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1

Introduction and experimental background

ABSTRACT
It is the purpose of this chapter to introduce the theoretical and experimental background of the ex-
periments performed. We present an overview of the state-of-the-art of the carbon nanotube research
and the open questions. We outline the sample preparation and spectroscopic techniques employed.
This includes the synthesis of isotope engineered heteronuclear nanostructures and how information
from Raman spectroscopy, nuclear magnetic resonance and theory can be combined to yield unprece-
dented insight into the electronic structure of carbon nanotubes.



2 1.1. Introduction

1.1 Introduction

The era of nanotechnology received an enormous boost with the discovery of carbon nanotubes
(CNTs) by Sumio Iijima in 1991 [1]. Before 1991 nano- and nanotechnology usually meant small
clusters of atoms or molecules. The originally discovered CNTs contain several coaxial carbon
shells and is called multi-wall CNTs (MWCNTs). Soon thereafter single-wall CNTs (SWCNTs),
i.e. a carbon nanotube containing a single carbon shell were discovered [2, 3]. The principal
interest in CNTs comes from the fact that they contain carbon only and all carbon are locally
sp2 bound, like in graphite, which provides unique mechanical and transport properties. This,
combined with their huge, > 1000, aspect ratio (the diameters being 1-20 nm and their lengths
over a few micron or even exceeding cms) gives them an enormous application potential. The
not exhaustive list of applications includes field-emission displays (epxloiting their sharp tips) [4],
cathode emitters for small sized x-ray tubes for medical applications [5], reinforcing elements for
CNT-metal composites, tips for scanning probe microscopy [6], high current transmitting wires,
cables for a future space elevator, elements of nano-transistors [7], and elements for quantum
information processing [8].

Several fundamental questions need to be answered though before all the benefits of these novel
nanostructures could be fully exploited. Recent theoretical and experimental efforts focused on
the understanding of the electronic properties of carbon nanotubes. It has been long speculated
that the one-dimensional structure of NTs renders their electronic properties inherently one-
dimensional. This was suggested to result in a range of exotic correlated phenomenon such as the
Tomonaga-Luttinger (TLL) state [9], the Peierls transition [10, 11], ballistic transport [12], and
excitonic effects [13]. The presence of the TLL state is now firmly established [14–16], their is
evidence for the ballistic transport properties [12] and there is growing experimental evidence for
the presence of excitionic effects related to the one-dimensional structure of nanotubes [17]. The
Peierls transition, however remains still to be seen.

An appealing tool to study the properties of materials is isotope engineering (IE). The change
in phonon energies upon isotope substitution, while leaving the electronic properties unaffected,
has been used to identify vibrational modes [18–20] and gave insight into underlying fundamen-
tal mechanisms, such as phonon-mediated superconductivity [21]. Applications of IE involve for
instance the controlled doping of isotope engineered ready-prepared Si heterostructures by means
of neutron irradiation [22], fabrication of mononuclear devices with controlled heat conducting
properties [23], and the basic architecture for spintronics and quantum computing [24]. For carbon
nanotubes, IE has been used1 to clarify the role of phonons in the excitonic effects of SWCNTs
[25]. Here, we use IE to study the vibrational and electronic properties of unique heteronuclear
nanosctructures.

Another important aspect of the study of carbon nanostructures is the employed experimental
methods. The most commonly used methods are advanced electron (such as electron energy loss
spectroscopy [26] and photoemission spectroscopic [16]) and optical spectroscopic methods (Ra-
man spectroscopy [27] or fluorescence spectroscopy [28]) and transport methods (contacted probe
experiments [14] or scanning probe spectroscopy [29]). Another important family of spectroscopic
methods is magnetic resonance (MR). Magnetic resonance can yield information on a variety of
phenomena such as the density of states at the Fermi level, spin-lattice relaxation mechanisms,
magnetic properties of materials and many more. Prior to the studies described herein there
existed relatively few efforts focused on the use of MR for the studies of SWCNTs. To probe
the SWCNT electronic properties with magnetic resonance, we encapsulated spin-probes inside
SWCNTs and prepared 13C isotope engineered nanostructures.

Here, the results related to the two major objectives are described: i.) to provide a better un-
derstanding of the SWCNT electronic properties by studying a model system, double-wall carbon
nanotubes (DWCNTs) ii.) performing magnetic resonance experiments on novel nanostructures.

1Work done parallel to our studies
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FIGURE 1.1. Geometry of a graphene sheet. a1 and a2 are the primitive lattice vectors. The Hamada
vectors for an armchair (lower solid curve) and a zig-zag (upper solid curve) are indicated.
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FIGURE 1.2. a) Tube diameter and b) chirality dis-
tribution in a real sample used in this study with
parameters given in the text. Note the different di-
ameter scale for the two graphs.

This introductory chapter is organized as follows. An overview on the vibrational and electronic
properties of SWCNTs is given followed by a description of modified carbon nanostructures with a
particular focus on double-wall carbon nanotubes (DWCNTs). The employed experimental meth-
ods are discussed and the results, which are detailed in the subsequent chapters, are summarized.

Recently, single-wall carbon nanotubes (SWCNTs) have been intensively studied as a result of
the envisaged broad range of applicability and the unique physical properties related to their quasi
one-dimensional electronic structure. Examples include the presence of Van Hove singularities in
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FIGURE 1.3. HR-TEM micrograph show-
ing the SWCNTs in a bundle after Ref.
[36]

the electronic density of states [30], and the Tomonaga-Luttinger liquid behavior [15]. IE of carbon
nanotubes using isotope enriched graphite as the starting material was attempted in order to allow
NMR spectroscopy [31, 32]. However, the NMR studies have been hampered by the fact that the
13C NMR active nuclei can be found in all species of carbons, e.g. amorphous or graphitic carbon,
inevitably present even in the purified SWCNT materials, and no nanotube selective enrichment
or purification could be achieved until now. Vibrational spectroscopic methods are appropriate
choices to study the effect of IE. For SWCNTs, Raman spectroscopy has proven to be most
convenient to characterize their electronic and structural properties. In addition, Raman studies
on double-wall carbon nanotubes (DWCNTs) [33], synthesized from fullerenes encapsulated inside
the tubes (fullerene peapods) [34], provide a unique opportunity to study the small diameter inner
tubes, while the outer ones are left intact during the synthesis.

1.1.1 Geometry of single-wall carbon nanotubes

SWCNTs are needle like graphitic tubules that can be visioned as a cut from a single graphite
layer, a graphene sheet, rolled up along the cutting directions. The geometry of a graphene sheet
is shown in Fig. 1.1. The (n,m) indeces of the rolling, Hamada, or chiral vector [35] denote the
vector components in the coordinate system of the graphene basis vectors. The special (n,m)’s
have distinguisehed names: when m=0 is called a zig-zag and when n=m is an armchair SWCNT,
other tubes with arbitrary (n,m) are the chiral tubes as they have no plane of reflection. The
(n,m) index is often referred to as chirality.

The growth of SWCNTs is a random process therefore the SWCNT diameters follow a Gaussian
distribution. To date no efforts have been successful to yield a selected chirality instead of the
tremendous efforts invested. In Fig. 1.2 the distribution of different chiralities is shown for a
sample used in the current study with d=1.4 nm and σ= 0.1 nm for the mean diameter and
the variance of the tube diameter distribution, respectively. As shown below, tubes with similar
diameters have very different electronic properties, which severely limits the applicability of a
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transitions are shown for the two kinds of tubes.

macroscopic amounts of SWCNTs where the ensemble of SWCNTs are present.
Attractive van der Waals force between SWCNTs makes them form bundles rather than isolated

tubes. A typical high-resolution transmission electron micrograph is shown in Fig. 1.3 from Ref.
[36].

1.1.2 Electronic properties of single-wall carbon nanotubes

The one-dimensional geometry of SWCNTs is reflected in their electronic structure: quasicontin-
uous electron states are found in k-space along the reciprocal vectors related to the tube axis, and
discretized states for the other two directions which are related to the directions perpendicular to
the tube axis. The band structure of SWCNTs can be derived from that of graphene. Graphene is
a semi-metal with a zero energy-gap with touching bands at the K points. In the simplest nearest-
neighbor tight-binding [35] approximation the electronic structure of the SWCNTs depends on
simple geometry related rules: the resulting tube is semiconducting with gaps of a few eV when
n-m mod 3=1,2 or metallic when n-m mod 3=0.

More recently, it has become known that the real band structure shows deviation from these
rules [37]. The deviations include the so-called curvature induced gap for non-armchair metallic
tubes with d . 0.7 nm and the re-entrant metallicity of very small tubes with d . 0.5 nm, which
would be semiconducting according to the simple TB calculations [37]. These calculations all
predict the existence of gaps above 100 meV. In addition, strong correlation effects, i.e. theories
beyond one-electron models predict the existence of additional phenomena such as the Peierls
effect resulting in a few 10 meV charge or spin-gaps [10, 11] for metallic carbon nanotubes.

As discussed in Chapter 12 our experiments provide the first experimental observations of a
low energy (∼ 3 meV) gap in small diameter carbon nanotubes (d ∼ 0.7 nm), which may be
interpreted as due to a Peierls transition [39]. Transport and recent photoemission experiments
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FIGURE 1.5. Optical absorption spectrum from Ref.
[38] for different nanotube samples. The mean tube
diameters increase from bottom to top.

have proven that the ground state of ∼ 1.4 nm tubes is a Tomonaga-Luttinger liquid (TLL)
state [15, 16]. Clearly, it is a challange to both theory and experiments to reconcile the mutually
exclusive Peierls and TLL ground states, which has initiated ongoing work.

The one-dimensionality of the SWCNT band structure renders van Hove singularities in their
density of states (DOS). In Fig. 1.4 we show the DOS near the Fermi level for the (10,10) metallic
armchair and the (11,9) semiconducting chiral tubes. The optically allowed transitions between
occupied and unoccupied bands is also shown. In the simplest tight-binding approximation, the
optical transition energies turn out to be inversely proportional to the tube diameter, d.

The presence of the van Hove singularities is one of the clearest experimental evidence proving
the one-dimensional character of the electronic properties of tubes it was therefore studied in detail
with several experimental methods. Optical absorption was first presented in the now classical
work of Kataura et al. [40] and in Fig. 1.5 we show the optical absorption results from Ref. [38]. In
the optical absorption spectrum absorption peaks broadened to up to 0.5 eV are observed rather
than sharp van Hove singularities due to the presence of a large number of different chiralities, thus
different optical transitions, present in a nanotube sample, which smears out any fine structures.
The presence of DOS was also proven by scanning tunneling spectroscopy [29] and band-gap
fluorescence [28, 41].

More recently, it has become evident that the single particle picture, i.e. neglecting the in-
teraction between the optically excited electron-hole pair does not describe properly the optical
properties of SWCNTs. It is now established theoretically [13, 42–44] and there is emerging ex-
perimental evidence [17, 25, 45, 46] that excitonic effects, i.e. the correlation of photoexcited
electrons and holes, play an important role in the optical absorption and emission properties
of single-wall carbon nanotubes (SWCNTs). However, it turned out that exciton binding ener-
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 FIGURE 1.6. Raman spectrum of SWCNTs with the most significant Raman modes labeled when excited
with a 488 nm laser.

gies and electron-electron interaction energies almost cancel [42], therefore it appears that the
non-interacting optically excited state description works still acceptably at least phenomenologi-
cally. This justifies the use of the band structure shown in Fig. 1.4 to explain for e.g the optical
absorption or Raman experiments.

1.1.3 Vibrational properties of SWCNTs and Raman spectroscopy

A great deal of information can be learned about SWCNTs using vibrational spectroscopy. SWC-
NTs have mainly Raman active modes, however recently the infrared active modes have also been
detected [47]. In Fig. 1.6 the Raman spectrum of an SWCNT with the most significant modes
is shown. The four major Raman modes, the radial breathing mode, RBM, the defect induced,
D, mode, the graphite related tangential, G, mode and the overtone of the D mode, the D* or
G’ mode dominate the Raman spectrum [30]. The RBM mode is unique for SWCNTs and has
an important practical use as its energy ν is inversely proportional to the tube diameter, d. This
can be used to characterize the tube diameters in an SWCNT sample. The D mode also exists
in graphite and is related to the back-scattering of an optically excited quasiparticle on defects
[48–50].

The G mode is present in all graphitic like carbonaceous materials and is usually the strongest
among all Raman active modes. The G’ mode corresponds is the two phonon overtone of the D
mode, i.e. no back-scattering on a defect is not required for this process to conserve momentum.
This mode is studied and discussed in detail in Chapter 10.

Apart from the pure vibrational energies, Raman spectroscopy can be used to determined the
electronic properties. The so-called resonance Raman scattering (RRS) allows to determine the
optical transition energies from the Raman measurements. The RRS effect originates in the fact
that the probability of the Raman process is increased by orders of magnitudes when either
the incoming or the inelastically scattered outgoing photon [51] matches the energy of an optical
transition. The guide to analyze Raman results and in particular data on the RBMs is the Kataura
plot [40] that is shown in Fig. 1.7 calculated in the framework of a simple tight-binding. The
Kataura plot describes the optical transition energies as a function of the tube diameter (or
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FIGURE 1.7. Kataura plot, i.e. optical transition energies as a function of the inverse tube diameter
calculated with a nearest neighbor tight-binding. Squares and circles correspond to the optical absorptions
of metallic and semiconducting tubes, respectively.

 

FIGURE 1.8. Raman map of SWCNT from Ref. [53]. Horizontal scale is the RBM frequencies.
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FIGURE 1.9. Assignment of the Raman map features to SWCNT chiralities. Solid curves join the chirality
famililies with 2 · n + m = const [56].

inverse tube diameter). The straight lines would correspond to a perfect Eii ∝ 1/d rule, where Eii

is the optical transition energy for the ith transition. The deviation seen in Fig. 1.7 is known as
the trigonal warping effect and is caused by the three-fold symmetry of the band structure around
the Γ point [52].

More recent calculations have shown important corrections to the simple tight-binding calcula-
tions as it is discussed above. The Kataura plot immediately shows that for an SWCNT sample
where a number of different diameters are present (see Fig. 1.2) those tube dominate the Raman
spectrum whose optical transition is near the exciting laser energy (would be a horizontal line in
Fig. 1.7). This strong photoselectvitiy can be exploited to selectively study a particular type of
SWCNTs, e.g. nominally semiconducting tubes with a 1.6 eV excitation and nominally metallic
tubes when excited with a 2.4 eV laser for an SWCNT sample with 1.0 nm mean diameter.

The one-to-one correspondence between the tube diameters and the RBM frequency allows to
experimentally determine the so-called SWCNT Raman map where the optical transition energies
are determined from the strength of the Raman signal as a function of the RBM Raman shift.
Such a Raman map was determined for SWCNTs in Refs. [53, 54] and a result is shown in Fig.
1.8 as a 3D color plot after Ref. [53].

The detailed studies of the Raman map allows a comparison with theory and thus the assign-
ment of the observed vibrational modes to tube chiralities. This has a great practical importance
as it allows the use of Raman spectroscopy to characterize in detail the chirality distribution in
a sample. In Fig. 1.9 we show the assignment of the chiralities to the Raman map features based
on improved theoretical models by Popov [55].

1.1.4 Modifications of single-wall carbon nanotubes

An appealing tool to study the SWCNT properties originates from the discovery of fullerenes
encapsulated inside SWCNTs by Smith, Monthioux, and Luzzi [34]. This peapod structure is
particularly interesting as it combines two fundamental forms of carbon: fullerenes and carbon
nanotubes. A high-resolution transmission electron microscopy (HR-TEM) image of a peapod is
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FIGURE 1.10. HR-TEM image of
C60@SWCNT peapods.

shown in Fig. 1.10. It was also shown that macroscopic filling with the fullerenes can be achieved
[57, 58]. This opens the way to encapsulate magnetic fullerenes which enables to study the tube
electronic properties using electron spin resonance as it is discussed here. Another interesting
follow-up of the peapod structure discovery is that the encapsulated fullerenes can be fused into
a smaller diameter inner tube [33, 59] thus producing a double-wall carbon nanotube (DWCNT).
DWCNTs were first observed to form under intensive electron radiation [58] in a high resolution
transmission electron microscope from C60 peapods.

Following the synthesis of C60 peapods in macroscopic amounts [57], bulk quantities of the
DWCNT material are available using a high temperature annealing method [33]. Alternatively,
DWCNTs can be produced with usual synthesis methods such as arc-discharge [60] or CVD [61]
under special conditions. According to the number of shells, DWCNTs are between SWCNTs
and MWCNTs. Thus, one expects that DWCNTs may provide a material where improved me-
chanical stability as compared to SWCNTs coexists with the rich variety of electronic properties
of SWCNTs. There are, of course, a number of yet unanswered questions e.g. if the outer tube
properties are unaffected by the presence of the inner tube or if the commensurability of the tube
structures plays a role. These questions should be answered before the successful application of
these materials.

The inner tubes grown inside SWCNTs from peapods turned out to be a particularly interesting
system as they are remarkably defect free which results in very long phonon life-times, i.e. very
narrow vibrational modes [62]. In addition, their smaller diameters results in a larger energy
spread, i.e. larger spectral splitting, for diameter dependent phonon modes such as e.g. the radial
breathing mode (RBM). These two effects make the inner tubes very suitable to study diameter
dependent physics of the small diameter tubes with precision. Here, we show how to employ the
inner tubes as probes of the outer tube properties. The additional benefit of the inner tube growth
from fullerenes is that the starting carbon source can be tailored at wish, e.g. when 13C isotope
enriched fullerenes are encapsulated inside the SWCNT host tubes, 13C isotope enriched inner
tubes are grown. In Fig. 1.11 we show the schematics of such a DWCNT.
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FIGURE 1.11. Schematic structure of an
isotope engineered DWCNT with (14,6)
outer and (6,4) inner tubes. 12C and 13C
are shown in black and blue, respectively.
The inner tube is 89 % 13C enriched and
the outer contains natural carbon (1.1 %
13C abundance), which are randomly dis-
tributed for both shells.

1.1.5 Magnetic resonance in single-wall carbon nanotubes

Magnetic resonance is usually an excellent technique for probing the electronic properties at
the Fermi level of metallic systems. In particular, nuclear magnetic resonance (NMR) has been
extensively performed for such studies. The examples include conducting polymers, fullerenes,
and high temperature superconductors. However the 1.1% natural abundance of 13C with nuclear
spin I=1/2 limits the sensitivity of such experiments. As a result, meaningful NMR experiments
has to be performed on 13C isotope enriched samples. NMR studies have been reported on carbon
nanotubes prepared by using isotope enriched graphite as the starting material [31, 32]. However,
these NMR studies have been hampered by the fact that the 13C NMR active nuclei can be found
in all species of carbons, e.g. amorphous or graphitic carbon, inevitably present even in the purified
SWCNT materials, and no nanotube selective enrichment or purification could be achieved until
now. Here, we discuss a different approach where only the inner nanotubes are enriched while
other carbon phases including the outer tubes contain natural carbon only.

Observation of the intrinsic ESR signal of pristine SWCNTs remains elusive [63, 64]. Now, it is
generally accepted that intrinsic ESR of the tubes can not be observed as conduction electrons on
metallic tubes are relaxed by defects too fast to be observable. In addition, one always observes a
number of ESR active species in a sample, such as graphitic carbon or magnetic catalyst particles,
which prevent a meaningful analysis of the signal. In contrast, local probe studies could still allow
an ESR study of tubes, provided the local spin probe can be selectively attached to the tubes. This
goal can be achieved by using magnetic fullerenes, such as e.g. N@C60 or C59N, since fullerenes
are known to be selectively encapsulated inside SWCNTs [34] and can be washed from the outside
using organic solvents [57]. This approach is discussed in detailed in this work.

1.2 Open questions prior to the discussed studies

Prior to the studies described herein a number of questions related to the synthesis of encapsulated
nanostructures inside SWCNTs, the growth mechanism of inner tubes from encapsulated carbon,
the electronic and vibrational properties of inner tubes, and the low energy excitations of SWCNT
were yet unexplored fields.

In particular, it was not known whether temperature sensitive fullerenes, such as e.g. N@C60,
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could be encapsulated inside SWCNTs to enable local probe ESR studies of the tubes. The growth
mechanism of inner tubes from different carbon sources was not clarified, it was e.g. thought
that the spherical geometry of fullerenes plays an important role. It was also unclear whether
any carbon exchange might occur between the inner shell and that of the host outer tube. The
behavior of openings on the SWCNTs under chemical treatments was not characterized in detail.
It was also unclear whether the high perfectness of inner tubes is restricted to such tubes grown
from fullerene templates or it is a general property of all tubes inside an outer one. The vibrational
and electronic properties had not been studied in detail prior to the currently described works.
In particular, the role of the outer tube on the vibrational and optical transition energies was not
understood.

No conclusive and detailed NMR work had been presented on SWCNTs with a high nanotube
specificity. The density of states near the Fermi level had not been studied in detail as a function
of temperature using magnetic resonance.

1.3 Experimental methods

1.3.1 Sample preparation

The sample preparations are detailed at each chapter and is only briefly covered here. We obtained
carbon nanotube samples from several commercial suppliers prepared with different methods.
SWCNT sample prepared with the arc-discharge method from from Nanocarblab, Moscow, Russia,
laser ablation prepared tubes from Tubes@ Rice, Rice University, Houston, Texas and nanotubes
prepared with the chemical vapor deposition method (CCVD) from Nanocyl, Belgium. Fullerenes
containing natural carbon were acquired from Hoechst AG, Frankfurt, Germany and 13C isotope
enriched fullerenes were obtained from Mercorp Inc., Tucson, USA. The tube diameter distribution
was determined from multi-frequency Raman measurements [27] which gave the the mean diameter
and the variance of the Gaussian tube diameter distribution.

Encapsulation of fullerenes at low temperatures inside SWCNTs was performed by sonicating
the fullerene and SWCNT suspensions together in organic solvents. For fullerene encapsulation at
high temperatures (the vapor method), the SWCNTs and the fullerenes were sealed under vacuum
in a quartz ampoule and annealed at 650 ◦C for 2 hours [57]. Fullerenes enter the inside of the
SWCNTs at this temperature due to their high vapor pressure that is maintained in the sealed en-
vironment. Non-encapsulated fullerenes were removed by dynamic vacuum annealing at the same
temperature for 1 hour. The filling of SWCNTs with the fullerenes was characterized by observing
the peapod structure in high-resolution transmission electron microscopy (HR-TEM), by X-ray
studies of the one-dimensional array of fullerenes inside the SWCNTs and by the detection of
the fullerene modes from the cages encapsulated inside the SWCNTs using Raman spectroscopy
[57, 65]. The peapods were transformed to DWCNTs by a dynamic vacuum treatment at 1250
◦C for 2 hours following Ref. [33]. Again, the DWCNT transformation was followed by HR-TEM
and by the observation of the DWCNT structure factors using X-ray studies. In addition, new
Raman modes emerge after the 1250 ◦C heat treatment particularly in a frequency range that is
clearly upshifted from the outer tube RBMs.

1.3.2 Spectroscopic methods

Raman spectroscopy
Raman spectra were measured with a Dilor xy triple spectrometer using various lines of an
Ar/Kr laser, a He/Ne laser and a Ti:sapphire laser in the 1.83-2.54 eV (676-488 nm) energy
range. The spectra can be recorded in normal (NR) and high resolution (HR) mode, respectively
(∆ν̄NR = 1.3 cm−1 for blue and ∆ν̄HR = 0.4 cm−1 for red lasers). The samples in the form of
bucky-paper are kept in dynamic vacuum and on a copper tip attached to a cryostat, which
allows temperature variation in the 20-600 K temperature range. We used Raman spectroscopy



Chapter 1. Introduction ... 13

to characterize the diameter distribution of the SWCNT, to determine the peapod concentration,
and to monitor the DWCNT transformation of the peapod samples.

Magnetic Resonance
Magnetic resonance, i.e. the resonant absorption of electromnagnetic waves between Zeeman lev-
els whose degenerancy is lifted by a magnetic field, is a powerful method to study a range of
phenomenon such as e.g. interaction between electron spins and density of states in a metal near
the Fermi level.

Electron spin resonance (ESR) was performed on the N@C60:C60 endohedral fullerene: fullerene
solid solution, which was produced in a N2 arc-discharge tube following Ref. [66] with a typical
yield of 1-10 ppm [67]. After the solvent filling steps, excess fullerenes were removed by sonication
in toluene and the filtered peapod material was dried at 100 ◦C in air. The peapod and the
reference SWCNT materials were mixed with the ESR silent high purity SnO2 in a mortar to
separate the pieces of the conducting bucky-papers. The samples were sealed under dynamic
vacuum. A typical microwave power of 10 µW and 0.01 mT magnetic field modulation at ambient
temperature were used for the measurements in a Bruker Elexsys X-band spectrometer.

NMR was performed on tubes with selective enrichment of the inner shells using 13C isotope
enriched fullerenes [39, 68] in the ”peapod” synthesis route. The 13C enrichment allows to increase
the 13C NMR sensitivity by two orders of magnitude. This provides the possibility of singling out
the electronic properties of the inner tubes NMR data were taken with the sample sealed in a 6
mm diameter glass tube filled with 200 mbar of high purity Helium gas. The 13C-NMR spectra
were obtained by a Fourier transformation of the free induction decay following the excitation
pulse. We probed the low frequency spin dynamics (or low energy spin excitations, equivalently) of
the inner-tubes using the spin lattice relaxation time, T1, defined as the characteristic time it takes
the 13C nuclear magnetization to recover after saturation. The signal intensity after saturation,
S(t), was deduced by integrating the fast Fourier transform of half the spin-echo for different
delay times t.

1.4 Summary

In Chapters 2, 3, and 4 the encapsulation and properties of magnetic fullerenes inside SWCNTs is
presented. In Chapter 2, high filling of single wall carbon nanotubes (SWCNT) with C60 and C70

fullerenes in solvent is reported at temperatures as low as 69 oC. In Chapter 3, the synthesis of
highly 13C isotope enriched azafullerene, C59N embedded in C60 is reported. The material enables
the nuclear spin-labelling of heterofullerene complexes with a potential for biological applications.
In Chapter 4, the filling of single-wall carbon nanotubes with C59N azafullerene derivatives is
reported from toluene solvent at ambient temperature.

In Chapters 5, 6, 7, and 8 the growth and the characterization of DWCNTs is presented.
In Chapter 5 a method is presented which allows the study of diameter selective reactions in
SWCNTs with an unprecedented accuracy. It is based on the transformation of fullerene peapods
into double-wall carbon nanotubes and the study of the resulting diameter distribution of the
inner nanotubes with Raman spectroscopy. An anomalous absence of mid-diameter inner tubes
is explained by the suppressed amount of C70 peapods in the transition region between standing
and lying C70 configurations. In Chapter 6, the reversible hole engineering of SWCNTs is studied.
It is shown that opening on the nanotubes can be reversibly produced. The diameter dependence
of the opening and closing mechanisms is studied using fullerene encapsulation and inner tube
growth as diameter selective probes. In Chapter 7 the growth of inner tubes from organic solvents
is presented. 13C isotope labeled organic solvents, such as e.g. toluene was used to trace the
source of carbon on the inner tube. In Chapter 8, the synthesis of double-wall carbon nanotubes
(DWCNTs) with highly unperturbed inner shells is reported using the catalytic vapor deposition
method. Temperature dependent and high resolution Raman measurements show an enhanced
phonon life-time of the inner tubes with respect to the outer ones and similar diameter SWCNTs.
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In Chapters 9, 10, and 11 a detailed study on the the vibrational properties of peadpod tem-
plate grown DWCNTs is presented. In Chapter 9 a detailed investigation of the Raman response
of the inner tube radial breathing modes (RBMs) in double-wall carbon nanotubes is reported.
In Chapter 10, the resonance behavior and the dispersion of the G′ line in double-wall carbon
nanotubes is investigated by multi-frequency Raman scattering. In Chapter 11, the Raman scat-
tering cross section of the radial breathing modes of double-wall carbon nanotubes was used to
determine the optical transitions of the inner tubes.

In Chapters 12, 13 the growth, vibrational and NMR spectroscopy of isotope engieneered DWC-
NTs is presented. In Chapter 12 the synthesis of a unique isotope engineered system, double-wall
carbon nanotubes with natural carbon outer and highly 13C enriched inner walls, is reported
from isotope enriched fullerenes encapsulated in single-wall carbon nanotubes (SWCNTs). The
material allows to observe the D-line of the highly defect free inner tubes that can be related to a
curvature induced enhancement of the electron-phonon coupling. In Chapter 13 we report on the
spin dynamics of 13C isotope enriched inner-walls in double-wall carbon nanotubes (DWCNT)
using 13C nuclear magnetic resonance (NMR). Contrary to expectations, the data set implies that
the spin-lattice relaxation time (T1) has the same temperature (T ) and magnetic field (H) depen-
dence for most of the innerwall nanotubes detected by NMR. For T . 150 K we find a significant
increase in 1/T1T with decreasing T , followed by a sharp drop below ' 20 K. The data clearly
indicates the formation of a gap in the spin excitation spectrum, where the gap value 2∆ ' 40 K
(≡ 3.7 meV) is H independent.

In Chapter 14 we review the properties of double wall carbon nanotubes (DWCNTs). In Chap-
ter 15, the efforts to study the SWCNT properties using encapsulated probes is reviewed. In
particular, inner tubes are shown to be efficient probes of the SWCNT properties, isotope labeled
inner tubes are shown to be a unique system to perform NMR studies on the tubes and finally
it is discussed how ESR on encapsulated magnetic fullerenes can be used to study the SWCNT
properties.
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p. 199.
[68] F. Simon, A. Kukovecz, C. Kramberger, R. Pfeiffer, F. Hasi, H. Kuzmany, and H. Kataura, Phys. Rev.

B 71, 165439 (2005).



2

Low temperature fullerene encapsulation in
single wall carbon nanotubes: synthesis of
N@C60@SWCNT

F. Simon, H. Kuzmany, H. Rauf, T. Pichler, J. Bernardi, H. Peterlik, L. Korecz, F.
Fülöp, and A. Jánossy

Chemical Physics Letters 383, 362 (2004).

ABSTRACT High filling of single wall carbon nanotubes (SWCNT) with C60 and C70 fullerenes in
solvent is reported at temperatures as low as 69 oC. A 2 hour long refluxing in n-hexane of the mixture
of the fullerene and SWCNT results in a high yield of C60,C70@SWCNT, fullerene peapod, material.
The peapod filling is characterized by TEM, Raman and electron energy loss spectroscopy and X-ray
scattering. We applied the method to synthesize the temperature sensitive (N@C60:C60)@SWCNT
as proved by electron spin resonance spectroscopy. The solvent prepared peapod samples can be
transformed to double walled nanotubes enabling a high yield and industrially scalable production of
DWCNT.
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2.1 Introduction

Nanostructures based on carbon nanotubes [1] have been in the forefront of nanomaterial research
in the last decade. Single wall carbon nanotube (SWCNT) is an even more exciting material as
it represents the perfect, one-dimensional form of carbon. Fullerene encapsulating SWCNTs have
attracted considerable interest after the discovery of C60@SWCNT peapods [2]. More recently,
several molecules have been successfully inserted into the interior of tubes such as other fullerenes,
endohedral metallofullerenes or alkali halides [3]. It is believed that the inside filled structures can
alter or enhance the mechanical and electronic properties of the SWCNTs or may allow the fine
tuning of these parameters. However, all these synthesis methods required treatment at relatively
high temperatures, above 400 ◦C. In particular, the peapod synthesis requires the heat treatment
of SWCNT and fullerenes sealed together under vacuum, a method that appears impractical for
large scale production purposes. Another important trend is the study of the behavior of the
encapsulated materials under special conditions. It was recently shown that fullerene peapods
are transformed into a double wall carbon nanotube (DWCNT) structure after high temperature
annealing [4]. The fullerenes coalesce into an inner nanotube, which leaves the electronic properties
unaffected but is expected to significantly enhance the mechanical properties of the tube system.
This enhanced mechanical stability makes DWCNTs promising candidates for applications such as
future electronics, probe tips for scanning probe microscopy, field emission devices and many more.
Our aim in the current study was two-fold: i.) development of a peapod synthesis method that
allows the use of low temperatures in order to obtain encapsulated materials which do not survive
the usual high temperature synthesis methods, ii.) devising a simple method for the production
of peapod starting materials to facilitate the large scale synthesis of DWCNT. In what follows,
we describe the synthesis of fullerene peapods from SWCNT mixed with fullerene in solution. We
present transmission electron microscopy, Raman spectroscopy, electron energy loss spectroscopy,
and X-ray studies to prove that a high filling content of the peapods is achieved. We show electron
spin resonance evidence that the temperature sensitive N@C60 survives the filling. We also present
the transformation of the solvent prepared peapod samples into DWCNT.

