function J0(x) can, for x >> 0, be approximated to [29]: 

 (2.8) 

Eq. (2.8) is equal to zero at values of    where j is an integer. As in this case x 

= πD0X, the diameter of the SWNT can therefore be approximated from the period of the 

equatorial oscillations, δ [Å-1]:  

  (2.9) 

Note that the calculation of D0 with formula (2.9) requires the calibration of the EDP. 

 The oscillatory period of a Bessel function of a particular order is unique. The ratio of 

peak separations is defined as:  

 

  (2.10) 

 where P1 and P2 are the separation of the first and second order peaks, respectively (see 

Fig. 2.9). First proposed by Liu and Qin in 2005, the order of the dominant Bessel function of a 

particular layer line can be determined from measurement of P1 and P2, calculation of RP and 

subsequent comparison with theoretical values [23]. As the Bessel function order increases, the 

difference between theoretical RP values decreases, resulting in the need for very accurate 

measurement of P1 and P2 to assign high order Bessel functions.  

This limitation was addressed in the subsequent work of Jiang and co-workers in 2006 

[24]. They suggest that high order Bessel functions can be more accurately determined by the 
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use of the ratio of the first peak (P1) or minimum separation (M1) to the distance between the 

first two minima (Δ12, see Fig. 2.9) [24]: 

  (2.11) 

  (2.12) 

Any tilt of the axial plane of a SWNT away from normal to the incident electron beam 

results in a change in the positions of the peaks in the radial intensity distribution [24,25]. For 

high order Bessel functions this can be accounted for by scaling the radial distance along each 

layer line using the expression 

  (2.13) 

 where di is the distance of the layer line in the axial direction, τ the axial tilt of the tube, λ 

the wavelength of the incident electrons and L the distance between the sample and the imaging 

plane (the product Lλ is generally referred to as the camera constant of the microscope). 

However, as noted by Jiang et al., for low order Bessel functions a tube tilt of as little as 6° can 

cause the strongest peaks in the radial intensity distribution to merge, thus causing the Bessel 

function assignment to fail [24]. 

 Finally, it is possible to determine chiral indices of individual SWNTs by comparing 

experimental EDPs to the simulations [30-32]. The kinematical simulations of the EDP has been 

developed using a C++ code adapted by M. Kociak (LPS, Orsay (France)) from the code Diffract 

developed by L. Henrard and P. Lambin (U. Namur, Belgium). 
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c) ED pattern calibration 

 In the previous section we mentioned the need of an EDP calibration for the 

measurements of carbon nanotube diameter. In fact, the accurate calibration of the diffraction 

pattern is one of the most important factor in the correct determination of the chiral indices of a 

SWNT. The basic idea behind this procedure is to connect the length of the reciprocal wave 

vector in pixels (from EDP) to those in Å-1 in reciprocal space. 

 

Fig. 2.10: EDP of a single-walled carbon nanotube (left) and the corresponding honecomb 

structure of the nanotube wall (right). Direct and reciprocal lattice unit vectors are shown in red 

and blue respectively. 

 

Simple geometric considerations (see Fig. 2.10) give 

 (2.14) 

And from solid state physics we know that 

 (2.15) 

 

 (2.16) 

 

Hence 

 (2.17) 

 

We now introduce calibration coefficient C such as 
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 (2.18) 

Where dcc= 0.142 nm, and θ is derived from the same ED pattern using equation (2.1). 

Consequently, by multiplying any quantity in pixels derived from EDP by the right side of the 

eq. (2.18), we obtain its value in nm-1 (or sometimes expressed in Å-1). 

 

On the presence of 2π coefficient 

 In the literature [33] we may sometimes find a different form of the equation (2.16), 

namely  

 (2.19) 

A 2π coefficient then will be find in the all subsequent formula, including calibration equation 

(2.18). The question, whether to include or not a 2π, may be confusing at the first glance. We try 

now to elucidate this aspect.  

 The tradition to use a 2π coefficient to relate direct and reciprocal space vectors comes 

from the Solid State Physics when regarding, for example, electron waves having periodicity of 

the Bravais lattice. It is common to write in this case the periodic conditions for the wave in the 

following form: 

      ->    (2.20) 

And then  

  ->   (2.21) 

or equivalently by taking unit vectors  

  (2.22) 

 In the applied science however it is common to omit this 2π factor and keep it in the b 

vector implicitly. Thereby for EDP calibration we will only use formulas (2.16) and (2.18) 

without an additional coefficient. 
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d) Double-walled nanotubes 

The diffraction patterns from individual double-walled carbon nanotubes may be 

considered as a superposition of EDP of constituent SWNTs. Hence, the majority of methods 

developed for single-walled nanotubes is still applicable for the case of DWNTs.  

 

Diameters 

Diffraction pattern and index assignment of DWNTs have been extensively discussed in 

the paper of Kociak et al [33]. They interpreted the DWNT diffraction pattern by making use of 

the theory developed by Lambin and coworkers [26,29] for the general case of a SWNT, a 

MWNT or a rope of tubes. They claim that a kinematic theory is also fully justified for such thin 

objects like the DWNT. 

 

Fig. 2.11: (a) Diffraction pattern and image of the same DWNT and (b) Intensity profile of the 

equatorial line. The central spot has been skipped for clarity. From [33] 

 

 To analyze equatorial line oscillations of the DWNT ED pattern (Fig. 2.11b) Kociak 

proposed the following formula: 

  

                 (2.23) 

Here, δR = |RA−RB|/2 and  = (RA+RB)/2. 

 This expression is similar to that extracted from a simple model where the main 

contribution to the equatorial line comes from the Young-slit-like diffraction by the generator 

lines of the two tubes. The intensity along the equatorial line oscillates with a period of e = 

2π/2 , within an oscillatory envelope of period E = 2π/2δR. This appears on the experimental 

diffraction pattern (Fig. 2.11a) as well as in the intensity profile of Figure 2.11b.  
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Chiral angles 

 The chiral angle determination from the EDP of the DWNT is similar to that of the 

SWNT, except that the analysis become more complicated due to the higher number of reflexes. 

Below we draw EDPs for different DWNT combinations: chiral/chiral, armchair/chiral, zig-

zag/chiral and armchair/zigzag and show how to assign different reflexes. 

 For instance, for a general case of two chiral layers we have 6 different reflexes in every 

quadrant of the EDP (see Fig. 2.12, top part). However, by analyzing carefully the EDP we may 

conclude that the 1st, 4th and 5th reflexes correspond to the nanotube with the biggest θ, while the 

2nd, 3rd and the 6th to those with the smallest θ. 

 When chiral angle increases, the 4th and 5th reflexes approach each other and completely 

coincide in the case of the armchair nanotube. The 1st reflex then is situated on the equatorial line 

and practically is not observed (see Fig.2.12, bottom left). Similarly decreasing the chiral angle, 

we make the 2nd and 3rd reflexes coincide till the extreme case of the zig-zag nanotube (see Fig. 

2.12 bottom center part). 

 

 

Fig. 2.12: The electron diffraction patterns of the double-walled nanotubes: general case of two 

chiral layers (top), armchair and chiral layers (bottom left), zig-zag and chiral layers (bottom 

center) and armchair and zig-zag layer (bottom right). Notice different number of reflexes (see 

numbers 1,2,3 etc in the figures) for different configurations. For the general case of two chiral 

tubes 1st, 4th  and 5th reflexes always correspond to the tube with the biggest θ, while 2nd, 3rd and 

6th to the one with the smallest θ (see text for details). 
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 Measured two sets of di values for two different layers of the DWNT, we calculate the 

corresponding θi by eq. (2.1). We emphasize that a-priori we don’t know which θi corresponds to 

what layer. Hence to assign definite (n,m) indices we need to consider two different 

combinations, namely: 

(Dmin, θ1) @ (Dmax, θ2) 

  (Dmin, θ2) @ (Dmax, θ1) 

e) Triple-walled nanotubes 

 Finally, there is no special way to treat the EDP of TWNTs. In general, we follow the 

same procedures as for the DWNTs except for the equatorial line analysis. The fact is that the 

equatorial line oscillations in the ED patterns of TWNT do not have such an intuitive form as in 

the case of single- and double-walled nanotubes.  We thus need to provide a HRTEM image of 

the nanotube for an unambiguous assignment of chiral indices. From the HRTEM image we 

extract the mean diameters of the internal, intermediate and external layers. Combining this 

information with the three chiral angles calculated as usual we can obtain possible chiral indices 

of all the layers.  

 We just note that in the general case of a TWNT with three chiral layers the reflexes are 

organized in the following way: 

1st, 6th and 7th correspond to the layer with biggest θ (θ1 in the Fig.2.13); 

2nd, 5th and 8th –to the medium θ (θ2 in the Fig.2.13) and 

3rd, 4th and 9th to the smallest θ (θ3 in the Fig.2.13). 

 

Fig. 2.13: Position of the reflexes for the general case of TWNT with three chiral layers. 



64 

 

Summary 

 In the previous section different ways to analyze EDP from the literature were presented. 

We may remind that the atomic structure of SWNTs (d, q) can be obtain through the 

measurements of (i) the eq. line oscillation period and (ii) the layer line distances (di) ratio. The 

latter is independent of calibration, while the diameter determination is sensitive to the 

calibration constant. There exist also others methods, which are calibration free and provide 

directly the (n,m) indices but are very sensitive to tilt angles. For DWNTs, the EDP is equivalent 

to the sum of the two constituting SWNT’s EDPs and their chiral angles determination is 

straightforward. By contrast, the diameter of each constituting SWNT is not directly measured 

from diffraction pattern, but can be derived from the mean diameter  and the interlayer 

distance . They are defined by: 

 

 

Where   ( stands for the diameter of the inner (outer) tube. 

 When (d, q) parameters are known with a good accuracy, it is possible to find the 

corresponding (n,m) indices which are more suitable to interpret the Raman spectra of the same 

CNTs. However when the CNT diameter is large enough (roughly ~ > 2 nm), the problem to find 

the pair of (n,m) equivalent to (d, q) is not straightforward since several CNTs can fall within the 

experimental uncertainties. To resolve this problem we have written a code that allows to 

identify the different candidates. It takes into account Raman data for the given nanotube and 

will be presented in the Chapter 5.     
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2.4 Results. Index-assignment. Data treatment and existing problems. 

 Following the procedures described in Section 2.3 we analyzed 12 individual single-

walled, 13 individual double-walled and 3 individual triple-walled carbon nanotubes from 

different synthesis protocols (see Table 2.1 for synthesis details). A summary is presented in the 

tables 2.6 and 2.11 for SWNTs and DWNTs respectively.  

 

2.4.1 Single-walled carbon nanotubes 

 Below we give two examples of EDPs and HRTEM images treatment of the individual 

single-walled nanotubes: SWNT-2 and SWNT-1 from Table 2.6. 

 

Example 1 (SWNT-2) 

 

    a    b 

Fig. 2.14: (a) a low-resolution TEM image of an individual SWNT-2 (the scale bar is 10 μm). (b) 

Corresponding EDP. 

Fig. 2.14 shows a low-resolution TEM image and an ED pattern for the SWNT-2. 

Unfortunately, for this example we could not obtain any HRTEM images due to high vibrations 

of nanotube under the electron beam. Hence, all the assignments will be based only on the ED 

pattern analysis. First of all, we conclude that this tube is long and homogenous, because ED 

patterns were not changing at different areas along the nanotube.  

The period of the equatorial oscillation from EDPs (fig. 2.14b) was found to be <δ> = 

19.5 ± 1 pixels. Using equation (2.9) and proper calibrations for the EDPs, the diameter of the 

SWNT was calculated to be <D0> = 2.45 ± 0.3 nm.  
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The di values measured from the Fig. 2.14b have the following values: 

<d1> = (14.7 ± 1) pixels,  

<d2> = (180.6 ± 1) pixels  

<d3> = (196 ± 1) pixels.  

Inserting them in the relation (2.1), we find the chiral angle to be <θ> = 26.07° ± 0.2°.  

We additionally crosscheck our further assignments by considering m/n ratios from 

EDPs. They are calculated by equations (2.2-2.4) and presented in the last columns of Table 2.2. 

Table 2.2. Experimental values measured from ED patterns of the SWNT-2. 

EDP 
d1 

(pix) 

d2 

(pix) 

d3 

(pix) 

Δ 
(pix) 

Calibr. 

(pix.Å-1) 
D 

(nm) 

Θ (°) 

(d1,d2) 

Θ (°) 

(d2,d3) 

m/n 

(d1,d2) 

m/n 

(d2,d3) 

1 (285 

mm) 
14.8 180.7 195.6 19 0.0021 2.51 26.09 26.08 0.7890 0.7876 

2 (285 

mm) 
14.6 180.6 196 20 0.0021 2.38 26.06 25.95 0.7920 0.7815 

 

 Combining diameter and chiral angle values from table 2.2, we calculate the following 

possible combinations (within experimental uncertainties): 

Table. 2.3: Possible candidates for the SWNT-2. 

(n,m) D, nm θ 
Type 

(2n+m) mod 3 
m/n 

(18,14) 2.18 25.87 2 0.778 

(19,15) 2.31 26.11 2 0.789 

  

 According to tables 2.2 and 2.3 m/n ratio for the (19,15) tube is closer to the experimental 

ratio than those of (18,14). We thus conclude that the example 1 is a (19,15) single-walled 

carbon nanotube.  
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Example 2 (SWNT-1) 

 

Fig. 2.15: (a) A low-resolution (the scale bar is 10 μm) and (b) a high-resolution (the scale bar 

is 2 nm)  TEM images of an individual SWNT (SWNT-1). (c) Corresponding EDP. 

 

Fig. 2.15 shows the second individual single-walled carbon nanotube. We note that the 

tube is long and homogenous, which was proved by several measurements of the EDP and 

HRTEM images in different areas along the nanotube (see Fig. 2.15a).  

Estimations of the nanotube diameter from real space HRTEM images (fig. 2.15b) give 

diameter of 2.2 ± 0.5 nm. The period of the equatorial oscillation from EDP (fig. 2.15c) was 

found to be δ = 20 ± 1 pixels. Using equation (2.9) and proper calibrations for the EDPs, the 

diameter of the SWNT was calculated to be D0 = 2.4 ± 0.3 nm.  

The di values measured from the 3 different ED patterns have the following average 

values: 

 d1 = (62 ± 1) pixels,  

d2 = (154 ± 1) pixels  

d3 = (216.5 ± 1) pixels.  

Inserting them in the relation (2.1), we find the chiral angle to be θ = 13.9° ± 0.2°.  

We additionally crosscheck our further assignments by considering m/n ratios from 

EDPs. They are calculated by equations (2.2-2.4) and presented in the last columns of Table 2.4. 
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Table 2.4. Experimental values measured from ED patterns of the SWNT-1. 

EDP 
d1 

(pix) 

d2 

(pix) 

d3 

(pix) 

Δ 
(pix) 

Calibr. 

(pix.Å-1) 
D 

(nm) 

Θ (°) 

(d1,d2) 

Θ (°) 

(d2,d3) 

m/n 

(d1,d2) 

m/n 

(d2,d3) 

1 (285 

mm) 
61.6 154.7 217.25 21 0.0021 2.38 13.90 13.76 0.3373 0.3293 

2 (285 

mm) 
61.75 153.8 216.2 19.85 0.0021 2.4 13.81 13.72 0.3335 0.3281 

3 (285 

mm) 
60.6 153.8 216.35 - 0.0021 - 13.97 13.69 0.3436 0.3272 

 

 Combining diameter and chiral angle values from Table 2.4, we calculate the following 

possible combinations (within experimental uncertainties): 

Table. 2.5. Possible candidates for the SWNT-1. 

(n,m) D, nm θ 
Type 

(2n+m) mod 3 
m/n 

(24,8) 2.26 13.9 2 0.3333 

(27,9) 2.54 13.9 0 0.3333 

  

 We are now able to make several conclusions. It is clear from table 2.5 that m/n ratios for 

this example do not allow to discern between two existing candidates. Secondly, if we consider 

HRTEM derived diameter we may opt for the (24,8) nanotube, but due to the high experimental 

error of these measurements, this can not be a very solid assignment. So we state that for the 

SWNT-1, the further experimental data is necessary to unambiguously assign its (n,m) indices. 
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Table 2.6. Structural information on individual single-walled carbon nanotubes studied in this 

work. Real diameter or real angle stand for parameters derived from the (n,m) values and not 

from experiments. For experimental errors of diameter and chiral angles measurements see text. 

# 
Experimental parameters 

Possible 

indices 

Real D, 

nm 

Real θ, 
Degrees 

Type 
DHRTEM, nm Ddiff, nm θdiff, degrees 

1 2.2 2.4 13.8 
(24,8) 

(27,9) 

2.26 

2.54 

13.9 

13.9 

2 

0 

2 - 2.54 26.05 (19,15) 2.32 26.11 2 

3 2.25 2.4 3.34 (29,2) 2.35 3.3 0 

4 2.1 2.38 13.8 (24,8) 2.26 13.9 2 

5 - 2.35 13.87 (24,8) 2.26 13.9 2 

6 2.14 2.97 13.91 - - - - 

7 - 2.7 5.35 
(35,4) 

(36,4) 

2.91 

2.99 

5.35 

5.21 

2 

1 

8 2.7 3.15 7.25  (38,6) 3.24 7.22 1 

9 2.5 2.76 6.7  (29,4) 2.44 6.38 2 

10 - 5.88 13.12 (60,19) - - - 

11 2.3 - - - - - - 

12 1.95 - - - - - - 
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2.4.2 Double-walled carbon nanotubes 

In this section, we show the structural analysis of double-walled carbon nanotubes and 

illustrate it by several examples (for the results of the EDP treatment of all other DWNTs in this 

study refer to the Table 2.11). 

 

Example 1 (DWNT-6)  

 

Figure 2.16: (a) Low magnification TEM image of the suspended nanotube on the Si3N4 grid, 

the scale bar is 4 μm. (b) HRTEM of the same DWNT, the scale bar is 3 nm. (c) Experimental 

(left) and simulated (right) diffraction pattern of the DWNT-6. 

 

 Figure 2.16 shows TEM images and ED pattern of the first example of the DWNT. We 

should note that the analysis of EDPs for this nanotube have a certain difficulty. The information 

on the equatorial line oscillations is not available with a good accuracy due to the presence of the 

beam stop which masks the equatorial line on one side of the diffraction pattern. Consequently, 

the value obtained for the average diameter is found to be 1.9 nm with an error bar estimated at 

10%.  

 The analysis of the layer-lines provided the following values of the chiral angle of each 

layer: 23.4° and 27.7°, with an error bar of (0.2°). Considering these values as a starting point for 

the indexation of the DWNT, we compute all the possible (n,m) tubes that have chiral angles of 

23.4° and 27.7° within the error bars. For d ≤ 2.5 nm, this leads to six possibilities for chiral 

angles (23.4 ± 0.2)° and four possible indices for chiral angles (27.7 ± 0.2)°, giving 24 different 

indices for the DWNT.  
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 Keeping in mind that the difference of the two diameters in a DWNT should be close to 

0.68 nm, only two pairs of indices are possible: (8,7)@(15,10) and (12,8)@(16,14). The former 

DWNT can be ruled out because it disagrees with the average diameter derived from the 

equatorial line analysis.  

 Furthermore, this identification of the atomic structure is confirmed by the comparison of 

the experimental and the simulated ED pattern, as displayed in Figure 2.16c. The diameters of 

these chiral nanotubes are respectively din = 1.36 nm and dout = 2.03 nm in agreement with the 

estimation provided by the HRTEM images. We note that each layer of this DWNT is 

semiconducting, the inner being of type I (mod(n-m;3) = 1) and the outer being of type II 

(mod(n- m;3)=2). 

 

Example 2 (DWNT-1) 

 

Figure 2.17: (a) Low magnification TEM image of the suspended nanotube on the Si3N4 grid, 

the scale bar is 10 μm. (b) HRTEM of the same DWNT, the scale bar is 2 nm. The amorphous 

carbon on the nanotube’s surface was deposited during HRTEM imaging (c) Experimental 

diffraction pattern of the DWNT-1. 

Fig. 2.17 shows the second individual DWNT. Again, the tube appeared to be 

homogenous and long enough so that we performed measurements at different areas. We note 

that the amorphous carbon on the surface of the tube (as seen in the Fig. 2.17) was deposited 

during HRTEM imaging and is located near the edge of the hole.  

Estimations of the nanotube diameter from real space HRTEM images (fig. 2.17b) give 

<D> = 2 ± 0.4 nm. From the equatorial line oscillations of the EDP (fig. 2.17c) we found E = 

206 ± 1 pixels and e = 39 ± 1. These correspond according to equation (2.23) to <D> = 1.99 ± 

0.3 nm and δr = 0.37 or equivalently to Dout= 2.36 nm and Din= 1.62 nm.  

The di values measured from the 3 different ED patterns have the following average 

values: 
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d1 = (23 ± 1) pixels,  

d2 = (181 ± 1) pixels  

d3 = (203 ± 1) pixels.  

d1* = (67± 1) pixels,  

d2* = (151± 1) pixels  

d3* = (219± 1) pixels.  

Inserting them in the relation (2.1), we find the 2 chiral angles  

θ1 = 24.14° ± 0.2°.  

θ2 = 12.49 ± 0.2° 

We additionally crosscheck our further assignments by considering m/n ratios from 

EDPs. They are calculated by equations (2.2-2.4) and presented in the last columns of Table 2.7. 

Table 2.7. Experimental values measured from one of the ED patterns of the DWNT-1. 

NT 
d1 

(pix) 

d2 

(pix) 

d3 

(pix) 

e 

(pix) 

E 

(pix) 

Calib. 

(pix.Å)-1 
<D> 

(nm) 

δr 

(nm) 

Θ (°) 

(d1,d2) 

Θ (°) 

(d2,d3) 

m/n 

(d1,d2) 

m/n 

(d2,d3) 

a 23 181 203 
38.7 205.8 0.0013 1.99 0.37 

24.14 24.21 0.6947 0.7013 

b 67 151 219 12.49 12.34 0.2972 0.2892 

 

 Combining diameter and chiral angle values from Table 2.7 for two constituent layers 

and taking the value of the intertube distance as δD = 0.68 ± 0.1 nm, we get the following 

combinations (within experimental uncertainties): 

Table. 2.8. Possible candidates for the DWNT-1 (taking δD = 0.68 ± 0.1 nm) 

# (n,m) D, nm δD (nm) Θ (°) 
Type 

(2n+m) mod 3 
m/n 

1 
(13,9) 1.5 

0.71 
24.01 2 0.692 

(24,7) 2.21 12.43 1 0.292 

2 
(17,5) 1.56 

0.75 
12.52 0 0.294 

(20,14) 2.32 24.18 0 0.700 
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 Unfortunately, on the basis of the EDP and HRTEM images analysis we cannot discern 

between the two possible candidates. The m/n ratios for both candidates 1 and 2 are very close to 

the experimental ones. However, given very different electronic type of the constituent layers of 

the two combinations, the final assignments may be made after spectral measurements. 