2.2 Experimental

Sample preparation. Commercial SWCNT (NCL-SWCNT from Nanocarblab, Moscow, Russia and
Rice-SWCNT from Tubes@Rice, Rice University, Houston, Texas) and fullerenes (Hoechst AG,
Frankfurt, Germany), and n-hexane (Merck KGaA, Darmstadt, Germany) were used for the low
temperature synthesis of fullerene peapods. The NCL-SWCNT material is prepared by the arc-
discharge method and is purified to 50 % using repeated high temperature air and acid washing
treatments by the manufacturer. The Rice SWCNT material had an initial purity of 15 % and is
purified with a triple repetition of H2O2 refluxing and HCl acid etching. The material was then
filtered and degassed in dynamic vacuum at 400 ◦C for 1 h. The filling levels discussed below
are consistent with the effective tube-end opening side-effect of the SWCNT purification [5, 6].
Additional heat treatment in air or refluxing in H2O2 does not increase the fullerene filling levels
in our samples. The mean value, d, and the variance, σ, of the tube diameters were determined
from multifrequency Raman measurements [7] and it was found that d = 1.50 nm, σ = 0.1 nm
and d = 1.34 nm, σ = 0.09 nm for the NCL- and purified Rice-SWCNT samples, respectively.
We followed the method of Kataura et al. [6] to fill fullerenes from the vapor phase, denoted as
vapor-filling in the following. This involves sealing of the SWCNT material with the fullerene in
a quartz ampoule after degassing at 300 ◦C and keeping it at 650 ◦C for 2 hours. The resulting
material was sonicated in toluene in order to remove non-reacted fullerenes, filtered, and dried
from toluene at 400 ◦C in dynamic vacuum. Dynamic vacuum treatment at 700 oC is equivalent
to this last step in removing non-reacted fullerene particles without an observable effect on the
peapods. Fullerene filling into SWCNT in n-hexane, denoted as solvent-filling in the following, is
achieved with mixing typically 5 mg of the SWCNT material with 10 ml n-hexane with 5 mg of
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C60 or C70. The as-received NCL-SWCNT materials were dried by the manufacturer and care was
taken to keep it away from humidity. The 400 ◦C dynamic vacuum degassing of the Rice-SWCNT
was also crucial for the solvent-filling: rinsing it in water prevents any further solvent-fillability
probably because water enters into the nanotubes. The SWCNT, fullerene and n-hexane mixture
was sonicated for 5 minutes resulting in the partial dissolution of C60 due to the relatively low
room temperature solubility, 0.043 mg/ml [8], of C60 in n-hexane. The C60 solution, undissolved
C60 and SWCNT mixture was then refluxed at 69 ◦C for 2 hours. After this treatment, the filtered
bucky-papers were dried in air at 120 ◦C for 1 hour. Not encapsulated C60 that covers the bucky-
paper is removed with the two methods mentioned above: sonication in toluene or by dynamic
vacuum treatment at 700 ◦C. Our studies have shown that both methods yield identical materials.
The same steps were followed for the production of the C70@SWCNT peapod material. DWCNT
transformation of the peapod samples was performed with a 2 h long dynamic vacuum treatment
at 1250 ◦C following Ref.[4].

Transmission electron microscopy. High resolution transmission electron microscopic (HR-TEM)
studies were performed on a TECNAI F20 field emission microscope equipped with a Gatan Image
Filter (GIF 2001) operated at 120kV or 200 kV. Electron transparent samples were prepared by
drying a suspension of peapod material and N,N-Dimethyl-formamide on a holey carbon grid.

Raman spectroscopy. Multi frequency Raman spectroscopy was studied on a Dilor xy triple
spectrometer equipped with a cryostat for the 20-600 K temperature range in the 1.83-2.54 eV
(676-488 nm) energy range using an Ar-Kr mixed-gas laser. We used Raman spectroscopy to
characterize the diameter distribution of the SWCNT, to determine the peapod concentration,
and to monitor the DWCNT transformation of the peapod samples.

Electron energy loss spectroscopy. EELS was performed in transmission at a 170 keV in a purpose
built spectrometer which combines both high energy (180 meV) and momentum resolution (0.6
nm−1). Details can be found in Ref. [9] and references therein. Free standing films of about 100 nm
effective thickness, which is thin enough to avoid multiple scattering, were prepared as described
in Ref. [10].

X-ray studies. X-ray diffraction images were measured with Cu Kα radiation from a rotating
anode X-ray generator and a pinhole camera, equipped with a two-dimensional, position-sensitive
detector [11]. The system works in a 10−4 mbar vacuum to avoid parasitic scattering from air.
Radial averages of the two-dimensional spectra were evaluated to obtain the scattering curves
q = 4π/λsinθ, with 2θ being the scattering angle and λ = 0.1542 nm being the X-ray wavelength.
The strong increase in scattering intensity, that is always observed for SWCNT towards small q,
is subtracted by a power-law [12].

Electron spin resonance spectroscopy. The N@C60:C60 endohedral fullerene: fullerene solid solu-
tion was produced in a N2 arc-discharge tube following Ref. [13] with a typical yield of 1-10 ppm
[14]. After the solvent filling steps, excess fullerenes were removed by sonication in toluene and
the filtered peapod material was dried at 100 oC in air. The peapod and the reference SWCNT
materials were mixed with the ESR silent high purity SnO2 in a mortar to separate the pieces
of the conducting bucky-papers. The samples were sealed under dynamic vacuum. A typical mi-
crowave power of 10 µW and 0.01 mT magnetic field modulation at ambient temperature were
used for the measurements in a Bruker Elexsys X-band spectrometer.

2.3 Results and discussion

We performed TEM studies on our vapor and solvent prepared samples. For both kinds of materi-
als TEM micrographs (not shown) proved that an abundant peapod concentration was achieved.
However, it is not representative of the bulk of the sample thus filling efficiency has to be deter-
mined from spectroscopic investigations. In Figure 2.1., we show the comparison of the Raman
spectra of vapor- and solvent-filled C60 peapod samples. The Raman spectra of peapod samples
in the plotted frequency range consist of the SWCNT G and D modes at 1590 and 1355 cm−1,
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FIGURE 2.1. a.) Raman spectra of vapor and
solvent filled C60@NCL-SWCNT and b.) vapor
and solvent filled C60@Rice-SWCNT at λ = 488
nm and 90 K. The spectra are normalized to the
amplitude of the SWCNT G mode.

respectively and narrow lines related to the Raman active modes of the C60 inside the SWCNT
[6, 15]. We show enlarged the most significant Raman active line of C60 peapod, the Ag(2) mode.
For the NCL-SWCNT peapod sample, we observe a single Ag(2) line at 1466 cm−1 and for the
Rice-SWCNT the well known doublet peapod signal at 1466 and 1474 cm−1 [15]. The absence
of an extra line at 1469 cm−1, that is the Raman shift of the Ag(2) of crystalline C60 and the
observation of the characteristic double Ag(2) line structure in the Rice-SWCNT peapod sample
are evidence that no C60 is present apart from those encapsulated in the nanotubes. The larger
mean tube diameter of the NCL-SWCNT is consistent with the absence of the weaker satellite of
the Ag(2) at 1474 cm−1 in this sample as this signal is associated with the presence of immobile
C60 molecules in the smaller diameter nanotubes [16]. We have also observed that the Raman
spectra of vapor and solvent prepared C70@SWCNT (spectra not shown) are identical also.

We determined the peapod concentration quantitatively from EELS measurements using the
method described in Ref. [10] for both the vapor and solvent prepared samples. The C1s core
level spectrum (not shown) contains contributions from carbon in C60 and in the SWCNT start-
ing material and additional carbon in the sample. When compared to a non C60 encapsulating
SWCNT reference, the excess C1s signal related to C60 can be determined in the peapod sam-
ples. This yields the number of C60 related carbon atoms that is directly translated to the filling
level. Carbon in some impurity phases also affects the measurement. Thus, the values provided
by this technique are only higher limits of the C60 filling. Nevertheless, the current samples are
of comparable quality than in the previous study [10] so any effect related to impurities gives the
same order of error. Following Ref. [10], the C60 related C1s contributions can be translated to the
volume filling with simple geometrical considerations taking into account the mean tube diameter
and the 0.97 nm interfullerene distance [5]. We found that within experimental precision both
the vapor and solvent prepared peapod materials have an overall C60 filling of 55±5 % for the
NCL-SWCNT. This has to be compared with 61±5 % found in a previous study on highly filled
samples prepared with the vapor method [10]. The Rice-SWCNT has a smaller peapod content
as seen from the Raman spectra that is most probably related to the smaller tube diameters in
this sample as C60 can only enter into nanotubes with d & 1.2 nm [10]. Nevertheless, the similar
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FIGURE 2.2. X-ray diffraction profile of a.) pris-
tine NCL-SWCNT, b.) vapor and c.) solvent
prepared C60@NCL-SWCNT samples. The rel-
ative intensity of the A and B peaks is a mea-
sure of the peapod concentration. The scattering
peak observed at 18 nm−1 comes from residual
graphitic carbon.

peapod content of the vapor and solvent prepared materials emphasizes the effectiveness of the
solvent filling method.

We also checked the consistency of the peapod filling content from X-ray diffraction. In Fig. 2.2.,
X-ray diffraction patterns of the pristine NCL-SWCNT, the peapod sample prepared by the vapor
and the solvent method are shown. The encapsulation with C60 strongly modifies the intensity
of the peaks, in particular the 10 peak around q = 4.5 nm−1 is strongly depressed in comparison
to the other peaks [17]. The intensity modulation of the hexagonal lattice peaks by the different
form factor of filled and empty SWCNT can be related to the filling content of the encapsulated
peapods [17, 18]. The first peak (A) decreases for filled nanotubes in comparison to the pristine
SWCNT material and a second peak (B) appears, which is related to the one-dimensional lattice of
the encapsulated C60 molecules. The X-ray spectra of the vapor and the solvent prepared peapod
samples are nearly identical, which proves that a similar, high peapod filling is achieved with the
two methods. Moreover, it proves that the solvent prepared peapod samples possess a similarly
well ordered one-dimensional peapod structure. A numerical simulation following [17, 18] leads for
the inter-C60 distance and the coherence length of 0.95 nm and 25 nm, respectively, in agreement
with previous electron diffraction studies [10].

In Fig. 2.3., we show the ESR spectra of the starting NCL-SWCNT, (N@C60:C60)@NCL-
SWCNT, and N@C60:C60. The ESR spectrum of the pristine NCL-SWCNT for the magnetic
field range shown is dominated by a signal that is assigned to some residual carbonaceous ma-
terial, probably graphite. Fig. 2.3c. shows, that after the solvent encapsulation of N@C60:C60 in
the NCL-SWCNT, we observe a hyperfine N triplet ESR, similar to that in pristine N@C60:C60,
superimposed on the broad signal present in the pristine nanotube material. Fig. 2.3d. shows
the triplet component of this signal after subtracting the signal observed in pristine SWCNT.
The hiperfine triplet in N@C60:C60 is the result of the overlap of the 4S3/2 state of the three 2p
electrons of the N atom and the 14N nucleus, with nuclear spin, I =1. The isotropic hyperfine
coupling of N@C60:C60 is unusually high as a result of the strongly compressed N atomic 2p3

orbitals in the C60 cage thus it unambiguously identifies this material [19]. The hyperfine cou-
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FIGURE 2.3. X-band electron spin resonance
spectrum of the a.) pristine SWCNT, b.) crys-
talline N@C60:C60, c.) (N@C60:C60)@SWCNT
and d.) the triplet component of the
(N@C60:C60)@SWCNT ESR spectrum at
ambient temperature.

pling constant observed for the triplet structure in the encapsulated material, A =0.57±0.01 mT,
agrees within experimental precision with that observed in N@C60:C60 [19], which proves that the
encapsulated material is (N@C60:C60)@SWCNT. The preparation procedure, as detailed above,
guarantees that non-encapsulated N@C60 is not present in our samples. The ESR linewidth for
the encapsulated material, ∆Hpp = 0.07 mT, is significantly larger than the resolution limited
∆Hpp =0.01 mT in the pristine N@C60:C60 material, the lines being Lorentzian. The most prob-
able cause for the broadening is static magnetic fields from residual magnetic impurities in the
SWCNT [20]. The ESR signal intensity is proportional to the number of N spins, and this al-
lows the quantitative comparison of N concentrations in (N@C60:C60)@SWCNT and N@C60:C60.
Taking the filling value from the EELS measurement, we obtain that the N spin concentration
in (N@C60:C60)@SWCNT is ∼2.5 times smaller than in the starting N@C60:C60 material. This
cannot be due to a loss of N spins during the synthesis as N@C60:C60 is stable below 100 oC and
N loss becomes rapid above 220 ◦C only [21]. However, the observed difference may be caused by
the limited accuracy of the ESR intensity measurement also caused by microwave losses as the
conducting bucky-paper pieces are separated from each-other in a poorly controlled way.

In Figure 2.4., we show the Raman spectra of DWCNT prepared from vapor and solvent pre-
pared C60@NCL-SWCNT peapod samples. For both spectra, the narrow Raman lines in the
250-350 cm−1 spectral range correspond to the inner tubes[22]. Similar patterns were observed
at other laser lines (not shown) proving that the inner tube diameter distributions are identical
in the two kinds of samples irrespective of the peapod synthesis method. This shows that pea-
pod materials can be produced with the solvent method that are suitable for the production of
DWCNT materials.
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FIGURE 2.4. Raman spectra of DWCNT obtained from a.) vapor and b.) solvent filled C60@NCL-SWCNT
at λ = 676 nm and ambient temperature.

2.4 Conclusion

We presented the preparation of fullerene encapsulated SWCNT at temperatures slightly above
room temperature. This method produces very high filling and provides a simple alternative to the
commonly used vapor filling method. Its advantage is the relative simplicity and the possibility to
scale it up to larger amounts. The mechanism by which C60 enters the tubes from solution at low
T ’s needs further exploration. At the moment, we argue that the low concentration of dissolved
C60 in n-hexane behaves as a continuous source of C60 similar to the C60 vapor. The encapsulation
itself is an exothermal process [23] and the loss of some degrees of freedom is compensated by the
gain in potential energy. We have encapsulated a temperature senstive material, N@C60:C60, and
observed its ESR signal. To our knowledge it is the first successful magnetic resonance experiment
on an SWCNT encapsulated spin-probe. It has been speculated that such materials, when available
in higher spin concentrations, may be fundamental elements of quantum-computering [24]. The
solvent prepared peapod samples are transformed to DWCNT with a yield identical to that from
vapor prepared materials. This opens the way for the production of high purity and highly perfect
DWCNT in industrial amounts.
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Note added. After preparing this manuscript for publication we learned about a similar low
temperature C60 encapsulation method from Ref.[25] using ethanol as solvent.
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Highly 13C isotope enriched azafullerene,
C59N, for nuclear spin labelling

F. Simon, F. Fülöp, A. Rockenbauer, L. Korecz, and H. Kuzmany
Chemical Physics Letters 404, 85 (2005).

ABSTRACT Synthesis of highly 13C isotope enriched azafullerene, C59N embedded in C60 is reported.
13C enriched fullerenes, produced with the Krätschmer-Huffmann process, were subject to a N2 dis-
charge that produces C59N with a low probability. Raman spectroscopy indicates a homogeneous
13C distribution. Electron spin resonance measurement (ESR) proves that the C59N concentration,
0.2 %, is similar as in non-enriched fullerenes. The ESR spectrum is simulated accurately with the
known 14N and 13C hyperfine coupling constants. The material enables the nuclear spin-labelling of
heterofullerene complexes with a potential for biological applications. It might also find applications
as a building element for quantum computation.
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3.1 Introduction

Isotope controlled synthesis (ICS) of molecular nanostructures provides an important degree of
freedom to characterize fundamental and application oriented properties. ICS is generally consid-
ered as a tool to e.g. enhance nuclear magnetic resonance signals, to provide improved information
when specific isotope labelling is possible or to trace biological processes using radioactive nuclei.
For fullerenes [1], ICS was applied to improve the NMR data [2], to identify the origin of different
vibrational modes in crystalline C60 [3], and to yield an insight into underlying physical phe-
nomenon such as the mechanism of the superconductivity in alkali doped fullerides [4] by means
of 13C enrichment. More recently, 13C enriched fullerenes were used to produce 13C enriched single
wall carbon nanotubes [5].

Properties of fullerenes can be also studied through the synthesis of on-ball doped modifications.
The C59N or C59B heterofullerenes were predicted to provide a doping opportunity for C60 [6, 7].
In general, heterofullerenes possess a rich chemistry due to their enhanced reactivity as compared
to pristine fullerenes [7]. The C59N azafullerene can be synthesized in macroscopic amounts [7, 8]
and in a solid form it is an insulator consisting of (C59N)2 dimer units where the extra electrons are
localized in the dimer bonds as singlet states [9]. The C59N monomer radical can be observed by
light [10, 11] or thermal induced homolysis of (C59N)2 [12] or when the C59N monomer is embedded
in a low concentration in the C60 crystal [13]. This C59N:C60 solid solution was synthesized in a
discharge tube designed for the production of N@C60 [13]. The advantages of the latter synthesis
method over the chemical synthesis [8] are its relative simplicity and the ability of providing an
isotope control option by changing the 14N2 gas to 15N2. Recently, it was shown that the extra
electron on the C59N is transferred toward the C60’s at high temperatures and it provides a
controllable electron doping of the crystalline C60 [14].

Here, we report the synthesis of the C59N monomer radical with controlled 13C isotope content.
The material was prepared from C60 containing isotopically controlled amounts of 13C using the
N2 discharge method. Raman spectroscopy indicates a uniform 13C enrichment of the fullerenes.
The 13C enriched C59N:C60 material was studied with electron spin resonance. The 14N hyperfine
triplet, that dominates the spectrum for non isotope enriched C59N:C60, collapses into a broad
line in agreement with the isotope content and the 13C nuclear hyperfine couplings determined
previously in C59N [13]. A minority phase that is poor in 13C was also observed underlying the
sensitivity of the ESR method in characterizing this material.

3.2 Experimental

Sample preparation. Commercial 13C isotope enriched fullerene mixture (MER Corp., Tucson,
USA) was used for the synthesis of C59N. The isotope enriched fullerenes were produced by the
Krätschmer-Huffmann process [15] using 13C enriched graphite rods. The supplier provided a 13C
enrichment of nominal 25 % that was determined using mass spectrometry. The isotope enriched
fullerenes are denoted as

(
13Cx

)
60

and
(
13Cx

)
59

N in the following. We refer to the material with
the nominal x = 0.25 13C content, although this value is slightly refined in this work. Apart
from the C70 and other higher fullerenes with contents up to 20 %, the dominant impurity in the
material is a

(
13Cx

)
60

phase with x ≈ 0.05 and a content below 2 %. The high purity C60 (> 99.9
%) used for comparison was obtained from Hoechst (Hoechst AG, Frankfurt, Germany). C59N
production was performed in the same N2 discharge tube as previously [13] following the original
design of Pietzak et al. [16] for the production of N@C60:C60. In brief, fullerenes are sublimed
into a nitrogen discharge that is maintained by a high voltage between two electrodes inside a
quartz tube filled with a low pressure of N2 gas. C59N:C60 deposits on surfaces with temperatures
between 200-400 ◦C of the quartz tube, whereas N@C60:C60 deposits on the water-cooled cathode.
The resulting material is collected from the tube walls and is resublimed at 500 ◦C twice in order
to remove impurities that are usually produced during the synthesis and to reduce the amount
of higher fullerenes [17]. However, the less 13C enriched C60 phase can not be removed from the
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FIGURE 3.1. Raman spectra of natural C60 and(
13C0.25

)
59

N:
(
13C0.25

)
60

at λ = 488 nm excita-
tion. The lowest solid curve show the simulated
C60 Ag(2) mode with 28 % 13C enrichment as
explained in the text.

sample with this method. Typically 10 mg of final material containing
(
13C0.25

)
59

N at 2000 ppm
concentrations in

(
13C0.25

)
60

is produced from 100 mg starting fullerene material. The samples
were sealed in quartz tubes under vacuum for the ESR and Raman measurements. Among the
higher fullerenes, C70 can be best observed using Raman spectroscopy and its amount was found
to be below 1 % in the final material.

Raman spectroscopy. Multi frequency Raman spectroscopy was studied on a Dilor xy triple
spectrometer at 488 nm excitation energy using an Ar-Kr mixed-gas laser.

Electron spin resonance spectroscopy. The ESR experiments were performed with a Bruker
Elexsys X-band spectrometer. A typical microwave power of 1 mW and 0.01 mT magnetic field
modulation at ambient temperature were used.

3.3 Results and discussion

In Fig. 3.1., we show the Raman spectra of
(
13C0.25

)
59

N:
(
13C0.25

)
60

and C60 with natural car-
bon isotope contents at ambient conditions and excited with a 488 nm laser. The spectrum of(
13C0.25

)
59

N:
(
13C0.25

)
60

is identical to that of
(
13C0.25

)
60

as the Raman technique is not sensitive
to the 2000 ppm amounts of

(
13C0.25

)
59

N. We focus our attention on the totally symmetric Ag(2)
mode that appears with the largest intensity for this laser excitation [17]. Analysis of this mode
enables us to determine the 13C enrichment level with precision and provides information on its
homogeneity. A similar analysis was performed previously [18, 19]. As the 13C build-in in the
C60’s is a random process, the number of 13C nuclei on a given

(
13Cx

)
60

fullerene is expected to
follow a binomial distribution with x · 60 expectation value. The vibrational frequency of the 13C
enriched fullerenes downshifts as a result of the heavier 13C. In a continuum approximation the
amount of the downshift is given by: (ν0 − ν) /ν0 = 1 −

√
12+c0
12+c , where ν0 and ν are the Raman

shifts of the corresponding modes in the natural carbon and enriched materials, respectively, c
is the concentration of the 13C enrichment, and c0 = 0.011 is the natural abundance of 13C in
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FIGURE 3.2. ESR spectra of C59N:C60 pro-
duced from a-b) 13C enriched and c) natural
carbon normalized by the sample mass. Note the
different field scales for a) and b-c) and the en-
larged scaling for the enriched materials.

carbon. The experimentally observed 16.0(5) cm−1 downshift of the first moment of the Ag(2)
mode, corresponds to c = 0.28(1). In addition, the full line-shape was simulated from the convo-
lution of the binomial distribution with the line-shape of this mode in the natural C60. A good
agreement between the experimentally observed line-shape and the simulation (lowest solid curve
in Fig. 3.1) was obtained using the above value for c. This proves that the distribution of the 13C
nuclei follows the statistical expectation and is therefore homogeneous. The current c = 0.28(1)
is slightly different from the value, c = 0.25, given by the supplier underlining the difficulty of the
13C content determination.

In order to further characterize the material, we compared its Raman spectra with that of the
starting fullerene mixture (not shown). The absence of the C70 peaks puts a 2 % upper limit on
the total amount of residual higher fullerenes in our material as compared to the starting value of
about 20 %. This proves that the double sublimation procedure at 500 ◦C is indeed very effective in
purifying the material from higher fullerenes. The

(
13Cx

)
60

phase with x ≈ 0.05 that was observed
with mass spectroscopy by the supplier is not removed by the double sublimation, however its
content is below the detectability limit. In contrast, electron spin resonance spectroscopy can
detect the fraction of the sample that belongs to the different

(
13Cx

)
59

N radicals.
In Fig. 3.2., we show the room temperature ESR spectrum of the

(
13C0.25

)
59

N:
(
13C0.25

)
60

material with two different magnetic field scales. We also show the spectrum of non-enriched
C59N:C60 for comparison. The spectra of the latter was analyzed in detail previously [13] and is
recalled here. The dominating triplet component was identified as due to the 14N (I = 1) hyperfine
interaction. The free tumbling of the molecule above the sc-fcc structural transition of the C60,
Tc = 261 K [17], averages out the anisotropic part of this hyperfine coupling. However, the electron
is delocalized on the C59N cage and a number of well defined 13C (I = 1/2) satellite doublets
appear as a result of the finite electron density on the different C positions and the 1.1 % abundance
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FIGURE 3.3. Comparison of the experimen-
tal ESR spectra of

(
13C0.25

)
59

N:
(
13C0.25

)
60

(a)
with the simulation as explained in the text
(b). Simulated spectra for the two levels of iso-
tope enrichments,

(
13C0.28

)
59

N:
(
13C0.25

)
60

(c)
and

(
13C0.05

)
59

N:
(
13C0.25

)
60

(d) are also shown.

of 13C in carbon. The hyperfine couplings were determined for eight non-equivalent carbon sites
corresponding to twenty-three sites on the C59N molecule. An additional small intensity signal
between the two low-field 14N triplet lines was identified as a C59N+-C−60 heterodimer due to a
partial charge transfer from C59N [14].

The (13Cx)59N spectrum is simulated for arbitrary x by using a recursive build-up technique
[20]. The effect of the first 13C coupling is computed by superimposing a doublet pattern with
intensity x onto each components of the original nitrogen triplet signal with intensity of 1 − x.
In the next step, this superimposed spectrum is considered as a starting signal and the next
superimposition is carried out in the same way by using the next carbon splitting constant. The
new carbon splitting could have the same value as the preceding one in the case of equivalent
carbons. The procedure is repeated for all the 23 carbon nuclei with resolved splitting. The
impact of the 36 non-resolved carbon splittings can be considered by using an increased intrinsic
line-width in the primer spectrum. Similarly, the small intensity C59N+-C−60 heterodimer signal
becomes unobservable due to its broadening.

The ESR spectrum of the
(
13C0.25

)
59

N:
(
13C0.25

)
60

consists of apparently two overlapping sig-
nals: a broad component and a triplet signal together with a 13C hyperfine pattern. The 13C
hyperfine structure is similar to that observed in the non-enriched C59N, however its components
have an increased line-width that results from the hyperfine interaction of the non-resolved C
sites. The double integrated and mass normalized intensities, that measures the number of spins
in the sample, are similar for the natural and enriched materials suggesting that the complicated
pattern in the enriched sample also originates from the C59N radicals, however, the presence of
13C broadens its spectrum. Below, we show that the observed ESR pattern reflects the inhomo-
geneity in our sample. The narrow triplet and the broader components originate from the less and
highly 13C enriched phases, respectively.



30 3.4. Conclusion

In Fig. 3.3a. we show the experimental spectrum again together with a simulation for a sample
containing a mixture of

(
13Cx

)
59

N molecules with x = 0.28 and x = 0.045 enrichments (Fig.
3.3b.) with intensity ratios of 98.2:1.8, respectively. The g-factors of the two components were
taken to be identical with that of the non-enriched C59N of g = 2.0014(2). A residual 0.04 mT
line-width was assumed to account for the hyperfine interactions of the non-resolved C sites. The
combination of these spectra was found to simulate best the experimental curve. It was assumed
that the molecules are freely rotating and the spectra can be described using the previously
determined hyperfine coupling constants. The simulated spectra are shown separately for the two
types of molecules in Fig. 3.3c. and d., respectively. Although, the two kinds of molecules have
a similar ESR amplitude, they have very different integrated intensities. We recall that the ESR
signal intensity is inversely proportional to the square of the linewidth due to the field modulation
technique employed. As a result, the narrow structure is only a tiny, < 2 % fraction of the total
ESR signal intensity. This small amount of 13C poorer phase is an unwanted side-product of the
production of the higher 13C enriched material, however, its amount may not be a limiting factor
for practical applications.

3.4 Conclusion

In conclusion, we presented the preparation of a 13C enriched heterofullerene, the 13C59N aza-
fullerene, from 13C enriched fullerenes. Raman and ESR spectroscopy was used to characterize
the enrichment and its homogeneity. The material was produced in a nitrogen discharge tube
with the same yield as the non-enriched material. This synthesis method opens new prospects
for applications of the chemically active heterofullerenes. These include nuclear spin-labelling of
bio-molecules with heterofullerenes or the nuclear spin labelling of the biologically active fullerene
itself such as in the HIV-1 inhibitor fullerene derivatives [21]. In addition, an emerging field where
application of the current system is envisaged is the use of molecules with well defined interaction
configurations between electron and nuclear spins for the purpose of quantum computing [22, 23].
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Encapsulating C59N azafullerene derivatives
inside single-wall carbon nanotubes

F. Simon, H. Kuzmany, J. Bernardi, F. Hauke, and A. Hirsch
Carbon 44 1958 (2006).

ABSTRACT Filling of single-wall carbon nanotubes with C59N azafullerene derivatives is reported
from toluene solvent at ambient temperature. The filling is characterized by high resolution trans-
mission electron microscopy and Raman spectroscopy. The filling efficiency is the same as for C60

fullerenes and the tube-azafullerene interaction is similar to the tube-C60 interaction. Vacuum anneal-
ing of the encapsulated azafullerene results in the growth of inner tubes, however no spectroscopic
signature of nitrogen built in the inner walls is detected.
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4.1 Introduction

The hollow space inside single-wall carbon nanotubes (SWCNTs) have attracted considerable
attention recently. The field was opened by the discovery of C60 fullerenes encapsulated inside
SWCNTs, the peapods [1]. Later it was found that chemical reactions can take place inside the
tube such as charging induced polymerization [2] or fusion of the C60 spheres to inner tubes
[3, 4]. The resulting inner tubes in the double-wall carbon nanotubes (DWCNTs) were shown to
be exceptionally defect free [5] which apostrophizes the inside the of the tube as ”nano clean-
room chemical reactor”. We recently found that chemical reactions are not restricted to fullerenes
but organic solvents such as benzene or toluene can also participate [6]. The breakthrough to
further explore the in-the-tube chemistry was the discovery of encapsulating fullerenes or fullerene
derivatives at ambient temperatures [7–9]. Conventional peapod synthesis involves heating the
sample above 400-500 ◦C [10, 11], which most fullerene derivatives do not tolerate. C59N, the on-
ball nitrogen doped modification of fullerenes, has a rich chemistry due to its enhanced reactivity
as compared to pristine fullerenes and can be synthesized in macroscopic amounts chemically
[12, 13]. The electronic state of C59N and its derivatives is strongly modified compared to C60 [14].
Encapsulating azafullerene peapods would be advantageous as they are expected to go preferably
inside the SWCNTs similarly to all-carbon fullerenes, however their sizeable dipole moment adds a
further degree of freedom for their applications such as e.g. ambipolar transistor [15]. In addition,
the presence of the nitrogen enables to explore the in-the-tube chemistry with heteroatoms.

Here, we present the encapsulation of azafullerene derivatives inside SWCNTs. We use a
low temperature synthesis method at ambient conditions. The encapsulation is proven by high-
resolution transmission microscopy and Raman spectroscopy. The latter method shows that aza-
fullerenes enter the tube with the same efficiency as C60. Inner tubes grown from the azafullerene
adduct are spectroscopically identical to all-carbon inner tubes.