Therefore, we conclude that for the DWNT-1, the further experimental data is necessary to 

unambiguously assign its chiral indices. 

 

Example 3 (DWNT-4) 

    

Fig. 2.18: (a) Low magnification TEM image of the suspended nanotube on the Si3N4 grid, the 

scale bar is 5 μm. (b) HRTEM of the same DWNT, the scale bar is 2 nm. (c) Experimental 

diffraction pattern of the DWNT-4. 

 

Fig. 2.18 shows the third example of a long individual DWNT. Estimations of the 

nanotube diameter from real space HRTEM images (fig. 2.18b) give Dout = 3.2 ± 0.5 nm and Din 

= 2.5 ± 0.5 nm . From the equatorial line oscillations of the EDP (fig. 2.18c) we found E = 124 ± 

1 pixels and e = 17 ± 1. These correspond according to equation (2.23) to <D> = 2.97 ± 0.3 nm 

and δr = 0.4 or equivalently to Dout= 3.37 nm and Din= 2.57 nm.  

The di values measured from the 3 different ED patterns have the following average 

values: 

d1 = (44 ± 1) pixels,  

d2 = (168 ± 1) pixels  

d3 = (210 ± 1) pixels.  

d1* = (29± 1) pixels,  

d2* = (176± 1) pixels  
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d3* = (205± 1) pixels.  

Inserting them in the relation (2.1), we find the 2 chiral angles  

θ1 = 19.06° ± 0.2°.  

θ2 = 22.49 ± 0.2° 

We additionally crosscheck our further assignments by considering m/n ratios from 

EDPs. They are calculated by equations (2.2-2.4) and presented in the last columns of Table 2.9. 

 

Table 2.9. Experimental values measured from one of the ED patterns of the DWNT-4. 

NT 
d1 

(pix) 

d2 

(pix) 

d3 

(pix) 

e 

(pix) 

E 

(pix) 

Calib. 

(pix.Å)-

1 

<D> 

(nm) 

δr 

(nm) 

Θ (°) 

(d1,d2) 

Θ (°) 

(d2,d3) 

m/n 

(d1,d2) 

m/n 

(d2,d3) 

a 43.5 168 210 
16.85 124.4 0.002 2.97 0.4 

19.06 19.16 0.4947 0.5019 

b 29 176 205 22.48 22.51 0.6261 0.6292 

 

 Combining diameter and chiral angle values from table 2.9 for two constituent layers and 

taking the value of the intertube distance as δD = 0.68 ± 0.1 nm, we get the following 

combinations (within experimental uncertainties): 

Table. 2.10. Possible candidates for the DWNT-4 (taking δD = 0.68 ± 0.1 nm) 

# (n,m) D, nm δD (nm) Θ (°) 
Type 

(2n+m) mod 3 
m/n 

1 
(22,14) 2.46 

0.65 
22.69 1 0.6364 

(30,15) 3.11 19.11 0 0.5000 

2 
(24,15) 2.67 

0.65 
22.41 0 0.6250 

(20,14) 3.32 19.11 2 0.7000 

3 
(22,11) 2.28 

0.73 
19.11 1 0.5000 

(27,17) 3.01 22.52 2 0.6296 

4 
(24,12) 2.49 

0.73 
19.11 0 0.5000 

(29,18) 3.22 22.30 1 0.6207 

5 
(26,13) 2.69 

0.66 
19.11 2 0.5000 

(30,19) 3.35 22.62 1 0.6333 

6 
(28,14) 2.90 

0.66 
19.11 1 0.5000 

(32,20) 3.56 22.41 0 0.6250 
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 This example also shows a high number of possible candidates for the given DWNT. We 

state again that further experimental data is needed for unambiguous index-assignment. It is 

worth to note that two from six candidates are purely semiconducting. Thus information on the 

electronic structure of the DWNT-4 may help in the (n,m) indices determination. 
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Table 2.11. Structural information on individual double-walled carbon nanotubes studied in this work. . Real diameter or real angle stand for 

parameters derived from the (n,m) values and not from experiments. For the value of the experimental error, see text. 

# 
Experimental parameters 

Indices Real D, nm Real θ, Degrees Type Δd, nm 
DHRTEM, nm Ddiff, nm θdiff, degrees 

1 - 1.44@2.1 12.4, 23.9 (13,9)@(24,7) 1.5@2.206 24.01@12.43 2@1 0.71 

2 - <d>=1.8 19.1, 19.1 (16,8)@(22,11) 1.66@2.28 19.11@19.11 1@1 0.62 

3 - - - (18,2)@(20,12) 1.49@2.19 5.21@21.79 2@1 0.7 

4 2.45@3.2 2.4@3.20 19.1, 22.73 
(22,11)@(27,17) 

(26,13)@(30,19) 

2.28@3.01 

2.69@3.35 

19.11@22.52 

19.11@22.62 

1@2 

2@1 

0.73 

0.66 

5 1.94@2.7 2.05@2.79 9.8, 25.9 

(23,5)@(22,17) 

(23,5)@(23,18) 

(14,11)@(27,6) 

2.03@2.65 

2.03@2.79 

1.7@2.39 

9.64@25.77 

9.64@25.97 

26.04@9.83 

0@1 

0@1 

0@0 

0.63 

0.76 

0.68 

6 - 1.36@2.03 23.4, 27.7 (12,8)@(16,14) 1.37@2.04 23.41@27.8 2@1 0.67 

7 <D> = 2.7 1.87@2.54 8.6, 26.2 
(21,4)@(20,16) 

(20,4)@(20,16) 

1.82@2.45 

1.74@2.45 

8.57@26.33 

8.95@26.33 

1@2 

2@2 

0.63 

0.7 

8 - 2.19@2.99 13.54, 9.93 (22,5)@(28,9) 1.95@2.62 10.02@13.49 1@2 0.67 

9 <D> = 3.2 3.25@4.06 12.41, 2.91 
(34,10)@(47,3) 

(38,11)@(52,3) 

3.13@3.8 

3.49@4.2 

12.52@3.07 

12.35@2.78 

0@1 

0@2 

0.68 

0.71 

10 5.1@5.8 5.61@6.51 22.04, 9.62 
(61,13)@(55,33) 

(62,13)@(55,34) 

5.36@6.03 

5.44@6.09 

9.47@21.79 

9.33@22.24 

0@2 

2@0 

0.67 

0.66 

11 3@3.7 3.69@4.46 10.63, 10.63 
(37,9)@(45,11) 

(41,10)@(49,12) 

3.31@4.03 

3.67@4.38 

10.64@10.68 

10.66@10.70 

2@2 

2@2 

0.72 

0.72 

12 5.45@6.2  6.35@7.12 24.15@20.51 
(56,31)@(58,41) 

(57,31)@(58,41) 

5.98@6.75 

6.06@6.75 

20.58@24.34 

20.32@24.34 

2@1 

1@1 

0.77 

0.69 

13 - 4.5@5.2 28.7, 21.5 
(39,23)@(38,35) 

(44,26)@(42,39) 

4.25@4.95 

4.8@5.5 

21.53@28.64 

21.56@28.78 

2@0 

0@0 

0.7 

0.7 
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2.4.3. Triple- and multi-walled nanotubes 

 Finally, we apply the same procedure to the individual triple-walled carbon nanotube. 

Example 1 (TWNT-1) 

 

Fig. 2.19: (a) High-resolution TEM image (the scale bar is 2nm) and (b) ED pattern of the 

individual triple-walled carbon nanotube. 

 HRTEM image and ED pattern of the triple-walled carbon nanotube are presented in the 

Fig. 2.19 a,b. From the EDP we get three values of chiral angles:   

θ1 = (17.72 ± 0.2)° 

θ2= (10.85 ± 0.2)° 

θ3= (8.88 ± 0.2)° 

 We remind that we cannot extract any structural information from equatorial line due to 

the complex character of its oscillations. Instead, we measure diameters from HRTEM images: 

Din = 3.31 ±0.5 nm 

Dmid = 4.0 ±0.5 nm 

Dout = 4.7 ±0.5 nm 

 However, due to the big average diameter of the TWNT and higher experimental 

uncertainties of the HRTEM derived data, we get 19 possible combinations for this set of (Di,θi). 

We thus conclude that for big MWNTs it’s almost impossible to assign unambiguously the chiral 

indices solely from the structural data. Later in Chapter 5 we will show, how the combination of 

ED and Raman data may help to greatly decrease the number of possible candidates for big 

multi-walled nanotubes.  
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2.5 Conclusion 

 In this chapter we have presented the synthesis of samples of individual single-, double- 

and multi-walled carbon nanotubes with different growing conditions. The summary of all the 

samples studied in this work précising the type of substrates, growth conditions, characterization 

techniques as well as the kind of nanotubes synthesized were given (see Table 2.1). 

 Then we described our experimental procedure for the localization and structural analysis 

of carbon nanotubes based on the SEM, Raman imaging, HRTEM and Electron diffraction. We 

discussed the main advantages and disadvantages of each method. Next, a review on the 

structure identification of carbon nanotubes by electron diffraction was presented, and we gave 

several examples of its application for single-, double- and triple-walled nanotubes. Overall, we 

analyzed 12 individual single-walled, 13 individual double-walled and 3 individual triple-walled 

nanotubes (see Tables 2.6 and 2.11). The indices derived for all the CNTs presented in this 

chapter will be used in the following to discuss their Raman spectra.  

 Finally, it was shown that for some nanotubes (especially for multi-walled) an 

unambiguous index assignment based exclusively on the ED and HRTEM data cannot be 

proposed. We will see in the last chapter of this manuscript how the complementarity between 

Raman spectroscopy and Electron diffraction can be used to solve this problem.  
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Chapter 3 

The study of vibrational and optical properties of  

individual free-standing single-walled carbon nanotubes. 
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In this chapter, we discuss vibrational and optical properties of individual single-walled 

carbon nanotubes (SWNTs) and bundles made up of SWNTs.  We start by considering the low-

frequency part of Raman spectra, namely radial breathing modes (RBM), and focus on the 

evolution of the RBM frequencies as a function of tube diameters. We define the problems 

existed in the literature prior to this work and then present new experimental data on individual 

index-identified SWNTs. On the basis of these results, we propose several hypotheses to explain 

the origin of the deviation of our experimental ωRBM vs. d relation with respect to the expected 

theoretical one. 

In the second part, we present new experimental results regarding the dependence of the 

main features of the G-modes on diameter and excitation energy. We compare our result with 

those previously published in the literature and discuss the observed controversy. Moreover, we 

give a short presentation of the Raman resonance profiles performed on index-identified single 

nanotubes. 

Finally, we propose an analysis of the Raman spectrum of an inhomogeneous dimer 

(bundles of two single-walled carbon nanotubes). Differences and similarities in the features of 

RBM and G-modes are discussed with respect to those in individual single- and double-walled 

carbon nanotubes. 

 

3.1. Raman spectroscopy of individual single-walled carbon nanotubes. 

3.1.1 The Radial Breathing Modes. The nature of ωRBM vs d relations. 

We remind briefly some of the conclusions of the Chapter 1 in what regards radial 

breathing modes of single-walled nanotubes. We said that the frequency of radial vibrations 

inversely depends on the tube diameter and that there exist several ways to derive this 

dependence: 

· A continuous approach where carbon nanotubes is considered as thin cylinders 

(see for example Ref.1-2).  

· Based force-constant approach (see for example Ref. 3)  

· Direct first-principle calculations of phonons of carbon nanotubes (see for 

example Ref.4). 

Theory predicts that for an isolated individual SWNT, environmental-free, the frequency 

of RBM has the following relation:  
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  (3.1) 

where A is established  in the recent studies to be in the range: 226-227 cm−1·nm [1,2] 

   

3.1.2 Experimental diameter dependence of RBM frequencies measured in 

individual SWNTs. 

A huge number of experimental studies were devoted to the measurement of the wRBM(d) 

relationship (for a review see Ref [5]) using different approaches.  In this manuscript, we will 

only remind experimental studies performed at the single nanotube level.  

The first attempt to determine experimentally the relationship between RBM frequency 

and tubes diameters on individual isolated SWNT were made by Jorio et al. for tubes lying on a 

substrate [6]. In this pioneer study the main problems were: (i) the indirect identification of the 

nanotube structures (some bad (n,m)-assignment are found in [6] as written by the same authors 

in [7]), and (ii) the environment effect arising from the substrate.  

To minimize this environmental effect and to have a direct determination of the SWNT 

structure we performed in our group in 2005 [8] the Raman measurement of free-standing 

(suspended in air) SWNTs index-identified by electron diffraction. The SWNTs were grown by 

chemical vapor deposition on highly doped silicon substrates with a 200 nm silicon dioxide 

layer, which were then etched to obtain suspended nanotubes. The illustration of the etching 

process is done in Fig. 3.1. After the chemical etching, the sample was transferred into deionized 

water, isopropanol, and acetone before a critical point drying step.   

 

Fig. 3.1: Sample preparation procedure from Meyer et al [8]. 

 

Meyer et al. identified five semiconducting: (11, 10), (17, 9), (15, 14), (27, 4) and (23, 

21), and four metallic: (10, 10), (15, 6), (16, 7) and (12, 12), individual free-standing SWNTs 
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and measured their radial-breathing mode frequencies. By fitting experimental data, they 

obtained the following relationship (Figure 3.2f):  

ωRBM (cm−1) = 204/d (nm) + 27 (cm−1)  (3.2) 

This experimental relation was established independently from any modelization for 

SWNTs in the diameter range 1.35–3 nm. However, contrary to the theoretical prediction 

established for the environment-free SWNTs, a relatively large constant factor B = 27 cm−1 was 

found in the experiment, though environmental effects in these types of samples were supposed 

to be weak or absent.  
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Fig. 3.2: (a) RBM of the (27,4) SWNT (ELaser = 1.92 eV) and (b) RBM of the (23,21) nanotube 

(ELaser = 1.6 eV). The electron diffraction patterns are shown in (c) and (d). In each pattern, the 

left half is the experimental image, while the right half is the simulated one for comparison. (e) 

High resolution image of the (27,4) SWNT. Scale bar is 5 nm. (f) Experimental diameter 

dependence of the RBM frequency measured on index-identified free-standing SWNTs (From 

[8]).  

 

In 2011 Liu et al [9] performed similar series of experiments on individual SWNTs, 

combining Raman spectroscopy and Electron diffraction. As opposed to the work of Meyer et al, 

Liu’s samples consisted of ultra-long SWNTs suspended over open slits. The slits (20–50 μm 

wide and 0.4 mm long) were fabricated on the Si3N4/Si substrate using standard 

photolithography and wet etching processes. Millimeter-long isolated SWNTs were grown 

across the slit by chemical vapor deposition (CVD) method at 900 ◦C for 1 h. They used methane 

in hydrogen (CH4 : H2 = 1:2) as feedstock and an ultrathin film ( 0.25 nm) of Fe as the catalyst. 

Liu et al claim that this growth condition yields extremely clean suspended nanotubes free of 

amorphous carbon and other adsorbates (Fig. 3.3b,c).  
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  a    b     c 

Fig. 3.3: (a) Schematic illustration for combined TEM electron diffraction and Raman-scattering 

techniques on the same suspended nanotubes. (b) Scanning electron micrograph of a SWNT 

suspended across an open slit on the Si3N4/Si substrate. (c) High-resolution transmission 

electron micrograph of a SWNT. It is seen to be a single-walled character with clean surface. 

Scale bars in (b) and (c) are 20 μm and 20 nm, respectively (Adapted from Liu et al [9]). 

 

Next, they measured the low-frequency part of Raman spectrum of 26 individual 

suspended SWNTs (See Fig. 3.4; all their data are summarized in Table 3.1) with diameters from 

1.8 to 4.8 nm and established the following experimental relations (Fig. 3.4g) in very good 

agreement with theoretical predictions:  

 

ωRBM = 228/d (nm), (3.3) 

 

  

Fig. 3.4: Electron-diffraction patterns and RBM Raman spectra of three representative SWNTs. 

(a)–(c) Electron-diffraction patterns of the nanotube allow us to determine their chiral indices as 

(16,11), (25,12), and (33,23). The corresponding nanotube diameters are 1.84, 2.56, and 3.82 

nm, respectively. (d)–(f) RBM Raman spectra of (16,11), (25,12), and (33,23) SWNTs. The RBM 

frequencies are located at 124, 90, and 61 cm−1, respectively; (g) RBM frequencies ωRBM versus 

inverse nanotube diameters 1/d (squares).  

 

 
 

 

 

(g) 
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Table 3.1: Chiral indices and RBM frequencies for 26 individual SWNTs from Ref [9]. 

 

Sample (n, m) d (nm) ωRBM (cm−1) 

1 (16,11) 1.84 124.0 

2 (23,7) 2.13 107.0 

3 (23,7) 2.13 106.0 

4 (25,4) 2.13 105.5 

5 (19,15) 2.25 101.5 

6 (26,5) 2.26 101.0 

7 (25,7) 2.28 102.0 

8 (20,14) 2.32 99.0 

9 (27,6) 2.38 94.0 

10 (27,6) 2.38 94.0 

11 (18,18) 2.44 94.0 

12 (21,15) 2.45 95.0 

13 (28,6) 2.46 92.0 

14 (25,12) 2.56 90.0 

15 (21,17) 2.58 88.5 

16 (32,2) 2.59 88.0 

17 (24,14) 2.61 87.5 

18 (26,12) 2.63 84.5 

19 (22,18) 2.72 85.0 

20 (24,17) 2.79 83.0 

21 (21,21) 2.85 80.0 

22 (27,15) 2.89 78.0 

23 (24,23) 3.19 72.0 

24 (32,17) 3.37 67.0 

25 (33,23) 3.82 61.0 

26 (46,24) 4.82 48.0 
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Summary 

 In the first part of Chapter 3, we have examined the radial vibrations of the individual 

single-walled carbon nanotubes and presented several theoretical and experimental data existed 

in the literature prior to this work. First, we recalled the form of the theoretical diameter 

dependence of the radial breathing mode frequency, namely ωRBM = A/d, where A = 226-227 

cm−1·nm depending on the authors [1,2]. Secondly, we have analyzed experimental studies 

devoted to the measurement of the wRBM(d) relationship in the individual SWNTs and have 

evidenced two distinct results: 

A. Meyer et al (Montpellier group) [8] found: ωRBM (cm−1) = 204/d (nm) + 27 (cm−1) 

B. Liu et al [9] found: ωRBM (cm−1) = 228/d (nm), 

 In addition, we note that the other groups [10,11] have also performed this kind of studies 

and showed that their experimental dependence of the RBM frequency is closer to the 204/d+27 

relation than the 228/d relation. 

 We now proceed as follows: 

1. We present the new experimental data obtained in the framework of this thesis to clarify the 

existing controversy. The main difference with the previous work of Meyer et al [9] lies in 

the improved synthesis protocol of SWNTs that is free of chemical treatment. 

2. We propose possible explanations to the discrepancies between the results of the above-

mentioned studies A and B. Especially we will argue the nature of environmental effects that 

can arise in the samples. 
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3.2 Additional experimental results on  index-identified individual SWNTs. 

In order to clarify the existing controversy between the two experimental relations: ωRBM 

= 204/d + 27 and ωRBM = 228/d, we performed the analysis of the new series of suspended 

individual SWNTs. A detailed description of the synthesis was already done in Chapter 2. We 

just remind here that the nanotubes used in this work are ultra-long and there is no processing of 

the sample after the synthesis. It is also worth noting that our new growth conditions seem to be 

quite similar to those described in the work of Liu et al [9]. 

In total, we analyzed 12 individual SWNTs by Resonant Raman spectroscopy. For two of 

them we performed also the measurements of Raman excitation profile. The overall summary is 

shown in the Table 3.2.  

Table 3.2: Structural and vibrational information on individual single-walled carbon nanotubes 

studied in this work. Bold characters indicate SWNT for which the resonance profile was 

measured. The error bar is ±1cm-1 (if not stated otherwise). 

SWNT Indices d, nm θ° Type 
Results 

   

1 (24,8) 2.26 13.9 2 117 101 123 [±2cm-1] 

2 (19,15) 2.32 26.11 2 115 99 120 

3 (29,2) 2.35 3.3 0 114 97 119 

4 (24,8) 2.26 13.9 2 117 101 118 [±2cm-1] 

5 (24,8) 2.26 13.9 2 117 101 - 

6 (24,8) 2.26 13.9 2 117 101 120 [±2cm-1] 

7 (35,4) 2.91 5.35 2 - - - 

8 (38,6) 3.152 7.25 1 - - - 

9 (29,4) 2.44 6.38 2 110 93 111 [±2cm-1] 

10 (60,19) 5.88 13.12 - - - - 

11 - 2.30 - SC 116 99 106 

12 - 1.95 - Met 132 117 121 

  

It is clear from the table that all nanotubes measured in this work are in a limited diameter 

range. Moreover, four SWNTs were found to have the same (n,m) indices even if they are 

different (#1,4,5,6).  In these conditions it is not possible to derive an accurate relationship 

ωRBM(d) from this limited series of data. Nevertheless, our results should point out the validity of 

one or another previously reported relationship for suspended SWNTs.  Indeed in the diameter 
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range: 2.0-2.5 nm, the difference in frequency between the two relations are in the range: 15-20 

cm-1 (see Fig. 3.8, for instance). 

We also note that the full combination of Raman, TEM and ED measurements was only 

applied for a few of the 12 SWNTs. Below we choose some of these nanotubes (namely #1, #2 

and #3 from Table 3.2) to detail the analysis of our results.  Moreover, in order to fully 

characterize the nanotubes (metallic vs semiconducting, chiral vs achiral) we present also the G-

mode range of Raman spectra. 

 

Example 1 (SWNT-1) 

The first example (SWNT-1) is the (24,8) semiconducting SWNT. Its HRTEM image is 

presented in the Fig. 3.5a. The Raman spectra measured in a broad excitation range are displayed 

in the Figure 5.3c (only one spectrum was selected from the infrared range). On the HRTEM 

image, we clearly see the presence of some amorphous carbon on the surface of the tube. 