4.2 Experimental

Sample preparation. Commercial SWCNT (Nanocarblab, Moscow, Russia) was used in the cur-
rent study. The SWCNT material is prepared by the arc-discharge method and is purified to
50 wt% by the manufacturer. The mean value, d = 1.40 nm, and the variance, σ = 0.1 nm, of
the tube diameters were determined from multi-laser Raman measurements [16]. The starting
azafullerene, (C59N)2, was prepared according to literature procedures [12]. The 4-Hydroxy-3,5-
dimethyl-phenyl-hydroazafullerene (C59N-der in the following) was prepared from 60 mg (41.66
mol) (C59N)2 and 135 mg (0.7 mmol, 10 eq.) p-Touluenesulfonic acid dissolved in 100 ml 1,2-
Dichlorobenzene. 43 mg (351 µmol, 5 eq.) 2,6-dimethylpenol was added to this solution. The
reaction mixture was heated to 150 ◦C for 15 min while passing a constant stream of air through
the solution. The formed product was isolated by flash chromatography using toluene as eluent.
The product was precipitated from CS2/pentane, washed three times with pentane and dried in
high vacuum and its molecular structure is shown in Fig. 4.1. The material was characterized
by 1H and 13C NMR and mass spectroscopy. Fullerene encapsulation was performed with the
modification of the low temperature solvent method [8]: open SWCNTs were added to 1 mg/1 ml
fullerene-toluene solutions and sonicated for 1 hour. The resulting material was filtered from the
solvent, re-suspended in excess toluene to remove non-encapsulated fullerenes and re-filtered. Ra-
man spectroscopy was performed on the bucky-papers. The material was then vacuum annealed
at 1250 ◦C for 2 hours for the growth of inner tubes from the encapsulated material following
Refs. [3, 4].

HR-TEM. High resolution transmission electron microscopic (HR-TEM) studies were performed
on a TECNAI F20 field emission microscope at 120 kV. The use of this voltage combined with
low exposition times of 1 s allows to take good quality pictures without observable irradiation
damage to the sample. HR-TEM samples were prepared from a suspension of the peapod material
in N,N-Dimethylformamide.
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FIGURE 4.1. Schematic structure of the
4-Hydroxy-3,5-dimethyl-phenyl-hydro-
azafullerene.

Raman spectroscopy. Raman spectroscopy was studied on a Dilor xy triple spectrometer in
the 488-676 nm range with an Ar-Kr laser at room temperature. We used Raman spectroscopy
to characterize the diameter distribution of the SWCNTs, to determine the concentration of
encapsulated fullerenes, and to study the resulting DWCNT samples.

4.3 Results and discussion

In Figure 4.2., we show a HR-TEM micrograph of the C59N-der encapsulated inside SWCNTs. HR-
TEM shows an abundant filling of the tubes with the azafullerene, however it does not provide a
quantitative measurement on the filling efficiency that is determined from Raman spectroscopy. A
cross section profile through the center of the encapsulated azafullerenes enables to determine their
separation as the low and high values of the profile indicate bright and dark parts, respectively.
Interestingly, we found 0.7-0.8 nm separation for several C59N-der pairs (indicated by arrows in
Fig. 4.2) in contrast to the ∼ 1 nm separation that is usual for encapsulated C60 peapods [1, 17].
Although the data does not allow to determine the accurate configuration of the C59N-der pairs,
it indicates that the presence of the strongly polar side-group gives rise to a structure that is
markedly different from the ordered structure found for the spherically symmetric and apolar
C60s.

In Figure 4.3., we show the Raman spectra of the pristine and encapsulated C59N-der. The
Raman spectra of the peapod sample (lower curve in Fig. 4.3) in the plotted frequency range
consist of the SWCNT G modes around 1550 cm−1 and additional lines related to the Raman
active modes of the encapsulated azafullerene derivative [2]. The major Raman modes of the
pristine C59N-der are similar to those of the (C59N)2 dimer [18]. Here, we focus on the strongest
mode that is observed at 1459.2 cm−1. This mode is derived from the C60 Ag(2) mode and is
downshifted to 1457 cm−1 after the encapsulation procedure. The 2.2 cm−1 downshift proves
the encapsulation of the molecule inside the SWCNT. When encapsulated inside SWCNTs, the
corresponding Ag(2) mode of C60 downshifts with 3 cm−1 , which is assigned to the softening of
the C60 Ag(2) vibrational mode due to the interaction between the ball and the SWCNT wall [2].
The slight difference between the downshift for the azafullerene and for the C60 peapods might
be attributed to the different structure of the two molecules. The encapsulation also manifests
in a line broadening: the main component of the 1457 cm−1 mode is broadened from 4.5 cm−1

FWHM in the pristine material to 10 cm−1 FWHM in the encapsulated one. This is similar to
the values found for encapsulated C60 [2].

The integrated intensity of the observed Ag(2) derived mode of the C59N is approximately 5
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FIGURE 4.2. HR-TEM micrograph of C59N-der encapsulated inside SWCNTs. The solid line shows a
cross-section profile of the micrograph. Arrows indicate CC59N-der pairs whose centers are only 0.7-0.8 nm
apart.

times larger than that of a C60 peapod prepared identically when normalized by the SWCNT G
mode intensity. This, however, can not be used to measure the encapsulation efficiency as Raman
intensities depend on the strength of the Raman resonance enhancement and the Raman scattering
matrix elements [19]. For C60 peapods the Raman signal was calibrated with independent and
carbon number sensitive measurements: EELS studies gave the total number of C60 related and
non-C60 related carbons [20] and the mass of encapsulated C60s was determined from NMR studies
using 13C enriched fullerenes [21]. In the current case, neither methods can be employed and we
determined the filling efficiency for the azafullerene by encapsulating a mixture of the azafullerene
and C60.

In Fig. 4.4., we show the Raman spectra of the encapsulated C59N-der:C60 mixture with weight
ratios of 1:9 in the starting solvent. The Raman spectrum of the encapsulated mixture was simu-
lated with a weighted sum of the separately recorded spectra for encapsulated C59N-der and C60.
The best agreement between the simulated and the experimental spectra is for a C59N-der content
of 0.12(2). This value is close to the expected value of 0.1 and it proves that the azafullerene enters
the tubes with the same efficiency as C60. The filling efficiency for C60 using the toluene stirring
method was found to yield 48(1) % filling of the total available volume by comparing the Raman
signal with the previous calibration [22]. This corresponds to ∼6 % fraction of the total sample
mass as the 100 % encapsulation corresponds to 13 % mass fraction of the encapsulated fullerenes
[21].

Encapsulating an azafullerene inside SWCNTs provides a unique opportunity to explore the
in-the-tube chemistry with a heteroatom. Peapod samples with toluene encapsulated C59N-der
and C60 were subject to 1250 ◦C for 2 hours. In Fig. 4.5, we show the Raman response of the
resulting DWCNT made from C60 and the C59N-der peapod samples. The radial breathing mode
(RBM) range [23] is shown in Fig. 4.5a at 647 nm laser excitation and the Raman G’ mode range
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FIGURE 4.3. Tangential mode of the
Raman spectra of the C59N-der before
(a) and after encapsulation (b) excited
with a 488 nm laser. Labels mark the
position of the strongest C59N-der mode
in the two samples. The Raman G-mode
of SWCNT dominates the peapod spec-
trum in the 1550-1650 cm−1 range.

in Fig. 4.5b with the 515 nm laser. For both materials, the narrow Raman lines in the 250-350
cm−1 spectral range correspond to the RBMs of inner tubes [5, 24] and the lower frequency G’
mode component (marked by an asterisk in Fig. 4.5b.) to the inner tube G’ mode [25]. The
emergence of the inner tube RBMs and G’ mode in the C59N-der peapod material is a further
proof that the azafullerenes are indeed encapsulated inside SWCNTs. The G’ mode is on of the
most energetic vibrational modes of SWCNTs. Therefore any effect related to the modification of
the phonon energies would markedly manifest for this mode. We observe no change for the inner
tube G’ mode for the C59N-der based DWCNT as compared to the C60 peapod based DWCNTs.
Thus, our result suggests that either nitrogen is not entering to the inner tube walls or it has no
observable effect on the Raman spectrum.

The only difference observed for the C59N-der based DWCNT is the absence of some modes,
corresponding to very small diameter inner tubes (shown by arrow in Fig. 4.5a.). This can be
understood by the somewhat larger effective size of the C59N-der compared to C60 and by its
inability to enter in very small diameter SWCNTs. Since these tubes remain unfilled, they do not
have an inner tube after the heat-treatment.

4.4 Conclusion

In conclusion, we presented the preparation of fullerene peapods containing a derivative of the
azafullerene C59N with a low temperature synthesis method. The encapsulation efficiency of the
azafullerene is the same as that of C60 fullerenes. Although no spectroscopic evidence for nitrogen
on the inner tube walls was observed, our material is a starting point to explore the in-the-
tube chemistry with heteroatoms. The material might find applications in nano-electronics as
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FIGURE 4.4. Raman spectra of the en-
capsulated C59N-der:C60 mixture at the
488 nm laser excitation. The spectra for
the C59N-der and C60 peapods is shown
together with their weighted sum as ex-
plained in the text. A and B mark the com-
ponenents coming nominally from the su-
perposing two phases. The asterisk marks
a mode that is present in the pristine
SWCNT material. Note the different scale
for the C59N-der peapod material.

the presence of the sizeable electric dipole moment of the molecule allows to fine-tune the nan-
otube properties. Currently, we investigate the possibility of removing the sidegroup by thermal
treatment to produce C59N monomer radicals embedded inside SWCNTs.
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single-wall carbon nanotubes

F. Simon, Á. Kukovecz, C. Kramberger, R. Pfeiffer, F. Hasi, and H. Kuzmany
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ABSTRACT A method is presented which allows the study of diameter selective reactions in SWC-
NTs with an unprecedented accuracy. It is based on the transformation of fullerene peapods into
double-wall carbon nanotubes and the study of the resulting diameter distribution of the inner nan-
otubes with Raman spectroscopy. This yields a spectral resolution increase of about forty for the
modes of different tubes. The method is demonstrated for the diameter selective healing of nanotube
defects and yield from C70 peapod samples. The growth of very small diameter inner tubes from C70

peapods is demonstrated, which challenges the models of inner nanotube formation. An anomalous
absence of mid-diameter inner tubes is explained by the suppressed amount of C70 peapods in the
transition region between standing and lying C70 configurations.
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5.1 Introduction

Nanostructures based on carbon nanotubes [1] have been in the forefront of nanomaterial research
in the last decade. However, there still remains a number of open questions before one of the most
promising candidates, single-wall carbon nanotubes (SWCNTs) will have wide-spread applica-
tions. The major obstacle is the large number of electronically different nanotubes produced with
varying diameters and chiralities [2]. Directed growth or separation efforts are hindered by the
lack of accurate chiral vector identification methods in bulk samples. In addition, little is known
about chirality and diameter sensitive reactions. Band-gap fluorescence was successfully applied
to assign chiral indices to semiconducting SWCNTs [3]. Similarly, assignment of small diameter
nanotubes to chiral vectors was performed in double-wall carbon nanotubes (DWCNTs) using
Raman spectroscopy [4, 5]. DWCNTs are SWCNTs containing a coaxial, smaller diameter CNT.
The material is produced from fullerenes encapsulated in SWCNT (peapods [6]), by a high tem-
perature treatment [7]. The growth process in such systems is of fundamental interest, since it
proceeds without catalytic particle support.

The growth process of DWCNTs from fullerene peapods is not yet understood. Computer sim-
ulations have suggested that C60@SWCNT based DWCNTs are formed by Stone-Wales transfor-
mations from C60 dimer precursors at high temperature by cyclo-addition [8, 9]. The free rotation
of C60 molecules is a prerequisite for the dimer formation as it enables the molecules to have fac-
ing double bonds. The ellipsoidal shaped C70 were found to be present in both standing or lying
configurations i.e. with the longer C70 axis perpendicular or parallel to the tube axis [10, 11].

At a first glance, the above mentioned assignment by Raman spectroscopy of the inner tubes in
DWCNTs is not applicable to study properties of the outer tubes. However, we show in this report
that assignment of chiralities to the inner tubes of DWCNTs is a new and so far unique tool for a
diameter selective or even chirality selective analysis of the outer tube reactions. This possibility
originates from the correlation between inner and outer tube abundances and from the robustness
of this correlation against the different types of SWCNTs used for the inner tube growth. Due to
the larger spectral splitting and narrower linewidths of the inner tube radial breathing modes [4],
the inner tube diameter distribution can be characterized with a spectral resolution that is about
40 times larger as compared to the analysis on the outer tubes. Thus, the analysis of the inner
tubes allows the characterization of diameter selective reactions in the starting material with an
unprecedented accuracy. The method is demonstrated on the diameter selective healing of the
SWCNT openings. A dramatic exception in the equivalency of the C60 and C70 grown tubes is
also presented for the d ≈ 0.67 nm inner nanotubes for which the corresponding outer tubes are
on the border between lying and standing C70 configurations.

5.2 Experimental details

C60 and C70 based DWCNTs (60-DWCNT and 70-DWCNT, respectively) were prepared from
two arc-discharge grown commercial SWCNTs (SWCNT-N1 and N2 from Nanocarblab, Rus-
sia) and two laser ablation grown tubes. From the latter, one was commercial (SWCNT-R from
Tubes@Rice, Houston, USA) and the other was laboratory prepared (SWCNT-L). The SWCNT-
N1, N2 materials were purified to 50 % by the manufacturer. SWCNT-R and SWCNT-L materials
were purified following Ref. [12]. Peapod samples were prepared by annealing SWCNT with C60

in a quartz tube following Ref. [12] and were transformed to DWCNT at high temperature follow-
ing Ref. [7]. The diameter distributions of the SWCNT materials were determined from Raman
spectroscopy [13] giving dN1 = 1.50 nm, σN1 = 0.10 nm, dN2 = 1.45 nm, σN1 = 0.10 nm, dR =
1.35 nm, σR = 0.09 nm, and dL = 1.39 nm, σL = 0.09 nm for the mean diameters and the vari-
ances of the distributions, respectively. The results described here were observed for all samples.
Multi frequency Raman spectroscopy was performed on a Dilor xy triple axis spectrometer in the
1.64-2.54 eV (755-488 nm) energy range and in a Bruker FT-Raman spectrometer for the 1.16
eV (1064 nm) excitation at 90 K. The spectral resolution was 1-2 cm−1 depending on the laser
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FIGURE 5.1. As measured Raman spectra of
the inner nanotube RBMs for four 60-DWCNT
samples (lower curves in each quarter) at λ=647
nm laser excitation. The upper spectra are
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Gaussian diameter distribution is shown for the
DWCNT-L sample.

wavelength. Raman shifts were calibrated against a series of spectral calibration lamps.

5.3 Experimental results and discussion

In Fig. 5.1., we compare Raman spectra of the different 60-DWCNT materials for the 647 nm
excitation. The spectra are representative for excitations with other laser energies and represent
the response from the radial breathing mode (RBM) of inner tubes. The RBMs of all the observable
inner tubes, including the split components [4], can be found at the same position in all DWCNT
samples within the ±0.5 cm−1 experimental precision of our measurement for the whole laser
energy range studied here. This proves that vibrational modes of DWCNT samples are robust
against the starting material.

As the four samples have different diameter distributions, the overall Raman patterns look
different. However, scaling the patterns with the ratio of the distribution functions (smart scaling)
allows to generate the overall pattern for all systems, starting from e.g. DWCNT-L in the bottom-
left corner of Fig. 5.1. It was assumed that the inner tube diameter distributions follow a Gaussian
function with a mean diameter 0.72 nm smaller than those of the outer tubes [14] and with
the same variance as the outer tubes. We used the empirical constants from Ref. [5] for the
RBM mode Raman shift versus inner tube diameter expression. The corresponding Gaussian
diameter distribution of inner tubes is shown for the DWCNT-L sample in Fig. 5.1. We observe
a good agreement between the experimental and simulated patterns for the DWCNT-R sample.
A somewhat less accurate agreement is observed for the DWCNT-N1, N2 samples, which may
be related to the different growth method: arc discharge for the latter, as compared to laser
ablation for the R and L samples. The observed agreement has important consequences for the
understanding of the inner tube properties. As a result of the photoselectivity of the Raman
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experiment, it proves that the electronic structure of the inner tubes is identical in the different
starting SWCNT materials.

The RBM frequencies of neighboring inner tubes are on the average four times more separated
from each other than those of the outer ones [5]. In addition, the outer tube RBMs have a typical
FWHM of 5-10 cm−1 [15] as compared to the FWHM of the inner tube RBMs of 0.5 cm−1 [4]. As
a result, the available spectral resolution is at least 40 times larger when the RBMs of the inner
tubes are investigated. This allows to study chirality or at least diameter selective reactions of
the outer tubes by analyzing the inner tube response.

In Fig. 5.2., we show the Raman spectra of the 60-DWCNT-N2 heat treated at 800 oC in
dynamic vacuum for 40 minutes prior to the C60 encapsulation and DWCNT transformation as
compared to an untreated sample. The spectra are normalized by the amplitude of the corre-
sponding outer tubes. The weaker response at higher Raman shifted lines, i.e. inner tubes with
smaller diameters is apparent in Fig. 5.2b. and is shown quantitatively in Fig. 5.2c. The result is
evidence for an annealing induced closing of the outer tubes with small diameters, which prevents
the C60 encapsulation. It relates to the higher reactivity for healing of openings in small diameter
SWCNTs, which provide the host for the narrower inner tubes. To exclude other effects, such as
coalescence observed at similar temperatures under intensive electron radiation [16], we checked
that the full inner tube signal can be obtained for samples subject to a 30 minute long 500 oC
oxidation treatment in air (re-opening) after the vacuum annealing. Although, the overall healing
effect and the more rapid closing of smaller nanotubes has been long anticipated, to our knowledge
this is the first example when it is observed with an individual tube sensitivity. The technique
allows a quantitative determination of the healing speed of the different SWCNTs.

Fig. 5.3. compares the Raman spectra of 60- and 70-DWCNT-R for some representative laser
energies. The RBMs of all the observable inner tubes, including the split components, can be found
at the same position for all the 60-DWCNT and 70-DWCNT samples within our experimental
precision. This reinforces the previous finding that the inner tube formation is robust against the
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FIGURE 5.3. Comparison of the Raman spectra
of 60-DWCNT-R (lower spectra) and 70-DWC-
NT-R (upper spectra) for λ=515, 647, 755, and
1064 nm, respectively. Solid arrows indicate the
(7,5) and (5,3) nanotubes in the 755 nm spec-
tra and the (4,4) nanotube on the 1064 spectra.
Dashed arrows mark the vicinity of the 362±3
cm−1 spectral range.

starting SWCNT material or fullerene. The spectra shown in Fig. 5.3. are pair-wise normalized
by the intensity of a selected inner tube from the 300-340 cm−1 spectral range.

The observation of the very small inner tubes, with Raman shifts ranging up to 450 cm−1 for
70-DWCNTs is important. The smallest observable inner tubes for 60-SWCNT were found to be
[4] the (7,0), (5,3), (4,4) and (6,1) with diameters of 0.553, 0.553, 0.547, and 0.519 nm, respectively
[5]. As indicated by solid arrows in Fig. 5.3., we clearly observe the (7,0), (5,3) and (4,4) for the
70-DWCNT-R sample with intensities similar as in 60-DWCNT. The identification of the (6,1)
tube is less certain as it appears with very small intensity already for the 60-DWCNT sample in
the previous report [4].

Using the experimentally determined 0.72 nm inner and outer tube diameter difference [14],
the cut-off of the inner tube distribution at the (6,1) tube for 60-DWCNT can be related to the
smallest outer tube with dcut-off, C60

≈ 1.239 nm where C60 can enter. This value is in reasonable
agreement with theoretical estimates where dcut-off, C60

≈ 1.2 nm was found for the smallest tube
diameter where C60 peapod formation is energetically favored [17–19]. Similarly, the energetics of
the C70 encapsulation was calculated and dcritical ≈ 1.35 nm was found for the SWCNT diameter
which separates the standing and lying configurations [20]. Based on this value, inner tubes with
d . 0.63 nm can only be formed from C70 peapods in the lying configuration. The diameter of
the above mentioned and arrow-indicated tubes in Fig. 5.3. are all well below this value. Thus,
the smallest observed inner tubes for the 70-DWCNT are made nominally from lying C70 peapod
molecules.

The above result has important implications on the theoretical models of the inner tube for-
mation. It has been suggested that the route to inner tube growth is the formation of cyclo-
additionally bonded precursor C60 dimers [8, 9]. Once the dimers are formed, Stone-Wales trans-
formations proceed till the completely formed inner tubes are developed. As cyclo-addition needs
facing parallel double bonds, the lying C70 molecules are geometrically hindered to establish this
reaction due to the facing pentagons [21]. Therefore, a different process must be anticipated for
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the formation of very small diameter inner tubes. This means the theory of inner tube formation
requires revision. As an alternative possibility for the formation of inner tubes, a complete decay
of the fullerenes into e.g. C2 units may take place. In this case the particular geometry of the
given fullerene does not play a role.

In what follows, an anomalous behavior observed for 70-DWCNTs with douter ≈ dcritical is
discussed. The dashed arrows in Fig. 5.3. mark the vicinity of the 363±3 cm−1 Raman shifted
RBMs which were previously identified to originate from the (5,5) metallic (d = 0.68 nm) and
the (8,1) semiconducting (d = 0.671 nm) inner tubes along with their split components [4, 5].
For the 647 nm excitation an unusual and unexpected behavior is observed. Within the Raman
shift range indicated by the dashed arrows, some inner tube RBM components are significantly
weaker for the 70-DWCNT samples as compared to the 60-DWCNT samples. This is consistent
with the results of the 755 and 1064 nm excitations where weaker RBM modes are observed for
the 70-DWCNT-R sample. The spectra recorded for 515 nm excitation did not exhibit a relevant
signal in the Raman shift region under discussion [4]. The same anomalous behavior was observed
for 70-DWCNT samples prepared from other SWCNT materials.

To quantify this effect, we compared the intensity ratio of the inner tube RBMs in 60-, and
70-DWCNTs for all measured laser lines and for all observed tubes. Voigtian lines were fitted
to the observed spectra with a Gaussian width determined by the spectrometer response to the
elastically scattered light and with a Lorentzian line-width of the corresponding RBM mode. As
discussed above, we chose a particular tube in the 300-340 cm−1 spectral range to normalize the
observed inner tube RBM intensities before dividing the so-obtained values for the 60-, and 70-
DWCNT by each other. Data points were collected for the RBM from each tube for excitations
with 8 different lasers and smoothed with a 3-point sliding averaging. This procedure reduces the
noise of the intensity ratio and makes a data point more reliable when the same tube is observed at
different laser energies. The result is summarized in Fig. 5.4. The anomaly of the intensity ratio is
clearly observed in the 363±3 cm−1 spectral range. This spectral range corresponds to inner tubes
with dinner ≈ 0.67 nm and douter ≈1.39 nm. As the latter value is close to the critical diameter, it
is tempting to associate the anomaly with the competition between the two configurations. In this
case the critical diameter to allow for standing C70 encapsulates is refined by the experiment to
1.39 nm. We discuss two possible origins of the missing inner tubes: i) inability to form inner tubes
from peapods filled with mixed lying and standing C70 configurations, ii) inability of C70 to enter
into SWCNTs with douter ≈ dcritical. Concerning the first case, SWCNTs with douter ≈ dcritical

can be filled with mixed lying and standing C70 molecules, which makes a cyclo-addition reaction
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difficult. However, we have shown that inner tubes are also formed from lying C70 molecules alone,
which disfavors the idea that the precursor dimer is indeed necessary for the inner tube formation.
Thus, it is argued that the absence of inner tubes when douter ≈ dcritical is rather caused by the
absence of C70 molecules for peapods with this diameter.

A mechanism involving impurities or side-wall defects can explain the observation: for the criti-
cal outer tube diameter one can expect that for a perfect tube the lying configuration is preferred.
However, when side-wall defects or impurities are present, a C70 may change its configuration to
a standing geometry that would immobilize it thus preventing other C70 from entering the tube.
Alternatively, a C70 molecule entering at the critical diameter may get trapped at a tube defect
as e.g. a bend or kink and thus prevents further filling. The diameter selective filling may provide
a way to mass-separate the unfilled and filled C70 peapod tubes. Interestingly, the outer tubes
which remain unfilled are close to the well studied (10,10) tube.

5.4 Conclusions

In conclusion, DWCNT formation from peapods enables the study of diameter selective phenom-
ena in SWCNT materials. The method provides a new and accurate tool for the characterization
of controlled nanotube growth and the effects of subsequent treatments or diameter selective sepa-
ration. The diameter selective closing of tube openings was observed for the first time. Comparison
of C60, C70 peapod based DWCNTs proves that the inner tube formation is a conservative process
against the starting SWCNT or fullerene material. The presence of very small inner nanotubes in
70-DWCNT presents a challenge to the current theoretical models. The absence of mid-diameter
inner tubes in 70-DWCNT is explained by the absence of C70 peapods for the corresponding
nanotube diameter due to the borderline between the lying and standing C70 configurations.
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[6] B. W. Smith, M. Monthioux, and D. E. Luzzi, Nature 396, 323 (1998).
[7] S. Bandow, M. Takizawa, K. Hirahara, M. Yudasaka, and S. Iijima, Chem. Phys. Lett. 337, 48 (2001).
[8] S. W. Han, M. Yoon, S. Berber, N. Park, E. Osawa, J. Ihm, and D. Tománek, Phys. Rev. B 70, 113402
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ABSTRACT Experimental results are provided for reversible generation of holes on single wall carbon
nanotubes and their closing by temperature treatment. The generation of the holes was analyzed by
checking the amount of C60 fullerenes that can be filled into the tubes and subsequently transformed
to an inner-shell tube. The concentration of the latter was determined from the Raman response of
the radial breathing mode. The tube opening process was performed by exposure of the tubes to
air at elevated temperatures. This process was found to be independent from the tube diameters.
In contrast, the tube closing process was found to depend strongly of the tube diameter. For large
diameter tubes (d = 1.8 nm) the activation energy was 1.7 eV whereas for the small diameter tubes
this energy was only 0.33 eV. Optimum conditions for tube closing were found to be one hour at 800
◦C or 10 minutes at 1000 ◦C. From the almost identical Raman spectra for the tubes before and after
engineering, a predominant generation of the holes at the tube ends is concluded.
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6.1 Introduction

The inside of carbon cages has been attracting the interest of chemists and physicists ever since
the discovery of the fullerenes in 1985 by H. Kroto et al. [1]. To develop an endohedral or concave
chemistry was one of the dreams of the scientists in the early days of fullerene research. New
materials and new chemical reactions, which do not exist outside the cages, were expected to be
discovered. It was indeed demonstrated in a large number of experiments that atoms or even groups
of atoms can be encaged into the fullerenes [2–4] and revealed so far unobserved systems. However,
a reversible opening, filling and re-closing of the cages was not possible. Only very recently such
a process was demonstrated to operate for the filling of a fullerene cage with hydrogen atoms
[5]. In contrast to this, filling of carbon nanotubes had been demonstrated already in 1994 [6]
shortly after the discovery of the tubes [7]. At that time, filling of multi-wall carbon nanotubes
was studied in some detail. Since the inner diameter of such tubes is rather large, of the order
of 10 to 20 nm, fillers such as lead or iron was expected and was observed to behave almost
like bulk material. The situation changed when Smith et al. discovered the filling of single wall
carbon nanotubes (SWCNTs) with C60 fullerenes [8] by electron beam irradiation. The resulting
structures were called peapods. Shortly later it was reported by several groups that different types
of fullerenes, including higher fullerenes or endohedral fullerenes can be filled into the SWCNTs
[9–11] if the tubes were treated in a special way in order to generate holes in the side walls or
to open the caps of the tubes. The filling of the SWCNTs attracted considerable attention, since
the inner diameter of the tubes is at least an order of magnitude smaller than the inner diameter
of the multi-wall tubes and reaches values where quantum confinement becomes noticeable. Also,
the highly shielded inside of the tubes were demonstrated to provide clean room conditions where
highly defect free material can be grown [12]. Special recipes were reported for efficient filling but
it turned out that any cleaning of the as grown tube material by chemical etching allows for filling
with fullerenes or other inorganic or organic material. Attractive forces between the fullerenes and
the inside of the cages were considered as the driving mechanism for the filling process. However,
details of the filling mechanism remained not understood so far. Model calculations were able to
demonstrate that the fullerenes can enter the tubes through holes in the side walls [13] but filling
from the tube ends seems also possible, and even more likely, since after the etching procedure
there are natural holes of large enough size.

The filling process was reported to be less efficient if the tubes were annealed at moderate
temperatures before the filling procedure, at least as far as filling with fullerenes is concerned.
Partial or complete closing of the holes was considered as the reason for such behavior. Since the
growth of nanomaterials within the one-dimensional nanospace inside the tubes is of fundamental
interest, we report in this paper on a detailed study of the opening and closing processes for the
SWCNTs. To do this, we make use of another interesting property of the fullerenes inside the
tubes. At rather high temperatures of the order of 1400 K the fullerenes can be fused to a second
tube, inside the master tube [14, 15]. These inner tubes exhibit an unusual strong Raman spectrum
for the radial breathing mode [12] and therefore serve as a very sensitive probe of whether the
filling was successful or not [16]. The inner shell tubes are interesting by themselves as they have
a very small diameter of the order of 0.7 nm, which implies rather strong deviation of structural
and electronic properties from a flat graphene sheet. Applying the analytical technique of C60

transformation we found critical temperatures where tubes with holes generated from a chemical
treatment start to close. Such temperatures were found to depend on the diameter of the tubes.
Small diameter tubes close first with a much lower thermal activation. In contrast, the opening of
the tubes occurs with only a weak dependence on the diameter. Reversible closing and reopening
is demonstrated.
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6.2 Experimental Details

SWCNTs were purchased from Med Chem Labs with a nominal diameter of 1.4 nm and a purity
of 50 %. Raman analysis revealed a Gaussian diameter distribution with peak value and width
(variance) of 1.45 nm and 0.1 nm, respectively. The tubes could be filled with c fullerenes as
purchased by tempering them at 600 ◦C in a sealed and evacuated quartz tube for two hours
together with excess amounts of C60. Outside fullerenes were removed by dynamic vacuum an-
nealing at 800 ◦C. This filling procedure was used throughout in the work presented here and
will be called standardized filling in the following. After filling, the C60 could be detected inside
the tubes by Raman scattering and high-resolution transmission electron microscopy. However,
neither technique allows for a diameter selective detection of the filling process. In order to obtain
information on the latter, the peapods were transformed to double wall carbon nanotubes by
tempering in high vacuum at 1250 ◦C for two hours and subsequent slow cooling in the furnace.
This procedure of inner shell tube growth from the peapods was used throughout in this work
and will be assigned as standardized transformation in the following. The transformed material
was then checked by Raman spectroscopy in the range of the radial breathing mode (RBM) for
double wall carbon nanotubes (DWCNTs). Since the Raman response in the diameter range of
the inner shell tubes is highly diameter selective, this yields diameter selective information on the
filling process.

All Raman experiments were carried out at liquid nitrogen temperature with a Dilor xy triple
spectrometer in the normal resolution mode, unless indicated otherwise. Detection of scattered
light was performed with a blue enhanced and back-thinned CCD chip. For the excitation various
laser lines were used in the red and yellow spectral range. Scattering intensities were evaluated as
peak intensities of the Raman lines.

Annealing of as purchased or opened tubes was performed at various temperatures between
800 ◦C and 1200 ◦C in a sealed and evacuated quartz tube at a rest gas pressure of 10−6 mbar.
Opening of the tubes was performed by exposure to air at various temperatures between 350 ◦C
and 500 ◦C.

6.3 Results and Discussion

Figure 6.1 depicts the Raman spectrum of DWCNTs in the spectral range of the RBM as obtained
from a filling of pristine tubes and standardized transformation. The broad and only weakly
structured line around 180 cm−1 represents the response from the outer tubes. The group of
narrow lines extending from 250 cm−1 to 400 cm−1 originates from the RBM of the inner shell
tubes. According to our present understanding, each peak represents one tube or at least one pair
of inner and outer tubes. Due to the low spectral resolution used, the well known splitting of the
lines [17] is not or only hardly resolved.

In the lower part of the figure the resulting diameter distribution is depicted on a 1/d scale. The
narrower peak for the smaller 1/d-values was obtained from the Raman analysis of the diameter
distribution of the outer tubes. The broad peak for the larger 1/d-values was obtained from a
down scaling of the outer tube diameters by 0.7 nm which is considered as twice the relevant
wall to wall distance between inner and outer tubes. The cut-off at 440 cm−1 (0.5 nm diameter)
reflects the limiting diameter value of 1.2 nm below which outer tubes cannot be filled with C60

due to geometrical constraints. The relative scaling between the x-axis for the frequencies and the
x-axis for the inverse diameters was obtained from the frequency to diameter scaling of the form

νRBM = C1/d + C2 (6.1)

where C1 and C2 have the values 223 cm−1 nm and 13 cm−1, respectively. These parameters were
recently obtained from a detailed analysis of resonance Raman excitations of HiPCo SWCNTs
dispersed in solution [18]. The values differ slightly from previous results obtained from a pure
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FIGURE 6.1. Raman spectrum of DWCNTs as
prepared from pristine SWCNTs filled with C60

(a). Excitation was for 647 nm laser and 2 mW.
Part (b) of the figure displays the concentration
of the diameters d on a 1/d scale.

vibronic analysis of DWCNTs [19] but are in good agreement with parameters obtained from an
analysis of optical spectra and resonance Raman spectra from HiPCo tubes [20, 21]. Note the
difference of the center of gravity for the 1/d distribution and for the Raman line distribution for
both the inner tubes and the outer tubes. This is a consequence of resonance enhanced scattering
for selected tubes. Comparing the peak intensities in the spectrum and in the 1/d distribution
yields an enhancement factor > 100.

Figure 6.2 shows the Raman response of tubes after standardized transformation conditions
but different pre-treatment. Only the spectral range of the inner tube is depicted in the main part
of the figure. The spectrum at the bottom is an expanded version of the spectrum in Fig. 6.1.
The spectrum at the center was recorded under identical conditions but the as purchased material
was pre-annealed before the standardized filling and standardized transformation. As can be seen
almost no response from inner shell tubes is observed which means no fullerenes had entered the
tubes. The tubes were very efficiently closed by the annealing process.

The small response just below 300 cm−1 could originate from some small leaks in the cage were
a few C60 molecules or even more likely some carbon contamination had entered the primary tubes
on a level which leads to less than 20 % inner tubes for the larger diameter tubes and less than 3 %
for the smaller diameter tubes. Also, these tubes were not grown under clean room conditions as
the width of the Raman lines is rather broad. The insert in the figure depicts the RBM response
from the outer tubes before and after annealing. The two spectra are almost identical which
indicates that no tube coalescence had occurred at the temperature applied. The similarity of
the two spectra allows on the other hand for a convenient way of intensity calibration for the
spectra recorded after various sample pre-treatments. This calibration was used throughout the
work presented here if not otherwise specified. The spectrum at the top in Fig. 6.2 was recorded
after reopening the annealed tubes at 500 ◦C on air and standard filling and transformation. As
can be seen, the spectra derived from the pristine and from the reopened tubes are identical in
all details. This means no dramatic damages by cutting a large number of holes into the sidewalls
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FIGURE 6.2. Raman spectra in the spectral range
of the inner shell tube RBM for nanotubes after spe-
cial pre-treatment. Bottom: after filling as purchased
tubes with C60 and standard transformation; Center:
after annealing the as purchased tubes at 1000 ◦C
for two hours and standard transformation; Top: af-
ter re-opening the annealed samples, filling with C60,
and standard transformation. All spectra recorded at
90 K for 647 nm, 2 mW excitation, 30 minutes sam-
pling, and normalized to the response of the outer
tube RBM of the pristine tubes. Insert: the RBM of
the outer tubes before (a) and after (b) annealing at
1000 ◦C.

have happened. Consequently, the sidewalls of the tubes remain highly untouched by the opening
process. Thus, it is strongly suggested that the fullerenes enter the tubes through holes at the
tube ends.

Figure 6.3 depicts some examples for the efficiency of the tube closing for various annealing
conditions. All spectra were now recorded with 568 nm excitation. The top spectrum represents
the pristine tubes after standard filling and standard transformation. The three spectra below
depict the response of the inner tube RBM for samples which were annealed under the conditions
indicated in the figure before filling and transformation. As can be seen 800 ◦C annealing has
almost no effect on the filling for the large diameter tubes but efficiently reduces filling of the
smaller tubes with RBM frequencies larger than 300 cm−1.

After 20 minutes annealing, the signal at 340 cm−1 has reduced to 35 % of the signal of the
pristine sample. This means 65 % of this particular tube species was closed by the annealing
process. After 10 minutes annealing at 1200 ◦C only a very small response from the inner shell
tubes (less than 10 % at 310 cm−1) is left which again may be interpreted as the response from
a small fraction of carbon atoms entering the tubes during the annealing process.

The dependence of tube closing on annealing temperature and time was studied in more detail.
Spectra for the RBM response were recorded for standard filling and standard transformation after
various annealing temperatures and annealing times. The most important lines were evaluated
with respect to their peak intensity. This intensity was related to the peak intensity of inner shell
modes of DWCNTs grown from untreated starting material. This ratio is a quantitative measure
for the fraction of tubes which remain open after the annealing procedure. Results are depicted in
Fig. 6.3 for annealing at 800 ◦C (1073 K), 1000 ◦C (1273 K) and 1200 ◦C (1473 K). A dramatic
decrease of concentration for tubes remaining open after the annealing treatment is immediately
recognized on Fig. 6.3 with decreasing tube diameter (increasing RBM frequency).

For tubes with 1.8 nm diameter (240 cm−1) 98 % remain open for a 20 min annealing at 800 ◦C
whereas for the same annealing conditions and tubes with 1.3 nm diameter (345 cm−1) only 15
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recorded and normalized as in Fig. 3. The scale below the main figures gives tube diameters from Eq. 6.1.
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FIGURE 6.5. Raman response of the RBM of
inner shell CNTs for standard filling and trans-
formation procedures after the pristine tubes
had been closed and reopened at temperatures
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% remain open. A similar dramatic dependence of the tube closing on the tube diameter can be
recognized for annealing at 1000 ◦C even though in this case after 10 minutes the concentration
of open tubes has already decreased to 67 % even for the largest diameter tubes studied. From
the smallest diameter tubes analyzed only 2 % remain open under these conditions. The strong
temperature dependence of the tube closing process can be recognized from the behavior of the
large diameter tubes. For the species with 240 cm−1 RBM the values are 98 % and 47 % after 20
minutes annealing at 800 ◦C and 1000 ◦C, respectively. This indicates a strong thermal activation
of the closing process. The closing as a function of annealing time can also be deduced from the
figure. With increasing annealing time, the process of tube closing proceeds but slows down as
annealing time increases. This is particularly obvious for annealing at 1000 ◦C. Interestingly, for
annealing at 800 ◦C the intensity ratios for the different annealing times always decrease with
annealing time throughout the frequency range studied, with some noise at high frequencies.
This is not so for annealing at 1000 ◦C. Here the annealing isotherms recorded for different
annealing times cross as a function of RBM frequency (tube diameter). As a consequence, short
time annealing is more efficient for the narrow diameter tubes than long time annealing. For
example for 1000 ◦C annealing the fraction of tubes with 345 cm−1 RBM that remain open after
10 min, 20 min, and 30 min are 2 %, 22 %, and 14 %, respectively.

For 1200 ◦C annealing any response from inner shell RBM for very large and very small tubes
remains below the detection limit which is of the order of 1 %. Only in the intermediate diameter
range a very small and annealing time independent signal from inner shell tubes could be detected.

Finally, the analytical technique developed here can also be used to study the diameter selec-
tive tube opening process. Figure 6.5 depicts Raman spectra of the RBM recorded for 647 nm
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excitation for tubes which were closed at 1000 ◦C for two hours and then reopened by exposure
to air at temperatures indicated.

As an overall result, the opening process becomes less and less efficient with decreasing tem-
perature. However, the reduction in efficiency is hardly depending on the tube diameter. The
latter behavior is more evidently seen from an analysis of the response for the individual peaks as
depicted in part (b) of Fig. 6.5. For opening at 500 ◦C 95 % of the closed tubes could be reopened,
nominally independent of tube diameter. For opening at 400 ◦C only about 60 % of the tubes
could be opened. Surprisingly, as plotted this fraction is even slightly decreasing with decreasing
tube diameter. Similarly, for opening at 350 ◦C only 45 % of the tubes could be opened again,
with a slight decrease of this fraction for small diameter tubes.

The analytical technique used here anticipates that the Raman intensity for the RBM of a
particular inner shell tube equals the concentration of the tube in the sample. This is justified,
since for each measurement exactly the same resonance conditions and spectrometer sensitivity
hold and all spectra are normalized to the RBM response of the outer shell tube.

Concerning the closing of holes which are required to allow the fullerene molecules to enter,
three main results were obtained, namely: i) The closing process is thermally activated with
an increasing efficiency for low diameter tubes, ii) The closing process is time dependent with
saturation for long annealing times, iii) For small diameter tubes the time dependence of the
effective closing is more complex.

Result iii) makes the analysis of the dynamical processes more difficult for the small diameter
tubes. Thus, for the discussion of the thermal activation and for the time dependence we will
concentrate on the large and medium diameter tubes. The temperature dependence of the closing
process is indeed dramatic. Note that for a change in temperature of only 18 % (from 1073 K
to 1273 K) the closing fraction for the tubes with a RBM at 240 cm−1 (d = 1.78 nm) after 20
minutes annealing changes by a factor of more than 25. The activation energy α for this process
can be evaluated from

α = kBT1T2 ln[1− I(T1)/I(T2)]/(T1 − T2) (6.2)

where kB is the Boltzmann constant and I(T ) are the relative intensities from Fig. 6.3. For
T1 = 1073K (I(T1)/I0 = 0.98) and T2 = 1273K (I(T2)/I0 = 0.67), we obtain α = 1.72 eV. If we
do the same analysis for a medium diameter tube, e.g. with an RBM at 285 cm−1 (I(T1)/I0 = 0.52,
I(T2)/I0 = 0.23) the activation energy is only 0.33 eV. This value may be slightly underestimated,
since for medium diameter tubes secondary processes to be discussed below start to become
noticeable. For still smaller diameter tubes the activation is obviously further reduced but cannot
be analyzed directly due to other competing processes. The dramatic decrease of the activation
energy with tube diameter must be a consequence of tube wall or tube cap curvature and higher
mobility of carbon atoms on the tube surface.

Similar to the thermal activation, the time dependence of the closing process may be described
by an exponential law with a relaxation time τ obtained from

I(t)/I0 = exp−t/τ (6.3)

where I(t)/I0 is the fraction of open tubes after annealing time t. Table 6.1 lists some of the
experimental results for 1000 ◦C annealing at 240 cm−1 and 305 cm−1.

For the tubes with the largest diameters (1.8 nm) evaluation of the time constants for the three
different annealing times reveal values in good agreement, which supports the exponential time
dependence. For the averaged time constant of 26 minutes a two hour annealing at 1000 ◦C would
leave only 1 % of the tubes open.

As expected for the smaller tubes with d = 1.45 nm (RBM at 305 cm−1) the evaluated time
constants are much shorter. The value of about 8 minutes may still be all right but for longer
annealing times secondary processes obviously influence the evaluated time constant. The value
of about 13 min for a 20 minutes annealing process is noticeably larger than the value for ten
minutes annealing. It even increases to 17 min for 30 min annealing. Therefore the latter values
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TABLE 6.1. Experimental data and relaxation time τ for the tube closing process at 1273 K and two
selected tube diameters. The concentrations for open and closed tubes after 120 min (1.8 nm diameter)
and 60 min (1.45 nm diameter) annealing is as calculated for 26 and 8 min time constants, T , respectively.

d [nm]/ RBM
[cm−1]

Annealing
[min]

Open tubes
[%]

Closed tubes
[%]

T [min]

1.8/ 240
10 0.67 0.33 25
20 0.47 0.53 26
30 0.35 0.65 28
120 0.01 0.99 Calc. for

τ = 26
1.45/ 305

10 0.26 0.72 7.5
20 0.22 0.78 13.2
30 0.17 0.83 17
60 5 · 10−4 ∼ 1 Calc. for

τ = 8

should not be considered as intrinsic for the tube closing process. The much shorter time constants
for the closing of the smaller diameter tubes is again a consequence of the higher tube curvature
and consistent with the lower activation energy.

The increase of the time constant for tube opening or eventually the crossing of the annealing
isotherms for different annealing times is surprising. One possibility to describe such a behavior
is by proposing two processes with complimentary effects on the hole-concentration in the tubes.
One process is responsible for the hole-closing and the other with a considerably larger time
constant generates holes into the tube walls or tube caps. Then, only for long time annealing
the opening process becomes relevant. The opening process could e.g. be a very slow reaction of
the tubes with rest gas concentration of oxygen in the annealing experiment. For a quantitative
analysis of the behavior more detailed results are needed.

The results for the tube opening as a function of tube diameter and reaction temperature in
Fig. 6.5 must be analyzed with some care. It would be very difficult to understand why small
diameter tubes open less efficient than large diameter tubes as one might conclude from the low
temperature (350 ◦C and 400 ◦C process temperatures) reactions depicted in Fig. 6.5. For a more
realistic interpretation we can assume that the starting situation for the tube opening process is
not the same for the large diameter tubes and the small diameter tubes. The former may not
have closed completely by the annealing process whereas the smaller diameter tubes have. Such
a behavior can be depicted form the 30 minutes annealing at 1000 ◦C shown in Fig. 6.3. The
annealing isotherm shows that for the small diameter tubes still 15 % remain open. The effect is,
however, weakened by the slow tube opening process noticeable for small diameter tubes. Even
though, with the corrected starting situation at least the opening reaction at 500 ◦C may be more
sensitive to the smaller diameter tubes. In spite of these corrections the tube opening processes
are definitely much less sensitive to the tube diameter as compared to the tube closing processes.
The thermodynamic background for this different behavior may be related to the fact that tube
opening is a very local process whereas tube closing needs long distance carbon motion and long
distance carbon rearrangements. After all for a small tube almost 50 % of the side wall or the
total cap must be etched away in the opening process and at least partly replaced by the closing
process.
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6.4 Summary

The reaction activity of holes in SWCNTs was investigated by studying the process of filling the
tubes with C60 fullerenes and transforming the latter to a set of small diameter inner shell tubes.
A standardized process for tube opening by exposing the tubes at elevated temperatures to air
and for tube filling by heating the opened tubes in C60 vapor was developed. The process of tube
opening was found to be sensitive to temperature but highly insensitive to tube diameter. The
almost identical Raman spectra for the pristine and for the opened tubes with respect to line
positions, line widths and line intensities suggest that the tube walls remain highly untouched
and the holes for the tube filling are concentrated at the tube ends. Tube closing can be performed
to a very high degree. After such processes, only a very small amount of inner tubes can be grown,
mostly in high defect areas of the tubes. In contrast to tube opening, the tube closing process is
highly diameter sensitive with a strongly diameter dependent activation energy and a temperature
dependent reaction time. A reversible closing and opening of the tubes was demonstrated.
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Growth of single wall carbon nanotubes from
13C isotope labelled organic solvents inside
single wall carbon nanotube hosts

F. Simon and H. Kuzmany
Chemical Physics Letters 425 85 (2006).

ABSTRACT Exploring the synthesis of novel molecular nanostructures has been in the forefront
of material research in the last decade. One of the most interesting nanostructures are single wall
carbon nanotubes (SWCNTs). Their catalyst free growth, however, remains an elusive goal. Here,
we present the growth of single wall carbon nanotubes from organic solvents such as benzene and
toluene in a confined environment, inside a host SWCNT. The solvents encapsulated in SWCNTs are
transformed to an inner tube when subject to a heat treatment under dynamic vacuum at 1270 ◦C.
We used isotope labeling of the different carbon sources to prove that the source of the inner tubes is
indeed the solvent. Our results put constraints on the models explaining the inner tube growth and
provides a simple alternative for the fullerene based inner tube growth. It also provides the possibility
to study a completely new field of in-the-tube chemistry.
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7.1 Introduction

Catalyst free growth of single wall carbon nanotubes (SWCNT) has been intensively attempted
since their discovery in 1993 [1, 2]. The efforts resulted in novel nanostructures such as e.g. the
nano-horns [3] but the metal catalyst-free synthesis remains elusive. Recently, catalyst free growth
of SWCNTs was achieved from fullerenes encapsulated in SWCNTs, when these so-called peapods
[4] are subject to a high temperature annealing at 1270 ◦C [5, 6].

In this paper the synthesis of inner tubes is reported from 13C isotope labeled organic sol-
vents such as benzene and toluene encapsulated in SWCNTs. This is demonstrated to work when
fullerenes are co-encapsulated preventing the solvents from evaporation. Isotope labeling proves
unambiguously that the solvents contribute to the inner tubes and gives a measure on the yield.
The current result opens new perspectives for the catalyst free synthesis of SWCNTs in other
confined environments such as zeolite [7] and allows further exploration of the in-the-tube chem-
istry.

7.2 Experimental

Sample preparation. Commercial SWCNT material (50 weight % purity, Nanocarblab), fullerenes
of natural carbon (Hoechst AG), benzene and toluene (Sigma Aldrich) and isotope labeled benzene
and toluene (Euriso-Top SA) were used. The purification of the SWCNTs by the supplier in
the form of repeated air oxidation at 400 ◦C and acid washing results in purified and opened
SWCNTs. The tube diameter distribution was determined from Raman spectroscopy [8] and we
obtained d = 1.40 nm and σ = 0.10 nm for the mean diameter and the variance of the Gaussian
distribution, respectively. Vapor filling with fullerenes was performed by subjecting the SWCNT
flakes to fullerene vapor in a sealed quartz ampoule at 650 ◦C following Ref. [9]. Non-encapsulated
fullerenes were removed by a 650 ◦C dynamic vacuum treatment. Typically 150 µg fullerenes in
100 µl solvent was sonicated for 1 h with 1 mg SWCNT in an Eppendorf tube for the solvent
peapod preparation. The weight uptake of the SWCNT is ∼15 % [10] that is shared between the
solvent and the fullerenes. The peapod was separated from the solvent by centrifuging and the
peapod material was greased on a sapphire substrate. The vapor or solvent prepared peapods
were treated in dynamic vacuum at 1270 ◦C for 2 hours for the inner tube growth. The inner tube
growth efficiency was found independent of the speed of warming.

Raman spectroscopy. Vibrational analysis was performed on a Dilor xy triple Raman spectrom-
eter in the 1.64-2.54 eV (676-488 nm) energy range at ambient conditions.

7.3 Results and discussion

The growth of inner carbon nanotubes can be monitored by Raman spectroscopy. We use exten-
sively the response from the overtone of the SWCNT D-line, known as the G’ mode [11], since this
mode exhibits the largest absolute isotope shift. Fig. 7.1 shows the G’ mode for a SWCNT (a) and
two DWCNT samples that were obtained by high temperature annealing from vapor prepared
C60 peapods (b) and toluene+C60 peapods (c) by a 1270 ◦C heat treatment. The vapor method
involves placing the SWCNT in a fullerene vapor in a sealed ampoule, while the solvent method
involves sonicating the solvent+C60 solution together with the nanotubes which results in the
encapsulation of both the fullerene and the solvent [12]. All results reported here are identical
when C70 fullerenes were used. The G’ mode provides a convenient measure of the inner tube
growth as the inner and outer tube response are separated in the DWCNT samples: the mode on
the low Raman shifted side comes from the inner tubes [13]. The ratio of the inner to outer tube
mode intensities strongly depends on the exciting laser energy with a maximum around 2.41 eV
[13], that is used in the current study.

The relative intensity of the inner tube mode in the vapor-C60 and solvent+C60 peapod based
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FIGURE 7.1. The G’ Raman mode of
a) SWCNTs, b) vapor-C60 peapod and
c) toluene+C60 peapod based DWCNTs
at λ=515 nm laser excitation (2.41 eV).
Smooth solid and dashed curves show the
deconvolution to inner and outer tube
modes, respectively.

DWCNTs measures the inner tube content in the two samples. This can be quantified by de-
convolution of the DWCNT signal into inner and outer tube components as shown in Fig. 7.1.
The smaller inner tube signal in the solvent+C60 sample is the result of a partial evaporation of
the solvent before the inner tubes are formed. It is known that encapsulation of the fullerene is
energetically preferred and thus it cannot escape from the tubes [14]. However, a small molecule
such as benzene and toluene can leave the tube at higher temperatures. We found that the yield
of inner tubes grown from the benzene- (spectrum not shown) and toluene+C60 peapods is 44(1)
% and 48(1) % of that from the vapor-C60 sample, respectively. To separate the contribution
to the inner tubes from the solvents and C60, the encapsulated C60 content can be determined
in the solvent+C60 peapod samples. In Fig. 7.2, we show the spectral range that contains the
C60 pentagonal pinch mode (PPM) at 1466 cm−1 [15] and the nanotube G modes around 1650
cm−1 [11] for the vapor-C60 and solvent+C60 peapod sample. It was demonstrated [16] that the
encapsulated C60 content can be determined from the relative intensity of the PPM and G modes.
Assuming 100 % filling of the available volume with C60 for the vapor-C60 peapod sample [17],
the results of Fig. 7.2 demonstrates only 40(1) % fullerene filling for the toluene+C60 sample. The
same value was obtained for benzene as a solvent.

In summary, from the 44 % inner tube content in the benzene+C60 peapod based sample, 91
% of the carbon originates from C60. Thus benzene contributes only to approximately 9(4) % of
the carbon. Similarly, toluene contributes to approximately 17(4) % fraction of the total carbon
amount on the inner tubes. If we assume that solvents fill all available volume apart from that
filled with C60, the current result means that a significant portion, over 80 %, is evaporated from
both solvents without contributing to the inner tube growth.

Based on the current analysis, it can not be ruled out that e.g. amorphous carbon is also inside
the tubes or enters the tubes and thus contributes to the inner tube growth. Therefore the crucial
statement on the growth of inner tubes from organic solvents requires further reinforcement. To
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FIGURE 7.2. The C60 PPM mode and the
nanotube G mode in a) vapor-C60 pea-
pod and b) toluene+C60 peapod sample
at λ=488 nm laser excitation (2.54 eV).
Note the 50 times magnified scale for the
PPM range.
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FIGURE 7.3. a) The G’ mode of
toluene+C60 peapod based DWCNTs
with varying 13C enrichment at λ=515 nm
laser excitation (2.41 eV). From top to
bottom: 74 %, 54 %, 26.5 % and natural 13C
content. b) The G’ mode of the inner tubes
after subtracting the experimental SWCNT
spectrum. Arrows indicate the spectral
weight shifted toward lower frequencies. A
small residual peak is observed around 2710
cm−1 (denoted by an asterisk) due to the
imperfect subtraction.
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FIGURE 7.4. 13C content of inner tubes
based on the first moment analysis as ex-
plained in the text as a function of 13C en-
richement of benzene and toluene. Lines are
linear fits to the data as explained in the
text.

provide this, we studied the inner tube growth from solvent+C60 peapods where the solvent was
a mixture of 13C isotope labeled and natural solvents with varying concentrations. Toluene was
a mixture of ring 13C labeled (13C6H6-CH3) and natural toluene (C7H8). Benzene was a mixture
of 13C enriched and natural benzene. The labeled site was > 99 % 13C labeled for both types
of molecules. The 13C content, x, of the solvent mixtures was calculated from the concentration
of the two types of solvents and by taking into account the presence of the naturally enriched
methyl-group for the toluene. In Fig. 7.3a, we show the G’ modes of DWCNTs with varying
13C labeled content in toluene-C60 based samples and in Fig. 7.3b, we show the same spectra
after subtracting the outer SWCNT component. A shoulder appears for larger values of x on the
low frequency side of the inner tube mode, whereas the outer tube mode is unchanged. Similar
behavior was observed for the benzene+C60 based peapod samples (spectra not shown) although
with a somewhat smaller spectral intensity of the shoulder. The appearance of this low frequency
shoulder is evidence for the presence of a significant 13C content in the inner tubes. This proves
that the solvent indeed contributes to the inner tube formation as it is the only sizeable source of
13C in the current samples. The appearance of the low frequency shoulder rather than the shift of
the full mode indicates an inhomogeneous 13C enrichment. A possible explanation is that smaller
diameter nanotubes might be higher 13C enriched as they retain the solvent better than larger
tubes.

To quantify the 13C enrichment of the inner tubes, the downshifted spectral weight of the inner
tube G’ mode was determined from the subtracted spectra in Fig. 7.3b. The subtraction does not
give a flat background above 2685 cm−1, however it is the same for all samples and has a small
spectral weight, thus it does not affect the current analysis. The line-shapes strongly deviate from
an ideal Lorentzian profile. Therefore the line positions cannot be determined by fitting, whereas
the first moments are well defined quantities. The effective 13C enrichment of the inner tubes, c, is
calculated from (ν0 − ν) /ν0 = 1−

√
12+c0
12+c , where ν0 and ν are the first moments of the inner tube

G’ mode in the natural carbon and enriched materials, respectively, and c0 = 0.011 is the natural
abundance of 13C in carbon. The validity of this ”text-book formula” was previously verified by
ab-initio calculations for enriched inner tubes [10].

In Fig. 7.4, we show the effective 13C content in the inner tubes as a function of the 13C content
in the starting solvents. The scaling of the 13C content of the inner tubes with that in the starting



64 7.4. Acknowledgement

solvents proves that the source of the 13C is indeed the solvents. The highest value of the relative
shift for the toluene based material, (ν0 − ν) /ν0 = 0.0041(2), corresponds to about 11 cm−1 shift
in the first moment of the inner tube mode. The shift in the radial breathing mode range (around
300 cm−1) [11] would be only 1 cm−1. This underlines why the high energy G’ mode is convenient
for the observation of the moderate 13C enrichment of the inner tubes.

When fit with a linear curve with c0 +A ∗x, the slope, A directly measures the carbon fraction
in the inner tubes that originates from the solvents. The values, A = 0.098(5) and A = 0.130(6)
agree with the solvent related carbon fractions on the inner tubes of 9 and 17 % as determined
from the intensity of the inner tube modes for benzene and toluene, respectively.

The synthesis of inner tubes from organic solvent proves that any form of carbon that is encap-
sulated inside SWCNTs contributes to the growth of inner tubes. As mentioned above, inner tubes
are not formed in the absence of fullerenes but whether the fullerene is C60 or C70 does not play
a role. It suggests that fullerenes act only as a stopper to prevent the solvent from evaporating
before the synthesis of the inner tube takes place. It also clarifies that the geometry of fullerenes
do not play a distinguished role in the inner tube synthesis as it was originally suggested [18]. It
also proves that inner tube growth can be achieved irrespective of the carbon source, which opens
a new prospective to explore the in-the-tube chemistry with other organic materials.
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Highly perfect inner tubes in CVD grown
double-wall carbon nanotubes

F. Simon, Á. Kukovecz, Z. Kónya, R. Pfeiffer, and H. Kuzmany
Chemical Physics Letters 404, 85 (2005).

ABSTRACT The synthesis of double-wall carbon nanotubes (DWCNTs) with highly unperturbed
inner shells is reported using the catalytic vapor deposition method. Temperature dependent and high
resolution Raman measurements show an enhanced phonon life-time of the inner tubes with respect
to the outer ones and similar diameter SWCNTs. This proves that the inner tubes are unperturbed
similar to the inner tubes in peapod-grown DWCNTs. The presence of the outer tube is argued to
protect the inner tube from interaction with impurities and also to stabilize the growth of defect free
inner tubes. The current material underlines the application potential of DWCNTs.
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8.1 Introduction

Double-wall carbon nanotubes (DWCNTs) are on the borderline between single-wall (SWCNTs)
and multi-wall carbon nanotubes (MWCNTs). As a result, they share common features with
both classes of materials. Generally, SWCNTs are considered to be of fundamental interest and
MWCNTs are known to be more application-friendly. SWCNTs exhibit a number of compelling
physical properties such as superconductivity [1], the Tomonaga-Luttinger liquid state [2, 3] and
a predicted Peierls state [4, 5]. DWCNTs are fundamentally interesting as their physical proper-
ties are determined by the well defined inner and outer tube chiralities [6, 7] and are candidates
for applications such as e.g. reinforcing composites or scanning microscopy probeheads due to the
improved elastic properties as compared to the SWCNTs but still of smaller diameter than MWC-
NTs. In addition, the small diameter inner tubes enable to study the behavior of highly curved
nanostructures such as curvature induced deviations from the electronic structure of graphite
[8, 9].

DWCNTs can be grown from fullerenes encapsulated inside SWCNTs, peapods [10] (PEA-
DWCNTs) by a high temperature treatment [11, 12] without any catalysts. Raman studies on
the inner tubes in PEA-DWCNTs indicated at least an order of magnitude longer phonon life-
times, i.e. narrower line-widths, as compared to the outer tubes [6]. This was associated with the
highly unperturbed nature of the inner tubes, that are grown in the nano clean-room interior of
SWCNTs. The defect content of the tube shells is crucial for applications such as the possibility
of ballistic transport and improved mechanical properties.

An alternative DWCNT synthesis is based on catalytic SWCNT growth methods such as arc-
discharge [13] and Catalytic Chemical Vapor Deposition (CCVD) methods [14–20]. So far, Raman
studies on such samples have given a similar linewidth for the inner and outer tubes indicating
comparable number of defects for the two shells [15, 18–21]. However, no low temperature and
high resolution Raman data have been reported that is needed for the accurate observation of the
inner tube line-widths. As a result, inner tubes in PEA-DWCNTs are the only tubes known to
be highly defect free among all kinds of CNT materials.

Here, we report that CCVD grown DWCNTs (CVD-DWCNTs) can also have very narrow
Raman line-widths indicating their high perfectness as the inner tubes in PEA-DWCNTs. Inter-
estingly, the inner tube diameter distribution in the current CVD-DWCNT is very similar to the
PEA-DWCNT samples and it is discussed whether perfectness of small diameter inner tubes is a
general phenomenon of small diameter inner tubes.

8.2 Experimental

Catalyst preparation. The CVD catalyst was a modified version of the Fe/Mo/MgO system de-
veloped by Liu et al. [22] for SWCNT synthesis. (NH4)Mo7O24 (Reanal) and Fe(NO3)3·9 H2O
(Aldrich) were dissolved in distilled water and the solution was added to the aqueous suspension
of MgO and sonicated for 30 minutes at room temperature. The resulting slurry was dried in two
steps, under vacuum at 90 ◦C for 1 h and then at atmospheric pressure at 120 ◦C overnight. The
catalyst possessed a molar Fe:Mo:MgO ratio of 1:0.1:110.