However, Fig. 3.5c shows that there is no D-band in the Raman spectra at 458, 488, 514, 568 and 

710 nm.  

  

  

  a     b    c 

Fig. 3.5: (a) HRTEM image and (b) RBM- and (c) G-mode parts of Raman spectra of 

semiconducting (24,8) individual single-walled carbon nanotubes. Note that at 514 and 568 nm 

the low-frequency oscillations are the artifacts of the spectrometer. 
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For all the incident excitations, the RBM is located close to 123 cm-1. Its frequency is 

upshifted by 5 cm-1 (22 cm-1) from 204/d+27 (228/d) relation. In the same figure, the G-mode 

range of the Raman spectra is displayed. The profile is the one expected for a chiral 

semiconducting SWNT. The TO and LO mode frequencies are located at 1577 and 1591 cm-1 

respectively. 

 

Example 2 (SWNT-2) 

The second carbon nanotube (SWNT-2) was identified as (19,15) from ED and Raman 

spectroscopy. Unfortunately we didn’t have a HRTEM image because of the active vibration of 

the tube during the TEM experiments.  The Raman spectra are shown in Fig. 3.6a,b. We observe 

the frequency of the RBM at 120 cm-1 (115 and 99 cm-1 are predicted from 204/d+27 and 228/d 

relations respectively). The profile of the G-band is the one expected for a chiral semiconducting 

SWNT with 2 components at 1573 and 1588 cm-1 (Fig. 3.6 b) 

 

     a    b 

Fig. 3.6: Low-frequency (a) and high-frequency (b) parts of Raman spectra of (19,15) individual 

semiconducting SWNT. 

 

Example 3 (SWNT-3) 

The third example (SWNT-3) is a metallic single-walled carbon nanotube which was 

identified as (29,2) from ED. The corresponding Raman spectra measured at 514 and 530 nm are 

shown in the Figure 3.7b. The RBM is located at 119 cm-1. We note that RBM frequency is 
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upshifted by 5 cm-1 and 22 cm-1 from 204/d+27 and 228/d relations respectively. The LO G-

mode is close to 1572 cm-1 with a shoulder assigned to the TO mode, at around 1591 cm-1. The 

HRTEM image of this nanotube (Fig. 3.7a) indicates that there is a smaller percentage of the 

amorphous carbon on its surface than in the other examples. We do not observe any D-band in 

Raman spectra.  

 
  a       b 

Fig. 3.7: (a) HRTEM image and (b) Raman spectra of metallic individual single-walled carbon 

nanotubes which from ED was identified as (29,2). 

 To summarize, in Figure 3.8 we plot RBM frequencies of 6 new individual SWNTs (blue 

open symbols) as a function of their diameter and compare them with our old data (black filled 

symbols). 

 

Fig. 3.8. Frequencies of the radial breathing modes as a function of tube’s diameter. The new 

data analyzed in this work are shown by blue open symbols, while the old data from Montpellier 

group [8] are represented by black filled squares. Squares correspond to the nanotubes whose 

diameters were identified from ED; triangles are SWNTs identified from HRTEM. 
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 It is clear from the figure that the new data match better the relation ωRBM = 204/d + 27 

(black line) than the theoretical one 228/d (red dashed line). Surprisingly, some of the new tubes 

are even more shifted from the 228/d line than the old data of Meyer et al. In contrast, the two 

tubes, whose diameters were identified only by HRTEM (represented by triangles), are closer to 

228/d relation. However, the higher experimental errors in the diameter estimations for both 

tubes do not permit to conclude definitively in favor of the better agreement with the 228/d 

relation. 

These new data show: 

· Some new individual SWNTs have a small upshift of the RBM frequency in 

respect to 204/d+27 relation (about 5cm-1).  

· No significant shift of the G-band modes were found in respect to the diameter 

dependence of the LO and TO G-modes, previously established (will be analyzed in more detail 

in the future paragraph).  

· In all our SWNTs, the D-mode Raman peak is almost never observed, 

independently of laser excitation energy.  

Hence, despite the improvements of the growing conditions, we still observe a systematic 

shift of the RBM frequencies from the theoretical 228/d relation. Its possible origins are 

considered and presented below. 

 

3.3 The presence of strains or external pressure. 

We argue that the existence of certain strains in our as-grown individual free-standing 

carbon nanotubes are responsible for the RBM frequency shift. Several cases are possible: 

Uniaxial and torsional strains 

Gao et al [13] reported the appearance of tensile strains in as-grown individual SWNTs. 

Two regimes are possible. First, substrate-induced tensile strain appears when thermal 

contraction is different for SWNTs and the substrate (in other words, if the coefficient of the 

thermal expansion of SWNTs is different from that of the substrate). In this situation, upon 

cooling after the growth process, the SWNTs may appear under strain stress. Moreover, if the 

substrate is not smooth due to the existence of defects and steps and if the cooling rate is not 

uniform, the strain should be localized spatially.  
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Secondly, a self-built tensile strain may arise due to the presence of nanodots on the 

carbon nanotubes. These nanodots can form from accumulation of carbon species from ethanol 

CVD during the synthesis process. Compared to a pristine SWNT, the decorated carbon 

nanodots could cause structural disturbance and physical strain in the tube. Similar to the strain 

induced by AFM tip, the strains caused by the carbon nanodots are not confined to a small region 

where the tube is distorted, but rather extend for long distances along the SWNT [13].  

Independent of nature, the uniaxial strain should have certain features in Raman spectra 

of SWNTs. For instance, we analyzed these features in individual SWNTs emerged in gelatin 

[14]. The results obtained in this study are well understood by considering, that the change of 

temperature induces a uniaxial compression on the tube. This uniaxial compression results from 

the thermal expansion mismatch between the nanotube and the surrounding gelatin at low 

temperature. Using theoretical predictions of the values of Gruneisen parameters [15], the 

temperature dependence of the frequencies of G-modes allows an evaluation of the average 

strain induced on the nanotubes by the temperature change. By changing temperature from 300 

K to 20 K (i.e. increasing the uniaxial compression), a significant upshift of the G-mode 

frequency and almost no change in RBM frequency were measured (see Fig.3.9). Similar results 

were found by Cronin et al and Gao et al, under mechanical uniaxial expansion of isolated 

individual tubes [13,16]. 

  

     a     b  

Figure 3.9: (a) RBMs and G modes ranges of the Raman spectra measured at 1.70 eV. For 

clarity, the spectra are normalized in intensity. The dashed line is a guide for the eyes [14]. (b) 

The dependence of the RBM and G mode frequencies on the uniaxial strain (induced by 

temperature increase). 

 

Torsional strains, if exist, should also lead to the upshift of both G-band and RBM 

frequencies [17]. 
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We now present the following reasoning. In our samples the frequency of RBM is 

initially shifted (in comparison with the theoretical relation 228/d). So to tell whether the 

observed ωRBM(d) deviations are due to the strain effect, we need to analyze the shift of the G-

band. In all our samples we did not observe any significant changes of the G modes. For 

instance, for the tangential G+ mode the resonance frequencies were found mainly in the range 

1591-1592 cm−1 that is in agreement with theoretical predictions (see next section on G-band). 

We thus conclude that our suspended nanotubes have minimal built-in uniaxial or torsional 

strains, and this option may be discarded. 

 

A hydrostatic pressure: the effect of air. 

As our experiments are performed on individual suspended SWNTs in air, one of the 

assumption would be to relate the RBM frequency shift to the interaction between the nanotubes 

and the surrounding air. To test this assumption, we performed Raman experiments on the same 

suspended individual SWNT in air and in vacuum (10-6 mbar) (note that this experiment has 

been planned and realized before the publication of Liu et al [9]). 

During the experiments in the air, a diameter close to 2.11 nm was derived from the 

measurement of the RBM on a free-standing SWNT by using 204/d+27 relation. This later 

relation fits the experimental data measured on the same series of SWNTs. For such a diameter, 

a RBM downshift of about 17 cm-1 is expected when the tube is measured free of environment, 

or in other words under vacuum (corresponding to 228/d relation, see figure 3.10a). The spectra 

in air and under vacuum for the same SWNT are displayed in Figure 3.10b. In complete 

disagreement with this prediction, no measurable shift is experimentally observed under vacuum, 

though the RBM has a slightly decreased FWHM. We assume that the narrowing of the mode is 

a consequence of a small change in the transition energy under vacuum. 

Despite the difficulty of these experiments explained by the very low signal (the spectra 

were collected with a 50x objective inside a vacuum cell), similar results have been obtained on 

three other individual SWNTs. These experimental findings rule out the interaction between the 

tube and the surrounding air as the reason for the observed RBM upshift with respect to 

theoretical predictions. 
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Figure 3.10: (a) RBM frequency vs. inverse diameter: Relations 204/d+27 (full line) and 228/d 

(dashed line). (b) Raman spectra of the same individual suspended SWCNT (d=2.11 nm) in air 

(top) and under vacuum (bottom). 

  

In that way, we consider other intuitive assumptions regarding the origin of the frequency 

shift in non-theoretical ωRBM vs d relations as due to the interaction between the nanotube and an 

environment. 

  

3.4 The nature of environmental effects in ωRBM vs d relations 

We are interested here to define what experimental parameters may affect the change of 

the RBM frequency. For this reason, we adopt the approach of Araujo et al [7]. 

Araujo et al performed the analysis of different experimental relations present in the 

literature and proposed the following model (based on the work of Longhurst and Quirke [12]). 

The RBM of a coupled system ‘SWNT-environment’ was considered composed of two spring 

constants: one coming from the C-C bond strength and the other coming from the interaction 

between the SWNT and its surroundings. The problem of addressing the environmental effect on 

RBM may be reduced to solving a simple harmonic oscillator for a cylindrical shell subjected to 

an inwards pressure p(x):  

   (3.5) 

 

 where x(t) is the displacement in the radial direction; ; K in (eV/Å2) 

gives the van der Waals interaction strength, s0 is the equilibrium separation between the SWNT 

wall and the environment shell, E is the Young’s modulus, ρ is the mass density per unit volume, 

ν is the Poisson’s ratio, and h represents the thickness of the shell. If p(x) is null, Eq. (3.5) gives 

the fundamental  for a pristine SWNT, 

204/d+27 

228/d 
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   (3.6) 

where the term inside the curly bracket, A0, is equals to 227 cm−1nm.  

For p(x) non-null we have:  

  (3.7) 

 

where ,  was obtained after the fit of 

the data from different experimental relations (see Fig. 3.11). 

 

 

Fig. 3.11: Difference between ωRBM data from the literature and ωRBM = 227/d as a function of 

d. Each symbol represents data from different references. From [7]. 

 

The relation (3.7) fits very well our experimental data with C=0.065 nm-2 (see Fig. 3.8). 

We now summarize the forms of theoretical and non-theoretical ωRBM vs d relations and 

define explicitly some of their parameters, namely A0 and C: 

 [3.1] 

  [3.2] 

 [3.7] 

 (3.9) 

  (3.10) 
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We distinguish between A0 and A in equations (3.1) and (3.2) on purpose. In fact, A and 

B coefficients are inter-dependent, in other words the change of A also affects B. So strictly 

speaking, we cannot apply eq. (3.9) to A in the formula (3.2). However, we suppose that the 

parameters that change A0 will affect A and B simultaneously.  

Since for our tubes we find that A = 207 cm-1·nm and cm-1 or equivalently 

A0=227 cm-1·nm and C=0.065 nm-2, we propose the following reasons of deviation from the 

theoretical 228/d relation: 

a) The change of the elastic constants E, ν (from eq. (3.9) and (3.10)) 

b) The change of mass density ρ due to chemical doping or adsorption (from eq. (3.9)) 

c) The presence of environmental interaction (K, s0 from eq. (3.10)) 

Below we analyze each point in detail:   

 

3.4.1 The change of elastic constants 

Young’s modulus E and Poisson’s ration ν are the elastic characteristics of the material. 

Their slight change should indicate the serious deviations in structure and composition of the 

nanotube, for example the substitution of carbon atoms by some other element. It is thus very 

unlikely that the deviation from theoretical 228/d relation is due to this factor, as we do not see 

any abnormal features in the Raman spectra of our nanotubes or in the HRTEM images.  

 

3.4.2 The change of mass density ρ due to contamination (chemical doping or 

adsorption). 

By analyzing the synthesis conditions of our individual SWNTs, we propose following 

possible contaminants: 

CH4, H2, Ar, EtOH 

Recent experiments showed that hydrogen chemisorption onto SWNTs can result in the 

carbon-carbon (C-C) bond expansion in both axial and radial directions [18]. Such a 

hydrogenation process can only occur at the condition of high energy treatments in order to 

break sp2 C-C and form sp3 C-H. This always leads to a relatively strong D band. Similar effects 

can be expected for other gases. 
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However, in our nanotube the D band is very weak in intensity and is often not 

observable (see experimental results in Section 3.2). 

 

Metallic catalysts 

We note that the metallic catalysts were never observed during TEM experiments 

performed in the framework of this thesis. 

Amorphous carbon 

We can suspect the presence of amorphous carbon to be responsible for the shift of RBM 

frequencies. We may estimate its percentage with respect to the nanotube’s mass.  

Below are reported HRTEM images of seven individual suspended SWNTs from the 

series of our free-standing SWNTs (Fig. 3.12). We see that AC indeed constitutes a reasonable 

fraction of the nanotube surface.  

 

 

  a    b    c    d 

 

    e         f   g 

Fig. 3.12: (a) V65 NT3 ; (b) V65 NT6 ;(c) V65 NT19; (d) V65 NT1; (e) V65 NT7; (f )V66 NT15; 

(g) V66 NTA. 

 

Let us roughly estimate the mass of amorphous carbon from a TEM image (Fig. 3.13). 

We will consider the amorphous layer as a cylinder having a thickness of one carbon atom 

(shown as blue rectangle on the Figure 3.13; nanotube is represented by red rectangle). By 

measuring the length and diameters of the cylinders from TEM images and taking ρAC as 2.15 * 

10-21g/nm3 [19], ρNT=6.6*10-21 g/nm3 (calculated from purely geometric principles), carbon atom 

2  n m2  n m 2  n m2  n m

2  n m2  n m
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diameter dc=0.182 nm, carbon atom mass mc=12*1.66*10-21 g, we get the ratio mAC/m0 = 23%. 

However, the determination of the percentage of amorphous carbon is not straightforward and 

we cannot ensure that this percentage of amorphous carbon (about 20%) is the same in all the 

SWNTs of this series.  

 

 

Fig. 3.13: The analysis of the tube shown in Fig. 3.12d 

 

In addition, it is noteworthy to say that in several cases of Fig. 3.12 the amorphous carbon 

was deposited during the TEM study under the irradiation of the electron beam. The areas on the 

nanotube that were not irradiated for a long enough time remained clean.  

 

3.4.3 The presence of the environmental interaction. 

We try to describe the environmental effect in the framework of the 2D continuous 

membrane theory of SWNTs [2] (see Chapter 1 for explanation). In that way, we introduce a 

‘trapping’ potential,  , to the equation for the surface energy density g of SWNT (chapter 1, 

equation 1.4 ). The effect of the trapping potential is to hinder the radial vibrations of the 

nanotube: 

  (3.18) 

Eq. (3.18) is written in the approximation of the symmetric vibrations, λ and μ are 2D 

analogues of Lamé coefficients, p is a coefficient representing the environmental interaction, εrr 

is the strain in the radial direction, ur represents a radial displacement.  

 

 



101 

 

The strain is defined as: 

  (3.19) 

Then:  

  (3.20) 

The total potential energy of the nanotube is obtained by multiplying g and the total 

surface of the nanotube S=2πRl, where l is the length of the nanotube. 

  (3.21) 

The restoring force acting on the nanotube is defined as the derivative of the energy by ur: 

  (3.22) 

On the other hand , (3.23) 

where ρ is the mass density of the nanotube and the mass was set as   

It follows from eq. (3.22) and (3.23) that 

, (3.24) 

The vibrations in the radial direction may be described as 

  (3.25) 

  (3.26) 

By substituting eq. (3.25), (3.26) in (3.24) we get: 

 (3.27a) 

where term   = , as was shown by Rochal in Ref [2] (see also Chapter 1). 

    (3.27b) 

 

Equation (3.27a,b) represents the frequency of the radial breathing vibrations of the 

nanotube in the presence of some external constraints derived in the framework of the 2D 

continuous membrane theory of SWNTs. This expression has the same form as the one of Araujo 

(see equation 3.7). Obviously, this formula fit well our experimental data. RBM frequencies of 
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our 15 individual single-walled nanotubes (previous data from Ref. [8] and the data of this work) 

were fitted by relation (3.27) and relation (3.7). Table 3.3 shows the deviations average Δω 

between the frequencies calculated from these formulas and the experimental frequencies. C or 

equivalently p’/(226)2 is close to 0.065 cm2nm-2 (or p’ is close to 3335 cm-2) 

 

Table 3.3: The comparison between the experimental data and the formula ω=227/d (1+Cd2)1/2 

(3.7 and 3.27) with C= 0.065 nm-2. 

# d, nm ωexp 
Δω  

(eq. 3.7 and 2.37) 

1 1.43 169 -1.16 

2 1.40 165 0.86 

3 1.63 149 -3.37 

4 1.64 153 1.61 

5 1.79 140.5 -0.44 

6 1.97 129 -1.73 

7 2.29 119 2.92 

8 2.29 116 -0.08 

9 2.98 95 -0.46 

10 1.36 178.5 0.96 

11 2.12 119 -4.23 

12 2.32 120 5.07 

13 2.26 122 4.73 

14 2.44 111 0.39 

15 2.35 119 5.19 

 

In the 2D continuous membrane theory of SWNTs, the parameter is independent of 

nanotube diameter and represents the additional energy density of the nanotube surface due to 

the environmental interaction. Below some of the origins of this interaction are examined: 
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The interaction between the nanotube and the layer of amorphous carbon. 

Previously we have shown that the amorphous carbon may constitute up to 20% of the 

nanotube mass in our samples. So can the interaction between the CNT and amorphous carbon 

be responsible for the observed deviations? 

 In Ref [9] Liu et al presented the HRTEM image of their single-walled nanotube. In Fig. 

3.14 we show a magnification of this image. It is clear that their nanotubes also contain a certain 

amount of amorphous carbon on the surface. Still they managed to confirm the theoretical 228/d 

relation.  

 

Fig. 3.14: The HRTEM image of individual suspended single-walled nanotube from Ref [9]. 

 

We thus think that the effect of amorphous carbon seems to be non-dominant to explain 

alone the deviation between the wRBM vs d relations. 

 

The interaction between the nanotube and the substrate. 

Another difference in the experimental conditions in our work and that of Liu et al [9] 

concerns the post-synthesis measurement conditions, namely the type of the support. In the work of 

Liu et al carbon nanotubes were suspended over the slits 20-50 μm wide. While in our case they 

were lying on the perforated HRTEM grids with holes 3μm in diameter. This fact is illustrated in the 

Fig. 3.15. It is clear that in our measurements tubes were in a more close contact with the substrate.  

How this may influence the radial vibrations of the SWNTs? In theory, a real crystal may be 

treated as ideal only when its dimensions are big enough (hence edge effects are not seen). In 

analogy, a carbon nanotube may be considered ideal (and hence following theoretical relations) only 
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when it is far enough from the substrate. However, when the nanotube is mainly lying on the support 

(see Fig. 3.15b), the interaction between the supported part and the substrate can influence the 

vibration of the suspended part of the SWNT. 

 

Fig. 3.15: (a) The position of individual carbon nanotubes in the work of Liu et al [9] (left) and 

in our experiments (right). In the first case carbon nanotubes are suspended over the slits 20-50 

μm wide. In our case, SWNTs were lying on the perforated HRTEM grids with holes 3μm in 

diameter. 

 

Another argument in favor of the interaction with the substrate is the following. Araujo et 

al [7] also experimentally measured 227/d relation on samples of vertically aligned SWNTs (the 

so-called ‘super growth’ nanotubes). One of the features of these samples was the low-density of 

carbon nanotubes. This means that on average there exists one 3 nm diameter SWNT in a 

substrate area of 190 nm2 and the average distance between tubes is of about 14 nm. 

Consequently, the SWNTs occupy 3.6% of the total volume, thus meaning that more that 96% is 

empty space. A schematic of the forest assuming complete uniformity is given in Figure 3.17 

[20, 21, 22]. In consequence, in super growth samples the effect of the substrate is very low due 

to the small contact area between the SWNT and the support.  

 

  

Fig. 3.16: Adapted from Ref. 7. 
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However, to definitely confirm the deviations as due to the substrate, we need to perform 

a series of additional measurements. For example, to grow individual SWNTs (following our 

synthesis protocol) on the substrate with a series of slits (1, 3, 10, 20, 50 μm etc) and to measure 

Raman spectra at the center of the suspended parts of every slit. The comparison between RBMs 

at different suspended areas of the nanotube may clearly show the role of the substrate. 

 

 

  



106 

 

Summary 

 We have presented the analysis of the new series of ultra-long suspended individual 

SWNTs (12 in total). It is appeared that in spite of the improvements of the growing conditions 

(which were similar to those described in the work of Liu et al [9]), we still get some systematic 

effect that tends to shift the RBM frequencies from the theoretical 228/d relation (See Fig. 3.8). 

To explain these observations we proposed the following hypothesis: 

1. The presence of external strains in the SWNTs. 

2. The effect of air pressure. 

3. The contamination of the CNT surface. 

4. The presence of the environmental interaction. 

 We carefully examined every point in a series of experiments and we ruled out the effects 

of strains and air pressure. However, combined effects of adsorbed species, including amorphous 

carbon, and of the substrate may be the major ingredients to explain the frequency deviations 

from the theoretical 228/d relation.  

 Regarding this latter point, experiments with different slits are scheduled for the future on 

the index-identified free-standing single-walled carbon nanotubes. 
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3.5 The G-modes (or Tangential Modes) 

We remind that the intrinsic profile, depending on the nature of SWNT, as well as the 

diameter dependence of the LO and TO G-modes, have been established for chiral and achiral 

SWNTs few years ago (see Chapter 1). 

Considering the “environmental conditions” (their different natures are discussed above) 

on SWNT as being the origin of the gap between our experimental wRBM vs. d relation and the 

228/d theoretical relation, we would like to precise how these “environmental conditions” 

influence (or not) G-modes of individual suspended single-walled carbon nanotubes. 