Nanotube synthesis. Nanotubes were synthesized in a fixed bed horizontal quartz tube reactor
with a diameter of 60 mm and a length of 110 cm. 0.30 g catalyst was placed in a quartz boat
and shoved to the middle of the reactor. After purging the system with Ar at room temperature,
the gas stream was changed to the C2H2:Ar (10 cm3/min:150 cm3/min volumetric flow rate at
ambient temperature and pressure) reaction mixture. The reactor was pushed into the furnace
and kept there at 850 ◦C for 20 minutes. Then, the reactor was removed from the furnace and
purged with a pure Ar stream until cooling down to room temperature. The catalyst was removed
from the sample by dissolving in excess of concentrated HCl solution at room temperature. The
remaining carbonaceous material was filtered and washed with distilled water and dried at 120
◦C. Amorphous carbon content was diminished by oxidizing in flowing air at 300 ◦C for 1 hour.
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FIGURE 8.1. Comparison of CVD- (upper curves) and PEA-DWCNT (lower curves) samples at 1.16, 1.83,
and 2.41 eV. The distinct lower and upper Raman shift ranges indicated by arrows correspond to the outer
and inner tube RBM responses, respectively.

The HiPco samples used as reference were purchased from CNI (Carbon Nanotechnologies Inc.,
Houston, USA).

Raman spectroscopy. Multi frequency Raman spectroscopy was performed on a Dilor xy triple
axis spectrometer in the 1.83-2.54 eV (676-488 nm) energy range and in a Bruker FT-Raman
spectrometer for the 1.16 eV (1064 nm) excitation at room temperature and at 90 K. The triple
axis spectrometer can be operated in subtractive and additive mode allowing to take normal and
high resolution spectra. The high resolution mode has a spectral resolution of 0.4 cm−1 at 1.83
eV excitation as determined from the spectrometer response to the elastically scattered light.

8.3 Experimental results

In Fig. 8.1., we show the Raman spectra of the CVD grown material and the PEA-DWCNT
samples for three laser excitations. Comparison of spectra taken with different laser excitation
energies is required due to the strong photoselectivity of the nanotube Raman response. The radial
breathing mode (RBM) of SWCNTs with d ≈2.1 to 0.6 nm dominates the Raman response for the
displayed 120 to 400 cm−1 spectral range. The spectral ranges of 120-220 cm−1 and 240-400 cm−1

were previously identified with the outer and inner tube Raman responses for the PEA-DWCNTs,
respectively [6]. Surprisingly, the CVD grown material shows a similar pattern with higher and
lower Raman shifted ranges and a gap in between. We also observed similar spectra for the two
materials at other excitation energies (not shown). It is tempting to assume that in the CVD
grown material the same spectral regions come from inner and outer tubes, too. This means that
the current CVD sample contains a sizeable amount of DWCNTs rather than a broad distribution
of SWCNTs as it was originally found for tubes from a similar preparation [22]. Below, we present
other spectroscopic evidence which further supports that the lower and higher spectral ranges
originate from outer and inner tubes in the CVD-DWCNT samples, respectively.
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tra taken at 1.83 eV excitation and 90
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tubes in both DWCNT materials.

Although the inner and outer tube diameter distribution is very similar in the two materials, the
Raman intensities are different: the inner tube modes Raman intensities are on average a factor
two smaller for the CVD-DWCNT than for the PEA-DWCNT sample. This indicates a smaller
density of the corresponding DWCNTs in the earlier sample, however, an accurate determination
based on the Raman intensities alone is not possible as it is affected by a number of sample
dependent factors such as the surface morphology.

The determination of the phonon life-times in the inner tubes in CVD-DWCNTs is the im-
portant contribution of the current work. This parameter can be used to characterize the defect
content on the tubes. Often, the intensity of the defect induced D-mode is used to estimate the
defect concentration. However, it was shown recently that the D-modes of inner and outer tubes
overlap, thus preventing a meaningful analysis unless 13C labelling of the inner tubes is used to
separate their response [8]. Long phonon life-times in the inner tubes can be measured in high-
resolution (HR) Raman experiments at 90 K and the corresponding spectra is shown in Fig. 8.2.
For comparison, we show a spectrum taken on an SWCNT sample prepared with the HiPco pro-
cess (lowest curve in Fig. 8.2). The HiPco sample contains tubes with similar diameters as the
inner tubes in the DWCNT samples. Remarkably, the inner tubes have a very narrow line-width
for both DWCNT materials whereas the line-width of the HiPco sample is significantly larger.

The accurate Lorentzian line-widths, that measure the intrinsic phonon life-times, were deter-
mined by fitting the experimental spectra with Voigtian line-shapes whose Gaussian component is
the spectrometer response for the elastically scattered light. The resulting deconvoluted spectrum
is also shown for the CVD-DWCNTs in Fig. 8.2. Values for the FWHMs of the Lorentzian lines
down to 0.8 cm−1 were found for the CVD-DWCNTs which is almost as narrow as the FWHMs
observed for the PEA-DWCNTs, down to 0.4 cm−1 [6]. This is an order of magnitude smaller
than the line-widths of 5-6 cm−1 found for the HiPco sample, for the outer tubes in the current
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FIGURE 8.3. Temperature dependence of the CVD- and PEA-DWCNT spectra taken at 1.83 eV excitation.
The inner tube RBM modes (arrows) increase at lower temperature compared to the outer tube RBMs.

samples, or for individual SWCNTs [23] indicating the highly unperturbed nature of the inner
tubes in both materials.

The observable RBM modes agree in both materials within the 0.3 cm−1 experimental precision
of the line position measurement of the HR experiment. The reason for the larger number of RBMs
in the DWCNT samples as compared to the HiPco sample was explained previously by the number
of possible inner and outer tube pairs. It was shown that an inner tube can be grown in several
outer ones and the corresponding RBMs are modified due to the inner-outer tube interaction [6, 7].
The current result shows that the splitting is present irrespective of the DWCNT growth method.
This confirms that the origin of the splitting is the inner-outer tube interaction as previously
thought.

In Fig. 8.3, we show the temperature dependent Raman spectra for the two materials for the
RBM ranges at the 1.83 eV excitation. The integrated intensity of the inner and outer tube
RBMs follows a distinct temperature dependence for both compounds: it increases by a factor
∼2 at lower temperatures for the inner and is constant for the outer tubes. Similar changes can
be observed for the other laser excitations. The increase of integrated intensity proves that it is
not caused by the lengthening of phonon life-times, i.e. narrowing of the modes, but it is due to
an increasing life-time of the quasiparticle state which is excited during the Raman process. The
details of this mechanism are studied and published separately [24]. In brief, the quasiparticle
life-time is temperature independent and short for the outer tubes, whereas it is longer and
further lengthens with decreasing temperatures for the inner tubes. In general, dirty and clean
systems are characterized by temperature independent short and longer temperature dependent
life-times, respectively. Analogous situations are encountered for the momentum relaxation time
in dirty and clean conductors [25]. Therefore, the observed effect suggests that the outer and inner
tubes behave as dirty and clean systems, respectively. The cleanliness of inner tubes is associated
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with the low concentration of lattice defects or impurities and that it is well protected from the
environment.

8.4 Discussion

The similarity between the observed RBM patterns in the CVD- and PEA-DWCNT samples
suggests that the 120-220 cm−1 and 240-400 cm−1 spectral ranges originate from outer and in-
ner tubes in the two samples, respectively. The larger number of observed than geometrically
allowed tubes for the latter range is a further evidence supporting the DWCNT nature of the
CVD-DWCNT sample as it is characteristic for DWCNTs and originates from the interaction of
inner and outer tubes [6, 7]. In addition, RBMs in the two spectral ranges have very different
properties for both samples. Linewidths of the RBMs in the 240-400 cm−1 spectral range become
narrower on lowering temperature, reaching an order of magnitude smaller line-widths than the
temperature independent line-widths of the RBMs in the 120-220 cm−1 spectral range. Similarly,
Raman intensities of the RBMs in the 240-400 cm−1 spectral range increase on decreasing tem-
perature whereas the Raman intensity of the 120-220 cm−1 spectral range modes is temperature
independent. This proves that the two spectral ranges come from tubes with distinct properties
and further supports the above assignment. This also shows that inner tubes have long phonon
and quasiparticle life-times indicating that they are highly defect free and are well protected from
the environment.

The observation of long phonon- and quasiparticle life-times, and the concomitant high per-
fectness of inner tubes in non peapod-grown DWCNT is surprising. The high perfectness of inner
tubes in PEA-DWCNT sample was associated with the catalyst-free growth conditions and the
perfectness of the growth conditions as the inside of the host tubes can be considered as a nano
clean-room [6, 26]. As a result, only inner tubes in PEA-DWCNTs were thought to be highly
perfect. This paradigm appears to be violated by the current CVD-DWCNTs. Previous results
have considered large diameter inner tubes with d ≈ 1.52 nm where the inner tubes had a large
linewidth [15]. Interestingly, the inner and outer tube diameters in the currently described CVD-
DWCNTs are very similar to the PEA-DWCNTs. Similar diameter inner tubes as those used here
were reported, however the temperature dependent effects were not studied [14, 18–21]. Therefore,
it cannot be ruled out that perfectness of small diameter inner tubes is a general feature.

Unfortunately, the dominant contribution to the SWCNT RBM phonon and quasiparticle life-
times is not fully understood. It has been speculated that SWCNTs strongly interact with at-
tached impurities as well as contain a number of defects, partly produced during synthesis or
during purification. Inner tubes are well protected from attached impurities. The effect of at-
tached impurities can also give rise to an inhomogeneous broadening. This would explain why the
similarly small diameter tubes in the HiPco samples show significantly broader RBMs. Concerning
lattice defects during growth, it can only be speculated that the ensemble of the two shells of a
growing DWCNT energetically prefers the formation of a highly perfect inner tube. Alternatively,
it is also possible that the inner tubes are grown in the CVD-DWCNT material only when the
outer tube has been pre-formed. Then, the outer tube provides a host template similarly as in the
case of PEA-DWCNTs, which enable the growth of highly defect-free inner tubes. Clearly, more
theoretical work is required to understand the growth processes of both peapod based and CVD
grown DWCNTs.

8.5 Conclusion

In conclusion, we reported the CCVD synthesis of DWCNTs with highly unperturbed inner tubes
similar to the inner tubes in peapod based DWCNTs. This is a surprising result as for the latter
material the inner tubes are grown in a catalyst free nano clean-room environment. The diameter
distributions of the inner tubes are similar for both kinds of materials and we suggested that the
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diameter of the inner tubes plays an important role for their defect-free nature. The currently
synthesized material is expected to have improved properties compared to other DWCNTs and is
a potential candidate for applications such as conducting wires with increased ballistic transport
length or reinforcing element with improved mechanical properties.
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ABSTRACT A detailed investigation of the Raman response of the inner tube radial breathing
modes (RBMs) in double-wall carbon nanotubes is reported. It revealed that the number of observed
RBMs is two to three times larger than the number of possible tubes in the studied frequency range.
This unexpected increase in Raman lines is attributed to a splitting of the inner tube response. It
originates from the possibility that one type of inner tubes may form in different types of outer tubes.
In this case, a splitting of lines results since the inner tube RBM frequency depends on the diameter of
the outer tube. Finally, a comparison of the inner tube RBMs and the RBMs of tubes in bundles gave
clear evidence for a stronger interaction between tubes in a bundle as compared to the interaction
between inner and outer tubes.
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9.1 Introduction

Single-wall carbon nanotubes (SWCNTs) [1, 2] have attracted a lot of scientific interest over the
last decade due to their unique structural and electronic properties. In 1998, Smith et al. [3]
discovered that fullerenes can be encapsulated in SWCNTs, forming so-called peapods [4–6]. By
annealing the peapods at high temperatures in a dynamic vacuum the enclosed C60 peas transform
into SWCNTs within the outer tubes, thus producing double-wall carbon nanotubes (DWCNTs)
[7, 8]. The growth process of the inner tubes is a new route for the formation of SWCNTs under
shielded conditions in the absence of any additional catalyst.

A detailed Raman study of the radial breathing modes (RBMs) of the inner tubes revealed
intrinsic linewidths down to 0.4 cm−1 [9]. These small linewidths indicate long phonon lifetimes
and therefore highly defect free inner tubes. Thus, they are a direct experimental evidence for a
nano-cleanroom reactor on the inside of SWCNTs.

Peapod grown DWCNTs are also interesting from another point of view. Usually, they are
produced from standard SWCNTs with diameters around 1.4 nm. Taking into account the van
der Waals interaction between the walls this means that the diameters of the inner shell tubes
are around 0.7 nm. For these tubes the possible diameters can no longer be assumed to form a
quasi-continuum. Additionally, due to the inverse relation between RBM frequency and diameter,
the spectral distance between the RBMs of different inner tube types is (with few exceptions)
much larger than between different outer tube RBMs. This opens the possibility to study the
properties of individual SWCNTs in a bulk sample. A first application of this was the assignment
of the chiral vectors to all inner tubes [10].

Studying the Raman response of the inner tube RBMs in high resolution at 20 K revealed that
the number of observed lines is about two to three times larger than the number of geometrically
allowed inner tubes. In the following, we show that this unexpected increase of Raman lines
can be attributed to a splitting of the response from the inner tubes. This splitting originates
from the possibility for one inner tube type to form in several outer tube types (with different
diameters) and the fact that the RBM frequency of the inner tube depends on the diameter
of the encapsulating parent tube. A quantitative explanation for the splitting was obtained by
calculating the RBM frequencies of the inner tubes as a function of the outer tube diameter within
a continuum model. Using two different scenarios regarding the possible inner-outer shell pairs, we
compared the splitting obtained from the simulation with the experimentally obtained splitting.
From this we conclude that not only the best fitting inner tubes are formed.

9.2 Experimental

The starting material for the DWCNTs were C60 peapods (in the form of bucky paper), produced
by a previously described method [5]. The mean diameter of the assumed Gaussian diameter
distribution of the outer tubes was 1.39(2) nm with a variance of 0.1 nm, as determined from the
RBM Raman response [11]. The filling of the tubes large enough for C60 to enter was close to
100 % as evaluated from a Raman [12] and EELS analysis [13]. These peapods were slowly heated
up to 1280 ◦C in a dynamic vacuum, annealed for 2 h, and were then slowly cooled down to room
temperature.

To compare the RBM positions of the inner tubes with that of the same tube types in a bundle,
we recorded also the Raman response of a bulk SWCNT sample produced with the high-pressure
carbon monoxide (HiPco) scheme [14]. HiPco tubes have a broad diameter distribution from 0.8
to 1.4 nm, centered around 1.0 nm [15].

The Raman spectra were measured with a Dilor xy triple spectrometer using various lines of
an Ar/Kr laser, a He/Ne laser and a Ti:sapphire laser. The spectra were recorded at 90 and 20 K
in normal (NR) and high resolution (HR) mode, respectively (∆ν̄NR = 1.3 cm−1 and ∆ν̄HR =
0.4 cm−1 in the red). In these measurements the samples were glued on a copper cold finger with
silver paste.
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9.3 Theory

The RBM frequencies of a given DWCNT were calculated using a continuum model (model
2 in Ref. 16). In this model, the DWCNT is represented by two nested hollow cylinders with
diameters di and do of the inner and outer shells, respectively. The interaction between two points
at a distance r on different shells was described by a Lennard-Jones (LJ) potential

V (r) = 4ε[(σ/r)12 − (σ/r)6] , (9.1)

where ε = 2.964meV and σ = 0.3407 nm [17].
The total interaction energy Φ between the two shells was calculated by a numerical integration

over a unit length of the shells. For this, the two shells were approximated by quadratic meshes.
The mass of the carbon atoms was equally distributed over the meshes and located in their centers.
The interaction energy was then calculated by summing the LJ potential over all mesh centers.
The size of the meshes was reduced until the interaction energy had converged.

The interaction part of the dynamical matrix was then obtained by a numerical differentiation
of Φ with respect to di and do. It was also assumed that the separate shells are elastic and
are characterized with force constants ki and ko for the radial breathing motion. The k’s were
determined from the RBM frequency ν̄RBM of a tube which is related to the tube diameter d by
[18–20]

ν̄RBM = C1/d + C2 , (9.2)

where C1 and C2 are constants. The role of C2 is to account for all frequency shifts due to the
interaction with the environment. Since this interaction was explicitly modeled in our simulations,
C2 was set zero in the calculations. The shell diameters were taken from a DFT study [10], giving

d =
(

1
dG

− 0.0050
d2

G

− 0.0013
d4

G

)−1

, (9.3)

where

dG =
√

3 aCC

π

√
m2 + mn + n2 (9.4)

is the graphene folding diameter, aCC = 0.141 nm is the C−C distance in graphene and (m,n)
is the chiral vector of the tube. Especially for small diameter tubes (d / 1 nm) the DFT derived
diameter has to be used instead of the graphene folding diameter.

The dynamical matrix D of the DWCNT can then be written in the form

D = − 1√
mimo

(
ki + ∂2Φ/∂d2

i ∂2Φ/∂di∂do

∂2Φ/∂do∂di ko + ∂2Φ/∂d2
o

)
, (9.5)

where mi and mo are the masses (per unit length) of the inner and outer shells, respectively. We
note in passing that this form of D differs from that in Ref. 21, where the partial derivatives were
assumed to be equal. The RBM frequencies are finally obtained as solutions of the vibrational
eigenvalue problem for the DWCNT.

The results of the relaxation of the DWCNTs with respect to a displacement of the shell axis
from the coaxial position revealed that the two shells remain concentric for ∆d = do−di < 0.78 nm.
For diameter differences ∆d > 0.78 nm the inner tube moved away from the coaxial position. For
coaxial shells, the relaxation of the DWCNT with respect to di (for fixed do) or vise versa yielded
an equilibrium value for ∆d of about 0.68 nm.

For the following analysis, we calculated the RBM frequencies for all inner-outer tube pairs
with inner tubes between (5, 3) (di = 0.55 nm) and (14, 0) (di = 1.09 nm) and possible diameter
differences in the range 0.66–0.74 nm.
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FIGURE 9.1. RBM Raman response of the inner tubes at 90 K and normal resolution, 20 K and high
resolution, and Lorentzian components of the 20 K and high resolution spectrum (top to bottom).

9.4 Experimental Results

Figure 9.1 depicts the Raman response of the inner tube RBMs. While the NR spectrum shows
only very broad lines, the HR spectrum reveals much richer details with rather small linewidths.
This becomes even more obvious when the as measured spectrum was fitted with Voigtian lines
(Lorentzians convoluted with a Gaussian spectrometer response) where the spectrometer response
was taken from a fit to the elastically scattered light. The resulting Lorentzian components are
equivalent to a deconvoluted spectrum [9].

Using the diameter-frequency relationship from Eq. (9.2) it is possible to determine the number
of inner tubes for a given frequency range. There is some ongoing discussion on the value of C1,
where reported numbers range from 224 to 250 cm−1 nm [10, 22, 23]. In the following, we use the
value of 233 cm−1 nm as derived from a systematic analysis of the inner shell tubes in DWCNTs
[10].

Regardless of the exact value of C1, between 300 and 350 cm−1 one should only see the response
of eight different tubes. By looking at the HR spectrum in figure 9.1, one can easily identify about
18 peaks and shoulders in this range. Hence, one can observe about two to three times more RBMs
as there are geometrically allowed tubes.

Figure 9.2 depicts selected high resolution Raman spectra of the inner RBMs. Using the refined
frequency-diameter relation from Ref. 10, one should find the RBMs of 28 distinct inner tubes
between 270 and 400 cm−1. Again the observed number of lines in this region is about three
times larger. For some chiralities the split widths are indicated by lines under the folding vector
components.

In order to determine the number of the split components and the width of the splitting, we
fitted the spectra from figure 9.2 with a number of Voigtian lines. Using the chirality assignment
of Ref. 10, sets of RBM frequencies were assigned to selected inner tube types. The tubes were
selected such that the assignment was unambiguous. If the frequency sets of two inner tubes
overlapped the tubes were not considered in the following analysis.

For the selected inner tubes, we subtracted the mean value from the assigned frequencies and
plotted the split components vs. inner tube diameter in figure 9.3. It shows that the number of
split components ranges between two and four with no obvious influence of the tube chirality.
Additionally, the width of the splitting is about 4 cm−1. Since not all inner tubes were considered
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FIGURE 9.4. Top: Calculated RBM
frequency of a (6, 4) inner tube as a
function of the encapsulating tube di-
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diameter di. The diameters were cal-
culated from Eq. (9.3). The lines are
fits with the given parameters as in-
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in the analysis, this splitting value is a lower limit.

9.5 Simulation Results

Figure 9.4 (top) demonstrates the dependence of the calculated RBM frequency of a (6, 4) inner
tube on the diameter of the outer tube. The isolated (6, 4) tube has a diameter of di = 0.686 nm and
a frequency of ν̄isolated

inner RBM = 339.8 cm−1 (excluding C2) [10]. Due to the interaction between the two
shells, the inner RBM frequency increases by up to 12 cm−1 with decreasing outer tube diameter.
In the diameter difference range studied, the RBM frequencies can be fitted with (a/∆d)b+ν̄isolated

RBM

(see figure 9.4, lower left corners).
Similarly, figure 9.4 (bottom) depicts the RBM frequency of a (10, 10) outer tube as a function

of the inner tube diameter. Again, the larger the inner tube diameter the larger the shift of the
outer tube RBM. Indeed, slight upshifts of a few cm−1 of the outer tube RBMs of DWCNTs
were observed when directly compared with the empty reference SWCNTs. However, due to the
quasi-continuous diameter distribution of the outer tubes, exact measurements are difficult.

In a first step, we assumed that in all outer tubes in our sample only the best fitting inner tubes
are formed. Best fitting means that for every outer tube the inner tube was selected such that
|do−di−0.68 nm| becomes a minimum. The splitting calculated for this assumption is depicted in
figure 9.5 (top). The number of split components and the width of the splitting are smaller than
the experimentally observed values. Therefore, in a second step, we assumed also the second best
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ponents and width of splitting for in-
dividual inner tubes from the theory
after subtracting the mean value of
the calculated RBM frequencies. Top:
Only the best fitting inner tubes are
formed. Bottom: The best and second
best fitting inner tubes are formed.
The dashed lines mark the width of
splitting obtained from the experi-
ment.

fitting inner tubes to form. As figure 9.5 (bottom) shows, this assumption results in a splitting
of 5.5 cm−1 which is larger than observed. This suggests that also second best fitting inner tubes
form in cases where the energy balance is in favor for it.

Figure 9.6 compares the percentages of the number of inner tube split components obtained
from the experiment with the two theoretical models discussed above. If only best fitting inner
tubes form, mainly 1, 2, and 3 split components should be observed. If best and second best fitting
inner tubes form, mainly 3 and 4 split components are to be expected. The experimental curve
lies between the two model curves peaking around 2–3 split components.

9.6 Comparison with Tubes in Bundles

Our calculations have shown that the upshift of the inner tube RBMs can be as high as 12 cm−1.
Such an upshift of the RBM frequency does not only occur for inner tubes in DWCNTs but also for
SWCNTs in bundles [20, 24]. In both cases this shift is due to the van der Waals interaction with
the surrounding tubes. However, in the case of the concentric tubes the interaction is between
a tube outside and a tube inside whereas in the case of the bundles it is between two tube
outsides. Therefore, it was interesting to compare the upshift of encaged and bundled tubes. For
this comparison we used a typical HiPco sample with a broad diameter distribution such that
similar tube diameters could be compared.

Figure 9.7 depicts the RBM Raman response of the inner tubes and the HiPco tubes. The two
samples were measured simultaneously in the same experiment. This means, the spectra were
recorded without changing the spectrometer position which guarantees a high precision of the
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measured frequency differences. Several observations can be made in this figure. First, compared
to the inner tube RBMs the HiPco RBMs are broader and do not get narrower in the HR mode.
This is an important detail of the results, since it demonstrates that the narrow linewidth is not
a mere consequence of the small tube diameter. It rather underlines the high quality of the inner
tubes. Additionally, the HiPco RBMs may be broadened due to the inhomogeneous environment
within the bundles [24].

Second, the HiPco RBMs are about 1.5 cm−1 more upshifted than the inner tube RBMs. The
stronger upshift of the RBMs of the HiPco sample suggests a stronger interaction between the
tubes in the bundles as compared to the interaction between the inner and outer shells of a
DWCNT. This experimental evidence is rather surprising, since the interaction area for one tube
in a bundle is certainly smaller than for inner-outer tube pairs. Thus, the reason for the upshift
is not yet fully understood. It may be related to a larger equilibrium diameter difference in the
concentric tubes as compared to the distance between tubes in the bundles. This increased distance
would reduce the interaction between inner and outer tubes. There is some support for this idea
from the fact that the experimentally observed wall to wall distance in the concentric tubes is
slightly larger than the value expected from graphite (0.72 compared to 0.68 nm) [25]. Since the
wall to wall distance enters with a high power into the interaction potential a reduced interaction
is reasonable. Additionally, the inhomogenous and non-radially symmetric environment in the
bundles may also play a role.

Third, some RBMs are missing in the HiPco spectrum (in this case the (9, 3) tube). Since the
RBM response of even thinner tubes than the missing species is present in the HiPco spectrum
the observed absence cannot be explained by the diameter distribution of the HiPco material. In
fact, the missing lines show up for other excitation energies [26]. This means, the resonances of
the encaged tubes are slightly different to the resonances in the bundled tubes. This change in
resonance energy can depend on the tube chirality. In fact, a chirality dependence of the electron-
lattice interaction was recently reported from ab-initio calculations [27].

9.7 Discussion

The continuum model we are using was parameterized for graphite [17] and subsequently used
for simulations of multi-shell fullerenes [28] and multi-wall carbon nanotubes [16]. As mentioned
above, it resulted in an equilibrium diameter difference of about 0.68 nm. Abe et al. [25] reported
X-ray measurements that suggest a more likely diameter difference of 0.72 nm. Even though a
recent Raman analysis supports this value [29], we think our main results are not affected by this
difference. For larger equilibrium diameters the interaction will be weaker in general and therefore
more likely reduce the calculated splitting.

In the simulations we were using, only the diameter dependence of the RBM frequency shift
can be evaluated but not the influence of differing chiralities of the inner and outer tubes in one
DWCNT. Due to the large unit cells of the DWCNTs such microscopic calculations would be
very difficult. Only special geometries such as (5, 5)@(10, 10) can be evaluated. Additionally, the
LJ simulations are based on the approximation of the atoms with point charges. In practice, the
interaction between the two layers arises from a quantum mechanical interaction between the
delocalized electron density of these layers thus making the stacking less important. Furthermore,
our simplification is justified by the experimental results depicted in figure 9.3 which show no
obvious dependence of the number of split components on the chiral angle of the inner tube.
Therefore, we conclude that the chirality plays only a minor role. On the other hand, an influence
of the chirality on the interaction energy may not be completely negligible. It can be the reason
for the observed best and second best fitting tube grown inside the outer tube.

The good consistency between the calculated splitting and the observed results further supports
the given interpretation. With these results each component of the split lines can be assigned to
a distinct double-wall pair.

Accepting the radial tube-tube interaction as the reason for the extended splitting has also
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important consequences for the growth dynamics. Always those tubes will grow which are ener-
getically most favorable at the high transformation temperatures. This holds even if nucleation
of inner tube growth starts at different positions in the outer tube. In our understanding, the
energetically more favorable tubes will eventually “eat up” the less favorable ones. Interesting
configurations occur for the growth of a chiral tube inside an achiral tube. There, the two possible
stereo-isomers are equal in energy but cannot match. The proven low concentration of defects on
the inner tubes evidences that always one of the equienergetic tubes will win.

9.8 Summary

We have shown that the RBMs of the inner tubes of DWCNTs are split into several components
and provided a quantitative understanding from calculations. The splitting is attributed to the
interaction between inner and outer tubes that causes a change of the inner tube RBM frequency.
Since it is possible that one type of inner tube forms in several types of outer tubes (with slightly
different diameters) every inner tube gives rise to more than one RBM in the Raman spectrum.
We have further demonstrated that not only the best fitting structure is established. Finally, we
have compared the RBM Raman response of inner tubes with that of similar diameter tubes in
bundles. Surprisingly, the bundled tube RBMs are more upshifted than the encaged tube RBMs
and some Raman lines are missing in the HiPco spectra. The latter effect is considered as a
consequence of a chirality dependent shift of resonance levels.
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Resonance Raman scattering from phonon
overtones in double-wall carbon nanotubes

R. Pfeiffer, H. Kuzmany, F. Simon, S. N. Bokova, and E. Obraztsova
Physical Review B 71, 155409 (2005).

ABSTRACT The resonance behavior and the dispersion of the G′ line in double-wall carbon nan-
otubes were investigated by multi-frequency Raman scattering. Using a large number of laser lines
for excitation, the dispersion for the response from the inner tubes and from the outer tubes was
found to be 85 and 99 cm−1/eV, respectively. The reduction of the dispersion for the inner tubes
is a consequence of their high curvature and suggests a flattening of the phonon dispersion at the
K point in the Brillouin zone. The frequency position for the G′ line of the inner tubes for a given
laser energy was likewise strongly reduced as compared to values expected from tubes with standard
diameter. This was again assigned to the strong curvature of the small diameter inner tubes. Finally,
the G′ line scattering cross-sections for the outer tubes and for the inner tubes revealed resonances
according to the transitions between the corresponding Van Hove singularities. The response from
the inner tubes was particular strong in good agreement with the expected resonance enhancement
resulting from their high curvature.
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10.1 Introduction

Single-wall carbon nanotubes (SWCNTs) have been attracting considerable interest for a number
of years as they are very good examples for one-dimensional systems on the one hand and exhibit
a high application potential on the other hand. [1–3] Recently, particular attention has been
dedicated to double-wall carbon nanotubes (DWCNTs). Such systems are of special interest if
the inner shell tubes are grown from fullerenes encapsulated into the primary outer shell tubes
(so-called peapods [4]). [5] On heating to temperatures as high as 1250 ◦C the fullerenes in the
peapods transform into inner shell tubes with a high degree of perfectness. [6]

Peapod grown DWCNTs are exceptional for several reasons. Normally, peapods are obtained
from SWCNTs with mean tube diameters between 1.3 and 1.5 nm. Since the intertube distance
in the DWCNTs is about 0.35 nm (the interlayer distance in graphite), the diameters of the inner
shell tubes are around 0.7 nm, coming close to SWCNTs grown in zeolites. [7, 8] The diameter
distribution of the inner tubes is expected to follow roughly the distribution of the outer ones,
except for a cut off below 0.5 nm. [9] This cut off is a consequence of the rather large size of the
fullerenes which cannot enter tubes with diameters smaller than about 1.2 nm.

Referring to applications, DWCNTs share the advantages of multi-wall tubes in a sense that
they are rather stiff and properties from the two shells average out. Conversely, they still have
some advantages of SWCNTs, e.g., small diameters and low weight. For fundamental research, the
very small radii of the inner tubes are of particular interest. Additionally, the unit cells become
small enough to allow for application of density functional calculations. Such calculations are
indeed necessary to describe the physical properties as a consequence of the high curvature of the
narrow tubes.

One of the famous and important properties of the SWCNTs is their electronic structure. Due to
the one-dimensional nature of the tubes the electronic density of states is jammed into Van Hove
singularities (VHSs). Within a simple tight-binding approximation, optical transitions are between
VHSs symmetric to the Fermi level. The transition energies for semiconducting and metallic tubes
are assigned as ES

ii and EM
ii , respectively. In a linear approximation, these energies scale with

1/D, where D is the tube diameter. [10] In a refined description, the trigonal warping of constant
energy contours and the influence of the chirality must be considered. [10] Symmetry-adapted
non-orthogonal tight-binding calculations yield more precise results with lower transition energies
and a stronger deviation from a 1/D law since tube curvature is included. [11] In addition, the
exact values for the electronic energies are modulated by excitonic effects, particularly for the low
i transitions [12] and by the effect of bundling or dressing with surfactants. Finally, and certainly
of particular importance for very small inner shell tubes, the influence of the curvature must be
considered explicitly. If the tube diameters become significantly lower than 1 nm, characteristic
differences in the electronic structure as compared to tight-binding results were reported from ab
initio calculations. [13]

A plot of the transition energies vs. tube diameter for all geometrically allowed tubes, known
as Kataura plot [16], is very helpful and important to understand optical and resonance Raman
effects. The plot depicted in Fig. 10.1, with the inverse tube diameter used on the abscissa, is based
on calculations by Popov [11]. The calculated energies from this work were subsequently scaled to
match the experimental ones of Fantini et al. [14] and Weisman and Bachilo [15] (obtained from
HiPco tubes dispersed in aqueous solution and wrapped in SDS). The scaling factors for each
transition and SWCNT type (metallic as well as semiconducting type I and II) depended linearly
on the inverse tube diameter. The horizontally hatched area marks the range of laser energies
used in our experiments. The vertically hatched areas mark the diameter distribution of the outer
(left) and inner tubes (right), respectively.