Recently Telg et al [23] reported the study of the LO and TO Raman modes of 14 

different small-diameter (d < 1.1 nm) semiconducting nanotubes suspensions sorted by chirality. 

They found that the Raman shift of both peaks can be described using the formula:  

 (3.28) 

with the  parameters given in table 3.4. 

Table 3.4: Parameters of the equation (3.28). See Ref [23] for details. 

 Reference a0 (cm-1) a1 (cm-1nm2) a2 (cm-1nm) 

G+/ALO Telg + Paillet et al 1582 -14.9 24.9 

 Jorio et al (experim.) 1591 0 0 

 Dubay et al (theory) 1593 -13.2 17.6 

 Popov et al (theory) 1582 -20.8 31.5 

G-/ATO Telg et al + Paillet et al 1582 -27.5 0 

 Jorio et al (experim.) 1591 -47.7 0 

 Dubay et al (theory) 1591 -22.9 0 

 Popov et al (theory) 1582 -22.0 0 

 

Telg et al give the following explanation of this dependence. Assuming that with 

increasing diameter, the frequencies of both the TO(G-) and LO(G+) peaks approach the value of 

the E2g mode in graphite and graphene respectively, the value a0 is fixed to 1582 cm-1. The 

second term, a1/d2, describes the strong decrease of both peaks for small diameter nanotubes. The 

third term in eq. 3.28, a2/d, accounts for the fact that the frequency of the LO G-mode initially 

increases with decreasing diameter before it decreases again for very small diameter tubes. It has 

been shown that simulating confinement by applying zone-folding to a graphene sheet results in 
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an upshift of the LO G-mode frequencies with decreasing diameter that is proportional to 1/d. 

Therefore, the third term in eq. 3.28 can be associated with confinement, while the second term 

results from the curvature of the tube wall. In the case of the TO(G-) peak, the monotonic 

decrease of the frequency with diameter is well described by the first two terms, making the third 

term unnecessary. Hence, a2 is equal to zero for TO G-mode. 

A good agreement is found between the data of Telg et al. measured on SWNT wrapped 

in a surfactant and the data of Paillet et al [24], measured on suspended individual SWNT (Fig. 

3.17a). That means that the environment effects, excluding doping, are weak for the G-modes. 

We remind, that under doping, the profile and frequency of the LO mode, especially in metallic 

tube, strongly depends on the doping level [25]. 

  

 

    a      b 

Fig. 3.17: (a) G+(LO) and G-(TO) frequencies as a function of tube diameter in semiconducting 

SWNT. Solid and dashed red lines represent fits of eq. (3.28) to the combined data from Telg et 

al (circles) and ref [21] (plus symbols). Black and gray stars and solid and dashed lines are 

theoretical predictions based on ab-initio, non-orthogonal tight-binding, and ab-initio on 

graphene plus zone-folding approximations, respectively; Black squares and triangles 

correspond to the (24,8) and (19,15) nanotubes from this work (b) Ratio of G-(TO) and G+(LO)  

intensities (I(G-)/I(G+)) as a function of chiral angle θ. From Ref [23]. 

  

The observed diameter dependence of the G- peak is sufficient to allow its use in 

determining the diameter of small nanotubes. We note that the LO and TO mode frequencies 

extracted from the fit of the Raman spectra of our (19, 15) and (24, 8) SWNTs (see for example 

Fig. 3.18b (Fig. 3.19b) respectively) are in good agreement with the data of Telg et al.  

In addition, Telg et al found both peak positions to depend on chiral angle (Fig. 3.17b), 

that was also attributed to the rehybridization. As predicted, the observed intensities of the G- 

peaks are almost absent for chiral angles close or equal to zero degrees and steadily increase with 
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increasing angle. This chiral angle dependence of the I(G-)/I(G+) ratio is reported in figure 

3.17b. The plot shows a general decreasing trend of the intensity ratio for smaller chiral angle. 

However, significant scatter is observed at specific values due to the overlapping diameter 

dependence. More precisely, it was established that a concomitant decrease of the intensity ratio 

with chiral angle and a decrease of this ratio with increasing diameter is in a good agreement 

with theoretical predictions based on tight-binding approximations [26]. In this paper, the 

authors claim that the values of their intensity ratio are different from the one measured on free-

standing index-identified SWNT in the Montpellier’s group [27]. They assigned this 

disagreement to the damage of the free-standing SWNT introduced by the etching process used 

for sample preparation.  

  

    a      b 

Fig. 3.18: (a) Excitation frequency dependence of the A(G-)/A(G+) (A is a peak area) ratios; 

Solid and dashed lines correspond to the calculations of Popov et al [28] and Liu et al [29] 

respectively; (b) High-frequency part of Raman spectra of (19,15) SWNT showing different     

intensity ratios for different excitation energies. 

 

In order to shed light on this question, we analyze in detail the intensity ratio of our new 

series of free-standing SWNTs (without the etching process during the sample preparation). For 

example, the incident excitation dependences of the intensity ratio of the (19,15) and (24,8) 

SWNTs have been measured in a wide variety of excitation wavelengths.  The corresponding 

data are presented in Table 3.4 and 3.5, and the excitation dependence of the integrated area ratio 
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ATO/ALO is displayed in the Fig. 3.18a and 3.19a (note, that ITO/ILO give similar results; see for 

example Table 3.4 and 3.5). 

Table 3.5: The excitation frequency dependence of the I(G-)/I(G+) and A(G-)/A(G+) (A is a 

peak area) ratios for the (19,15) SWNT. 

Excitation wavelength Excitation frequency A(G-)/A(G+) I(G-)/I(G+) 

458 2.71 0.10 0.08 

488 2.55 0.27 0.21 

514 2.42 0.29 0.25 

568 2.19 0.14 0.098 

710 1.75 0.08 0.05 

725 1.71 0.06 0.04 

740 1.68 0.08 0.05 

755 1.65 0.07 0.06 

762 1.63 0.10 0.07 

770 1.61 0.10 0.075 

777 1.60 0.10 0.08 

785 1.58 0.11 0.086 

805 1.54 0.19 0.09 
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 a     b 

 

Fig. 3.19: (a) Excitation frequency dependence of the A(G-)/A(G+) (A is a peak area) ratios. 

Solid and dashed lines correspond to the optical transitions calculated by Popov et al [28] and 

Liu et al [29] respectively; (b) High-frequency part of Raman spectra of (24,8) SWNT showing 

different  intensity ratios for different excitation energies. 

 

  

Table 3.6: The excitation frequency dependence of the A(G-)/A(G+) (A is a peak area) and     

I(G-)/I(G+) ratios for the (24,8) SWNT. 

Excitation wavelength Excitation frequency A(G-)/A(G+) I(G-)/I(G+) 

458 2.71 0.172 0.0897 

488 2.55 0.165 0.0861 

514 2.42 0.148 0.0855 

568 2.19 0.160 0.0936 

710 1.75 0.074 0.0474 

725 1.71 0.074 0.0473 

740 1.68 0.083 0.0504 

755 1.65 0.105 0.0643 

762 1.63 0.103 0.0625 

770 1.61 0.143 0.0816 

777 1.60 0.123 0.0740 

785 1.58 0.114 0.0671 

805 1.54 0.145 0.0859 

830 1.50 0.060 0.0430 
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 For measurements performed around the S33 transition, the average value of the intensity 

ratio is of about 0.075-0.08 for both (19,15) and (24,8) SWNTs which is in agreement with Telg 

et al (See last columns of Tables 3.3 and 3.4). At the higher excitation wavelengths the 

maximum value of the ratio I(G-)/I(G+) is different for (19,15) and (24,8) nanotubes: 0.25 and 

0.09 respectively. We thus suppose that the intensity ratio may depend on the excitation energy, 

and probably on the order of the transition. However, more experimental data are necessary to 

make some definite conclusions. 

 

3.6 Optical transitions of individual free-standing SWNTs from the 

measurements of the excitation profile of the RBM and G-modes. 

The excitation profiles of RBM and G-modes of two free-standing index-identified 

SWNT have been measured. Two examples of such profiles are reported in figures 3.20 and 3.21 

(for (19,15) and (24,8) SWNTs respectively). We emphasize that this kind of measurements are 

complicated and time-consuming due to the need of continuous lasers and the exact control of 

experimental conditions. In consequence, the resonance profiles of SWNTs were obtained 

previously only by a group of Debarre [11] and for only one individual SWNT. 

We fitted the resonance profiles of (19,15) and (24,8) SWNTs using the following 

expression: 

 

 

where Eii is a transition energy, Г is a width of the resonance window (related to the lifetime of 

the excited state) and  is the phonon energy involved the scattering process. 

We found S33 =1.608 eV (FWHM = 50 ± 1 meV) for the (19,15) SWNT and S33= 1.607 

eV (FWHM = 80 ± 10 meV)  for the (24,8) SWNT. The comparison between the experimental 

values of Sii and the theoretical calculations of Popov et al [28] and Liu et al [29] for (24,8) 

SWNT shows that there exist an energy shift of 50-80 meV between the data (we remind that the 

calculations of S33 from Popov et al were up-shifted by ~0.4 eV). However, for the (19,15) 

SWNT the experimental value of S33 coincides almost perfectly with the S33 from Ref [29].  
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     a           b 

 

                 c 

Fig. 3.20: Resonance profiles for the (a) RBM and (b) G-band of the (19,15) SWNT; (c) Kataura 

plot for the (19,15) SWNT. Red and green dots correspond to the calculations of Popov et al. 

[28] and Liu et al. [29] respectively. Black line correspond to the S33 =1.608 eV. 
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Fig. 3.21: (a) A resonance profile for the RBM of the (24,8) SWNT and (b) Kataura plot for the 

(24,8) SWNT. Red and green dots correspond to the calculations of Popov et al [28] and Liu et 

al [29] respectively. Black line correspond to the S33 =1.607 eV. 

   

 

Table 3.7: Comparison between experimental and theoretical data 

# 
(19,15) SWNT (24,8) SWNT 

Exp. Popov et al [28] Liu et al [29] Exp. Popov et al [28] Liu et al [29] 

S11 - 0.585 0.507 - 0.586 0.523 

S22 - 0.919 0.869 - 0.944 0.905 

S33 1.608 1.667 1.604 1.607 1.659 1.685 

S44 - 2.003 1.903 - 2.104 2.010 

S55 - 2.537 2.485 - 2.498 2.655 

S66 - 2.884 2.708 - 3.107 2.915 
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3.7 Raman spectroscopy of an individual free-standing bundle of single-walled 

nanotubes. 

In this paragraph we analyze the optical and vibrational properties of individual bundles 

of single-walled carbon nanotubes. This bundle is composed of 2 SWNTs in interaction. This 

system gives a unique opportunity to compare experimental results with theoretical approaches 

by focusing on the low-frequency range of inhomogeneous dimer [30, 31], the so-called 

breathing-like modes (BLM).  

Figure 3.22 shows a TEM image of the bundle under consideration. It is clear that the 

bundle is relatively long (more than 40 mm). According to high-resolution image, there is a 

certain level of amorphous carbon on the surface of the tubes. However, we do not observed any 

significant D-band in the Raman spectra (see D-band in Fig. 3.25a, for example). Electron 

diffraction experiments were performed at different holes (e.g. at different areas of the bundle) 

and the results of the data treatment are presented below.  

 

  

      a       b             c 

 

Fig. 3.22: (a) Low- and (b) high-resolution TEM images of the bundle of two iSWNTs; (c) the 

corresponding ED pattern. 

 

 

3.7.1 Structural data 

It should be pointed out that diameters of constituent single-walled nanotubes were 

extracted only from HRTEM images leading to the values: d1= 1.7 ± 0.3 nm and d2= 1.95 ± 0.3 

nm. In addition, the treatment of the ED patterns showed that the two tubes have similar chiral 

angles around 25.1°. The corresponding indices are (15,11) and (16,12) (see information below). 

The method we used to index these SWNTs will be described in details in the Chapter 5.  

2  n m2  n m
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As usual we performed several Raman measurements at different holes of the TEM grid 

and all the results are consistent. BLM and G-modes were recorded using 7 laser excitation 

wavelengths: 676, 647, 568, 514, 530, 488 and 458 nm. We note however that there was no 

signal observed on 458 and 530 nm. The data are presented and analyzed in the following 

paragraphs. 

  

3.7.2 Radial-breathing like modes range. 

The single-walled carbon nanotubes were in resonance with the incident radiation in the 

red region, namely at 647 and 676 nm (see Fig. 3.23a). At 647 nm, two peaks are observed in the 

BLM range: an intense mode located at 131 cm-1 and a shoulder around 139 cm-1. At 676 nm, 

only, one mode is observed at 138 cm-1. 

   

         a       b 

Fig. 3.23: (a) Breathing like modes region of Raman spectra measured on a bundle of two 

single-walled carbon nanotubes. Excitation wavelengths: 647 and 676 nm; (b) The fit of the 

RBLM region of the Raman spectra at 647 nm (4 Lorentzians are used); 

  

We compare the positions of these modes with the RBM frequencies calculated using 

formulas 228/d (relation-1) and 204/d+27 (relation-2), established for individual free-standing 

SWNTs: 

(15,11): d= 1.7708 nm; θ = 24.92° 

wBLM1 = 138 cm-1 wRelation-1= 129 cm-1 wRelalation-2=  142 cm-1 

(16,12): d=1.906 nm; θ = 25.28° 

wBLM2 =131 cm-1 wRelation-1=120 cm-1 wRelation-2= 134 cm-1 

The first relation predicts a significant upshift (by 10 cm-1) of the experimental 

frequencies (131 and 138 cm-1 respectively) with regard to calculations [120 cm-1 for the (16,12) 
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nanotube and 129 cm-1 for (15,11)]. The second relation gives frequencies (134 and 142 cm-1) 

slightly upshifted with regard to the corresponding experimental frequencies.  

L. Henrard et al. [30] and K. Sbai et al. [31] have studied BLMs of inhomogeneous dimer 

of SWNTs. In particular, L. Henrard et al. calculated the Raman spectrum of the dimer made of a 

(9,9) and a (10,10) tubes and found that two pair of modes appear close to the RBM positions of 

isolated SWNTs (see Fig. 9 in Ref [30]). The split in two components is due to the lower 

symmetry of the environment. The lower-frequency pair of peaks is mainly related to the 

vibration of the (10, 10) tube and the higher-frequency pair of peaks is associated with the 

vibrations of (9,9) tube. Similar conclusions were established by K. Sbai et al. (see Figure 4 in 

Ref [31]). In addition, these calculations demonstrate that when RBM frequencies of isolated 

SWNTs are rather different, we can evidence 4 individual components of the bundle in the 

experimental spectra. In our case, despite the fact that RBMs of isolated SWNTs are only 

separated by 8 cm-1, the experimental data are in agreement with the theoretical predictions. The 

lower-frequency peak is mainly related to the vibration of the (16,12) tube and the higher-

frequency peak is associated with the vibrations of (15,11) tube. The relatively large width of the 

higher-frequency measured at 676 nm could be related to the splitting due to the environment. 

Moreover, in qualitative agreement with the above-mentioned theoretical studies, the spectra at 

647 nm may be fitted by 4 components (see Fig. 3.23b) centered around 125 (FWHM = 12 cm-1), 

131 (5), 139 (6) and 146 (11) cm-1. This observed splitting is then the characteristic of the 

bundle.  

  In a bundle, due to the interaction between the tubes, we can expect an upshift of the 

BLM frequencies. However, calculations for an infinite dimer with diameter larger than 2 nm 

predict that the hybrid breathing-like modes can be at a lower frequency than the RBM in the 

isolated tube. The comparison of these predictions with our experimental results does not allow 

to conclude about the direction of the RBM shift in the dimer under consideration.  Indeed, 

comparison with the 228/d relation shows an upshift of around 8 cm-1 of the two modes in dimer. 

By contrast, from the comparison with the 204/d+27 relation, a slight downshift of both the 

modes in dimer was found. The impossibility to conclude about the direction of the shift 

underlines the necessity to know precisely for each series of SWNTs the adapted wRBM vs d 

relation.  

Regarding the resonance conditions, we encounter certain difficulties while using the 

Kataura plot (Fig. 3.24). In fact, theory [28] predicts the S33 transition for the (15,11) and (16,12) 

SWNTs at 2.019 and 1.916 eV, respectively. However, the (15,11) nanotube is observed at 1.92 

and 1.83 eV, while the (16,12) is at resonance at 1.92 eV. In this case, a simple rigid shift of the 
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theoretical transitions cannot explain the observed experimental energies of S33. We thus assume 

that use of Kataura plot for this bundle of two SWNTs is not straightforward.  The solution to 

this problem would be to measure the Resonance profiles of the bundle.  

 

 
 

Fig. 3.24: Kataura plot with optical transitions highlighted for (15,11) (blue dot) and (16,12) 

(red dot) carbon nanotubes. Horizontal lines represent the excitation energies used in this study. 

 

3.7.3 G-modes  

We examine now the G-modes range of the Raman spectrum of the bundle. The 

corresponding spectra are shown in the Fig 3.25 for different laser excitations energies and laser 

power. As clear from the Figure 3.25, we observe here a certain difference with the spectra of 

individual single-walled carbon nanotubes. However, the shape of the G-band indicates the 

semiconducting nature of the constituent nanotubes that is in agreement with our chiral index 

assignments. 

We fit the G-band of the bundle with 4 Lorentzians following standard procedures of data 

analysis. The TM frequencies are 1568, 1571, 1586 and 1596 cm-1. The first two frequencies 

correspond to the TO modes, the second two to LO modes of the constituent semiconducting 

carbon nanotubes. As was shown in the Chapter 1 the TO mode’s frequency show a strong 

dependence on the nanotube’s diameter, while LO modes almost do not change. Based on that 

dependence we assign the 1568, 1586 cm-1 to a (15,11) nanotube and 1571, 1596 cm-1 to a 

(16,12).  
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   a       b 

 

Fig. 3.25: (a) High-frequency region of Raman spectrum of the bundle of two SWNTs measured 

at 676, 647, 568, 514 and 488 nm; (b) A closer look on the D-band and G-band of the the bundle 

in question at 514 nm. 

 

 

 
Fig. 3.26: The fit of the G-band of the bundle of two semiconducting SWNTs measured at 647 

nm. 

  

In the TO vs. d plot established from individual SWNTs (Figure 3.27) we report the 

frequencies of the TO modes expected for isolated individual SWNTs (15,11) and (16,12) (blue 

and red circles respectively). The plot predicts their frequency to be close to 1571.5 cm-1  and 

1573 cm-1 respectively. These frequencies are slightly upshifted (~3 cm-1) with respect to the 

corresponding TO modes in the bundle.   

Assuming a weak interaction between the tubes, and using the plot established for 

individual SWNTs, we can determine the diameters of the both SWNTs in the bundle from the 
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positions of TO modes (figure 3.27, square symbols). We find 1.5 and 1.75 nm respectively. 

These values are in the lower limit of the diameter range found by HRTEM. 

Considering a correct (n,m) index-assignment for both SWNTs, we observe that the 

difference between the frequency of the TO mode in (16,12) and (15,11) individual SWNTs is 

around 1.5 cm-1, that is slightly smaller than the difference measured experimentally in the 

bundle (around 3 cm-1). In this assumption, for TO modes, the interaction between the tubes 

leads to a small downshift of the frequency of the both TO modes and to an increase in their 

frequency separation.  In this framework these two features could be considered as the signature 

of the coupling between the TO modes of SWNTs in this bundle.  

 

 
 

Fig. 3.27: The frequencies of the TO modes of two individual SWNTs (15,11) (blue circle) and 

(16,12) (red circle) in comparison with their frequencies in the bundle (blue and red squares 

correspondingly). 

 

Finally, a careful examination of the LO modes lead to a more clear evidence of the 

coupling between SWNTs in this bundle.  Indeed, there is a strong deviation of the LO 

frequencies of the bundled SWNTs from those found in isolated individual tubes. Assuming the 

average frequency of the LO mode in individual semiconducting SWNTs as 1590 cm-1 (see 

Chapter 1), the observation of a lower- (1586 cm-1) and higher-LO frequency (1596 cm-1) in the 

bundle is considered to be a consequence of the coupling between the LO G-modes of the two 

SWNTs. The same feature will be addressed in the Chapter 4 on DWNTs in more detail.  

In conclusion, we would like to emphasize, that from this experiment performed on an 

index-identified individual bundle (dimer of two SWNTs), the coupling between the modes is 

evidenced, especially regarding the G-modes. Coupling between SWNT in complex 

nanostructures like bundles and DWNTs play a significant role in the understanding of their 

vibrational and optical properties. We leave the deep analysis of this effect on DWNTs to the 

next chapter. 
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3.8 Summary and Conclusion 

In Chapter 3, we have examined the radial vibrations of the individual single-walled 

carbon nanotubes and presented several theoretical and experimental data established in the 

literature prior to this work. Then we presented the new experimental data obtained in the 

framework of this thesis to clarify the existing controversy. The main difference with the 

previous work of Meyer et al [9] lies in the improved synthesis protocol that is free of CNT 

chemical treatment. 

Two possible explanations of the observed deviation of the experimental ωRBM(d) relation 

from the theoretical one (228/d) were given: 

-The contamination of the nanotube by amorphous carbon leading to the increase of the 

mass density of the SWNT. 

-The interaction between the substrate and the carbon nanotube. 

In the second part, we have presented new experimental results regarding the G-mode. 

We compared our result with those previously published in the literature and discussed the 

observed controversy. Moreover, we gave a presentation of the Raman resonance profiles 

performed on free-standing single-walled carbon nanotubes. 

Finally, we proposed an analysis of Raman spectra of an identified dimer (bundle of two 

single-walled carbon nanotubes). Differences and similarities were discussed with respect to the 

experimental and theoretical studies of individual single-walled nanotubes. 
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Chapter 4 

Raman spectroscopy of individual free-standing double-walled 

carbon nanotubes 
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In this chapter, we extend our experimental procedure to investigate intrinsic properties 

of main Raman-active phonons in the double-walled carbon nanotubes (DWNTs). The 

experimental data on double-walled carbon nanotubes that were available in the literature at the 

beginning of this thesis dealt mainly with macroscopic samples (ensemble of DWNTs)  and 

didn’t tell much about internal properties of double-walled nanotubes (refer to Chapter 1 for the 

summary). Only a few data concerned studies on these individual nanostructures [1]. 

 In our goal to elucidate the intrinsic properties of DWNTs we followed the experimental 

procedure that was explained in the Chapter 2. Several effects, specific to DWNTs, were found 

and we present them here in details. 

The Raman spectra of 11 identified individual free-standing DWNT have been recorded 

and analyzed in detail. In the following, we show that the Van-der-Waals coupling between 

walls lead to collective radial breathing-like modes (RBLM). The dependence of these RBLMs 

as a function of diameter and inter-wall distance as well as the resonance conditions of these 

modes is discussed. On the other hand, the profile of the G-modes of individual DWNT is 

reported and discussed. Distinct behaviors of the G-modes are evidenced and explained in terms 

of “negative” pressure effect.  

Firstly, we focus on Raman spectroscopy of the (12,8)@(16,14) DWNT. At the best of 

our knowledge, it is on this DWNT that, for the first time, the unambiguous evidence of 

mechanical coupling between the walls was identified [2].  

 

4.1 Raman spectroscopy of (12,8)@(16,14) DWNT. First direct evidence of 

mechanical coupling in a DWNT 

This first investigated long individual suspended DWNT was synthesized by chemical 

vapor deposition (CVD) directly onto a Si3N4 TEM grid with holes (3 μm in diameter). The 

details of the method used to prepare individual suspended DWNTs are reported in [3]. 

 We remind that the Resonant Raman scattering measurements were carried out using a 

Jobin Yvon T64000 spectrometer equipped with a liquid-nitrogen-cooled silicon CCD detector. 

The scattered light was collected through a 100 objective (N.A. = 0.95) using a back-scattering 

configuration. In all the measurements, both incident and scattered light polarizations are along 

the nanotube axis (// // polarized Raman spectrum). In this investigation, incident excitations 

from Ar+ and Kr+ lasers were used: 488 nm (2.54 eV), 514.5 nm (2.41 eV), 568.1 nm (2.18 eV), 

and 647.1 nm (1.92 eV). In order to avoid heating effects, the laser power impinging the sample 
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was kept below 50 μW. 

4.1.1 Structural information 

 

Figure 4.1: (a) Low magnification TEM image of the suspended nanotube on the Si3N4 grid, the 

scale bar is 4 μm. (b) HRTEM of the same DWNT, the scale bar is 3 nm. (c) Experimental (left) 

and simulated (right) diffraction pattern of the (12,8)@(16,14) DWNT.  

 Figure 4.1 shows the investigated DWNT placed across holes of the grid. This 

configuration minimizes the effects (upshift of the Raman modes and downshift of the optical 

transitions) caused by tube-tube interactions within a rope, tube-substrate interactions for tubes 

deposited on a substrate, and tube-surfactant interactions in measurements on ensembles of 

DWNTs wrapped in surfactant.  

The structural data derived from TEM and ED for this DWNT (Figure 4.1) can be 

summarized as follows: the nanotube is longer than 30 μm (Figure 4.1a). The HRTEM image 

(Figure 4.1b) clearly allows one to identify this tube as a DWNT and shows the presence of a 

certain quantity of amorphous carbon on its surface. TEM measurements at different holes of the 

grid also confirm that the structure of the tube is conserved along its length. However, due to the 

vibration of the nanotube under the electron beam, it was impossible to derive the diameter of 

each layer with a good accuracy from the HRTEM image.  

 In Chapter 2 we presented the structural analysis of this double-walled nanotube (refer to 

section 2.4.2, Example 1 for details). We remind here that the tube was identified as 

(12,8)@(16,14) having  

din = 1.37 nm; θin = 23.4° 

dout = 2.04 nm; θout = 27.8° 

           Δd = 0.68 nm 
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4.1.2 The Radial breathing-like modes  

As reminded in Chapter 1, the radial breathing-like modes (RBLM) appears in the low-

frequency range of the Raman spectrum. The lowest-frequency RBLM and the highest-

frequency RBLM are assigned to collective oscillations with concerted in-phase and out-of-

phase motion of the two walls. The frequencies of these modes give additional information about 

the diameters of the inner and outer tubes. However, the evaluation of the diameters is not 

straightforward and adapted theoretical models have to be developed and discussed in relation 

with experimental data. 

Figure 4.2 displays the low frequency region of the Raman spectrum of the 

(12,8)@(16,14) DWNT for different laser excitation energies EL. At EL = 2.41 eV (Figure 4.2, 

top), two strong components are observed at 133 cm-1 (full width at half-maximum, FWHM = 

6.5 cm 1) and 186 cm-1 (FWHM = 3 cm-1), respectively (instrumental width close to 2 cm-1). At 

EL = 2.18 eV, only the component at 133 cm-1 is observed with a very low intensity. Finally, the 

two peaks are retrieved at almost the same frequency and width when the excitation is tuned at 

1.92 eV. At this energy, the widths of the two RBLMs are comparable to those observed at 2.41 

eV, i.e., 6 cm-1 for the low frequency peak and 3 cm-1 for the high frequency peak. The small 

intrinsic width for the out-of-phase RBLM (close of 1 cm-1) can be emphasized and understood 

by considering that the inner tube is protected to environmental effects by the outer tube. In 

addition, the density of structural defects is necessary weak on this tube (large life time of 

phonons).   

 

Figure 4.2: Low frequency range of the Raman spectra of the (12,8)@ (16,14) DWCNT 

measured at three excitation energies (for top to bottom: 2.41, 2.18, 1.92 eV). 
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 Usually, the diameters of the inner and outer tubes are derived from their RBLM 

frequencies using ωRBM vs. d established for SWNTs. We definitively state in the following that 

this procedure is wrong in a larger number of situations. 

Indeed, we have been able to measure the Raman spectrum of the individual (12,8) 

SWNT (the inner tube) and the one of the (15,14) SWNT which is close in diameter to the 

(16,14) (outer tube). On the Figure 4.3 the Raman spectrum of the (12,8) SWNT (d = 1.36 nm, q 

= 23.4°) and the one of the (15,14) SWNT (d = 1.97 nm, q = 28.9°) are directly compared with 

the spectrum of the (12,8)@(16,14) DWNT.  

 

Figure 4.3: Low frequency range of the Raman spectrum of (15,14) SWNT (Top), 

(12,8)@(16,14) DWNT (Middle) and (12,8) SWNT (Bottom).   

 

The RBM frequency of the (12,8) SWNT is located at 174.6 cm-1, downshifted by about 

11 cm-1 with respect to the out-of-phase RBLM, and the RBM frequency of the (15,14) SWNT is 

downshifted by about 5 cm-1 with respect to the in-phase RBLM. These shifts are a clear 

signature of the interlayer interaction.  

We remind that for individual suspended index-identified SWNTs in air, two different 

relations were proposed, namely, ωRBM,1(d) =228/d (nm) [4] and ωRBM,2(d) = 204/d (nm) + 27 [5] 

(in the following, the relation ω = 204/d + 27 and the relation  

established in Chapter 3 (equations 3.7 and 3.27)  are supposed to be equivalent). The diameter 

1.92 eV 

2.41 eV 

2.41 eV 
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of the (12,8) and (16,14) derived from the frequency of in-phase and out-of-phase RBLM using 

both relations are given in Table 4.1 and they are significantly underestimated. 

 

Table 4.1. Calculated diameter of the inner and outer tube from the two relations ωRBM,1(d) = 

228/d (nm) and ωRBM,2(d) = 204/d (nm)) + 27 (see text). 

(n,m) d (nm)  d1 (nm) d2 (nm) 

(12,8) 1.36 1.22 1.28 

(16,14) 2.04 1.71 1.92 

 

 In conclusion, the first important result of our study is that all ωRBM(d) relations 

established for SWNTs do not work, when deriving the diameters of the inner and outer tubes of 

a DWNT from the higher- and lower-frequency RBLMs respectively. 

 

Fig. 4.4: Dependence of the frequencies of the radial breathing mode of two layer tubes on the 

outer layer radius calculated using two models of ref. [6]. The frequencies of the RBLM’s in the 

two assumptions are designated by red [7] (dark) symbols and red (dark) solid line, respectively 

(see text).  

 

 The Raman data can be compared to the predictions of theoretical models for calculation 

of phonons in DWNT, in particular concerning the diameter dependence of the RBLMs [6,8]. In 

this context, we use the theoretical predictions of Ref [6], which take into account the coupling 

between the walls.  
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As detailed in Ref. [6], the mechanical coupling depends on the interlayer distance and 

diameter:  

1. For an interlayer distance larger than 0.4 nm, a weak interaction between both layers is 

expected (independently of tube diameter).  

2. However, when the interlayer distance is close to 0.34 nm, two coupling regimes are 

theoretically found as a function of tube diameter:  

a. For outer tube diameters smaller than 2 nm, the vibrations of the inner and the outer 

tubes are independent. In this weak coupling regime, the in-phase RBLM (at low 

frequency) and the out-of-phase RBLM (at high frequency) tend to the RBM of the 

outer and inner tubes, respectively. In comparison with the RBM of the 

corresponding SWNT, only a frequency upshift is expected depending on the 

interactions between the tubes.  

b. On the contrary, for outer tube diameter larger than 2 nm, moderate and strong 

coupling regimes are expected, where the RBLMs become collective breathing 

vibrations of both layers (Fig. 4.5). 

 

Fig. 4.5: Two different regimes in a double-walled carbon nanotube: mechanical coupling 

(right) and non-interacting regime (left). 

 

In the work of Popov, the shift of the RBLMs with respect to the RBM frequency of the 

individual inner and outer layers (given by ωRBM(d) =228/d (nm) for each independent layer), is 

calculated by taking into account the van-der-Waals interactions between the layers (a review of 

this model was done in the Chapter 1).  

According to Figure 4.4 (black symbols and lines), the mode at 186 cm-1 corresponds to 

the out-of-phase RBLM of DWNT with an outer tube diameter close to 2.02 nm (the diameter of 

the (16,14)). From the same figure, the in-phase mode is predicted at 123 cm-1, significantly 

lower than the measured one.  

A better agreement with experiment is achieved by considering two different relations for 
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the RBM frequency of each independent layer, namely: ωRBM(d) = 228/d (nm) for the inner tube 

and ωRBM(d) = 204/d (nm) + 27 for the outer tube. The presence of amorphous carbon around the 

outer tube justifies this latter assumption. In this case, taking an outer tube diameter = 2.02 nm, 

we find the frequency of the out-of-phase RBLM near 186 cm-1 and that of the in-phase mode 

around 136 cm-1, in very well agreement with the experimental values (Fig. 4.4, red symbols and 

lines). 

 

 

Figure 4.6: Normalized Kataura plot: open (black) symbols, transition energies for metallic 

(semiconducting) SWNTs; gray symbols, transitions for the (12,8) and (16,14) SWNTs;  

horizontal lines, laser excitation energies used in this work. 

 

Regarding the resonance conditions, a striking result is the appearance of the two RBLMs 

at the same excitation energy (Fig. 4.2). To understand it, we use the Kataura plot calculated for 

SWNTs within a non-orthogonal tight-binding model (NTB) [9] and corrected with a rigid 

upshift to agree with the transitions measured on the well index-identified free-standing SWNTs. 

The use of such a Kataura plot is validated by the fact that measurements of the transition 

energies in DWNTs only display a slight shift with respect to the transition energies in the 

corresponding SWNTs [10] (tens of meV). The Kataura plot is presented in Figure 4.6 and the 

transition energies for the third and fourth semiconducting transitions of the corresponding (12,8) 

and (16,14) SWNTs are denoted by gray dots. It must be pointed out that the diameters of the 

inner and outer layers (indicated by vertical gray lines in Figure 4.6) are obtained by electron 

diffraction as discussed previously. 

 At 2.54 eV, no transition is expected for the two tubes, which explains why no RBLM is 

detected. At 2.41 eV, the laser energy is very close to the E33 transition (2.43 eV) of the (12,8) 

inner tube. By contrast, no transition is expected at this energy for the (16,14) outer tube. At 2.18 

eV, the laser energy is close to the E44 = 2.17 eV transition energy of the (16,14) outer nanotube. 
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Finally, at 1.92 eV the difference between the laser and the E33 = 1.85 eV of the (16,14) is small 

enough to assume that the outer tube is in incoming resonance at this energy. 

 The examination of the resonance conditions for the investigated DWNT on the basis of 

the Kataura plot yields conclusions that disagree with usual behavior observed in SWNT. 

Indeed, at 2.41 and 1.92 eV excitation energies, only one tube of the DWNT is in resonance 

though we measure two distinct RBLMs. This result is explained by considering the coupling 

between the two layers. We state, for the first time at the best of our knowledge, that in presence 

of the coupling, only the optical resonance of one tube is necessary to observe the response of 

the coupled system. This effect has already been reported for individual bundles [11] and, it is, 

for the first time, directly evidenced here in the case of a DWNT.  

The second important conclusion of our study is that both coupled RBLMs will be 

resonantly excited if an electronic transition of either wall matches the excitation energy. 

However, a relatively small intensity of the mode assigned to the non-resonant layer is 

systematically found. Taking into account the coupling between the layers is the only way to 

explain coherently all our results.  

It is important to emphasize that the same conclusion was recently confirmed by Liu et al. 

from Raman experiments performed on individual identified free-standing DWNTs [12].  

 All these first conclusions regarding the RBLM of the (12,8)@(16,14) DWNT have been 

confirmed by measuring the Raman spectrum of 11 individual index-identified double-walled 

carbon nanotubes. The additional information provided from experiments performed on a large 

number of DWNTs and by using a broad range of excitation energy allows to precise our 

conclusions.  

All structural and vibrational information obtained on these 11 DWNTs are summarized 

in the Table 4.2. We claim that the effect of mechanical coupling between the walls is general in 

all these DWNTs. To illustrate this statement, we focus on the Raman spectrum of the 

(13,9)@(24,7) DWNT (Figure 4.7 and 4.8). The two layers are semiconducting, the diameter of 

the inner tube is din =1.5nm, and its chiral angle θ1 = 12° (from ED, din = 1.44 ± 0.15 nm and θ1 

= 12.4°), the diameter of the outer tube is dout = 2.2 nm and its chiral angle θ2= 24° (from ED, 

dout = 2.1 ± 0.15 nm and θ2= 23.9°). The interlayer distance equals 0.355 nm which indicates the 

possibility of the mechanical coupling in the system. 

 The RBLM and G-modes regions of the Raman spectra measured at different incident 

excitations (458, 488, 514, 530, 568, 633, 647, 676 nm and in IR (710-900 nm) range) are shown 
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in Fig. 4.7a. Fig. 4.8 details the RBLM region of Raman spectrum excited at 647 nm. The in-

phase and out-of-phase RBLM are located at 123 and 169 cm-1 respectively. 

  

Fig. 4.7: (a) The RBLM and G-modes regions of the Raman spectrum of (13,9)@(24,7) DWNT 

measured at a wide variety of excitation wavelengths from blue (458 nm) to IR (740 nm). (b) 

Kataura plot: the optical transitions of (13,9) and (24,7) single-walled nanotubes are indicated 

by red filled dots. Open circles refer to the excitation energies for which RBLMs were observed 

in (13,9)@(24,7) DWNT. Red, blue and green open symbols at the background correspond to 

metallic, semiconducting type 1 and semiconducting type 2 SWNTs respectively. 

 

Fig. 4.8: The RBLM region of the Raman spectrum of (13,9)@(24,7) DWNT measured at 647 

nm. 
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 We compare the Raman frequencies of the RBLMs to the predictions of the theoretical 

model described previously (Fig. 4.4). Our model gives 127 and 170 cm-1 for the in-phase and 

out-of-phase RBLM respectively, in relative good agreement with the experimental data, proving 

the presence of the interaction between the layers in the (13,9)@(24,7) DWNT. 

 Regarding the resonance conditions of RBLMs: in Fig. 4.7 b, we highlight by red filled 

dots the optical transitions expected for the (13,9) and (24,7) single-walled carbon nanotubes. 

The observed transitions in the corresponding double-walled tubes are shown by white open 

circles. On the contrary to the previous (12,8)@(16,14) DWNT, to explain these results, we have 

to consider a downshift of the electronic energies by about 100 meV in comparison with those of 

the related SWNTs. We stress that this is due to the interlayer interaction inside the tube as was 

observed in Ref. 13. 

 According to Fig. 4.7b, there are two different situations. First of all, at 458 nm we 

clearly observe two radial-breathing like modes (Fig. 4.7a). At this excitation energy (the blue 

line at the top part of the Fig. 4.7b), the “rigidly downshifted Kataura” plot predicts that both  

inner and outer layers are in resonance with the incident radiation.  

Secondly, at 633, 647 and 710 nm laser wavelengths, the outer layer is in resonance, 

while the optical transitions in the inner tube are forbidden. Nevertheless, as clearly seen in the 

Fig. 4.8, the two RBLMs are present in the same spectrum. The resonance conditions are 

interchanged at 568 nm. It is now the inner layer in resonance and the outer not, but we still see 

the two RBLMs (the RBLM of the outer tube is indicated by the star in the Fig. 4.7a).  This 

observation again confirms our statement that the optical resonance of only one tube is necessary 

to observe the response of the coupled system. 
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Summary 

In the first part of Chapter 4 we have presented the study of the low-frequency part of 

Raman spectrum of double-walled carbon nanotubes. As an example, we focused on the 

(12,8)@(16,14) DWNT. The unambiguous evidence of mechanical coupling between the walls 

was observed for the first time on this DWNT [2]. We showed that Van-der-Waals coupling 

between the walls lead to collective radial breathing-like modes (RBLM). The dependencies of 

these RBLMs as a function of diameter and inter-wall distance as well as the resonance 

conditions of these modes were discussed.  

For instance, we have shown that all ωRBM(d) relations established for individual SWNTs 

do not work when deriving diameters of the inner and outer tubes of a DWNT from the higher- 

and lower-frequency RBLMs respectively. Furthermore, we have evidenced that both coupled 

RBLMs are resonantly excited if an electronic transition of either wall matches the excitation 

energy. However, a relatively small intensity of the mode assigned to the non-resonant layer is 

systematically found.  

In that way, we concluded that taking into account the coupling between the layers of 

DWNT is the only way to explain coherently the behavior of low-frequency part of its Raman 

spectrum. 
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Table 4.2. Structural and vibrational information on the DWNTs studied in this work. 

# Indices Real diameter, nm Real angles, Degrees Type ΔD, nm 
RBLMs 

Observed, cm-1 

Popov calc. (DWNTs) , cm-1 
G-band frequencies, cm-1 

204/d+27 228/d 

1 (13,9)@(24,7) 1.5@2.21 24.01@12.43 2@1 0.71 123, 169 127, 170 114, 168 1560, 1584, 1592 

2 (16,8)@(22,11) 1.66@2.28 19.11@19.11 1@1 0.62 88.5, 127, 169.5 123, 164 110, 163 1561, 1585, 1593 

3 (18,2)@(20,12) 1.49@2.19 5.21@21.79 2@1 0.7 124, 167 128, 171 114, 170 1550,1569, 1578, 1587, 1590 

4 (22,11)@(27,17) 2.28@3.01 19.11@22.52 1@2 0.73 98, 121 
{96, 134 

95, 116} 
84, 130 1562, 1583, 1592 

5  (14,11)@(27,6) 1.7@2.39 26.04@9.83 0@0 0.68 110, 153 119, 158 105, 156 1573, 1590 

6 (12,8)@(16,14) 1.37@2.04 23.41@27.8 2@1 0.67 133, 186 136, 186 123, 185 1564.5, 1570, 1590 

7 
(21,4)@(20,16) 

(20,4)@(20,16) 

1.82@2.45 

1.74@2.45 

8.57@26.33 

8.95@26.33 

1@2 

2@2 

0.63 

0.7 

111, 153, 223, 

390, 437 

116, 154 

116, 154 

103, 152 

103, 152 
1567, 1580, 1591 

8 (22,5)@(28,9) 1.95@2.62 10.02@13.49 1@2 0.67 
96, 110, 142, 152, 

229, 304, 335 
109, 146 96, 144 1582, 1589 

9 
(34,10)@(47,3) 

(38,11)@(52,3) 

3.13@3.8 

3.49@4.2 

12.52@3.07 

12.35@2.78 

0@1 

0@2 

0.68 

0.71 
119 

77, 120 

71, 116 

66, 115 

59, 110 
1572, 1590 

10 
(61,13)@(55,33) 

(62,13)@(55,34) 

5.36@6.03 

5.44@6.09 

9.47@21.79 

9.33@22.24 

0@2 

2@0 

0.67 

0.66 
- 

52, 106 

52, 106 

40, 100 

39, 100 
1578,1587 

11 
(37,9)@(45,11) 

(41,10)@(49,12) 

3.31@4.03 

3.67@4.38 

10.64@10.68 

10.66@10.70 

2@2 

2@2 

0.72 

0.72 
- - - 1578, 1584 

12 
(56,31)@(58,41) 

(57,31)@(58,41) 

5.98@6.75 

6.06@6.75 

20.58@24.34 

20.32@24.34 

2@1 

1@1 

0.77 

0.69 
- - - 1548, 1603 

13 
(39,23)@(38,35) 

(44,26)@(42,39) 

4.25@4.95 

4.8@5.5 

21.53@28.64 

21.56@28.78 

2@0 

0@0 

0.7 

0.7 
90, 108 - - 1565.5, 1584.5 1586, 1590.5 
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4.1.3 Discussion and comparison with other experimental and theoretical 

studies.  

Quantum-coupled RBLM in DWNT 

 Recently, Liu et al. [12] performed the study of coupled RBLM vibrations in DWNTs by 

combination of Raman spectroscopy, Rayleigh scattering and Electron diffraction. Overall, they 

confirmed our observations of mechanical coupling on the basis of their 13 individual DWNTs (see 

Table 4.3 for information). Their tubes were also synthesized by CVD method and have diameters 

similar to ours. It is important to emphasize that the separation between the inner- and outer-tubes 

varies from 0.34 to 0.37 nm in their as-grown DWNTs, in other words the inter-tube distance is 

equal or larger than 0.34 nm. Figures 4.9 b,c confirm that the in-phase and out-phase RBLM 

frequencies of their DWNTs display an upshift in comparison with RBM frequencies of the related 

individual single-walled carbon nanotubes. 

 

 

Figure 4.9: Coupled mechanical oscillations in double-walled carbon nanotubes. Adapted from 

[12].  
 