Raman spectroscopy has been demonstrated in numerous experiments to be a key analytical
technique for the investigation of SWCNTs. The resonance enhancement for transitions between
VHSs makes the technique particularly appealing. Four characteristic Raman modes are known:
The radial breathing mode (RBM) around 180 cm−1, the defect line (D mode) around 1350 cm−1,
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FIGURE 10.1. Transition energies vs. inverse diameter of SWCNTs (Kataura plot), based on calculations
by Popov [11] (open symbols). The calculated energies were scaled to fit the experimental results of Fantini
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22 and EM
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11 branch was taken from Weisman and Bachilo [15]. The
hatched areas assign the energy range used for excitation of Raman spectra (horizontally) and the tube
diameter ranges for outer (left) and inner tubes (right). The widths of the vertical bars are the FWHMs
of the assumed Gaussian distributions.

the graphitic mode around 1590 cm−1 (G mode) and the overtone of the D mode around 2700 cm−1

(G′ or D∗ mode).
For all lines the frequency depends on the tube diameter. This dependence is rather strong

and scales as the inverse tube diameter for the RBM whose frequency increases with decreasing
diameter. [17, 18] The frequencies for the other Raman lines also depend on the inverse diameter,
however, they decrease with decreasing tube diameter.[19, 20]

Additionally, the line position depends also on the energy of the exciting laser. This holds at
least for the RBM, the D line, and the G′ line and is known as dispersion of the Raman modes.
The origin of the dispersion is characteristically different for the RBM response on the one side
and for the D and the G′ lines on the other side. In the former case it is related to a photoselective
resonance scattering which requires a distribution of tube diameters in the sample. In contrast,
in the case of the D line and the G′ line the response comes from phonons related to the K point
in graphene, or from phonons close to this point.[21, 22] A double resonance scattering process
was found to be the origin of the dispersion [22], similarly as it has been reported for graphene
[21] and the magnitude of the effect (shift in line position versus change in excitation energy) is
determined by the slope of the phonon dispersion near the K point in graphite.[23]

Double resonance Raman scattering is well known in resonance Raman theory. It was recently
applied to understand the D line in SWCNTs in a quantitative manner [22–24]. To satisfy energy
and momentum conservation scattering by an impurity must be included into the overall Raman
process for the D line. For the double resonance leading to the G′ line the process is similar
but no contribution from a defect is required, rather a second phonon takes care for momentum
conservation. The principle of this mechanism as it is operating for the two phonon process is
depicted in Fig. 10.2.

The figure depicts contours of equal energy at two neighboring K points of the graphene band
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FIGURE 10.2. Double resonance scattering for the Raman response of the G′ line in SWCNTs. Closed
curves: equal energy contours of the graphene band structure, parallel lines: allowed k-states for a (8, 4)
tube. Full drawn arrows represent double resonance scattering processes for the incoming (a) and for the
outgoing (b) light where Van Hove singularities are involved (triple resonance). The dashed arrow represents
also a triple resonance but with less efficiency.

structure. The parallel lines are the allowed k states for a (8, 4) tube. The two full drawn arrows
depict two examples for particular strong resonance enhancements (triple resonance).[23] For the
arrow (a) the primary electron-hole excitation meets a transition between two VHSs (ingoing
resonance). The scattering from K to K ′ by the phonon (~Ωq, q) ends on an eigenstate of the
tube which is in general not a VHS. Backscattering by the phonon (~Ωq,−q) takes the electron
back to its original k value but at an energy 2~Ωq below the eigenstate (for Stokes scattering).
The final recombination is therefore non resonant. For the outgoing resonance (vector (b)) the
primary electron-hole excitation is non resonant, scattering is to a SWCNT state on the K ′

position and back scattering is into the VHS on the K position. As far as the incoming light
is concerned the difference in energy between the two resonances is as large as 2~Ωq = 0.33 eV
where q is (almost) the wave vector of the K point phonon. An alternative but less efficient triple
resonance occurs if the electron is scattered to the VHS on the K ′ side and either the primary
excitation or the final recombination is non resonant. In all cases two transitions are in resonance
whereas the third transition is off resonance. In addition, for the triple resonance of the ingoing
and outgoing resonance two VHSs are involved. Double resonance may as well occur between any
two appropriate states on the two K points. It does not need the VHSs. This means the expected
resonance profiles may be rather broad. The theory for double resonance scattering for the G′

line is more complicated than the theory for the D line, since the two phonon density of states for
the K point derived phonons has to be considered. As a consequence of the zone folding many
branches can contribute.

Whereas considerable investigations have been dedicated to the RBM analysis in the DWCNTs
[6, 25] very little has been reported on the G line response [26] and almost nothing is known about
the D and G′ lines. The D line response is important since its intensity is related to the number of
defects in the tubes. Since the RBM response from the inner shell tubes exhibits unusual narrow
lines [6] the relative concentration of the defects must be small and only a weak D line response is
expected. On the other hand, small tube diameters enhance the electron-phonon (e-ph) coupling
[27] which raises Raman intensities. Unfortunately, the D line of SWCNTs exhibits a structured
profile [24] as a consequence of the resonance from the VHSs and the warped energy contours.
Since the diameter dependence of the D mode frequency is rather small [19], the contributions
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from inner and outer shell tubes overlap in general and are not easy to separate. Therefore, in this
contribution we concentrate on the behavior of the G′ line where the separation between response
from the inner tubes and outer tubes is twice as high as for the D line. Since the G′ line response
is independent of any defect concentration and the inner tube response still gains from enhanced
e-ph coupling, a strong signal from the inner tubes is expected.

The response from the outer and from the inner tubes was indeed found to be well separated. In
fact, the separation was more than twice as strong as expected from results reported previously for
the diameter dependence of this mode as analyzed from individual SWCNTs [19]. Peak resonances
were different for the two tube species but could be correlated to ingoing and outgoing resonances
of the light with respect to VHSs. The resonance cross-section was strongly enhanced for the inner
shell tubes but explicit evaluation of the enhancement was difficult due to secondary effects such
as a shielding of the inner tubes by the outer ones (antenna effect).

10.2 Experimental

Nanotubes were purchased from Nanocarblab and filled with C60 fullerenes as reported previously
[28]. The diameter distribution of the starting material was determined from Raman analysis and
revealed for the peak and for the variance of a Gaussian distribution the values D = 1.45 nm
and σ = 0.1 nm, respectively. The resulting mats of bundled peapods were vacuum annealed
at 800K to get rid of any non encapsulated C60. Measurements of the filling ratio using bulk
sensitive electron energy loss spectroscopy [29] and Raman spectroscopy [30] revealed a maximum
C60 occupancy of about 80%. This is very close to the theoretical limit of 95% expected for
the tubes used. Under theses conditions the absolute filling of the outer tubes with inner shell
tubes which means the ratio of carbon atoms in the outer tubes to the carbon atoms in the
peas is 0.28. Of course this ratio remains after the transformation to the DWCNTs. After the
800K annealing the peapods were subjected to a high temperature annealing at 1250 ◦C and
subsequently slowly cooled to room temperature. The resulting DWCNTs exhibited very narrow
Raman lines for the RBM down to 0.4 cm−1. [6] Control experiments were performed with slightly
smaller tubes grown by laser ablation and purchased from Tubes at Rice. Diameter distribution,
again as determined from first and second moments of the RBM response in Raman experiments
was given by D = 1.35 nm, σ = 0.1 nm. Preparation of the DWCNTs was performed as described
above. The smaller tube diameter certainly leads to a smaller fraction of DWCNTs relative to
the unfilled tubes in these sample as compared to the fraction in the Nanocarblab material but
otherwise the results were the same.

Raman spectra were recorded for laser lines extending from 1.83 to 2.71 eV at ambient conditions
using a Dilor xy triple spectrometer with a back thinned and blue enhanced CCD detector. Since
the lines of interest here were rather broad, normal resolution was used. The system was calibrated
for intensities with Si powder (/ 250µm). The integrated intensity of the Si first-order phonon
mode was divided by the incident laser power and then scaled to the Si Raman cross-section
reported by Renucci et al. [31] with a factor f . To obtain the Raman cross-section of the G′ mode
its integrated intensity was divided by the incident laser power and then scaled with the same
factor f . This procedure corrects for the spectrometer/detector sensitivity and the ω4 dependence
of the Raman process.

10.3 Results

Figure 10.3 depicts the response of the G′ mode for the three basic materials under investigation:
pristine SWCNTs, peapods, and the resulting DWCNTs, all recorded for the same starting mate-
rial and the same laser excitation. The response from the pristine material and from the peapods
exhibits a smooth line profile with a quasi Voigtian shape. Looking into details, flat structures
and a weak asymmetry can be observed. Such structures could originate from the A1(L) branch
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FIGURE 10.3. Raman response of the G′ line in various carbon nanotube materials as exited with a
488 nm laser. Top: pristine nanotubes, center: peapods, bottom: DWCNTs. Dashed lines are Voigtian fits.
All spectra are normalized to equal height.

for metallic tubes which is known to be dramatically downshifted due to e-ph coupling [20]. Also,
the peak position of the lines are modulated and located at 2696 and 2699 cm−1 for the pristine
material and the peapods, respectively. The line widths are about 45 (pristine tubes) and 43 cm−1

(peapods). In the case of the DWCNTs a clear shoulder has developed at the low frequency side
of the G′ response from the outer tubes.

This shoulder is assumed to originate from the G′ line of the inner shell tubes. From the
Voigtian fits the line positions for the lower and higher frequency peak are at 2640 and 2697 cm−1,
respectively, with widths of 55 and 54 cm−1. Since the G′ line is known to exhibit a characteristic
resonance profile it was certainly interesting to check for such profiles in the peapods and in the
DWCNTs.

Results for excitation with various lasers are depicted in Fig. 10.4 for the peapods. The response
exhibits the expected result. The G′ line shifts continuously downwards without any dramatic
change of its shape. Even though intensities are not yet calibrated a noticeable drop in the cross-
section can be expected from the noisy spectra for red laser excitation.

Details of the dispersion and of the resonance excitation can be obtained from a fit of all
spectra to Voigtian lines and making use of the calibration of the spectrometer. Results for both,
the dispersion and the resonance cross-section are depicted in Fig. 10.5. The dispersion exhibits on
the average a straight line with a slope of 96.2 cm−1/eV. On top of this line an oscillatory behavior
of the response can be seen as it is well known for the pristine tubes. [23] The slope of the line is
slightly smaller than the slope obtained for pristine tubes reported to be 110(3) cm−1/eV.[23]

To obtain the cross-section for second order scattering |dχ(ω)/dQ|2 the spectra were calibrated
as described above. No additional correction for absorption was included, since it is not well
enough known. The cross-section obtained in this way is continuously increasing with increasing
laser energy with a very broad hump around 2.1 eV, a shoulder around 2.5 eV and an onset of
a peak value at 2.7 eV. Any correction for absorption would only lead to a further increase of
the cross-section with increasing light energy, since the absorption of bucky paper is continuously
increasing with the latter. Thus, the scattering volume is decreasing with increasing energy. The
pattern obtained is very similar to the response from the outer shell tubes in the DWCNTs and
will therefore be described in more detail in the discussion of the latter results.

The response of the G′ lines in the DWCNTs is depicted in Fig. 10.6 as excited for various
lasers. Again clear evidence can be seen for the dispersion effect of both lines and for a resonance
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FIGURE 10.6. Raman response of the G′ lines in DWCNTs as recorded with various lasers indicated in
the figure in nm (eV). All spectra are normalized to equal height.

behavior which differs for the response from the two concentric shells. In the case of green and
yellow laser excitation the response from the inner tubes is stronger than the response from the
outer tubes, even though the concentration of carbons in the inner tubes per volume is only about
28 % of the concentration of carbons in the outer tubes. Eventually, for excitation with deep red
light the spectra become very weak and the intensity from the inner tubes G′ line drops again to
below the response from the outer tubes G′ line. This indicates a rather sharp resonance profile
for the inner tubes as compared to the outer tubes.

Like in the case of the peapods a fit of Voigtian lines to the spectra reveals the dispersion.
Figure 10.7 shows the result for the peak positions as a function of laser energy for both shells.
As expected, the relations are quasi linear in both cases with a superimposed oscillation. This
oscillation is out of phase for the two shells. In addition, there is a noticeable difference in the
slope of the lines. For the outer tubes we find 99.1 cm−1/eV whereas the G′ line for the inner
tubes yields 85.4 cm−1/eV. This difference is significant as the RMS error as depicted from the
figure is much smaller than this difference. In fact the real error is still considerably lower, since
the oscillatory behavior has not been considered in the evaluation of the error.

Figure 10.7 also depicts the difference in mode frequency for the two G′ lines as evaluated from
the straight line to straight line distance at 2.41 eV excitation energy. The obtained distance is
much larger than the distance evaluated from the relation

ν̄ = 2708.1− 35.4/D . (10.1)

This relation was derived from a diameter dependent evaluation of line shifts in individual tube
experiments [19] for tubes with diameters between 1.25 and 2.5 nm at 2.41 eV. The above equation
yields 2684 cm−1 for the outer tube G′ frequency in very good agreement with the result of
2684 cm−1 from the DWCNT experiments reported here but much too high values (2658 cm−1

as compared to 2628 cm−1 observed here) for the inner tubes. The dash-dotted line in the figure
indicates the position of the G′ mode for the inner tubes as predicted from Eq. (10.1) if the same
slope is assumed as it was observed for the inner shell tubes.

Evaluation of Raman intensities is not a trivial task and needs a careful calibration and align-
ment of the experiments. Even then, results may be dressed with a substantial error. If two lines
from the same spectrum are compared these problems are almost excluded and results almost free
of error can be expected. The results of Fig. 10.6 are very suggestive to proceed with the analysis
in this form. Peak intensities were obtained from the line fit analysis and the results are shown in
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laser excitation for the G′ modes of DWCNTs.

Fig. 10.8.
The graph shows a clear maximum at 2.34 eV with an asymmetric energy distribution on the

left and on the right side of the peak. No correction for the different amounts of carbon in the
two shells was performed since this would only yield a different scale on the ordinate. The peak
is expected to be close to the energy where the resonance cross-section for the inner tubes has a
maximum. At low energies the response from the inner tubes drops much faster than the response
from the outer tubes. In contrast at high energies the ratio between scattering from inner and
outer tubes approaches a constant value.

More detailed information can be drawn from an evaluation of the scattering cross-section for
the two shells explicitly.
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Looking at the cross-section of the inner tubes in Fig. 10.9, we recognize immediately the
dramatic enhancement as compared to the outer tubes. This enhancement is up to a factor five
for the corresponding peak positions around 2.3 eV. Also, the resonance is rather narrow and
peaks at 2.35 eV as expected from Fig. 10.8. At the high energy end of the profile a second peak
appears around 2.65 eV. At the low energy side the cross-section approaches zero. The overall
recorded enhancement of the resonance is about 25. The scattering cross-section of the outer
tubes is different to the cross-section of the inner tubes but very similar to the result obtained for
the peapods in Fig. 10.5. It is continuously increasing with increasing laser energy and exhibits
several broad humps or shoulders around 2.15, 2.5, and 2.65 eV. These humps as well as the peak
and the shoulder observed for the inner tubes are expected to be correlated to the resonance
transitions between the VHSs. The overall enhancement of the cross-section for the outer tubes
is about 4.

10.4 Discussion

The above findings are interesting on mainly three points: The strongly enhanced e-ph coupling
for the inner shell tubes, the resonance profiles for the two concentric shells, and the deviation of
the dispersion for the inner tubes from results known so far.

10.4.1 Enhanced electron-phonon coupling

Enhancement of e-ph coupling with increasing curvature in carbon cages was already observed
from ab initio calculations in fullerenes. [32, 33] The increasing contribution of the σ bonding
to the interaction between the carbon atoms is the reason. Results in the same direction were
obtained for the nanotubes. Even though such results were evaluated for the e-ph coupling in the
conduction band [27] or exhibit a strong dependence on chirality [34, 35] they can be expected to
provide a qualitative information on the relation between coupling and tube diameter. From an
extrapolation of the e-ph coupling constants evaluated in Ref.[27] the latter are about 1.6 times
higher for the tubes with diameter 0.7 nm as compared to the tubes with 1.45 nm. Since the e-ph
coupling enters to the 4th power into the Raman intensity for a two phonon process, intensities
from the inner shell tubes can be expected to be 8 times higher as compared to the intensities from
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the outer shell tubes. The enhancement of the cross section observed experimentally is not quite
as high. This may be due to a partial shielding of the inner tubes by the outer tubes or by field
induced charges which generate a depolarization field [36] (antenna effect). A first experimental
evidence for the enhanced e-ph coupling was already obtained from the strongly enhanced Raman
response reported for the RBM modes [6]. The experimental demonstration of the enhancement
of the e-ph coupling is important for the characterization of the inner shell nanotubes. Since these
tubes are highly defect free any response from the D line should be very weak unless enhanced
e-ph coupling raises the scattering cross section.

10.4.2 Resonance profiles for the two concentric shells

The resonance profile for Raman excitation in SWCNTs is determined by transitions between
VHSs as they are plotted in Fig. 10.1. Since Fig. 10.1 is based on dispersed HiPco tubes wrapped
with SDS, it is not straightforward to apply it to DWCNTs. In fact, Fantini et al. [14] reported
that the transition energies of HiPco tubes in bundles are about 75 meV below the corresponding
energies of the SDS wrapped tubes. Fortunately, the resonances we are discussing for the G′ lines
are rather broad. This means the results of Fig. 10.1 provide still a valuable information for the
interpretation of the data. This holds in particular since curvature effects, which are relevant for
the small diameter inner tubes, are included in the calculation. Also, it must be kept in mind that
the cross sections we are discussing here refer to the overall material consisting of many different
tubes. It is not the cross section of a single nanotube itself. For the assignment of the observed
resonances ingoing as well as outgoing light must be considered, since for the high frequencies
under consideration the difference in transition energy can be as high as 0.33 eV.

Starting with the analysis of the inner shell tubes and comparing the resonance positions with
the data of Fig. 10.1, we can assign the resonance at 2.3 eV to the transitions ES

22. In addition,
ingoing resonances for EM

11 transitions contribute. According to Fig. 10.1, the resonance can be
rather broad, up to 1 eV which is indeed the case. Thus, according to the condition of the ex-
periment, the resonance is determined by the distribution of tube diameters rather than by the
widths of the transitions between VHSs. The resonance at 2.65 eV fits to the transition ES

22 for
the outgoing photons. In this case the excitation energy has to be about 0.33 eV higher than the
resonance transition. This is exactly the case for the shoulder in the cross section. The overall
background in the cross section comes from the conventional double resonance and from the less
efficient triple resonance which does not involve two VHSs.

For the outer tubes we can correlate the broad low energy hump around 2.15 eV with the
resonance at the ES

33 transition for the incoming photons. The shoulder at 2.5 eV fits well to
the ES

33 transition for the outgoing photons, whereas the structure at highest energy (2.65 eV)
matches well with the ingoing ES

44 transition. The broadening and smearing out of the resonances
is not surprising. Particularly for the outer tubes it originates not only from conventional double
resonances but also from the increasing influence of the chiral angle on the transition energies
with increasing folding index, as it can be seen from Fig. 10.1.

10.4.3 Dispersion of the G′ line for the high curvature inner tubes

The difference in the G′ line dispersion between inner shell and outer shell tubes is of particular
interest. This difference refers to the slope of the dispersion as well as to the absolute line positions.
Since the former is a replica of the phonon dispersion around the K point a flattening of this
dispersion with increasing curvature must be concluded from the smaller value of the inner tubes
dispersion.

Concerning the absolute value of the downshift observed for the inner tubes G′ lines as compared
to the outer shell positions, we must keep in mind that Eq. (10.1) was derived from single tube
experiments with diameters between 1.25 and 2.5 nm. The leading constant of 2708 cm−1 is the
frequency for the G′ mode in graphite. As the experiments in Ref.[19] demonstrate, curvature
decreases all high frequency optical modes. This is consistent with ab initio calculations for the
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G mode as a function of diameter [20] where a dramatic and nonlinear decrease of the mode
frequency was found for tubes with diameters < 1 nm. Thus, the discrepancy between the results
from the linearized decrease given by Eq. (10.1) and from the inner shell tubes is understandable
from the small tube diameter. The influence of high curvature has been reported also for the
RBMs but due to the low frequency of the latter it is only a few wave numbers and difficult to
observe.[25] In the case of the G′ mode the relative deviation from linearity is about the same but
due to the high frequency it comes out between 20 and 30 cm−1 (depending on the exciting laser
used) and is therefore easily detectable. Calculation of the downshift is unfortunately difficult
since the K point phonons of all branches and of all tubes contribute.

Because of the folding of the graphite Brillouin zone into the nanotube zone and because of the
nanotube curvature, the G band in nanotubes contains several modes with different symmetries.
The tangential modes that are Raman active exhibit A, E1, and E2 (A1g, E1g, and E2g for
symmorphic groups) symmetries. [37] Assuming that the whole optical branch is modulated by
curvature in the same way we can scale the K point frequencies to the Γ point modes for large
tube diameters and thus reveal a mapping of the former on the tube diameters. The mapping was
performed in two ways. In the first attempt only the transversal E2 modes were considered as
the main contributors to the G′ line. In a second attempt, the average frequency at the Γ point
of all branches was considered and used to map the position of the G′ line as a function of tube
diameter. The mapping was done such that the calculated E2(T) frequency at D = 1.5 nm was
scaled to the experimental G′ position of the outer tubes for 2.41 eV excitation. The averaged
values were scaled the same way.

The diameter dependences of the Raman frequencies in Fig. 10.10 were fitted with ν̄ = A +
B/D. For the E2(T) and averaged G mode branches we get ν̄G = 1662(6) − 62(6)/D and ν̄G =
1626(7) − 53(6)/D, respectively. For the scaled G′ frequencies we get ν̄G′ = 2766(9) − 103(9)/D
and ν̄G′ = 2753(11)− 90(11)/D. A mapping for the other excitation energies gave similar results.

The good agreement between observed (asterisks) and calculated (open symbols) results justifies
the interpretation of the discrepancy between single tube experiments and the results reported
here as due to curvature effects as well as the down mapping procedure. Interestingly, a simple
diameter scaling in Eq. (10.1) with diameters as calculated from ab initio DFT [25] does not give
the correct behavior. In contrast, since DFT yields higher tube diameters as compared to the
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tight-binding values, the G′ line frequencies would upshift toward the line from the outer tubes
as compared to the results from Ref. 19.

10.5 Summary

In summary, we have reported detailed experimental results for the Raman line position and
intensity for the G′ line in DWCNTs. The response appears as a double peaked band with a
characteristically different resonance cross section profile. Both components of the band exhibit
the expected dispersion but the value of the inner shell tubes is lower (85.4 cm−1) as compared
to the value of the outer shell tubes (99.1 cm−1). The superimposed oscillatory behavior have
opposite phase for the two tube systems. The downshift in frequency between the G′ line from the
inner tubs and from the outer tubes is significantly larger than expected from measurement on
conventional diameter tubes. This is demonstrated to be a consequence of the strong curvature of
the inner shell tubes. Finally, the scattering cross section reveals the nature of the triple resonance
from the VHSs.
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[26] S. Bandow, G. Chen, G. U. Sumanasekera, R. Gupta, M. Yudasaka, S. Iijima, and P. C. Eklund, Phys.

Rev. B 66, 075416 (2002).
[27] L. X. Benedict, V. H. Crespi, S. G. Louie, and M. L. Cohen, Phys. Rev. B 52, 14935 (1995).
[28] H. Kataura, Y. Maniwa, T. Kodama, K. Kikuchi, K. Hirahara, K. Suenaga, S. Iijima, S. Suzuki,
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Fine Structure of the Radial Breathing
Mode in Double-Wall Carbon Nanotubes

R. Pfeiffer, F. Simon, H. Kuzmany, and V. N. Popov
Physical Review B 72, 161404 (2005).

ABSTRACT The analysis of the Raman scattering cross section of the radial breathing modes of
double-wall carbon nanotubes allowed to determine the optical transitions of the inner tubes. The
Raman lines are found to cluster into species with similar resonance behavior. The lowest components
of the clusters correspond well to SDS wrapped HiPco tubes. Each cluster represents one particular
inner tube inside different outer tubes and each member of the clusters represents one well defined
pair of inner and outer tubes. The number of components in one cluster increases with decreasing of
the inner tube diameter and can be as high as 14 spread over 30 cm−1. This suggests a lot of variation
in the diameter difference of inner/outer tube pairs.
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Double-wall carbon nanotubes (DWCNTs) are new and interesting structures in the family of
carbon nanophases, especially when they are grown by annealing of so-called peapods, i. e. single-
wall carbon nanotubes (SWCNTs) filled with fullerenes.[1] The outer tubes diameters of such
DWCNTs are of the same small size (around 1.4 nm) as it is typical for SWCNTs. This means,
they provide the same spatial resolution for sensors or the same field enhancement for electron
emitters as the latter but exhibit higher stiffness. The inner tubes, with typical diameters of
0.7 nm, have a rather high curvature and are thus expected to exhibit significant deviations from
graphene with respect to their mechanical and electronic properties. Amongst others, the electron-
phonon coupling is expected to be considerably increased as compared to graphene, which might
result in superconductivity or a Peierls transition. Also, the concentric layers in the DWCNTs
represent curved graphite sheets with an interesting van der Waals type interaction and DWCNTs
are well defined model materials for multi-wall CNTs. Finally, by filling SWCNTs with isotope
labeled fullerenes it is possible to produce DWCNTs with 13C enriched inner and normal 12C
outer tubes.[2]

The peapod-grown DWCNTs attracted additional interest as the inner tubes are grown in an
highly unperturbed environment and thus exhibit unusual narrow lines for the radial breathing
mode (RBM) Raman response.[3] In this sense, the inside of the outer tubes has been termed
a “nano clean-room”. Moreover, the Raman signal from the RBMs of the inner tubes exhibits
strong resonance enhancement and the observed number of lines is larger than the number of
geometrically allowed species.[4]

Similarly to the outer tubes, the geometric and electronic properties of the inner tubes are
uniquely determined by their chiral vectors (m,n), along which the graphene layers are rolled up
into tubes.[5] Due to the quasi one-dimensionality of the tubes, the electronic states are jammed
into Van Hove singularities (VHSs). Recent experiments suggest that the optical transitions of
semiconducting (ES

ii) and metallic (EM
ii ) tubes arise from excitonic states close to the VHSs instead

from the VHSs as such.[6] These transition energies scatter around lines with slopes proportional
to the inverse tube diameter 1/D. Refined calculations revealed considerable curvature corrections
to the transition energies, especially for small diameter tubes.[7–9] Experimental information on
these effects has recently been obtained from the Raman and luminescence measurements of HiPco
(high pressure carbon monoxide grown) tubes with a mean diameter of about 1 nm.[10–12] The
pattern of the deviation from the linear relation between Eii and 1/D can be categorized into tube
families with respect to 2m + n = const. There are the metallic tubes with 2m + n ≡ 0 (mod 3)
and two types of semiconducting tubes with 2m + n ≡ 1 (mod 3) (SI) and 2m + n ≡ 2 (mod 3)
(SII). For the ES

22 transition, the SI tubes deviate strongly from the linear relation towards lower
transition energies whereas the SII tubes exhibit a smaller deviation towards higher transition
energies. In all cases zigzag-like tubes close to (m, 0) show the largest deviation from the linear
relationship.

The RBM frequencies also scale roughly as 1/D and have therefore been used repeatedly for
the structural analysis of SWCNTs, particularly with respect to the diameter distribution. By
analyzing the Raman cross section of the RBMs it is possible to determine chiralities and electronic
transition energies of CNTs.[11, 12]

Here, we present the results of resonance Raman measurements in the RBM range of DWCNTs.
These measurements unraveled the optical transitions of the inner tubes which cannot be accessed
by optical and scanning probe experiments. Using a contour-plot where the Raman cross-section
is plotted over a 2D grid of RBM frequency and laser excitation energy, we found a well expressed
fine structure in the resonance pattern. An analysis of this pattern showed a clustering of the
inner tubes RBMs near the HiPco transition energies and frequencies. The clusters start around
the HiPco frequencies and extend up to 30 cm−1 to higher frequencies. They consist of up to 14
well expressed components. Each cluster represents one particular inner tube inside different outer
tubes and each member of the clusters represents a well defined pair of one inner in one outer tube.
Within one cluster, the transition energies show a red-shift of about 2meV/cm−1. We explain the
existence of such “pair-spectra” and the red-shift of the transition energies by the interactions
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FIGURE 11.1. (a) Raman response of the RBM region of DWCNTs sample B. (b) Logarithm of the
Raman cross-section of the tubes as a function of laser energy and RBM frequency. Filled symbols are
measured RBM frequencies and transition energies of SDS wrapped HiPco tubes averaged from Refs. [10–12]
(circles and squares denote semiconducting and metallic tubes, respectively). Open symbols are extended
tight-binding calculations [9] corrected for many body effects[13]. Tube families are connected with dashed
lines and assigned by family numbers 2m + n = const.

between the inner and outer tubes. This explanation is supported by model calculations.
The DWCNTs studied here were obtained by annealing C60 peapods at 1250 ◦C in a dynamic

vacuum for 2 h.[1] Two samples with mean outer diameters of 1.39 nm (sample A) and 1.45 nm
(sample B) were studied here. The Raman spectra for the measurement of the resonance cross
section were recorded in backscattering geometry at ambient conditions using a Dilor XY triple
spectrometer operated in normal resolution and a LN2 cooled CCD detector. Selected spectra
were measured in high resolution (HR) at 90K. In this case, the resolution of the spectrometer
was 0.5 cm−1 for red laser excitation. The spectra were obtained with different lasers such as an
Ar/Kr, a Ti:Sapphire, and a dye laser with Rhodamine 6G and Rhodamine 101. Excitation was
between 1.54 and 2.54 eV (488 to 803 nm) with a spacing of about 15 meV in the red to yellow
spectral region. The frequencies were corrected using calibration lamps. In order to determine
Raman cross-sections and to correct for the spectrometer/detector sensitivity, all spectra were
normalized to the well known cross-section for the Si F1g mode around 520 cm−1.

Figure 11.1(a) depicts a typical Raman spectrum of DWCNTs in the frequency range of the
RBM. The broad and structured line pattern around 180 cm−1 and the set of strong and narrow
lines in the spectral range from 230 to 400 cm−1 originate from the outer and from the inner tubes,
respectively. Figure 11.1(b) shows the color coded logarithm of the RBM Raman cross-section of
DWCNTs sample B as a function of laser energy and RBM frequency for normal spectrometer
resolution. The broad band between 150 and 210 cm−1 is the response from the outer tubes.
Between about 230 and 400 cm−1 one can observe the RBM response of the inner tubes. For this
energy range, mainly the ES

22 (circles) and parts of the EM
11 transitions (squares) can be seen.
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FIGURE 11.2. (a) High resolution Raman response for the (6, 5) and (6, 4) inner tubes for sample A as
excited with two different lasers. The horizontal lines cover the widths of the clusters. (b) Intensity ratio of
the RBM components for the (6, 5) and (6, 4) tubes of samples A and B with small and large mean outer
tubes diameters, respectively. The dashed lines indicate the standard deviation.