 Using the model of two coupled harmonic oscillators, Liu et al. calculated the tube-

dependent kc (force constant corresponding to van der Waals interaction) and showed how this 

interaction varies with the separation between the inner- and outer-wall tubes. The unit-length 

coupling force constant kc was expressed approximately using the average unit-area inter-tube van 

der Waals potential Uvdw with , where the mean diameter 

. Figure 4.9d displays the data for unit-area force constant ( , which changes by over 

two times over the range of inter-tube separation existing in their DWNTs. These results were 

compared with the van der Waals interaction between unit-area graphene sheets under pressure 

obtained from compressibility measurements of graphite (solid line) and theoretical extrapolation in 

the negative pressure range (dashed line), and a good agreement was found. This comparison 

showed that the “negative” effective pressure between the walls of as-grown DWNTs reaches 
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gigapascals owing to variations in the tube–tube separation.  

 On the other hand, using data of Rayleigh scattering, Liu et al. managed to better explain the 

resonance phenomena in DWNTs. They proved that indeed the collective DWNT oscillations ωL 

and ωH contain both inner- and outer-wall motion, and they couple simultaneously to electronic 

transitions in both walls (Fig. 4.10b) unlike separated inner- and outer-SWNTs RBM excitations 

(illustrated in Fig. 4.10a). They thus came to our early assumption namely that both coupled RBM 

oscillations are resonantly excited if an electronic transition of either wall matches the excitation 

photon energy.  

 Liu et a. also studied the Raman quantum interference. It was shown that quantum 

interference depends sensitively on the chirality of the inner- and outer-SWNTs. Its value is related 

to the relative motion direction of the inner- and outer-wall nanotubes immediately after the optical 

excitation. A physical picture of this process in outer- and inner-SWNTs is provided by recalling 

Frank–Condon effects (Fig. 4.10e): the excited state has a displaced potential energy surface 

compared with that of the ground state. The displacement is extremely small (~ fm), but is essential 

for the exciton–phonon coupling. Upon optical excitation, the SWNT lattice, initially at the ground-

state equilibrium configuration, relaxes based on the excited-state potential energy surface and sets 

of the RBM vibration. 

 

Figure 4.10: Quantum interference in resonance Raman process in double-walled carbon 

nanotubes (from [12]). 
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  They further plotted the calculated RBLM Raman intensity of the (40,1)@(22,14) DWNT at 

different excitation energies without (Fig. 4.10f) and with the quantum interference (Fig. 4.10g), 

which displays the variation of quantum interference effects with the excitation laser energy. They 

showed that the relative displacement of the excited-state potential energy surface varies with the 

nanotube chirality, and it can be described by a simple family pattern: the excited-state potential 

energy surface is displaced inwards for transitions on one side of the zig–zag cut through K point of 

the graphene Brillouin zone, which includes even transitions of mod(n-m,3) mod 1 semiconducting, 

odd transitions of mod (n - m,3) mod 2 semiconducting and higher branch transitions of non-

armchair metallic nanotubes. The displacement is outwards for all other transitions.    

Finally, we note that there also exist some discrepancies between our work and that of Liu et 

al.: 

 

About the relation between the RBLM frequency and the diameter of the tubes 

 As in the case of individual single-walled carbon nanotubes, we find that the relation  ωRBM 

= 204/d +27 is more adapted than the 228/d relation to describe the RBLM of the uncoupled outer 

tube (see Fig. 4.4 and Tables 4.1 and 4.2). 

More interesting is that in both studies an upshift of the RBLM with respect to the 

corresponding RBM is found although, in the majority of our samples, the inter-tubes distance is 

around 0.34 nm and, while in in the work of Liu et al., it is predominantly larger than 0.34 nm.  

 

About the resonance conditions. 

 In agreement with our conclusions, Liu et al. also claim that RBLM oscillations are 

resonantly excited if an electronic transition of either wall matches the excitation photon energy. 

However, they claim that the RBLM are mostly either not observable (in 21 tubes) or appearing in 

pairs (in 13 tubes) in resonant Raman scattering spectra of DWNTs. The use of a broad excitation 

range (by contrast to Liu et al. who performed experiments only at two excitation energies) allows 

to show that either pairs of RBLMs or just single RBLM my appear in an investigated DWNT 

depending of the excitation energy.  

 To illustrate this latter statement, we compare the low-frequency part of Raman spectra of 

two individual DWNTs: the (13,9)@(24,7) (Fig. 4.11a) and the (22,11)@(27,17) (Fig. 4.11b).  
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The spectra of the (13,9)@(24,7) DWNT were measured with incident excitations in the 

567-633 nm range with step of 3-5 nm (not all spectra are reported in the Figure 4.11a, see also Fig. 

4.7a and 4.8 for measurements at other excitation energies). The inner layer is in resonance with 

incident radiation around 569.5 nm. The RBLM range of the spectrum of the (13,9)@(24,7) 

DWNT, excited at 569.5 nm, is detailed in Fig. 4.12a. It is clear that the intensity of the in-phase 

RBLM is too weak (ratio of intensity of low-frequency in-phase to high-frequency counter-phase 

mode (IL/IH)exp = 0.03), that it may be barely seen in other incident wavelengths in the  567-600 nm 

range. In the spectrum excited at 647 nm (Fig. 4.8 and 4.12b), the situation is completely inversed 

with the outer tube in resonance leading to a strong in-phase RBLM and a weak out-of-phase 

RBLM.  
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    a            b 

Fig. 4.11: (a) Low-frequency region of Raman spectra of (13,9)@(24,7) DWNT; (b) Low-

frequency region of Raman spectra of (22,11)@(27,17) DWNT; 

 

 The example of the (13,9)@(24,7) DWNT may still count as the appearance of a pair of 

RBLMs but with a very low (IL/IH)exp ratio (Raman spectrum excited at 569.5nm) or a very low 

(IH/IL)exp (Raman spectrum excited at 647 nm). In their work Liu et al. showed a DWNT with 

(IL/IH)exp = 0.08 that is close to the situation reported in this DWNT in the Raman spectrum excited 

at 569.5nm.    
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    a      b 

Fig. 4.12: (a) RBLM range of the Raman spectrum of the (13,9)@(24,7) carbon nanotube excited at 

569.5 (b) RBLM range of the Raman spectrum of the (13,9)@(24,7) DWNT excited at 647 nm.  

  

 Fig. 4.11b presents the low-frequency spectra of the (22,11)@(27,17) DWNT. As it is 

clearly seen, the inner layer is close to the resonance at 710 nm, while the resonance of the outer is 

maximum around 770 nm. These two situations are detailed in Fig. 4.13a and b. Contrary to the 

tube (13,9)@(24,7), we don’t see the second layer at all in the spectrum excited at 770 nm. The 

same result is found in several DWNTs. 

 Unfortunately, in the absence of other optical data like Rayleigh scattering or optical 

absorption of these DWNTs, we cannot say definitely whether the quantum destructive interference 

is at the origin of the non-observation of the out-of-phase RBLMs.      

 

    a      b 

Fig. 4.13: RBLM range of the Raman spectrum of the (22,11)@(27,17) DWNT measured at (a) 770 

nm and (b) 710 nm.  

  



143 

 

 

The 2D continuous membrane theory. 

 Recently Rochal et al. [14] analyzed the low-frequency spectrum of double-walled carbon 

nanotubes in the framework of the 2D continuous membrane theory.  A theoretical background of 

this work was given in the Chapter 1. Here we will present only its main points and then apply the 

theory to the case of our DWNTs: 

Simple analytical expression for radial breathing-like vibrations of DWNTs 

 The application of the 2D continuous membrane theory to the case of DWNTs leads to the 

following expression (see Chapter 1):  

 (4.1) 

where di(do) is the diameter of inner(outer) layer respectively, ωi,SWNT (ωo,SWNT) are the RBM 

frequencies of the inner(outer) layer in the absence of interaction,  is a coupling constant, 

having the sense of coupling force per unit mass.  

 A-priori the coupling constant  is not known, but given enough experimental data, we may 

determine its form. In that way, Rochal at al. fitted the experimental data of Liu et al. [12] and 

found the (di,do) dependence of the coupling constant G': 

   (4.2) 

where A= 7210, B = -9670 1 and C = 61. 

 The result of this analysis is shown in Table 4.3 (for the analysis and the fit of our 

experimental data, refer to the next subsection and Table 4.4). The standard deviation between 

Rochal’s theoretical model and the experimental data of Liu et al. is 1.31 cm-1, which is better than 

in the model proposed by Liu et al. [12] (see last four columns of the Table 4.3). 
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Table 4.3. Comparison between the experimental data and theoretical model of the Ref [12] and the 

results of 2D continuous membrane theory (the last two columns).  

 

# (n,m) indices di, nm do, nm 
, 

cm-1 

, 

cm-1 

, 

cm-1 

, 

cm-1 
, 

cm-1 

, 

cm-1 

1 (22,14)@ (40,1) 2.46 3.17 79 115 78.7 113.0 78.9 114.8 

2 (15,13)@ (31,4) 1.90 2.60 98 137 95.9 137.2 95.9 137.2 

3 (18,5)@ (27,5) 1.64 2.33 108 155 106.9 155.4 106.7 154.9 

4 (23,10)@ (32,11) 2.30 3.03 83 112 81.5 112.6 81.6 113.0 

5 (27,2)@(26,17) 2.20 2.94 84 114 83.2 113.9 83.1 113.6 

6 (26,2)@(21,21) 2.12 2.85 85 120 86.4 119.8 86.3 119.5 

7 (24,1)@(20,19) 1.92 2.64 93 129 93.5 131.8 93.3 131.2 

8 (19,3)@(19,15) 1.62 2.31 110 156 107.7 156.9 107.6 156.4 

9 (20,9)@(27,12) 2.01 2.71 93 133 92.2 131.8 92.2 132.1 

10 (14,12)@(23,13) 1.76 2.47 103 143 100.1 143.3 99.9 142.6 

11 (15,10)@(27,6) 1.71 2.38 103 154 105.6 154.5 105.6 154.6 

12 (15,10)@(27,6) 1.71 2.38 105 155 105.6 154.5 105.6 154.6 

13 (18,5)@(27,5) 1.64 2.33 108 154 106.0 155.4 106.7 154.9 

  

 To summarize, the 2D continuous membrane theory appeared to be an effective tool for the 

analysis of radial vibrations of DWNTs and may offer some insight into the behavior of RBLMs. 

 

On the character of the coupled vibrations 

 Rochal argues that the in-phase and out-of-phase description of RBLMs of DWNTs may 

only be correct when the coupled harmonic oscillators have equal masses. In a DWNT however this 

is not true as the two layers have different diameters and hence masses (see Fig. 4.14 bottom part). 

He then proposes the terms ‘co-directional’ and ‘counter-directional’ modes. Moreover, by 

analyzing amplitudes of radial vibrations of DWNTs he comes to the following conclusion: 

 The co-directional motion has the dominant contribution of the outer wall plus small 

component of the inner layer. The counter-directional motion has the dominant contribution of the 

inner wall plus small component of the outer layer. We illustrated this behavior in the Fig. 4.14. 
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Note that in the approach of Popov and Henrard [6] this situation corresponds to the small coupling 

regime, which is dominant for outer tube diameter smaller than 2 nm. 

 

 

Fig. 4.14: Co-directional (low-frequency) and counter-directional (high-frequency) radial 

breathing-like modes of DWNTs. The co-directional motion has the dominant contribution of the 

outer wall plus small component of the inner. The counter-directional motion has the dominant 

contribution of the inner and small component of the outer wall. 

 

On the radial vibrations of DWNTs. 

 In Chapter 3 we considered radial breathing vibrations of SWNTs and argued on the 

possible origin of the deviation of experimental ωRBM(d) relations from theoretical ones. We said 

that the combined environmental effects such as the adsorbed species (amorphous carbon) and the 

‘trapping’ potential may be the major ingredients to explain the frequency deviations. We are now 

able to test some of these assumptions by analyzing RBLMs of DWNTs. Let us assume (maybe 

erroneously) that the environmental interaction is due to the amorphous carbon (general assumption 

in the literature). Then the interaction between the environment and the nanotube leads to an 

experimental relation ω = 204/d+27 (or equivalently  ), while ideal 

nanotube has ωRBM = 228/d. 
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 In that way, a double-walled nanotube is appeared to be a perfect model system for our 

studies. It is common to say that the inner layer of a DWNT is clean and protected from the 

environment by the outer tube (and hence the inner follows the relation 228/d). While the outer 

layer is assumed to be always dirty (following 204/d+27 relation). This fact was reflected in the 

discrete model of Popov et al. [6], used in Section 4.1.1 to simulate RBLM frequencies of 

(12,8)@(16,14) DWNT.  

To get insight into the origin of experimental ωRBLM(d) relation in DWNTs we present the 

comparison of 3 theoretical models: 

Model 1: Discrete model of Popov et al. (the details are given in ref [6]).  

 This model assumes that the inner tube is clean and thus follows ω = 228/d relation, while 

the outer tube is covered by amorphous carbon and in consequence follows a ω = 204/d+27 law.  

Model 2: Continuous approach. 2D continuous membrane theory with inner tube following ω = 

228/d and the outer one following ω = 204/d+27 relations (in analogy with model 1): 

  (4.3) 

 To obtain equation (4.3) for model 2 we modified the 2D continuous membrane theory by 

supposing different effective mass densities of the layers of DWNTs. In Chapter 3 the difference 

between the clean ‘ideal’ tube and those with adsorbed AC was estimated to be 10-25%. We take 

the maximum value and thus assume ρout= 1.25ρin (the mass density of the ‘dirty’ outer layer in 

comparison with the ‘clean’ inner). This fact is represented in the first formula of eq. (4.3). 

Model 3: Continuous approach. 2D continuous membrane theory with inner and outer tubes both 

following ω = 204/d+27 relation (both layers are ‘dirty’). 

  (4.4) 

 In our work seven of eleven individual DWNTs had both RBLMs observed in the Raman 

spectra. By using the diameters of these nanotubes in the above models, we have calculated the 
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deviation between the theoretical and experimental frequencies . Table 4.4 

shows the results of this analysis.   

, , correspond to the deviation according to the 1st , 2nd and 3rd models respectively. 

Table 4.4. Comparison between three theoretical models (see text) and experimental data. The 

diameters d are given in nm and frequencies ω in cm-1. 

# (n,m) indices di do         

1 (12,8)@(16,14) 1.37 2.04 133 186 3 0 4.1 3.7 -0.26 0.5 

2 (13,9)@(24,7) 1.5 2.21 123 169 4 1 3.6 4.4 -0.3 0.5 

3 (14,7)@(20,10) 1.45 2.07 127 170 -7 12 3.5 5.8 -0.2 0.3 

4 (18,2)@(20,12) 1.49 2.19 122 167 6 4 3.3 5.6 -0.3 0.4 

5 (22,11)@(27,17) 2.28 3.01 98 121 -2 13 4.2 -1.2 0.1 -0.2 

6 (23,5)@(22,17) 2.03 2.65 113 154 -5 -9 5.8 -5.6 0.1 -1.3 

7 (21,4)@(20,16) 1.82 2.45 111.5 154 4.5 0 4.3 4.2 -1.4 5.4 

 

 Surprisingly, model 1 (discrete theory) and model 2, that assumed clean and free of defects 

inner layers, show the biggest deviation from our experimental data. On the contrary, in the model 

3, deviation was less than 0.5 cm-1 for some of the nanotubes. This means that both layers of a 

DWNT seem to be affected in the same way by the environment (independent of its exact nature).  

 Experimental data on the RBLMs of DWNT provide a unique possibility to compare 

different theories. We state that our experimental data are well  described best by the 2D continuous 

membrane theory (model 3).  

 

4.2 G-modes of DWNTs 

 Although the double-walled carbon nanotubes have been studied for more than one decade, 

the behavior of their high-frequency G-modes is still not completely clear. This was mainly due to 

the absence of experimental data on individual DWNTs. The macroscopic samples of double-

walled tubes used for the studies so far gave only average information on the G-modes of ensemble 

of tubes. Measurements on index-identified individual nanotubes provide the unique possibility to 

study G-modes of DWNT in detail. 
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We remind that in chiral SWNT, two G-modes are Raman active in // // polarized spectrum, 

the so-called G- and G+ component. In metallic (semiconducting) SWNT, G- is assigned to LO 

(TO) mode and the G+ component is assigned to TO (LO) mode. For achiral tube, a single G-mode 

is active; the LO mode in zigzag SWNT and the TO mode in armchair SWNT. On the other hand, 

the line shape of the G-mode differs depending of the metallic or semiconducting character of the 

nanotube. For semiconducting SWNT, the line shape of LO and TO mode is narrow and symmetric. 

By contrast, in metallic SWNT, the line shape of LO mode is broad and asymmetric and the profile 

of the TO mode is narrow and symmetric. 

 We performed the analysis of the high-frequency part of Raman spectra of 11 individual 

DWNTs and tried to deduce some of general features. The results will be presented in two parts: in 

part (a), the behavior of G-modes in SC@SC DWNTs is detailed, and in part (b) the behavior of 

DWNTs containing metallic components (SC@M, M@SC or M@M) is briefly reported. In the last 

part we focus on the extreme sensitivity of metallic DWNTs on the environmental conditions, 

including the power impinging the sample.   

 

4.2.1 Semiconducting@Semiconducting DWNTs (SC@SC). 

 In all the spectra measured on SC@SC DWNTs, the line shape of all the modes of the G-

band range is narrow and symmetric (as expected from the SWNT results). By analyzing the high-

frequency part of Raman spectra of SC@SC DWNTs we found two distinct behaviors of G-modes: 

 

-Behavior 1: A clear shift of the G-mode frequencies of constituent layers in comparison 

with those of related individual single-walled nanotubes.  

 

-Behavior 2: The spectrum of DWNT was just a simple sum of G-mode of corresponding 

SWNTs.  

 

We now present and discuss these two behaviors in more details. 

 

Behavior 1: The G-modes of DWNTs are shifted in comparison with G-modes of related 

SWNTs 

 Fig. 4.15 shows the G-band of the (13,9)@(24,7) DWNT measured at 458, 488, 514 ,530, 

567, 633, 647, 676, 710 and 740 nm. Such a wide variety of excitation wavelengths allowed us to 
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separate for the first time the response of the inner and outer layers of a DWNT. Fig. 4.16 illustrates 

this observation.  

At 458 nm, both (13,9) and (24,7) nanotubes are in resonance with the incident radiation 

(see Fig. 4.15b, keep in mind that we need to downshift theoretical optical transitions of 

corresponding SWNTs by 100 meV). By fitting the spectra shown at Fig. 4.16 (center) with 3 

Lorentzians we obtain the following frequencies: 1560, 1584 and 1592 cm-1. At 514 nm, we observe 

only the response of the inner layer. The fit gives 1560 and 1584 cm-1 for the G-(TO) and G+(LO) 

components respectively (Fig. 4.16, top part). On the other hand, at 647 nm we observe a dominant 

component at 1592 cm-1 assigned to the G+(LO) mode of the outer layer (Fig. 4.16, bottom part).  

  
     a           b 

Fig. 4.15: G-band of the (13,9)@(24,7) DWNT measured at 10 excitation wavelengths: 458, 488, 

514, 530, 567, 633, 647, 676, 710 and 740 nm.  

 

 
 

Fig. 4.16: A zoom of the G band of the (13,9)@(24,7) DWNT at 2.71 eV (458 nm), 2.41 eV (514 

nm) and 1.92 eV (647 nm) showing the response of two layers simultaneously (in the center), of the 

inner tube (in the top) and of the outer tube (in the bottom). The spectra are fitted with Lorentzians. 
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 Using the well-established diameter dependence of the G-mode frequency of SWNTs (see 

Chapter 3), we determine the expected frequencies of the individual (13,9) and (24,7) SWNTs: for 

(13,9) TO = 1569 cm-1 and LO = 1591 cm-1; for (24,7) TO = 1573 cm-1 and LO = 1591 cm-1. 

Consequently, we may definitely claim that, in (13,9)@(24,7) DWNT, the frequencies of the G 

modes of the inner layer are significantly shifted in comparison with G-modes of related individual 

SWNTs.  

 

Behavior 2. G-band of the DWNT is a sum of G-mode of related SWNTs. 

 To illustrate the second type of behavior we again turn our attention to (12,8)@(16,14) 

DWNT. Figure 4.17 shows the G band measured on this DWNT at different laser excitation 

energies. 

 At 2.54 eV, where no RBLM is observed, a strong G band signal is detected because at this 

energy the nanotube is in resonance with the outgoing light scattered by the G-modes of the inner 

tube. The G- component is located around 1564.5 cm-1 and the G+ component around 1590 cm-1. 

 At 2.41 and 2.18 eV, the G band is composed of three components located at 1590, 1570, 

and 1564.5 cm-1, the latter being very weak at 2.18 eV. Finally, at 1.92 eV the G+ component close 

to 1590 cm-1 dominates the spectrum with a very small component around 1570 cm-1. With respect 

to the G modes measured on semiconducting SWNTs, it is reasonable to assign the components at 

1570 and 1564.5 cm-1 to the TO modes of the outer and inner tube, respectively, and consider the G+ 

band as a simple superposition of the LO modes of both tubes.  

 These conclusions are based on the following considerations: (i) In the Figure 4.18 we 

directly compare the G-mode range of the DWNT with the one of the (12,8) and (15,14) SWNTs.  

The TO component of the (12,8) SWNT is located at 1563 cm-1 and the TO mode of (15,14) is 

located around 1570 cm-1. These frequencies are close to the G- components measured on the 

(12,8)@(16,14) DWNT. On the other hand, the diameter dependence of the TO phonon modes in 

semiconducting SWNTs is well-described theoretically (see, e.g., ref [15]). For individual SWNT 

with diameters ≈1.3 and ≈2.0 nm, the TO modes are predicted close to ≈1565 and ≈1573 cm-1 

respectively (close to the positions in (12,8)@(16,14) DWNT). (ii) For SWNTs with diameter ≥1.4 

nm, the frequency of the LO mode is measured and predicted at about 1590 cm-1, independently of 

the diameter. This explains why no splitting of the LO bands coming from the inner and the outer 

tube is observed in the investigated DWNT.  

 Then, taking the results of SWNTs as a reference, only slight or no significant shifts of the G 
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modes due to the interaction between the layers is measured in the (12,8)@(16,14) DWNT. 

 

Figure 4.17: G band of the (12,8)@(16,14) DWNT measured at three excitation energies (from top 

to bottom: 2.54, 2.41 and 1.92 eV). The spectra are fitted with Lorentzians.  

 

Figure 4.18: G-mode range of the Raman spectrum of (15,14) SWNT (top), (12,8)@(16,14) DWNT 

(middle) and (12,8) SWNT (bottom).   