From the comparison with results for HiPco tubes one can easily identify the families 22, 19,
and 16 in the SI branch of the ES

22 transition. Resonances from the SII tubes (families 23, 20, and
17) are in general weaker but can still be observed, especially the (6, 5) tube in family 17. The
metallic transitions are also close to the HiPco results.

The RBMs of the inner tubes clearly show a clustering of components close to the HiPco
transitions. The low frequency end of the clusters coincides well with the results from the HiPco
tubes except for a downshift in energy of about 50 meV. For the (6, 4) inner tube in family 16
the total width of the cluster is about 30 cm−1. The width of the clustered lines clearly decreases
with increasing inner tube diameter. For the largest diameter inner tubes (family 22) almost no
clustering is observed and results are in very good agreement with the response from the HiPco
tubes.

A number of very intensive Raman lines are located close to the transitions of the isolated
(6, 5) and (6, 4) tubes in families 17 and 16, respectively. The two tubes are well separated in
frequency and the clusters can be well assigned to those tubes. In the following discussion we
will therefore mainly refer to these tubes, although all results hold correspondingly for the other
inner tubes. Within one cluster the peak resonances of the components are clearly shifted to lower
energies with increasing frequency. For the (6, 5) and (6, 4) cluster we get −2.7(6)meV/cm−1 and
−0.9(4)meV/cm−1, respectively. On the average, the shift is about −2 meV/cm−1.

Two strong resonances at (322 cm−1, 1.92 eV) and at (368 cm−1, 1.86 eV) could not be assigned,
although they were observed in all samples studied. The lower energy resonance may be related
to the (7, 2) tube of family 16. The higher energy resonance could originate from (6, 5) with a non
symmetric resonance transition.[14]

In order to demonstrate the clustering effect more clearly and to get some information on the
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FIGURE 11.3. (a) RBM frequency of a (6, 4) inner tube as a function of the diameter difference to various
outer tubes (indicated by their chiral vectors). (b) Raman line pattern for the RBM of the (6, 4) inner tube
as obtained from experiment (solid line) and from theory (dashed line) as described in the text.

number of components in the clusters, we measured the spectral range of the RBM for the (6, 5)
and for the (6, 4) tubes in high resolution at low temperature (see Fig. 11.2(a)).

While for the lower energy laser all components of the (6, 4) species are in resonance the
components of the (6, 5) tubes remain weak. For the higher energy laser the result is just opposite.
From a fit to the observed structures a total number of 9 and 14 components were found for the
(6, 5) and the (6, 4) clusters, respectively.

To check the stability of the clustered components in the spectra we compared the patterns for
two samples with different outer tube diameters. As Fig. 11.2(b) shows, the (6, 4) cluster is about
a factor 3.4 stronger in intensity in sample A (1.39 nm) than in sample B (1.45 nm). The intensity
of the (6, 5) components in sample A is only about 87 % of that in sample B. This is as expected,
since for the smaller diameter outer tubes proportionally more smaller inner tubes grow.[15]

The crucial result that a rather large number of peaks in the RBM range of the Raman spectra
have the same resonance behavior is surprising. It strongly suggests that all components of one
cluster originate from the same inner tube. This means, the inner tubes can be accommodated in
a rather large number of different outer tubes and the wall to wall distance can be quite different
from its optimum value.[16] Thus, the clustered lines represent pair spectra of one inner tube
inside several well defined outer tubes.

Figure 11.3(a) depicts the calculated upshift of the RBM frequency of a (6, 4) inner tube as
a function of the diameter difference to various outer tubes. In the calculations we considered
the tubes as elastic continuum cylinders interacting with each other with a Lennard-Jones (LJ)
potential parameterized for graphite.[17] The relaxed structure of the DWCNTs was found by
minimization of the total energy E equal to the sum of the elastic energies of both tubes and the
inter tube interaction energy ELJ, E = Y1π[Ri(∆Ri/Ri)2 +Ro(∆Ro/Ro)2]+ELJ. Here Ri and Ro
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are the inner and outer tube radii, ∆Ri and ∆Ro are their changes, Y1 = Y d, Y = 1.06 TPa is
the graphene in-plane Young’s modulus, and d = 0.335 nm is the tube wall thickness. Compared
with the continuum model results[4], the frequency upshift for small diameter differences became
slightly smaller.

In Fig. 11.3(b) the solid line is the experimental spectrum of sample A obtained in HR at 90K
where the intensity of each component was normalized to its measured maximum cross section.
The spectrum thus shows the population distribution of the inner/outer tube pairs. The calculated
spectrum (dotted line in Fig. 11.3(b)) was obtained by assigning a Lorentzian to each calculated
frequency whose intensity was for simplicity assumed to be determined by a Gaussian distribution.
This procedure anticipates equal resonance matrix elements for all members of a cluster which is
certainly well justified. The calculated frequencies were scaled with a factor 0.98. To get the best
agreement between theory and experiment, the parameters of the Gaussian were ω0 = 348.9 cm−1

and σ = 5.2 cm−1. For the intermediate frequencies, experiment and theory are in good agreement.
For lower and higher frequencies, the components deviate from the experiment. The maximum of
the simulated spectrum is found for a diameter difference of about 0.66 nm, which is smaller than
the experimental value of 0.72 nm reported in Ref. [18]. This shows, that the LJ potential must
be reparameterized for the curved sp2 networks of DWCNTs.

The frequency upshift and the transition energy downshift within one cluster can be understood
from an increasing interaction between the two shells for decreasing diameter difference. This
interaction acts on the inner shell like a radial pressure. The pressure dependence of E22 for
the (6, 4) and the (6, 5) inner tubes was calculated in the extended tight-binding framework.[9]
The corresponding values are −7.8meV/GPa and −2.5meV/GPa. After Ref. [19] the frequencies
shift with about 1.1 cm−1/GPa. Thus one gets −7.1meV/cm−1 and −2.3meV/cm−1, respectively.
The signs and the order of magnitude compare well with the experiment. Additionally, from the
measured pressure induced shift of the ES

22 transition[20] for a (6, 5) tube of −4meV/GPa one
gets −3.6meV/cm−1, which is very close the experimental value of −2.7meV/cm−1.

In summary, we report on the optical transitions of very high curvature SWCNTs accommo-
dated inside host outer tubes as derived from their resonance Raman cross section. The observed
Raman lines are clustered and represent pair spectra between one inner tube and several well
defined outer tubes. The number of components in the cluster increases with decreasing tube di-
ameter. The leading edges of the clusters correspond to the HiPco tubes with respect to frequency
and transition energy except for a red-shift of 50meV. Additional red-shifts of about 2 meV/cm−1

within a cluster are understood from a radial pressure generated by different outer tubes. These
results provide now a unified picture for the high curvature nanotubes from the HiPco process
and from the DWCNTs species.
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Isotope engineering in carbon nanotube
systems
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Singer, and H. Alloul

Physical Review Letters 95, 017401 (2005).

ABSTRACT The synthesis of a unique isotope engineered system, double-wall carbon nanotubes
with natural carbon outer and highly 13C enriched inner walls, is reported from isotope enriched
fullerenes encapsulated in single-wall carbon nanotubes (SWCNTs). The material allows to observe
the D-line of the highly defect free inner tubes that can be related to a curvature induced enhancement
of the electron-phonon coupling. Ab-initio calculations explain the inhomogeneous broadening of inner
tube Raman modes due to the distribution of different isotopes. Nuclear magnetic resonance shows
a significant contrast of the isotope enriched inner SWCNTs compared to other carbon phases and
provides a macroscopic measure of the inner tube mass content. The high curvature of the small
diameter inner tubes manifests in an increased distribution of the chemical shift tensor components.
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Isotope engineering (IE) of materials provides an important degree of freedom for both fun-
damental studies and applications. The change in phonon energies upon isotope substitution,
while leaving the electronic properties unaffected, has been used repeatedly to identify vibrational
modes [1–3] and gave insight into underlying fundamental mechanisms, such as phonon-mediated
superconductivity [4]. Applications of IE involve for instance the controlled doping of isotope
engineered ready-prepared Si heterostructures by means of neutron irradiation [5], fabrication of
mononuclear devices with controlled heat conducting properties [6], and the basic architecture
for spintronics and quantum computing [7]. Recently, single-wall carbon nanotubes (SWCNTs)
have been intensively studied as a result of the envisaged broad range of applicability and the
unique physical properties related to their quasi one-dimensional electronic structure. Examples
include the presence of Van Hove singularities in the electronic density of states [8], and the
Tomonaga-Luttinger liquid behavior [9]. IE of carbon nanotubes using isotope enriched graphite
as the starting material was attempted in order to allow NMR spectroscopy [10, 11]. However,
the NMR studies have been hampered by the fact that the 13C NMR active nuclei can be found
in all species of carbons, e.g. amorphous or graphitic carbon, inevitably present even in the puri-
fied SWCNT materials, and no nanotube selective enrichment or purification could be achieved
until now. Vibrational spectroscopic methods are appropriate choices to study the effect of IE.
For SWCNTs, Raman spectroscopy has proven to be most convenient to characterize their elec-
tronic and structural properties. In addition, Raman studies on double-wall carbon nanotubes
(DWCNTs) [12], synthesized from fullerenes encapsulated inside the tubes (fullerene peapods)
[13], provide a unique opportunity to study the small diameter inner tubes, while the outer ones
are left intact during the synthesis.

In this Letter, we report the preparation and properties of a new and unique hybrid carbon
nanotube material. It consists of DWCNTs where the highly defect free inner tube [14] is isotope
engineered and contains 13C with controlled level of enrichment, whereas the outer tube remains
natural carbon. This material is obtained by filling a host SWCNT with isotope labelled C60

or C70 fullerenes and transforming the resulting peapods to an inner tube by high temperature
annealing. Raman scattering is demonstrated to reveal for the first time an unexpected strong
response from the D-line of the inner tubes, even though the latter are highly defect free. It
demonstrates the strong and curvature induced enhancement of the electron-phonon coupling.
Even at the high temperature of the peapod transformation, no exchange of carbon between
inner and outer shell is observed. The random distribution of 13C atoms in the wall of the inner
tube leads to a line broadening which was quantitatively explained by first principle calculations.
In significant contrast to non isotope enriched tubes, the present material provides an excellent
object for NMR spectroscopy. This technique allows the measurement of the mass fraction of
a material encapsulated in carbon nanotubes for the first time. The effect of high curvature
is demonstrated for the small diameter inner tubes from unusual line-shapes of the static and
dynamic NMR response.

Commercial SWCNT material (Nanocarblab, Moscow, Russia), 13C isotope enriched fullerenes
(MER Corp., Tucson, USA), and fullerenes of natural carbon (Hoechst AG, Frankfurt, Germany)
were used to prepare fullerene peapods C60,C70@SWCNT. The SWCNTs were purified by the
supplier to 50 weight %. The tube diameter distribution was determined from Raman spectroscopy
[15] and revealed d = 1.40 nm and σ = 0.10 nm for the mean diameter and the variance of the
Gaussian distribution, respectively. We used two grades of 13C enriched fullerene mixtures: 25
and 89 %, whose values are slightly refined in our study. The 25 % grade was nominally C60,
and the 89 % grade was nominally C70. The natural carbon C60 had a purity of ¿ 99 %. For the
fullerene encapsulation, the SWCNTs and the fullerenes were sealed under vacuum in a quartz
ampoule and annealed at 650 oC for 2 hours [16]. Fullerenes enter the inside of the SWCNTs at
this temperature due to their high vapor pressure that is maintained in the sealed environment.
Non-encapsulated fullerenes were removed by dynamic vacuum annealing at the same temperature
for 1 hour. The filling of SWCNTs with the fullerenes was characterized by observing the peapod
structure in high-resolution transmission electron microscopy (HR-TEM), by X-ray studies of



Chapter 12. Isotope engineering in ... 111

1200 1300 1400 1500 1600 1700

260 280 300 320

a) NatC

Db)
x20

G

x2

13C
0.25

13C
0.89

 Raman shift (cm-1)

 

 

 
 R

am
an

 s
ig

na
l (

ar
b.

u.
)

 

  

FIGURE 12.1. Raman spectra of DWC-
NTs with NatC and 13C enriched inner
tubes at λ=676 nm laser excitation and
90 K. (a) RBM Raman response (b) D
and G mode Raman response. Arrows and
filled circles indicate the D (left) and G
(right) modes corresponding to the inner
and outer tubes, respectively.

the one-dimensional array of fullerenes inside the SWCNTs and by the detection of the fullerene
modes from the cages encapsulated inside the SWCNTs using Raman spectroscopy [16, 17]. The
peapods were transformed to DWCNTs by a dynamic vacuum treatment at 1250 oC for 2 hours
following Ref. [12]. Again, the DWCNT transformation was followed by HR-TEM and by the
observation of the DWCNT structure factors using X-ray studies. In addition, new Raman modes
emerge after the 1250 oC heat treatment particularly in a frequency range that is clearly upshifted
from the outer tube radial breathing modes (RBMs). According to the 1/d, scaling of the RBM
modes, where d is the tube diameter, these lines are an additional proof for the growth of the
small diameter inner shell tubes [12, 14]. The Raman spectra of the samples are discussed in
detail in the following. DWCNTs based on the fullerenes with different 13C enrichment grades are
denoted as NatC-, 13C0.25- and 13C0.89-DWCNT. Vibrational analysis was performed on a Dilor xy
triple Raman spectrometer in the 1.64-2.54 eV (676-488 nm) energy range at 90 K. The spectral
resolution was 0.5-2 cm−1 depending on the laser wavelength and the resolution mode used. First
principles calculations were performed with the Vienna ab initio Simulation Package (VASP) [18].
Magic angle spinning (MAS) and static 13C-NMR spectra were measured at ambient conditions
using a Chemagnets (Varian Inc.) MAS probe at 7.5 Tesla. The 13C-NMR spectra were obtained
by a Fourier transformation of the free induction decay following the excitation pulse.

In Fig. 12.1, we show the Raman spectra of NatC-, 13C0.25- and 13C0.89-DWCNTs for the RBMs
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FIGURE 12.2. RBMs of some inner tubes
at λ=676 nm laser excitation with 0.5
cm−1 spectral resolution. a) NatC, b) 13C0.25.
Smooth solid curves are the line-shapes after
deconvolution by the spectrometer response.
The dashed curve is a simulated line-shape
with an extra Gaussian broadening to the in-
trinsic lines of the NatC material. The dotted
curve is calculated line-shape (see text).

(Fig. 12.1a), and the D and G mode spectral ranges (Fig. 12.1b) at 676 nm excitation. The
narrow lines in Fig. 12.1a were previously identified as the RBMs of the inner tubes [14]. An
overall downshift of the inner tube RBMs is observed for the 13C enriched materials accompanied
by a broadening of the lines. The downshift is clear evidence for the effective 13C enrichment
of inner tubes. The magnitude of the enrichment and the origin of the broadening are discussed
below.

The RBM lines are well separated for inner and outer tubes due to the νRBM ∝1/d relation and
a mean inner tube diameter of ∼ 0.7 nm [19, 20]. However, other vibrational modes such as the
defect induced D and the tangential G modes strongly overlap for inner and outer tubes. Arrows
in Fig. 12.1b indicate a gradually downshifting component of the observed D and G modes. This
component is assigned to the D and G modes of the inner tubes. The sharper appearance of the
inner tube G mode, as compared to the response from the outer tubes, is related to the excitation
of semiconducting inner tubes and metallic outer tubes [14, 21].

The relative magnitude of the inner to outer tube D modes are comparable, as best seen for
the highest enriched sample. The D mode originates from a double resonance process, which is
induced by the defects in the sample [22–24]. The inner tubes were shown to contain significantly
less defects than the outer ones, as proven by the narrow RBM phonon line-widths [14]. Thus,
the experimentally observed D band intensity ratio suggests a competitive effect, in which the
enhanced electron-phonon coupling in small diameter SWCNTs [25] compensates for the smaller
number of defects.

The shift of the RBM, D and G modes were analyzed for the two grades of enrichment. The
average value of the relative shift for these modes was found to be (ν0 − ν) /ν0 = 0.0109(3) and
0.0322(3) for the 13C0.25- and 13C0.89-DWCNT samples, respectively. Here, ν0 and ν are the Raman
shifts of the same inner tube mode in the natural carbon and enriched materials, respectively.
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FIGURE 12.3. G modes of DWCNT with
NatC (a) and 89 % 13C (b) enriched inner
walls at λ=488 nm laser excitation and 90
K. Filled circles indicate the non-shifting
components of the outer tube G modes.
Arrows show the only shifting compone-
nent, identified as the inner tube G mode.
Dashed curves show the deconvolution of
the observed spectra.

In the simplest continuum model, the shift originates from the increased mass of the inner tube
walls. This gives (ν0 − ν) /ν0 = 1 −

√
12+c0
12+c , where c is the concentration of the 13C enrichment

on the inner tube, and c0 = 0.011 is the natural abundance of 13C in carbon. The resulting values
of c are 0.277(7) and 0.824(8) for the 25 and 89 % samples, respectively.

The validity of the continuum approximation for the RBM was verified by performing first
principles calculations on the (n,m)=(5,5) tube as an example. Here, the (n,m) defines the direc-
tion along which the graphene sheet is rolled-up into a tube. In the calculation, the Hessian was
determined by DFT. Then, a large number of random 13C distributions were generated and the
RBM vibrational frequencies were determined from the diagonalization of the corresponding dy-
namical matrix for each individual distribution. We observed that the distribution of the resulting
RBM frequencies can be approximated by a Gaussian where center and variance determine the
isotope shifted RBM frequency and the spread in these frequencies. The difference between the
shift determined from the continuum model and from the ab-initio calculations is below 1 %.

The broadening for the 13C enriched inner tubes is best observed for the narrow RBMs. In Fig.
12.2a-b we show the RBMs of some inner tubes for the NatC and 13C0.25 samples. Smooth solid
curves are the line-shapes after deconvolution with the Gaussian response of our spectrometer.
In Fig. 12.2a, this is a Lorentzian, but in Fig. 12.2b, the line-shape still contains a Gaussian
component, as discussed below. The FWHMs of the resulting line-shapes are 0.76(4), 0.76(4),
0.44(4), 0.54(4) and 1.28(6), 1.30(6), 1.12(6), 1.16(6) for the inner tube RBMs shown in Fig.
12.2 of the NatC and 13C0.25 materials, respectively. The origin of the extra broadening is due to
the random distribution of 12C and 13C nuclei. We found that the ratio between the half width
of extra broadening and the shift, ∆ν/ (ν0 − ν), is approximately 0.19 for a 30 % 13C enriched
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FIGURE 12.4. NMR spectra normalized
by the total sample mass, taken with
respect to the tetramethylsilane (TMS)
shift. (a) Static spectrum for non-enriched
SWNT enlarged by a factor 15. Smooth
solid line is a CSA powder pattern simu-
lation with parameters published in the
literature [10]. (b) Static and (c) MAS
spectra of 13C0.89-DWCNT, respectively.
Asterisks show the sidebands at the 8 kHz
spinning frequency.

sample. The corresponding broadened line-shapes are shown by dotted curves in Fig. 12.2b. When
the magnitude of the Gaussian randomness related broadening was fit (shown as dashed curve
in Fig.12.2b), we found that ∆ν/ (ν0 − ν) = 0.15. Similar broadening was observed for the 89 %
sample which can also be reproduced by the calculation.

Identification of the different signals also allowed to address whether carbon exchange between
the inner and outer tubes occurs during the DWCNT synthesis. In Fig. 12.3 we compare the
G mode spectra of NatC- and 13C0.89-DWCNTs at 488 nm excitation. For this excitation, the G
mode of the outer tubes dominates the spectrum since semiconducting outer tubes and conducting
inner tubes are in resonance [21]. Indeed, the only shifting component observed is small (arrows
in Fig. 12.3) compared to the non-shifting components (filled circles in Fig. 12.3). Even though
it is known that the SWCNT G mode consists of several components [26, 27], we deconvoluted
the spectra with one Lorentzian line for the shifted component and three Lorentzians for the non-
shifted components for convenience. The non-shifting components correspond to the outer tube G
modes and are unaffected by the 13C enrichment within the 1 cm−1 experimental accuracy. This
gives an upper limit to the extra 13C in the outer wall of 1.7 %.

Macroscopic information about the 13C enrichment of the current material can be obtained
from NMR spectroscopy as it is sensitive to the number of 13C nuclei in the sample. In Fig. 12.4,
we show the static and magic angle spinning spectra of 13C enriched DWCNTs, and the static
spectrum for the SWCNT starting material. The mass fraction belonging to the highly enriched
phase can be calculated from the integrated signal intensity by comparing it to the signal intensity
of the 89 % 13C enriched fullerene starting material. We found the mass fraction of the highly
enriched phase relative to the total sample mass to be 13(4) %. The expected mass ratio of inner
tubes as compared to the total sample mass is 15 %, which is obtained from the SWCNT purity (50
%), ∼70 % volume filling in highly filled peapod samples [28], and the mass ratio of encapsulated
fullerenes to the mass of the SWCNTs. Thus, the measured mass fraction of the highly enriched
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phase is very similar to that of the calculated mass fraction of inner tubes. This suggests that the
NMR signal comes nominally from the inner tubes, and other carbon phases such as amorphous
or graphitic carbon are non 13C enriched.

The typical chemical shift anisotropy (CSA) powder pattern is observed for the SWCNT sample
in agreement with previous reports [10, 11]. However, the static DWCNT spectrum cannot be
explained with a simple CSA powder pattern even though the spectrum is dominated by the
inner tube signal. The complicated structure of the spectrum suggests that the chemical shift
tensor parameters are distributed for the inner tubes. It is the result of the higher curvature
of inner tubes as compared to the outer ones: the variance of the diameter distribution is the
same for the inner and outer tubes [21] but the corresponding bonding angles show a larger
variation [29]. In addition, the residual line-width in the MAS experiment, which is a measure of
the sample inhomogeneity, is 60(3) ppm, i.e. about twice as large as the ∼35 ppm found previously
for SWCNT samples [10, 11]. The isotropic line position, determined from the MAS measurement,
is 111(2) ppm. This value is significantly smaller than the isotropic shift of the SWCNT samples
of 125 ppm [10, 11]. This difference might originate from i) the different C-C bonding angle of the
small inner tubes, ii) diamagnetic shielding due to the outer tubes. Currently, experiments with
inner tubes grown in different diameter outer tubes are underway to clarify this point.

In conclusion, we report on the synthesis of 13C enriched inner tubes embedded inside a host
outer tube. 13C only resides in the inner shell of the DWCNTs, without enriching other carbon
phases such as the inevitable amorphous carbon or graphite, or the outer shell tubes. The method
is based on the transformation of SWCNTs encapsulating 13C enriched fullerenes into DWCNTs.
The 13C enriched inner tubes facilitate the identification of the vibrational modes of inner and
outer tube components even if they exhibit only a weak diameter dependence. The inner tube
selective enrichment significantly simplifies the analysis of NMR experiments where only nan-
otube sensitive information is desired. The synthesis method opens the way for the controllable
isotope labeling of nanotubes without labeling the unwanted side-products. The described isotope
engineering may eventually find application for the controllable doping of SWCNTs, similar to
the isotope engineering applied in the Si semiconducting industry.
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and Y. Achiba, Eur. Phys. J. B 22, 307 (2001).

[16] H. Kataura, Y. Maniwa, T. Kodama, K. Kikuchi, K. Hirahara, K. Suenaga, S. Iijima, S. Suzuki,
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NMR Evidence for Gapped Spin Excitations
in Metallic Carbon Nanotubes

P. M. Singer, P. Wzietek, H. Alloul, F. Simon, and H. Kuzmany
Physical Review Letters 95, 236403 (2005).

ABSTRACT We report on the spin dynamics of 13C isotope enriched inner-walls in double-wall
carbon nanotubes (DWCNT) using 13C nuclear magnetic resonance (NMR). Contrary to expectations,
we find that our data set implies that the spin-lattice relaxation time (T1) has the same temperature
(T ) and magnetic field (H) dependence for most of the innerwall nanotubes detected by NMR. In the
high temperature regime (T & 150 K), we find that the T and H dependence of 1/T1T is consistent
with a 1D metallic chain. For T . 150 K we find a significant increase in 1/T1T with decreasing T ,
followed by a sharp drop below ' 20 K. The data clearly indicates the formation of a gap in the spin
excitation spectrum, where the gap value 2∆ ' 40 K (≡ 3.7 meV) is H independent.
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The electronic properties of carbon nanotubes have been of a topic of intense investigation ever
since their discovery in early 1990’s. According to band-structure calculations the basic electronic
structure of single-wall carbon nanotubes (SWCNT) is expected to depend on the chiral wrapping
vector (n,m) across the graphene plane, where tubes for which (2n+m)/3 = integer are metallic,
while all other tubes are semiconducting [1–4] with a large ∼1 eV gap [5]. While STM and
transport measurements on isolated tubes demonstrate the diversity of tube properties, significant
measurements on macroscopic amounts of tubes are only possible in selected cases. Photoemission
spectroscopy (PES) measurements on metallic tubes in bundles [6, 7] suggest that strong electron-
electron correlations can lead to a Tomonaga-Luttinger-liquid (TLL) state. Recently, double wall
carbon nanotubes (DWCNT) have been synthesized by filling SWCNT with fullerenes (so called
”peapods”[8]) followed by a high temperature reaction which merges the fullerenes into inner tubes
[9, 10]. These DWCNT have some exceptional properties since the inner tubes are accommodated
in a highly shielded environment under clean room conditions [11]. Raman experiments performed
even on bucky paper material allows one to detect some significant properties of these inner tubes
due to their small diameter (high curvature).

Nuclear magnetic resonance (NMR) is usually an excellent technique for probing the electronic
properties at the Fermi level of metallic systems, take for instance conducting polymers, fullerenes,
and high temperature superconductors to mention a few. However the 1.1% natural abundance of
13C with nuclear spin I=1/2 limits the sensitivity of such experiments. Data taken on SWCNT
essentially evidence a large distribution of properties since samples of identical tubes are presently
out of reach. In this report, selective enrichment of the inner shells using 13C isotope enriched
fullerenes [12, 13] in the ”peapod” synthesis route is used to probe the specific properties of the
inner tubes. The 13C enrichment allows us to increase the 13C NMR sensitivity by two orders
of magnitude, and furthermore achieve selective 13C enrichment of the inner shells alone. This
provides us with the possibility of singling out the electronic properties of these inner tubes for
the first time. We show that, although these tubes are distributed in diameter and chirality,
their electronic properties display a strikingly homogeneous behaviour. The magnetic properties
of these inner wall nanotubes behave as for a 1D metal at room T , but exhibits a pronounced gap
below '20 K. This unexpected result reveals that this specific macroscopic collection of carbon
nanotubes is an object displaying original physical properties worth studying in more detail with
macroscopic experimental techniques.

All 13C NMR data in this report were taken with the sample sealed in a 6 mm diameter glass
tube filled with 200 mbar of high purity Helium gas. Details of the synthesis techniques and
various independent experimental evidences for the formation of 89% 13C isotope enriched inner-
walls inside natural 1.1% 13C enriched outer walls are reported elsewhere [12]. We probed the low
frequency spin dynamics (or low energy spin excitations, equivalently) of the inner-tubes using
the spin lattice relaxation time, T1, defined as the characteristic time it takes the 13C nuclear
magnetization to recover after saturation. The signal intensity after saturation, S(t), was deduced
by integrating the fast Fourier transform of half the spin-echo for different delay times t. All
data were taken with excitation pulse lengths π/2 = 3.0µs and short pulse separation times of
τ = 15µs [14]. We obtained the value of T1 by fitting the t dependence of S(t) to the form
S(t) = Sa − Sb ·M(t), where Sa ' Sb (> 0) are arbitrary signal amplitudes, and

M(t) = exp
[
− (t/T e

1 )β
]

(13.1)

is the reduced magnetization recovery of the 13C nuclear spins.
Fig. 13.1 shows the results of M(t) for the inner-tubes as a function of the scaled delay time

t/T e
1 , under various experimental conditions listed in the Figure. We find that M(t) does not

follow the single exponential form with β = 1 (dashed line), but instead fits well to the stretched
exponential form with β ' 0.65(5) which implies a distribution in underlying relaxation times T1

across the sample. In such cases, T e
1 in Eq. (13.1) is directly proportional to the mean value T1

of the T1 distribution as such T e
1 = T1 · β/Γ(1/β), where Γ is the gamma function. We display

the data in Fig. 13.1 on a semi-log scale for the time axis in order to accentuate the data for
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FIGURE 13.1. Reduced nuclear magnetization recovery, M(t), as a function of the scaled delay time t/T e
1

(see Eq. (13.1), for various experimental conditions. Both axes are dimensionless. Solid grey curve shows
stretched exponential fit with β = 0.65, while grey dashed curve shows single exponential with β = 1. Inset
shows temperature dependence of the best fit values of β at 3.6 Tesla (•) and 9.3 Tesla (◦), and average
value of the data set β = 0.65 (solid line).

earlier decay times and to illustrate the collapse of the data set for the upper 90% of the NMR
signal. We find that the upper 90% of the M(t) data is consistent with constant β ' 0.65(5)
(see inset), implying a constant underlying distribution in T1 for a large range of experimental
conditions. The lower 10% of the M(t) data (corresponding to longer delay times) comes from the
non-enriched outer-walls which, as a result of their larger diameters, have much longer relaxation
times under similar experimental conditions [15–18].

Two distinct origins for the multi-exponential magnetization recovery can be considered. The
first is due to the powder average over the spatial anisotropy in T1. The distribution is independent
of the tube properties, and can also be found in the 13C NMR data for alkali doped fullerenes
AnC60 [19, 20]. Given the similar diameter of C60 (d = 0.71 nm) to the average inner-wall diameter
(d = 0.7 nm [12, 13]) in this report, we can expect comparable bonding effects for the electron
orbitals. It has been shown that in AnC60 the T1 for 13C is dominated by dipole-dipole interactions
between the electron spin in the ppπ bond and the 13C nuclear spin [21]. In this case, the relaxation
depends on the orientation of the pπ orbital (which is perpendicular to the tube surface) and the
external magnetic field, and therefore contributes to the multi-exponential form of magnetization
recovery for a powder average. This resultant T1 distribution is independent of T and H.

Another source of multi-exponential recovery is from a distribution of the inner tube properties
themselves, such as their diameter. According to Raman scattering, the inner tubes have a mean
diameter of d ' 0.7 nm with a standard deviation of σ ' 0.1 nm [12, 13]. Within this distribution
lies a variety of tubes with different chirality and one can a priori expect to find metallic as
well as semiconducting tubes [3]. If both semiconducting and metallic inner-tubes existed in our
sample, one would expect the ratio of the T1’s between the different tubes to increase exponentially
with decreasing T below the semiconducting gap (∼ 5000 K [5]), which would drastically change
the underlying T1 distribution with decreasing T . This change would manifest itself as a large
change in the shape of the recovery M(t), however, as shown in Fig. 13.1 this is not the case.
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FIGURE 13.2. Temperature dependence of spin-lattice relaxation rate divided by temperature, 1/T e
1 T , in

units of (103× s−1 K −1). Grey curves are best fits to Eq. (13.4) with 2∆ = 46.8(40.2) K for H = 3.6(9.3)
Tesla, respectively.

We can therefore rule out the possibility of two components in T1 with different T dependences,
and instead we conclude that all T1 components exhibit the same T and H dependence within
experimental scattering.