 

 We propose an explanation of the two distinct behaviors of G-modes of DWNTs. Previously 

we mentioned that Liu et al. [12] studied the van der Waals interaction in DWNTs. On the basis of 

13 double-walled nanotubes they managed to trace the effective pressure between the walls of as-
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grown DWNTs as a function of the inter-tube separation. It was found that the negative pressure 

may reaches gigapascals owing to variations in the tube–tube separation (Fig. 4.19).  

First, keeping in mind that the inter-wall separation in the (13,9)@(24,7) tube equals 0.355 

nm and using the data of Liu et al., we estimated the effective pressure to be around -1.2 GPa (see 

the blue line in the Fig. 4.19). We now want to find out, how this negative pressure could be at the 

origin of behavior of the G-modes observed in the (13,9)@(24,7) DWNT.  

 

Fig 4.19: Derived unit-area force constant owing to tube–tube van der Waals interaction, 

, for different inter-tube separation (triangles), and the comparison to results from 

high-pressure graphite measurements (line). The different inter-tube separation in DWNTs 

corresponds an effective pressure variation from 0.2 to - 2.0 GPa (top label) From [12]. 

It is well-known that the vibrational modes of carbon nanotubes depend on the hydrostatic 

pressure. For example, Lebedkin et al. [16] studied the pressure dependence of the Raman G-modes 

of HiPco nanotubes dispersed in water at different excitation wavelengths. They found that TO and 

LO modes of single-walled carbon nanotubes have 6.5-8 cm-1/GPa dependence on the compressive 

stress (Fig.4.20).  

 

 

(13,9)@(24,7) (12,8)@(16,4) 
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Fig. 4.20: The pressure dependence of the Raman G band of HiPco nanotubes dispersed in water - 

1 wt.% sodium cholate and excited at 633 and 785 nm. For each excitation wavelength and sample, 

the pressure was increased in steps to the largest indicated value and then decreased. From [16]. 

 

Behavior 1: Assuming that the inner layer is affected by the stress, the extrapolation of this result in 

the negative pressure range predicts a downshift of about 8-9 cm-1 of the TO and LO modes of the 

inner layer (for a negative pressure of -1.2 GPa) in (13,9)@(24,7) DWNT.  

The TO and LO modes of (13,9) layer in the DWNTs are located at 1560 cm-1 and 1584 cm-

1 respectively (see Fig. 4.15). We now compare these frequency to those predicted for isolated 

(13,9) SWNT. Fig. 4.21 shows the corresponding dependence of the G-modes on diameter in 

semiconducting SWNTs. This plot predicts the frequencies of the G- (TO) and G+ (LO) 

components of the (13,9) SWNT to be close to 1569 and 1591 cm-1 respectively (d=1.5 nm, left blue 

line and blue circles in the Fig. 4.21). Comparing the experimental G-(TO) and G+(LO) component 

in (13,9)@(24,7) DWNT and this prediction for SWNT, we find a frequency shift of 7-9 cm-1. This 

shift can be associated to the effect of the “negative” pressure on the G-mode frequencies of the 

inner tube. 
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Fig 4.21: Frequency of the TO and LO modes as the function of the diameter of SWNT. The (13,9) 

and (24,7) SWNTs are shown by blue circles. The frequency of the TO (LO) mode for (13,9) tube is 

1569 (1591) cm-1. The frequency of the LO mode for (24,7) tube is 1591 cm-1. The (12,8) and (16,4) 

SWNTs are illustrated by green squares.  The frequency of the TO (LO) mode for (12,8) tube is 

1565 (1591) cm-1. The frequency of the TO (LO) mode for (16,4) tube is 1573 (1591) cm-1. 

 

 Behavior 2: On the contrary, the interlayer distance in (12,8)@(16,4) DWNT is 0.34 nm. 

According to Fig. 4.19 (green line) this corresponds to a zero pressure inside double-walled 

nanotube. Consequently, we expect a slight or any significant shift of the TO and LO modes with 

respect to the same modes measured in the corresponding SWNTs. This conclusion is in good 

agreement with experimental data. 

 The comparison of these two behaviors is summarized in the Table 4.5 below.  

Table 4.5. The comparison between two experimental behaviors of tangential modes of DWNTs.  

Beha

vior 
(n,m) d,nm 

Interwall 

distance 

δr, nm 

Pressure 

[12], 

GPa 

      

Pressure 

[16], 

GPa 

1 
(13,9) 1.5 

0.355 -1.2 
1560 1584 1569 1591 -9 -7 

-1 
(24,7) 2.21 - 1592 - 1591 - 1 

2 
(12,8) 1.37 

0.34 0 

1564.

5 
1590 1565 1591 0.5 1 

~0 

(16,4) 2.04 1570 1590 1573 1591 -3 -1 
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The experiments performed on seven SC@SC DWNT allows to confirm our previous 

statement regarding the dependence of the position of the LO and TO modes as a function of the 

interlayer distance or, in other words, as a function of the “positive/zero/negative” pressure.  

 

1-All the DWNTs that have an interlayer distance larger than 0.34 show a downshift of the 

LO mode and TO mode of the inner tube (behavior 1). 

 

Example 1. (22,11)@(27,17) DWNT, inter-layer distance = 0.365 nm 

 

· The frequencies of isolated (22,11) and (27,17) are : 

 (22,11) TO= 1574 cm-1 and LO= 1591 cm-1 ; 

 (27,17) TO= 1575 cm-1 and LO= 1591 cm-1 . 

· The frequencies of G-modes of (22,11)@(27,17) DWNT are: 1562, 1583 cm-1 and 1592 

cm-1. 

· The downshift of the LO and TO modes of the inner tube is close to 8 cm-1 and 12 cm-1 

respectively. 

 

 
 

Fig. 4.22: High-frequency tangential modes of (22,11)@(27,17) DWNT measured in a wide range 

of excitation wavelengths. 
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Example 2. (18,2)@(20,12) DWNT, inter-layer distance = 0.35 nm. 

 

 

Fig. 4.23: High-frequency tangential modes of (18,2)@(20,12) DWNT measured in a wide range of 

excitation wavelengths. 

 

· The frequencies of isolated (18,2) and (20,12)  are : 

(18,2): TO= 1567 cm-1 and LO=1591 cm-1 ; 

(20,12): TO= 1572 cm-1 and LO=1590 cm-1 . 

· The frequencies of G-modes of (18,2)@(20,12) are: 1562, 1583 cm-1 and 1592 cm-1. 

· The downshift of the LO and TO modes of the inner tube is close to 8 cm-1 and 5 cm-1 

respectively.  

 

2-DWNTs that have an interlayer close to 0.34 nm do not show a downshift of the LO mode 

and TO mode of the inner tube. 

 

We have only the (12,8)@(16,14) DWNT (Fig. 4.17, 4.18) to illustrate unambiguously  this 

behaviour. Other DWNTs, which have the same behavior of the G-modes, are not unambiguously 
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index-identified. Strikingly, the DWNTs which display this behavior (in other words having a 0.34 

nm inter layer distance) are very rare.  The analysis of the DWNT investigated by Liu et al. leads to 

the same conclusion. 

 

In conclusion, considering the negative pressure inside DWNT as the origin of the downshift 

of the LO and TO mode of the inner tube allows to understand the experimental behaviors measured 

in SC@SC DWNTs. It is interesting to emphasize that the measurement of a shift of the TO and LO 

modes, combined with ED data analysis, may help in the chiral-index assignment. 

 

4.2.2 G-modes in Metallic in Semiconducting (M@SC), Semiconducting in 

Metallic (SC@M) and Metallic in Metallic (M@M) DWNTs. 

 In this part, we briefly report the dependence of the G-modes when a metallic layer is 

present.  Similar to SWNTs, Raman spectra of SC@M, M@SC and M@M DWNTs always display 

a broad component that is assigned to the LO mode of the corresponding metallic tube. An example 

of such DWNT is shown in Figure. 4.24.  

Unfortunately, the number of index-identified DWNTs with metallic tube inside the 

structure is small and, by contrast to SC@SC DWNTs, any generalization of the results is not 

possible.  
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Figure 4.24: G-band of non-index identified DWNT with a metallic layer. 
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 However, DWNTs with a metallic layer show a larger dependence on the environment and 

experimental conditions than the SC@SC DWNTs. Using results measured on DWNTs in which a 

metallic layer is involved, we present below an analysis of the sensitivity of such individual DWNT 

on the environmental effects. 

 

4.3. Sensitivity of individual DWNTs to the environmental effects. 

We illustrate this point from the precise analysis of the dependence of a non-index identified 

DWNT as a function of the incident power impinging the tube. The RBLMs and G-modes of the 

Raman spectra, measured in a broad range of excitation wavelengths, are reported in the Figure 4.25 

(a,b). The outer tube is resonant at 1.96 eV and the inner tube at 2.54 eV. The low-frequency 

RBLM is located at 113 cm-1 and the high-frequency RBLM at 154 cm-1. The relative large 

intensity of the D band in the spectra measured at these two energies suggests a large density of 

defects both on the outer and inner tubes (Fig. 4.25c). Finally, the profiles of the G-modes 

unambiguously state that at least one of the tubes is metallic. The profile of the Raman spectra 

confirms the outer tube to be a close zigzag. The LO component of the outer tube is located at 1573 

cm-1 and the frequency of the G+ component of the inner tube is at 1592 cm-1. 
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c 

Fig. 4.25: (a) RBLM and (b) G band of the  DWNT with a metallic layer measured at 9 excitation 

wavelengths: 458, 476, 488, 532, 568, 633, 758, 785, 830 nm and different incident power (c) 

Corresponding D-band measured at 488 and 633 nm. 

In contrast with previous examples, the change of the profiles of the G-modes with the 

excitation energy are difficult to understand. The reason is supposed to be the effects of the 

environment, including the influence of the power impinging the tube.  

This DWNT is long and lying across different holes of the grid. We measured Raman 

spectra at different holes and/or using different incident power. The figure 4.26 illustrates the main 

results. We compare the spectra measured at two holes at low incident power (Elaser=2.54 eV, lL = 

488 nm): (i) the positions of the RBLMs are the same (Fig. 4.26 a). (ii) The profiles of the G-modes 

are different (Fig. 4.26 b).  

On the other hand, an evolution of the profile of the G-band is observed under irradiation in 

the spectrum excited at 2.71 eV (lL=458 nm), (Fig. 4.27). By contrast, the RBLM frequency does 

not change. Increasing the incident power and/or irradiation time, the LO G-mode assigned with the 

metallic outer tube broadens and is slightly downshifted. Usually, a broad (and asymmetric) profile 

of LO mode in a metallic tube is assigned to a neutral state. In consequence, we understand the 

different profiles of figure 4.27 by considering that: (i) the as-grown tubes are doped (initial state), 

(ii) the level of doping is different from a hole to hole, and (iii) under irradiation, tubes go to their 

neutral state. These effects are more significant on metallic tubes than semi-conducting indicating a 

stronger sensitivity of the metallic tubes to the environmental conditions.      
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    a         b 

Fig. 4.26: (a) RBLM and (b) G band of the  DWNT with a metallic layer measured at 

different holes (holes 1 and 3). 

 
Fig. 4.27: The G-band of metallic DWNT before and after a long laser irradiation (600 s) 

488 nm (2.54 eV) 
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Summary 

 In the second part of Chapter 4 we have presented the analysis of the experimental studies of 

RBLMs of DWNTs by the group of Liu et al. [12]. We stated the agreements and discussed the 

discrepancies between our data and those of Ref [12].  

Next, we applied the 2D continuous membrane theory of Rochal et al. [14] to the case of 

DWNTs and calculated the RBLMs frequencies of our individual DWNTs. The comparison 

between the discrete theory of Popov et al. [6] and the continuous theory of Rochal et al. was given. 

 The profile of the G-modes of individual index-identified DWNTs was reported and 

discussed. Particularly, by analyzing the high-frequency part of Raman spectra of SC@SC DWNTs, 

we found two distinct behaviors of the G-modes: 

-Behavior 1: A clear shift of the G-mode frequencies of constituent layers in comparison 

with those of individual single-walled nanotubes.  

-Behavior 2: The spectrum of DWNT was just a simple sum of G-mode of corresponding 

SWNTs.  

 These behaviors were explained in terms of “positive/negative” pressure effect inside 

individual DWNTs. 

 Finally, from the analysis of the dependence of the Raman spectra on the incident power 

impinging the tube, we argued the much higher sensitivity of metallic double-walled nanotubes to 

the environmental effects. 
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4.4 Understanding of Raman data measured on non-index identified DWNTs. 

 On the basis of these previous results, we can understand the data measured on non-

identified DWNTs. Two examples are detailed below. 

The RBLM range and G-mode region of Raman spectra measured on two individual non-

index identified DWNTs of two different samples are displayed in Figures 4.28 and 4.29 (it must be 

emphasized that the DWNT nature of these nanotubes was established from HRTEM). The G-mode 

ranges of the Raman spectra for each DWNT unambiguously show that all the tubes are 

semiconducting. The diameter of each layer can be derived from their RBLM frequencies by using 

our model. Considering these diameters, the semi-conducting character of all the tubes and the laser 

energies used in each measurement, the presence of the two RBLMs in each spectrum can only be 

understood by considering a mechanical coupling between the layers.   

    

     a     b 

Fig. 4.28: (a) RBLM range and (b) high-frequency part of Raman spectra measured on an 

individual DWNT (the spectra are vertically shifted for clarity). Excitation energy EL: 1.49 eV and 

2.33 eV.  

 

 The outer and inner diameters of the first DWNT estimated from the RBLM frequencies 

(located at 140 cm-1 and 202.5cm-1 respectively) are 1.90 nm for the outer tube and 1.22 nm for the 

inner tube.   
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    a      b 

Figure 4.29: (a) RBLM range and (b) High-frequency part of Raman spectrum measured on a 

second individual DWCNT. Excitation energy, EL= 1.96 eV. 

 

 The outer and inner diameters of the second DWNT estimated from the RBLM frequencies 

(located at 123 cm-1 and 170 cm-1 respectively) are 2.20 nm for the outer tube and 1.52 nm for the 

inner tube.  

  

 

Fig. 4.30: Normalized Kataura plot used to determine the resonance conditions of RBLM. Open 

(black) symbols: transition energies for metallic (semiconducting) SWNTs. Solid blue triangles 

represent the energy transitions of the first DWNT. Solid green triangles are the energy transitions 

of the second DWNT.  

 

  For the first DWNT: the presence of the two RBLMs at each excitation wavelength suggests 

that the resonance energies are close to 2.33 eV and 1.49 eV.  Regarding the semi conducting 
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character of the inner and outer tubes, the Kataura plot leads to the following conclusion: (i) the 

outer tube is resonant at 2.33 eV and the inner tube at 1.49 eV. (ii) the outer and inner layer are 

coupled.  

 For the second DWNT: the presence of the two RBLMs in the spectrum excited at 1.96 eV 

is totally understood by considering that only the semiconducting inner tube is in resonance at this 

excitation energy and the both tubes are coupled.   

In conclusion, all these results can only be understood by considering a mechanical coupling 

between the two layers as the origin of the observation of two RBLMs whenever only one of the 

two layers is in resonance.   

 

4.5. Optical transitions of individual free-standing DWNTs from the 

measurements of the excitation profile of the RBM and G-modes. 

In the framework of this thesis we have measured, for the first time to the best of our 

knowledge, the resonance profiles of several individual free-standing DWNTs. In order to illustrate 

these results, we focus on the profiles of RBM and G-modes for such double-walled nanotube, 

namely (13,9)@(24,7) (see Fig. 4.31 a,b).  

 

    a     b 

Fig. 4.31: (a) RBM and (b) G-modes resonance profiles for the (13,9)@(24,7) DWNT. 
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 We fitted the data from Figure 4.31 to determine the energies of the optical transitions. The 

fit was done using the following expression, which is usually used in the literature: 

 

where Eii is a transition energy, Г is width of the resonance window (related to the lifetime of the 

excited state) and  is phonon energy involved the scattering process. 

 We found that S33= 1.71 eV for the (24,7) and  S33= 2.17 eV for the (13,9) carbon nanotubes. 

Moreover, the comparison between the experimental transition energies and theoretical ones [9, 17] 

is given in the Table 3.7. It is clear, that the different values of S33 obtained in the two theoretical 

models (normalized on experimental data) for the outer tube are significantly different (it differs by 

88 meV). The experimental value is close to the one calculated in Ref. [17].  For the inner (13,9) 

tube, both Ref [9,17] give values that are upshifted by 100 meV from the experimental data. This 

deviation is probably due to the shielding effect of inner tube by the outer. This difference in energy 

has been qualitatively discussed in the previous section. From the measurement of the excitation 

profile we have a quantitative determination of the optical transitions of this DWNT. 

Table 3.7. Comparison between experimental and theoretical data 

 (13,9) 

DWNT 

Exp. 

(13,9) SWNT  (24,7) 

DWNT 

Exp. 

(24,7) SWNT  

Ref [9] Ref [17] Ref [9] Ref [17] 

S33 (eV) 2.17 2.274 2.265 1.71 1.799 1.711 

 

The mechanical coupling between the outer and inner layers is also directly evidenced from 

the excitation profile of the in-phase RBLM around 1.7 eV. The out-of-phase RBLM intensity 

follows the resonantly excited in-phase RBLM. We note, however, that the integrated area ratio of 

Ain-ph/Aout-ph is close to 16. 

Finally, Fig. 4.31 also confirms the assignment of the TO and LO G-modes to the 

corresponding RBLMs (see Fig. 4.7). The component of the G-band at 1592 cm-1 is at resonance at 

the same energy as the in-phase RBLM 123 cm-1 , and, in consequence, it is assigned to the LO G-

mode of the outer tube. On the other hand, the maximum of the excitation profile of the 1584 and 

1560 cm-1 G-modes coincides with the resonant energy of the out-of-phase RBLM at 169 cm-1. We 

thus conclude that the LO and TO of the inner layer have 1584 and 1560 cm-1, respectively. 
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4.6. Conclusion 

 In this chapter we have presented the Raman spectroscopy study of double-walled nanotubes 

(DWNTs) as the ideal example of the complex nanosystem that is still simple enough to allow us to 

investigate the coupling between the layers on the properties of carbon nanotubes. We showed that 

the complementarity of the information provided, on the one hand from TEM and electron 

diffraction and on the other hand from Raman experiments, is essential to evidence different 

interactions inside individual DWNTs.  

 We then presented a detailed Raman study of individual suspended DWNTs. The 

independent structural identification of the investigated DWNT allowed us to compare the Raman 

results to previous experimental data and theoretical predictions. We showed that the Raman 

features obtained at different excitation energies of 11 DWNTs can only be understood in a 

coherent way by considering the coupling between the two concentric layers of the DWNTs. This 

coupling plays a major role for the conditions of observation of the modes in a Raman spectrum 

excited at a given laser energy as well as for the frequencies of the in-phase and out-of-phase 

RBLMs. In terms of characterization, we can conclude that the identification of the indexes of the 

layers in a DWNT from the Raman spectra should be done by considering a possible mechanical 

coupling between the layers. A key parameter for the understanding of the position of the RBLM 

and to explain the shift of the G-modes, is the inter-wall distance D. Depending on this distance, the 

inner tube experiences a negative pressure for D larger 0.34, no pressure for D close to 0.34 nm and 

a positive pressure for D smaller than 0.34. 

 We also showed that van der Waals interaction, usually treated as a weak perturbation, can 

actually produce quantum phenomena in coupled nanostructures that need to be considered in order 

to correctly understand their vibrational and optical properties. 
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Chapter 5 

Combination of Electron Diffraction and Raman spectroscopy 

for the index assignment of carbon nanotubes 
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5.1 Introduction  

 The experimental procedure for the study of individual single- and multi-walled carbon 

nanotubes is based on the combination of two techniques: Resonant Raman spectroscopy and 

electron diffraction. It is worth reminding that these two techniques taken separately are widely 

used for the (n,m) index assignment of the carbon nanotubes. In this chapter we will consider in 

more details the complementarities between RRS and ED in order to propose an improved approach 

for the index assignment of CNTs. In particular, we will show that Resonant Raman spectroscopy 

offers several criteria which greatly facilitate the (n,m) index assignment of SWNTs and MWNTs 

and helps to eliminate possible ambiguities that could exist if we consider only ED data. 

 

 

Fig. 5.1: Combination of ED, HRTEM and Raman spectroscopy for (n,m) index-assignment of 

multi-walled carbon nanotubes 

 

 This approach is illustrated in the Figure 5.1. HRTEM unambiguously identifies the nature 

of the CNT under consideration: SWNT, DWNT, TWNT, etc.  ED pattern analysis provides with a 

good accuracy (±0.2°) the chiral angles of all nanotubes and their diameter ranges (usually with 

Dd=10% of the diameter value). On this basis, a list of possible indices is proposed. Then according 

to Raman data the different candidates are sorted to ideally obtain the most likely CNT structure in 

agreement with all the experimental data.  
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 This chapter is organized as follows: first, we will present the development of the software 

that allows the combination of all the experimental results for a given CNT with a database 

including structural and electronic characteristics. Then we will describe the complementarities of 

RRS and ED through the examples of a SWNT and a TWNT. For the latter case, we will show that 

our approach combining RRS and ED is particularly relevant. 

 

5.2 Presentation of our identification procedure and of an adapted software 

 The reason why we developed a procedure and adapted software is clear if we consider the 

basic algorithm for the index-assignment of a TWNT. At the first step, the software calculates all 

possible (n,m) indices from the knowledge of diameters and chiral angles derived from HRTEM 

and ED (within experimental errors). Note, that except for the case of SWNTs, it is generally 

difficult (or impossible) to determine unambiguously what chiral angle correspond to what layer of 

the MWNT, so all geometrical combinations need to be considered. Secondly, we find TWNT 

combinations by taking only the nanotubes that coincide with the possible interlayer distances in the 

MWNT (adjustable parameter in a reasonable range). For TWNTs, these lead to six possible 

geometrical combinations:    

(din , θ1) @ (dmid , θ2) @ (dout , θ3) 

(din , θ1) @ (dmid , θ3) @ (dout , θ2) 

(din , θ2) @ (dmid , θ1) @ (dout , θ3) 

(din , θ2) @ (dmid , θ3) @ (dout , θ1) 

(din , θ3) @ (dmid , θ2) @ (dout , θ1) 

(din , θ3) @ (dmid , θ1) @ (dout , θ2) 

 Depending on the experimental error each combination may have tens of TWNTs. The 

situation becomes more complicated when increasing the diameter of constituent layers, as more 

and more nanotubes may appear within the interval of the experimental error. It is thus almost 

impossible to deduce the (n,m) indices solely from ED and HRTEM data. At this point electronic 

and vibrational information provided by RRS data will play a crucial role. 

 An image of the interface of the software is given in Figure 5.2, divided in 4 different 

panels. Using structural formulas for single-walled carbon nanotubes (see Chapter 1) we form a 

database of SWNTs containing their diameters, chiral angles, type,  radial breathing modes 
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frequencies (calculated from two relations wRBM (cm-1) =  228/d (nm) and wRBM (cm-1) =  204/d 

(nm) + 27), radial-breathing like frequencies (for MWNTs) and optical transition energies for every 

nanotube with diameter up to 7 nm. Moreover, in the code we incorporated SWNT’s optical 

transitions data calculated by Popov et al. [1] for every nanotube up to 2.5 nm. In addition to cross-

check this information and also to include nanotubes bigger than 2.5 nm we used the results of Liu 

et al [2]. 

 Structural parameters with their experimental uncertainties (e.g. diameters, chiral angles and 

intertube distance) obtained from ED or HRTEM are entered in the upper left part of the interface 

(Figure 5.2 panel 1). On the basis of these ED data, the software calculates all the possible (n,m) 

combinations for the given SWNT or MWNT. The list of all combinations is shown in the panel 2 

(upper right part of Figure 5.2).  

 

 

Fig. 5.2: The software for (n,m) index assignment of single- and multi-walled carbon nanotubes on 

the basis of ED and Raman data. 

 

 At this stage we may apply additional criteria for the (n,m) index-assignment. For example, 

the first Raman criterion that may reduce significantly the number of possible combinations is to 

consider the shape of the G band. As explained previously, the latter strongly depends, first, on the 

chiral or achiral type of tube and, secondly, on metallic or semiconducting character of the tube. 

The second Raman criterion consists in comparison of the experimental resonant frequencies of 

individual nanotubes to the theoretical ones. We assume that the laser excitation energy matches an 

electronic resonance of the system as soon as at least one low frequency mode (RBM or RBLM) is 
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detected. These two criteria can be included for a given nanotube in the lower left part of the 

interface, (Figure 5.2, panel 3). It is also possible for each candidate to have an easy view of the 

different theoretical transition energies in the panel 4. A color code indicate the resonances involved 

or not in the experiments from the input in panel 3. Finally, the third Raman criterion is to 

compare the experimental RBM or RBLM frequencies to those calculated from the models of 

Popov et al [3] and Rochal et al [4] (panel 2). The tubes with the largest deviation from the theory 

may be discarded.   

 We emphasize however that the Raman criteria may be applied in a free manner (not in the 

order of presentation), as that is shown in the example below. 

 

5.3 Combination of RRS and ED for the index assignment of a SWNT 

 Fig. 5.3 shows an individual SWNT deposited on a TEM grid by CCVD method. We 

measured HRTEM and ED data at several holes on the sample (see Fig. 5.3a). Data from different 

holes appeared to be identical which indicated the homogeneous character of the nanotube.  

 

Fig. 5.3: (a) TEM, (b) HRTEM and (c) ED pattern of the individual single-walled carbon nanotube. 

 

Electron diffraction and HRTEM data treatment 

 HRTEM image presented in the Fig. 5.3b proves that the nanotube is indeed individual and 

gives an evaluation of the tube diameter about: 

dHRTEM = 2.25 ±0.25 nm 

 Next, we analyzed the ED pattern (Fig. 5.3c) as explained in the Chapter 2 and got the 

following values of the chiral angle and tube diameter:  

dED = 2.4 ±0.2 nm 
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θED = (3.4 ± 0.2)° 

 At this stage we may calculate different (n,m) indices based exclusively on ED data. To 

show the efficiency of our method we deliberately extend the range of the experimental error for 

diameter and chiral angle 

d = 2.3 ±0.3 nm 

θ = (3.4 ± 0.3)° 

 For these values of structural parameters, we obtain six possible (n,m) indices: 

Table 5.1. List of the (n,m) indices for the individual SWNT in question, derived from ED patterns 

and HRTEM images analysis. 

# (n,m) d (nm) Θ (°) Type 

1 (26,2) 2.119 3.67 0 

2 (27,2) 2.198 3.54 2 

3 (28,2) 2.276 3.42 1 

4 (29,2) 2.354 3.3 0 

5 (30,2) 2.432 3.2 2 

6 (31,2) 2.5104 3.1 1 

 

Raman criterion 1. Metallic or semiconducting  

 We now apply the first Raman criterion, which concerns the electronic character of the 

nanotube under consideration. Fig. 5.4a shows the Raman spectra of this individual SWNT 

measured at 530.5 and 514 nm. A fit of the G-band obtained at 530 nm is presented in the Fig. 5.4b. 

The presence of a broad component at 1570 cm-1 associated to a weak component at 1591 cm-1  

indicates that this nanotube is a chiral (close zigzag) metallic SWNT. 

 



175 

 

 

 

Fig. 5.4: (a) Raman spectra of the given individual SWNT measured at 514 and 530 nm; (b) G-

band of the SWNT at 530 nm. The frequency of the broad component is 1570 cm-1. 

 

 According to the Table 5.1, this information reduces the number of possible combination to 

2, leaving only metallic (26,2) and (29,2) nanotubes. To choose between these two SWNTs we 

apply the second Raman criterion. 

 

Raman criterion 2. RBM frequencies 

 We now apply the second Raman criterion and compare the experimental ωRBM with those 

calculated from relation ω = 204/d +27 (this relation was experimentally established for our 

SWNTs). For the diameters of 2.12 ((26,2)) and 2.35 ((29,2)) nm we predict ωRBM = 123 and 114 

cm-1 respectively (see  Table 5.2). 

Table 5.2. Experimental and calculated radial breathing mode frequencies of the individual SWNT. 

# (n,m) d (nm) 204/d+27 (cm-1) ωexp 

1 (26,2) 2.119 123 
119 

2 (29,2) 2.354 114 

  

 Both calculated ωRBM are shifted by 4-5 cm-1 from the experimental data, so we cannot 

discern between the two candidates using only the 2nd criterion.  

 

Raman criterion 3. Optical transitions  

 We now show that the information on the optical transition may determine the (n,m) indices 

of the nanotube in question. Table 5.3 summarize the electronic transition energies calculated 
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within two models of Popov et al [1] and Liu et al [2] for the (26,2) and (29,2) nanotubes. We note 

that there exist certain discrepancies between two models, especially for M22 and M33 optical 

transitions.  

Table 5.3. Optical transition energies for a (26,2) and (29,2) nanotubes calculated within the 

models of Ref [1,2]. 

Transition energies 
(26,2) (29,2) 

Ref [1], eV Ref [2] , eV Ref [1] , eV Ref [2] , eV 

M11L 1.296 1.386 1.204 1.267 

M11H 1.388 1.389 1.282 1.269 

M22L 2.301 2.677 2.137 2.439 

M22H 2.639 2.690 2.414 2.449 

M33L 3.080 3.929 2.867 3.567 

M33H 3.746 3.957 3.469 3.588 

M44L 3.374 - 3.067 - 

 

 We searched for the resonant transitions of the given individual SWNT at several 

wavelengths in the visible range, namely at 458, 476, 488, 514, 530, 580-612 and 633-676 nm. The 

results are summarized in Table 5.4. Briefly, we found incident resonant responses only at 514 and 

530 nm. The latter was much more intensive (see Fig. 5.4a), which indicates that this excitation 

energy is closer to the optical transition energy in the SWNT. We note that no sign of the outgoing 

resonance, namely the presence of only the G-band in the spectra, was observed.  

Table 5.4. Comparison of the experimental and theoretical data. In our experiment we observed 

only incident resonances. At all excitation frequencies there was no sign of the outgoing resonance, 

namely the presence of only the G-band in the spectra. 

RRS data (26,2) (29,2) 

λ, nm 
Excitation 

energy, eV 
Resonance 

Ref [1] , 

eV 

Ref [2] , 

eV 

Ref [1] , 

eV 

Ref [2] , 

eV 

633-

676 
1.83-1.96 No - - - - 

580-

612 
2.03-2.14 No - - 2.137 - 

530 2.34 Incident (High I) 2.301 - - - 

514 2.41 Incident (Low I) - - 2.414 
2.439 

2.449 

488 2.54 No - - -  

476 2.61 No 2.639 2.677 - - 

458 2.71 No - 2.690 2.867 - 
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 The data of the Table 5.4 is illustrated in the Fig. 5.5 in a more intuitive way. First, we see 

that the transition energies of the (26,2) nanotube calculated within the model of Liu et al (green 

dots) are not in good agreement with experimental data. Moreover M22H transition from Popov’s 

model (red dots) is not seen at blue frequencies (458 and 476 nm). On the contrary the transition 

energies of the (29,2) tube calculated with the Ref [2] have much better agreement. 

 

 

Fig. 5.5: A Kataura plot for (26,2) and (29,2) nanotubes calculated within the model of Popov et al 

[1] and corrected for many-body interactions. The optical transitions for the nanotubes are 

illustrated by red dots. On the same plot we display the optical energies calculated within the model 

of Liu et al [2] (green dot). Horizontal lines show the experimental excitation energies used in this 

work. A two dashed box between 1.8 and 2.2 eV indicate the measurements made with continuous 

lasers (see Table 5.4 for the summary). 

 

 Finally, we conclude that the nanotube in question is a (29,2) metallic SWNT. 

 

5.4 Combination of RRS and ED for the index assignment of a TWNT 

 The importance of the RRS data is even more evident when considering an indexation of 

triple-walled carbon nanotubes. We present below an individual suspended TWNT produced by 

chemical vapor deposition method (see Chapter 2). HRTEM and ED measurements were made at 
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the multiple areas on the nanotube (see Fig. 5.6 a,b,c).  Then Raman signal was searched in the 

same areas in a wide range of laser excitation wavelengths: 458, 488, 514, 530, 568-633, 647 and 

676 nm.  

 

Fig. 5.6: (a) TEM and (b) HRTEM micrographs and (c) the ED  pattern of an individual triple-

walled carbon nanotube. 

 

Electron diffraction data treatment 

 HRTEM image and ED pattern of the studied triple-walled carbon nanotube are presented in 

the Fig. 5.6 b,c. Interestingly, from electron diffraction we found that  two chiral angles among the 

constituent layers are identical. This fact complicates the assignment as we need to perform the 

procedure two times: first for θ1 = θ3, θ2 and then for θ1 , θ2 = θ3 increasing the number of possible 

nanotubes. The chiral angles have the following values:   

θ1 = (21.35 ± 0.2)° 

θ2= (7.1 ± 0.2)° 

 Unfortunately it was impossible to extract diameters from ED patterns, as the equatorial line 

oscillations in this case are not so simple to analyze and do not give the direct information on the 

dimensions of the constituent layers. We thus measured the diameters from HRTEM images, and 

then consider a higher uncertainty for these real space image parameters compared to ED-derived 

diameters: 

din = 4.5 ±0.5 nm 

dmid = 5.2 ±0.5 nm 

dout = 5.8 ±0.5 nm 

2  n m2  n m2  n m2  n m 1 0 0  1 0 0  
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 We now are able to input the structural parameters in the developed software and get a list of 

possible (n,m) indices of this TWNT. Twelve combinations are possible: 

 For θ1 = θ3 = (21.35 ± 0.2)°, θ2 = (7.1 ± 0.2)°: 

1. (38,22)@(57,9)@(51,30),  

2. (39,23)@(58,9)@(51,30),  

3. (39,23)@(58,9)@(52,30),  

4. (50,8)@(46,27)@(52,30),  

5. (51,8)@(46,27)@(52,30),  

6. (57,9)@(51,30)@(57,33),  

7. (58,9)@(51,30)@(57,33),  

8. (58,9)@(52,30)@(58,34), 

And for θ1 = θ3 = (7.1 ± 0.2)°, θ2 = (21.35 ± 0.2)°: 

9. (50,8)@(58,9)@(51,30), 

10. (50,8)@(58,9)@(52,30), 

11. (50,8)@(59,9)@(52,30), 

12. (51,8)@(59,9)@(52,30). 

Raman criterion 1. Metallic or semiconducting  

 Fig. 5.7 shows the Raman spectra of the individual TWNT measured at five excitation 

wavelengths: 488, 514, 568, 647 and 676 nm. 
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Fig. 5.7: High frequency part of the Raman spectra obtained on an individual TWNT (excitation 

wavelengths are indicated in the figure). 
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 The spectra measured at 647, 568 and 514 nm are detailed in Fig. 5.8. The G-band was fitted 

with Lorentzians following standard procedures. The absence of a broad component in the G-band 

indicates that the layers of the TWNT should have a semiconducting character. Due to the broad 

range of excitation wavelengths, it is more likely that all the constituent layers were in resonance 

during the experiment.  

 

Fig. 5.8: G-band of the investigated triple-walled nanotubes measured at 514, 568 and 647 nm. 

 

 If we use the information about the electronic type of the layers, namely none of these layers 

are metals, for the given TWNT the number of combinations reduces to 3: 

 For θ1 = θ3 = 21.35 ± 0.2, θ2 = 7.13 ± 0.2: 

1. (39,23)@(58,9)@(52,30),  

2. (51,8)@(46,27)@(52,30),  

And for θ1 = θ3 = 7.13 ± 0.2, θ2 = 21.35 ± 0.2: 

3. (51,8)@(59,9)@(52,30). 

 

Raman criteria 2 (Optical transitions) and 3 (RBLM frequencies) 

 The low-frequency part of Raman spectra of this individual TWNT, measured at 514, 568, 

647 and 676 nm, are shown in the Fig. 5.9a. We observe three radial breathing-like frequencies at 
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60, 84 and 107 cm-1. The RBLM lines have a very low-intensity, certainly due to the big diameter 

of the constituent layers.  

 To be sure that these lines really correspond to TWNT and are not some parasite peaks we 

performed the measurement of resonance profile in the range 568-633 nm. The corresponding data 

are presented in the Fig. 5.9b.  

 The evolution of the three peaks observed previously with changing the excitation 

wavelengths clearly indicates that these lines are real and correspond to the RBLM of the different 

layers of TWNT. 

 

Fig. 5.9: Low-frequency part of Raman spectra for a TWNT. Spectra in the left panel are obtained 

using discrete laser energies indicated in the figure. Right panel: excitation profile by varying 

excitation energy in the range [572-625] nm by steps of 10 nm. 

 

 From Fig. 5.9 we may deduce the following incident resonant frequencies close to: 2.41 eV 

(514 nm), 2.18 eV (568 nm), 1.92 eV (647 nm) and 1.83 eV (676 nm). The strongest resonances are 

at 2.18 and 1.92 eV. Though we see three RBLM peaks at 647 nm it is not clear a-priori if they are 

due to the mechanical coupling between the layers or all three layers are in resonance at this 

excitation energy. We thus need to proceed with caution.  
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 In our code the optical transitions energies from Ref [1,2] are automatically calculated for 

every nanotubes at the generation of the database. So we only need to enter the observed resonant 

frequencies for the given TWNT and the code will sort the combinations by the number of matches: 

1. (51,8)@(46,27)@(52,30),  

2. (39,23)@(58,9)@(52,30),  

3. (51,8)@(59,9)@(52,30). 

 The most probable combination is (51,8)@(46,27)@(52,30) inter tube distances Δ1 = 0.335 

nm (internal-intermediate), Δ2 = 0.31 nm (intermediate-external).  However we deliberately do not 

exclude the other tubes keeping in mind that the triple-walled carbon nanotubes are not fully studied 

and we cannot unambiguously predict the behaviour of their optical transitions (for example, the 

role of inter tube interactions is not yet clear). 

 Another effect is worth noting.  Considering the most probable assignment on this TWNT as 

(51,8)@(46,27)@(52,30), we find a disagreement between the theoretical calculations of radial 

breathing-like mode frequencies of TWNTs with the experimental ones [3,4]. Popov et al [3] 

calculated these frequencies for a TWNT in which all the tubes are armchair tubes. For a triple-

walled nanotube with an outer diameter dout = 5.8 nm and an inter-layer distance Δ = 0.34 nm, the 

calculation predicts  

ω1 = 45 cm-1   ω2 = 78 cm-1  ω3 = 115 cm-1 

in a poor agreement with the observed RBLMs located near of 60, 84 and 107 cm-1, especially for 

the lowest-frequency component. For the moment, we do not have a clear explanation of these 

discrepancies. Additional experiments and modelizations are required in order to solve this 

problem. 

 

5.5 Conclusion 

 In this chapter we discussed the complementarity of electron diffraction and resonant Raman 

spectroscopy for chiral-index assignment of individual carbon nanotubes. Two examples of a 

single- and a triple-walled nanotube were presented. We argued that the index-assignment based on 

only ED data lead to ambiguous results even in the case of SWNT. For TWNTs the situation 

became worse due to the greater number of possible combinations.  

 Moreover, even having structural parameters (e.g. diameters and chiral angles) and RRS 

data for a given nanotube, the search and the sorting of its possible (n,m) indices were quite 
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laborious and time-consuming. To automate this procedure we wrote a code that performs a search 

of the possible combinations based on electron diffraction and then eliminates and sorts the indices 

by Raman data. 

 We argue that that the approach developed greatly facilitate an index-assignment procedure 

and makes it easier to find chiral indices of multi-walled nanotubes.  
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General conclusions 
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 The understanding of the Raman responses of single-walled and multi-walled carbon 

nanotubes was the objective of this work. We have privileged a systematic approach that consists in 

combining on the same single nano-object spectroscopic investigations and electronic microscopy, 

including electron diffraction. Several important and original experimental results were derived, 

especially concerning few-layered nanotubes that were poorly studied in the literature, at least in 

their individual form. As measurements were performed on the systems that are the closest to the 

ideal, we were able to compare our experimental findings with theoretical models. 

 In the first chapter we briefly reviewed the main general properties of carbon nanotubes. 

Nowadays a huge number of reference books are available on this topic. In this chapter, we focused 

on the main concepts necessary for the understanding of our results by the reader.  

 In chapter 2 we have presented the different steps prior to the spectroscopic investigations of 

the samples including the synthesis, the localization and structural analysis of samples of individual 

single- and multi-walled carbon nanotube. A review of the different methods for the atomic 

structure identification of carbon nanotubes by electron diffraction (ED) was presented. 

Applications of these methods to the (n,m)-assignment of single-, double- and triple-walled 

nanotubes were reported. It was highlighted that for multi-walled tubes an unambiguous index 

assignment based exclusively on ED and High Resolution Transmission Microscopy (HRTEM) 

data cannot be proposed in several cases.   

 Results concerning the main Raman active modes (RBM and G-modes) of the individual 

single-walled carbon nanotubes were presented in the chapter 3. The present contribution completes 

previous investigations performed in the Montpellier group since 2005. In particular, one objective 

was to acquire a new set of data on samples synthesized by an improved protocol in order to derive 

the intrinsic experimental relationship between RBM frequency and the tube diameter. 

Nevertheless, the new experimental data do not fit the expected 228/d relationship. We propose 

possible explanations of the observed deviation. The role played by amorphous carbon adsorbed 

around the tubes and the effect of substrate were identified as the possible main experimental 

parameters to explain our measurements.  

 In order to quantify the origins of deviations, we propose a comparison between our 

experimental data and calculations performed by Rochal and co-workers in the framework of 

elasticity theory. From an experimental aspect we suggest to perform experiments in a controlled 

oxidative atmosphere to check if it is possible to observe a variation of the RBM frequency upon 

elimination of amorphous carbon.  
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 Raman resonance profiles (including RBM and G-modes) performed on free-standing 

SWNTs with tunable lasers are reported. These experimental resonance energies improve our 

knowledge of the optical properties of SWNTs. Finally, we proposed an analysis of Raman spectra 

of an identified inhomogeneous dimer (bundle of two different SWNTs). The main striking result is 

the significant coupling between the tubes which is evidenced for the first time to the best of our 

knowledge from the shift of the G-modes. 

 Special attention was given to DWNTs in Chapter 4. DWNT is an ideal system to 

investigate interaction between concentric layers and their consequences on the vibrational and 

optical properties. The independent structural identification of the investigated DWNT allowed us 

to compare the Raman results to theoretical predictions. We would like to emphasize that the 

combined approach Raman-ED applied to single DWNTs has permitted to evidence unambiguously 

specific features that can never be derived from ensemble measurements.   We showed that the 

mechanical coupling between the two concentric layers plays a major role in the conditions of the 

observation of the modes in a Raman spectrum. The low frequency range was understood in 

agreement with theoretical models in terms of collective in-phase and out-of-phase Radial 

Breathing Like Modes (RBLMs). In consequence, any relation ωRBM(d) established for SWNTs 

does not work to derive the diameters of the layers from the RBLMs frequencies. Concerning the 

RBLM phonon properties, new calculations in the framework of elasticity theory have been 

developed (adapted from the model developed for SWNT).   

 The attribution of the different components in the G-modes have been proposed and 

supported by the examination of resonance conditions. A key parameter for the position of the G-

modes, is the inter-wall distance Δ. To understand our results we propose that the inner tube 

experiences i) a negative pressure for Δ > 0.34 nm leading to a shift of the LO and TO G-modes and 

ii) no pressure for Δ ≈0.34 nm, leading to the G band as the sum of the G-modes of each layer. The 

present results suggest revisiting the Raman spectra performed on some ensembles of DWNTs. 

 For the first time excitation profiles of RBLM and G-modes have been measured on 

individual suspended index-identified DWNTs. Such experiments allow to measure the transition 

energies of each layers and thus to precise resonance chart in DWNTs. In perspective, a more 

complete series of data will have to be collected. These data will give important insight on the 

optical and electronic properties of DWNTs.  

 Finally, in chapter 5 we discussed the complementarity of electron diffraction and resonant 

Raman spectroscopy for chiral-index assignment of individual carbon nanotubes. Two examples of 
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a single- and a triple-walled carbon nanotubes were presented.  The index-assignment based on only 

ED data can lead to ambiguous results, especially in the case of large diameter SWNTs, and Raman 

features allow to discriminate between different (n,m) possibilities. For TWNTs the situation is 

worse due to the greater number of possible combinations. For single-, double- and triple-walled 

carbon nanotubes an improved procedure implemented in dedicated software permit to overcome 

these difficulties.  

 In conclusion, this work definitively states that the knowledge of Raman features and 

transition energies (extracted from resonance profiles) on well-identified carbon nanotubes are 

essential to probe the different layers and their interaction in multi-walled carbon nanotubes. 

 

 

 

 

 

 