The T1 distribution in the sample, whether it arises from anisotropy or diameter variations
(or both), shows a uniform T and H dependence. It is therefore appropriate to follow the T
and H dependence of the mean value of the distribution (T e

1 in Eq. (13.1)), and thereby get
insight into the homogenous electronic state of the inner tubes. In order to avoid unnecessary
experimental scattering in T e

1 , we then go back and fit all the M(t) data to Eq. (13.1) with a
fixed value of β = 0.65. We plot the resulting temperature dependence of 1/T e

1 T in Fig. 13.2
for two different values of the magnetic field H. We can immediately separate the data into two
temperature regimes; the high temperature regime & 150 K, and the low T regime . 150 K. At
high temperatures we find that 1/T e

1 T is independent of T which indicates a metallic state [14],
which given the arguments above implies that all of the inner tubes are metallic. We also find a
strong field dependence for T1 which is best illustrated by plotting the high temperature value of
1/T e

1 T against 1/
√

H for H values ranging from 1.2 Tesla to 9.3 Tesla, as shown in Fig. 13.3.
We find that the data fit well to the form

1
T e

1 T
= A + B

1√
H

, (13.2)

where A and B are constants, which is very suggestive of a 1D spin diffusion mechanism for T1

[22–24]. B/
√

H corresponds to the diffusive contribution to the relaxation originating from the
long wavelength (i.e. q ' 0) modes, while A corresponds to the non-diffusive contributions from
q > 0 modes. A cutoff to the divergence in Eq. (13.2) as H → 0 is often encountered in 1D
spin chain systems [22–24] due to inter-chain coupling. In the present case, we can postulate that
electron tunneling between inner to outer walls could cause similar cutoff effects, however the
data down to the lowest field of H=1.2 Tesla indicates that the cutoff has not been reached yet.
We therefore conclude that the high-temperature regime is consistent with a 1D metallic chain.
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FIGURE 13.3. 1/T e
1 T , in units of (103× s−1 K −1), at fixed T = 290 K, plotted as a function of 1/

√
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and A = 0.00028 (s−1 K−1).

The origin of the unusual T dependence of 1/T e
1 T in the low temperature regime (. 150 K) is

not immediately obvious. We can however rule out certain possibilities. Firstly, we can rule out the
possibility of an activation type mechanism where T1 is dominated by fluctuating hyperfine fields
which are slowing down with decreasing T . If this were the case the temperature where 1/T e

1 T
reached its maximum would shift with the resonance frequency ω [14], or the applied magnetic field
ω = γnH (γn/2π = 10.71 MHz/Tesla is the gyromagnetic ratio for 13C), equivalently. As shown in
Fig. 13.2, however, we find no evidence of a shift in the peak temperature with H. Furthermore,
at low temperatures 1/T e

1 T is found to drop below its high temperature value which rules out the
possibility of an activation contribution plus a T independent contribution. Secondly, we also rule
out the possibility that the T dependence of 1/T e

1 T is a result of paramagnetic centers which can
arise from wall defects or impurity spins. The fact that a pronounced gap exists in 1/T e

1 T implies
a pronounced gap in the low energy spin excitation spectrum, which cannot be explained by the
presence of paramagnetic centers. We note that at the lowest temperatures < 5 K (not shown),
T e

1 becomes so long (> 300 s) that the low energy spin excitations specific to the homogeneous
properties of the inner-tubes become inefficient, and other excitations take over, possibly defect
related. In such cases we find that the shape of M(t) is no longer universal and that the underlying
distribution in T1 is smoothed out, possibly as a result of nuclear spin-diffusion.

Having ruled out the above possibilities, we are then lead to consider the simplest explanation
for the experimental data using a non-interacting electron model of a 1D semiconductor with a
small secondary gap (SG). The SG may be a result of the finite inner-wall curvature [4, 5, 25, 26], or
perhaps the applied magnetic field itself [27]. We can fit the 1/T e

1 T data using this non-interacting
model with only one free parameter, the homogeneous SG, 2∆. We start by taking the normalized
form of the gapped 1D density-of-states n(E)

n(E) =

{
E√

E2−∆2
for |E| > ∆

0 otherwise
(13.3)

also known as the van-Hove singularity (E is taken with respect to the Fermi energy). We then
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use Eq. (13.3) to calculate 1/T e
1 T [28] as such

1
T e

1 T
= α(ω)

∫ ∞

−∞
n(E)n(E + ω)

(
− δf

δE

)
dE, (13.4)

where E and ω are in temperature units for clarity, f is the Fermi function f = [exp(E/T )+1]−1,
and the amplitude factor α(ω) = A + B′/

√
ω is taken directly from Eq. (13.2) and Fig. 13.3

(where B′ = 4.53 · 10−5s−1K−1/2 for ω ≡ H in temperature units). We note that factoring out
the diffusion effects from the integral in Eq. (13.4) is an approximation valid only if A and B
are T independent. Eq. (13.4) cannot be solved analytically, therefore we resort to numerical
integration. The results of the best fit to Eq. (13.4) are presented in Fig. 13.2, where 2∆ = 43(3)
K (≡ 3.7 meV) is found to be H independent (within experimental scattering) between 9.3 and
3.6 Tesla. We note that at the largest external field of 9.3 Tesla, ω = 4.5 mK ¿ ∆, T , however, ω
must be retained inside the integral. This is a consequence of the one dimensionality which yields
a logarithmic divergence inside the integral of the form ln(T/ω) for T . ∆.

What could possibly be the origin of the observed gap? Tight binding calculations predict that
applied magnetic fields can induce SG’s of similar magnitude for metallic SWCNT [27]. However,
such a scenario is excluded here from the absence of field dependence of the observed gap. Our data
would be more consistent with a curvature induced SG for metallic tubes [4, 5, 25, 26], however
for our typical inner-tubes the predicted values, ∼ 100 meV, are over an order of magnitude
larger than our experimental data. Other scenarios, such as quantization of levels due to finite
short lengths of the nanotubes could be considered as well, however, in all these cases a behaviour
independent of tube size and chirality is certainly not expected.

This leads us to consider the effect of electron-electron interactions for the metallic inner tubes.
It has been predicted that electron-electron correlations and a TLL state leads to an increase
in 1/T1T with decreasing T [29], which is a direct consequence of the 1D electronic state. The
correlated 1D nature may also lead to a Peierls instability [3] with the opening of a small collective
gap 2∆ and a sharp drop in 1/T1T below ∆ ∼ 20 K. Therefore, the presence of both a TLL state
and a Peierls instability could possibly account for the data, although here again, the independence
on tube geometry should be accounted for.

In conclusion, we have shown that the T1 recovery data indicate that most of the inner-tubes
have similar T and H dependences, with no indication of a metallic/semiconductor separation due
to chirality distributions. At high temperatures (T & 150 K) 1/T e

1 T of the inner tubes exhibit a
metallic 1D spin diffusion state, with no low-field cutoff down to 1.2 Tesla. This metallicity could
result from charge transfer from the outer to the inner tubes, however this speculation ought to
be confirmed by independent experiments and theoretical calculations. Below ∼150 K, 1/T e

1 T
increases dramatically with decreasing T , and a gap in the spin excitation spectrum is found
below ∆ ' 20 K. We list various interpretations for this temperature dependence, ranging from
a non-interacting secondary band-gap model to a 1D correlated electron model with a collective
gap (possibly a Peierls instability). Firstly, these results should stimulate further experimental
investigations on diversely synthesized DWCNT in order to check whether these observations
are specific to the ”peapod” synthesis route. Secondly, theoretical work on the incidence of 1D
correlation effects for inner-wall nanotubes inside DWCNT should be helpful in sorting out the
origin of our astonishing experimental evidence.
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The Raman Response of Double Wall
Carbon Nanotubes

F. Simon, R. Pfeiffer, C. Kramberger, M. Holzweber, and H. Kuzmany
in Applied Physics of Carbon Nanotubes , S. V. Rotkin and S. Subramoney eds., Springer New

York 2005, p. 203.

ABSTRACT Raman spectroscopy on carbon nanotubes (CNT) yields a rich variety of information
owing to the close interplay between electronic and vibrational properties. In this paper, we review
the properties of double wall carbon nanotubes (DWCNTs). In particular, it is shown that SWCNT
encapsulating C60, so-called peapods, are transformed into DWCNTs when subject to a high tem-
perature treatment. The inner tubes are grown in a catalyst free environment and do not suffer from
impurities or defects that are usually encountered for as-grown SWCNTs or DWCNTs. As a conse-
quence, the inner tubes are grown with a high degree of perfection as deduced from the unusually
narrow radial breathing mode (RBM) lines. This apostrophizes the interior of the SWCNTs as a
nano-clean room. The mechanism of the inner nanotube production from C60 is discussed. We also
report recent studies aimed at the simplification and industrial scaling up of the DWCNT production
process utilizing a low temperature peapod synthesis method. A splitting of the RBMs of inner tubes
is observed. This is related to the interaction between the two shells of the DWCNTs as the same
inner tube type can be encapsulated in different outer ones. The sharp appearance of the inner tube
RBMs allows a reliable assignment of the tube modes to (n,m) indexes and thus provides a precise
determination of the relation between the tube diameter and the RBM frequencies.
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14.1 Introduction

Carbon nanotubes have been in the forefront of the nanomaterial research since their discovery
[1]. They are not only fundamentally interesting materials due to their appealing one-dimensional
structure but several applications have been envisaged. Some of them have already been estab-
lished such as scanning probe-heads [2] or field emission devices [3, 4]. There is an active ongoing
work in these fields to exploit the properties of these materials better and to improve the device
qualities. Furthermore, high expectations are related to their applications as building elements of
electronics, composite reinforcing materials and many more.

Carbon nanotubes can be represented as rolled up graphene sheets, i.e. single layers of graphite.
Depending on the number of coaxial carbon nanotubes, they are usually classified into multi-wall
carbon nanotubes (MWCNTs) and single wall carbon nanotubes (SWCNTs). Some general con-
siderations have been clarified in the last 13 years of nanomaterial research related to these
structures. MWCNTs are more homogeneous in their physical properties as the large number of
coaxial tubes smears out individual tube properties. This makes them suitable candidates for ap-
plications where their nanometer size and the conducting properties can be exploited. In contrast,
SWCNT materials are grown as an ensemble of weakly interacting tubes with different diameters.
The physical properties of similar diameter SWCNTs can change dramatically as the electronic
structure is very sensitive on the rolling-up direction, the so-called chiral vector. Depending on
the chiral vector, SWCNTs can be metallic or semiconducting [5]. This provides a richer range
of physical phenomena as compared to the MWCNTs, however significantly limits the range of
applications. To date, neither the directed growth nor the controlled selection of SWCNTs with
a well defined chiral vector has been performed successfully. Thus, their broad applicability is
still awaiting. Correspondingly, current research is focused on the post-synthesis separation of
SWCNTs with a narrow range of chiralities [6–9] or on methods which yield information that
are specific to SWCNTs with different chiralities. An example for the latter is the observation of
chirality selective band-gap fluorescence in semiconducting SWCNTs [10].

A more recently discovered third class of CNTs are double-wall carbon nanotubes (DWCNTs).
DWCNTs were first observed to form under intensive electron radiation [11] in a high resolution
transmission electron microscope from C60 encapsulated in SWCNTs, so-called peapods [12]. Fol-
lowing the synthesis of C60 peapods in macroscopic amounts [13], bulk quantities of the DWCNT
material are available using a high temperature annealing method [14]. Alternatively, DWCNTs
can be produced with usual synthesis methods such as arc-discharge [15] or CVD [16] under special
conditions. According to the number of shells, DWCNTs are between SWCNTs and MWCNTs.
Thus, one expects that DWCNTs may provide a material where improved mechanical stability as
compared to SWCNTs coexists with the rich variety of electronic properties of SWCNTs. There
are, of course, a number of yet unanswered questions e.g. if the outer tube properties are unaf-
fected by the presence of the inner tube or if the commensurability of the tube structures plays a
role. These questions should be answered before the successful application of these materials.

In this contribution, we review Raman studies of DWCNTs. We show that the study of inner
tubes, in particular those from C60 peapod based DWCNTs provides some unique insight into the
physics of SWCNTs. Such studies enabled the observation of unprecedently sharp Raman modes,
which evidence that the inside grown SWCNTs are highly perfect mainly due to the catalyst free
nano-clean room interior of outer SWCNT reactor tubes. The sharp Raman features of inner tube
Raman radial breathing modes (RBMs) enable the indexing of chiral vectors thus providing a
simple alternative to the band-gap fluorescence method.

This review is organized as follows: we describe the experimental methods and the sample
preparation that are used for the current study. We compare the properties of DWCNTs grown
with different methods. We show that the C60 peapod based DWCNTs have unique properties
which underline the nano-clean room conditions encountered in the inside of SWCNTs. We de-
scribe a novel method for the preparation of the C60 peapod precursor material that enables the
large scale productions of DWCNTs. We present a detailed investigation of the electronic struc-



Chapter 14. The Raman Response ... 127

FIGURE 14.1. High-resolution TEM micrograph of a C60 peapod based DWCNT sample.

ture of the small diameter inner tubes. We also present the chiral vector assignment to such tubes
thus refining the empirical parameters of the relation between the RBM frequencies and the tube
diameters.

14.2 Experimental

SWCNT starting materials for the production of DWCNTs described herein were prepared by
the laser ablation method. Their diameters were controlled in order to obtain efficient C60 encap-
sulation that results in high yield of inner nanotubes. The values of dL = 1.39 nm, σL = 0.1 nm
were obtained for the mean diameter and the variance of the distribution for the different samples
using a large number of exciting laser energies following Ref. [17]. The SWCNT materials were
purified following Ref. [13]. Peapod samples were prepared by annealing SWCNTs with C60 in a
quartz ampoule following Ref. [13]. The peapod filling fraction was close to 100% as evidenced
previously on similar samples using Electron Energy Loss Spectroscopy (EELS) [18]. The peapod
materials were transformed to DWCNTs using the high temperature annealing method of Ref.
[14]. The samples in the form of bucky-paper are kept in dynamic vacuum and on a copper tip
attached to a cryostat, which allows temperature variation in the 20-600 K temperature range.

The Raman experiments were performed in a 180 degree backscattering geometry. A He/Ne,
an Ar/Kr mixed gas, and a tunable Ti:sapphire laser pumped by an Ar laser were used for the
excitation at 30 different laser lines. Multi frequency Raman spectroscopy was performed on a
Dilor xy triple axis spectrometer in the 1.64-2.54 eV (755-488 nm) energy range and in a Bruker
FT-Raman spectrometer for the 1.16 eV (1064 nm) excitation at 90 K. We operated the Dilor
spectrometer in two modes, high and normal resolution. The high resolution uses the additive
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 FIGURE 14.2. Schematic diameter distribution of geometrically allowed tubes in the DWCNTs of the
current study. The envelope of the approximate diameter distibution in a HiPco sample is shown for
comparison.

mode of the spectrometer and the spectral resolution as determined from the FWHM of the
elastically scattered light was 0.4-0.7 cm−1 going from red to blue excitation. Similarly, spectral
resolution in the normal mode was 1-2 cm−1 depending on the laser line. Measurements with the
FT-Raman spectrometer were recorded with 1 cm−1 resolution. Raman shifts were accurately
calibrated against a series of spectral calibration lamps. Ab initio calculations were performed
with the Vienna Ab Initio Simulation Package (VASP) [19].

14.3 Results and discussion

14.3.1 Synthesis of double-wall carbon nanotubes

Double-wall carbon nanotubes can be classified into two groups depending on the method used
for their production. DWCNT samples produced with usual preparation methods [15] have less
controllable parameters such as their diameter distributions and, as shown below, their quality is
inferior compared to the C60 peapod based DWCNTs. Following the discovery of DWCNTs from
C60 peapods under intensive electron irradiation [11], it was demonstrated using HR-TEM that a
1200◦C heat treatment can also efficiently produce the inner nanotubes based on the C60 peapods
[20]. The first characterization of bulk amounts of DWCNTs produced by this synthesis method
was performed using Raman spectroscopy by Bandow et al. [14].

In Fig. 14.1 we show a typical HR-TEM micrograph of C60 peapod based DWCNT. The dif-
ference in the outer and inner tube diameter is thought to be close to twice the van der Waals
distance of graphite, 0.335 nm. Indeed, X-ray studies have indeed shown that the inner and outer
tube diameter difference is only slightly larger, 0.72±0.02 nm [21]. The corresponding situation
for a DWCNT sample with outer tube distribution centered at the (10,10) tube is depicted in
Fig. 14.2. The cut-off observed at small diameter inner tubes is given by the smallest outer tube
diameter of 1.2 nm which allows the precursor C60 to enter [22, 23].

The transformation from C60 peapods to DWCNTs can be conveniently followed by Raman
spectroscopy. In Fig. 14.3 we compare the Raman spectra of pristine SWCNTs, C60@SWCNT
peapods, and DWCNTs based on the peapod material. The emergence of additional vibrational
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FIGURE 14.3. Raman spectra of pristine SWCNT, C60 peapod and C60 peapod based DWCNT samples
for λ=497 nm laser excitation and 90 K. Bullets mark the positions of the modes of encapsulated C60.

modes in the 200-450 cm−1 spectral range is evident in Fig. 14.3 for the DWCNT material as com-
pared to the pristine and peapod materials. This emergence is accompanied by the disappearance
of the modes of the encapsulated fullerene as denoted by circles in Fig. 14.3. The extra lines in the
200-450 cm−1 spectral range were identified as the radial breathing modes of the smaller diameter
inner shell tubes. The disappearance of the fullerene peaks is evidence that the encapsulated C60

serves as carbon source for the internal tube formation [14, 24].
The inverse relationship between the RBM frequencies and tube diameters allows a tube diam-

eter selective study of inner tube growth. In Fig. 14.4 we show the diameter selective growth of
inner tubes. The topmost curve, A, shows the fully developed inner tube RBM spectrum after a
12 h annealing at 1280◦C annealing, whereas B and C correspond to 0.5 and 1 hour annealing.
The comparison reveals the more rapid development of small diameter inner tubes, followed by
the slower development of larger diameter tubes. Similar diameter selective growth of inner tubes
was found by Bandow et al. [25]. In the latter work, it was concluded from measurements at two
laser excitations that small diameter inner tubes form first and are subsequently transformed to
larger diameter inner tubes.

This observation is somewhat different from the one reported here. The difference might be
related to the photoselective property of the Raman experiments, as the data reported here are
based on measurements on a larger number of laser lines. The formation of smaller tubes in the
beginning, followed by the development of larger diameter tubes later on provides useful input
for the theories aimed at explaining the inner tube formation. From computer simulation it was
demonstrated that C60 peapod based DWCNTs are formed by Stone-Wales transformations from
C60 dimer precursors formed at high temperature by cyclo-addition [26, 27]. The free rotation of
C60 molecules is a prerequisite for the dimer formation as it enables the molecules to have facing
double bonds.

It has been found experimentally that the ellipsoidal shaped C70 are present as both ”standing”
or ”lying” peapod configurations i.e. with the longer C70 axis perpendicular or parallel to the tube
axis [28]. In small diameter tubes the lying C70 configuration is preferred and the molecules have
facing pentagons and consequently no cyclo-additional double bond formation is possible in a
linear chain. For such small diameter tubes, dimers may be formed in a canted C70 configuration.
However this structure has not been observed experimentally. Experiments with C70 peapod
based DWCNTs have shown that inner tubes can indeed be formed from lying C70 peapods,



130 14.3. Results and discussion

0.0

0.2

0.4

0.6

0.8

1.0

280 290 300 310 320 330 340 350 360 370

 

 

R
am

an
 in

te
ns

it
y 

(a
rb

.u
.)

Raman shift (cm-1)

568 nm
95 K

A

B

C

 In
te

ns
ity

 R
at

io

 

 

B/A

 

FIGURE 14.4. Diameter selective
growth of inner tubes in C60 peapod
based DWCNT measured at λ=568 nm
laser excitation.
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FIGURE 14.5. Comparison of DWC-
NTs formed from vapor prepared (up-
per curve) and solvent prepared (lower
curve) peapod samples at λ=676 nm
laser excitation and room temperature.

which presents a challenge to the current theories [29]. Clearly, more theoretical work is required
on the formation process of inner tubes from fullerene peapod samples.

Apart from the lack of full understanding of the inner tube growth, the production process of
the precursor fullerene peapods is relatively complicated and its scaling up to larger amounts is
difficult. The usual, vapor filling, process involves the annealing of the fullerene together with
the opened SWCNT material sealed together in a quartz ampoule. Recently, a new fullerene
encapsulation technique involving the refluxing of the SWCNTs and the fullerenes in solvents
was presented [30]. In Fig. 14.5 we show the comparison of DWCNT samples based on vapor
and solvent filled C60 peapods. Clearly, the yield and diameter distribution of the inner tubes
are identical in the two kinds of samples which proves that the solvent filling method is indeed a
simple alternative to the vapor filling method. In contrast to the latter, it can be easily scaled up
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FIGURE 14.6. Comparison of CVD
grown (C-DWCNT) and C60 peapod
based DWCNT (60-DWCNT) materials
at λ=633 nm laser excitation. Arrows
indicate the Raman shift regions where
RBMs of the outer and inner tubes are
observed. The difference in inner and
outer tube diameters in the two samples
is apparent.
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 FIGURE 14.7. Raman response of the RBM of a DWCNT sample when excited with different lasers. The
spectra were recorded at 90 K. The indexing for some inner tube RBMs is shown for the λ=647 nm laser
energy.

to commercial quantities.
Production of DWCNTs has been reported by direct methods [15, 16]. Such DWCNTs are char-

acteristically different from the tubes grown from the peapod precursors. In Fig. 14.6 we show the
comparison of directly produced (C-DWCNT) and C60 peapod based DWCNT (60-DWCNT) ma-
terials. The C-DWCNTs were made from the catalytic decomposition of methane and was studied
in detail previously [31]. There are clear similarities and differences in the comparison of the two
kinds of DWCNT materials. Among the similarities, the Raman spectra of both compounds show
two groups of bands. The lower frequency extending from 110-160 cm−1 for the C-DWCNT and
from 165-200 cm−1 for the 60-DWCNT corresponds to the RBMs of the outer tubes. The modes
seen at 190-250 for the C-DWCNT and at 250-370 cm−1 for the 60-DWCNT correspond to the
RBMs of the inner tubes.

The difference in the observed RBM Raman shifts is related to the different diameters of the
inner and outer tubes in the C-DWCNT and 60-DWCNT compounds. It was found that C-
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FIGURE 14.8. Kataura plot with vertical lines indicating the diameter regions of inner and outer nanotubes
that are relevant for the current study.

DWCNT material shown in Fig. 14.6 has dinner = 1.52 nm, σinner = 0.6 nm, and douter = 2.26
nm, σouter = 0.4 nm for the mean and the variance of the diameter distributions of the inner and
outer tubes, respectively [16]. For the 60-DWCNT sample dinner = 0.67 nm, σinner = 0.1 nm, and
douter = 1.39 nm, σinner = 0.1 nm was found [24]. The most important difference between the two
materials is the smaller inner tube RBM linewidths for the 60-DWCNT sample. In what follows,
we discuss the properties of only the peapod based 60-DWCNT samples and will refer to these
briefly as DWCNTs.

14.3.2 Energy dispersive Raman studies of DWCNTs

Electronic structure of DWCNTs

The diverging behavior of the electronic density of states of SWCNTs gives rise to a significant
resonant Raman enhancement and a photoselective Raman scattering. The photoselectivity, com-
bined with the multi-frequency Raman method enables a detailed study of the electronic structure
of the SWCNTs. The photoselective scattering also holds for the inner tubes of the DWCNTs.
The laser energy dependent response of the inner tube RBMs is shown in Fig. 14.7. For the red
excitation RBM linewidths as small as 0.35 cm−1 were observed [24]. This is almost an order of
magnitude smaller than reported previously on individual SWCNTs [32]. Related to the narrow
linewidth of the vibrational modes, the resonant excitation for several lines is significant, resulting
in Raman intensities almost 10 times larger than those from the outer tubes. This implies very
sharp resonances between the Van Hove singularities. This issue is discussed in detail below. In
addition to the sharp electronic resonances, the electron-phonon coupling is enhanced for small
diameter tubes [33], which may also contribute to the observed signal enhancement of the inner
tube vibrational modes [24].

The Kataura plot that is relevant for the current study is shown in Fig. 14.8. It describes the
relation between the optical transitions and the tube diameters. It shows that when using red
laser excitations (¡ 2 eV), nominally semiconducting inner tubes are expected to be observed. The
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FIGURE 14.9. Electronic density of states for a small diameter, metallic nanotube using ab initio and
tight-binding techniques. The additional structure seen in the ab initio calculations between the two first
Van Hove singularities of the tight-binding method gives rise to resonances at excitation energies lower
than Em

11.

metallic inner tubes are expected to appear only for higher energy excitations, above 2.5 eV.
The presence of metallic tubes, as e.g. the (9,3) inner tube at the 647 nm laser excitation in Fig.

14.7 is unexpected as they should only be observable at significantly larger excitation energy when
resonance with the Em

11 transition occurs. This proves that smaller energy optical transitions are
present for small diameter nanotubes that are absent in the simplest tight-binding calculations.
Fig. 14.9 compares the zone folded tight-binding and ab initio derived density of states (DOS)
for a (6,0) metallic tube. The ab initio calculations show the presence of some structures between
the lowest energy optical transitions of the tight-binding model, giving rise to the experimentally
observed resonance. The observed difference between the ab initio and the tight-binding theory
results from the finite curvature of the small diameter nanotubes. This curvature induces the
mixing of the σ and the inward pointing π orbitals.

The width of the Van Hove singularities of the DOS of SWCNTs is a measure of their one-
dimensional character. It can be measured from high resolution energy dispersive Raman studies.
The results in the 700-750 nm excitation energy range are shown in Fig. 14.10. Dashed lines mark
the Raman shift where the RBMs of two selected inner SWCNTs were followed for several laser
excitations. The FWHM of the energy dependent inner tube intensities and thus the FWHM of
the Van Hove singularities was found to be 60 meV. This value is very small and reflects the
one dimensional character of the SWCNTs. However, this does not significantly differ from values
obtained from CVD grown, individual SWCNTs in a previous study [34]. This shows that the high
perfectness of the inner tubes as deduced from the phonon lifetimes has no influence on the width
of the singularities in their DOS as compared to the non defect-free outer SWCNTs. It rather
supports the enhancement of electron-phonon coupling for small diameter nanotubes as the origin
for the signal enhancement. If, however, an enhanced electron phonon coupling is present for the
small diameter tubes, one expects a range of interesting physical phenomena to arise for the small
tube such as Peierls transition [35] or superconductivity [36]. Indeed, superconductivity has been
observed with a critical transition temperature of Tc= 15 K in 0.4 nm diameter SWCNTs [37].
However, the relevance of such phenomena for the inner tubes embedded in DWCNTs is not yet
settled and is currently being investigated.
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FIGURE 14.10. Energy dispersive Ra-
man spectra of the DWCNT sample in
the 700-750 nm excitation energy range.
Dashed lines indicate the same inner
tube RBM followed for several laser ex-
citations. The spectra are normalized to
the incident power.
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 FIGURE 14.11. High resolution Raman spectra of inner tube RBMs of DWCNT at λ=647 nm laser
excitation and 90 K. We also show the corresponding spectrum after deconvolution with the resolution of
the spectrometer.
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FIGURE 14.12. Comparison of the inner tube RBMs of a DWCNT sample and the RBMs of a sample
prepared by the HiPco process at λ=568 nm and 647 nm laser energy. Both samples were measured at 90
K in the high resolution mode.

Splitting of the inner tube RBM response of DWCNTs

In addition to the well defined number of geometrically allowed inner tubes, a larger number
of RBMs are observed. In Fig. 14.11 we show spectra measured in the high resolution mode at
the 647 nm laser excitation at 90 K. The spectra after deconvolution with the resolution of the
spectrometer are also shown. The resolution of the spectrometer contributes to an additional
Gaussian broadening of the intrinsically Lorenztian RBM lineshapes. The width of the Gaussian
was measured from the response of our apparatus to the exciting laser and was found to be 0.4-0.7
cm−1 depending on the laser energy. The presence of additional, split components is apparent in
Fig. 14.11 for some tubes. Some RBMs split into even 3 and more components. This splitting
is a natural consequence of the different number of geometrically allowed inner and outer tubes
and is related to the interaction between the two shells of the DWCNTs. As the diameters of
both the inner and outer tubes are discrete sequences, some inner tubes can be grown in outer
tubes with different diameters. Then the difference in inner-outer tube wall distance gives rise to a
different interaction that causes the observed splitting of the lines. A rough estimate yields that for
the DWCNTs studied here, 40 geometrically allowed outer tubes accommodate 20 geometrically
allowed inner tubes. As a consequence, on average splitting into two components is expected.
This estimate, however, does not account for the magnitude of the splitting that is currently
being further investigated both experimentally and theoretically [38].

In addition to the two-wall related splitting of the RBMs of inner tubes, further peculiarities
can be observed. In Fig. 14.12 we compare the inner tube RBMs of a DWCNT sample with the
RBMs of a small diameter SWCNT sample. The latter was a HiPco sample with a mean diameter
and a variance of d =1.05 nm and σ=0.15 nm, respectively [39]. The figure shows this comparison
for 568 nm and 647 nm laser excitation. The larger number of RBMs in the DWCNT sample as
compared to the HiPco sample and the absence of splitting for the RBMs in the HiPco sample is
observed. Broader RBM lines are observed in the HiPco sample, however this would not limit the
observation of the splitting. As discussed above, the splitting is related to the two-shell nature of
the DWCNT samples and thus its absence is natural in the HiPco sample. However, the absence of
some RBMs corresponding to geometrically allowed tubes in the HiPco sample that are observed
in the inner tube DWCNT spectrum is intriguing.
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FIGURE 14.13. DWCNT RBM spectra
measured at 90 K for several laser exci-
tations.

The absence of geometrically allowed SWCNTs or the smaller number of optical transitions
in the HiPco samples may explain for our observation. The dashed line in Fig. 14.12 shows an
example for a tube RBM that is absent at 647 nm excitation from the HiPco spectrum, however
appears at 568 nm excitation. Similar behavior was observed for other, missing HiPco RBM modes,
i.e. the RBM modes of the SWCNTs of the HiPco samples are also present, although at much less
number of laser lines. This clearly shows, that all the geometrically allowed SWCNTs are present
both among the inner tubes and also in the HiPco sample, however, there is a significantly larger
number of optical transitions for the inner tubes of the DWCNT sample. This is most probably
related to a yet unexplained intricate interplay between the two shells of the DWCNT samples
and calls for theoretical work on this issue. In addition to the larger number of lines observed
in the inner tube RBM spectrum of DWCNTs, a slight downshift ranging from 2-3 cm−1 is also
observed. This downshift is related to the different environment for an inner tube of the DWCNT
and for an SWCNT in a HiPco sample. The earlier is surrounded by an outer tube, whereas the
latter is embedded in bundles. These interactions give rise to a different value for the C2 constant
of the RBM mode frequencies. The broader linewidths observed in the HiPco sample underlines
the highly perfect nature of the inner nanotubes.

Chiral index assignment for inner tubes

The reciprocal relation between the RBM frequencies and the tube diameters contributes to a
significant spectral spread for the observed inner tube RBMs. This, together with the narrow
linewidths observed for the inner tubes allows the accurate (n,m) indexing of the tubes. In Fig.
14.13, the inner tube RBMs measured at several laser lines are shown. The observation of a large
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FIGURE 14.14. Difference between
graphene and DFT derived inverse tube
diameters. The solid line is a polynomial
interpolation.

number of well defined RBMs allows the determination of RBM shifts corresponding to distinct
inner tubes. The Raman shifts of observable inner tubes are summarized in Table. 14.1, together
with the assigned chiral vectors, and tube diameters calculated with DFT methods. It was found
that the diameters of small tubes, based on the lattice constant of graphene gives significant
deviations as compared to the DFT calculated tube diameters [40].

In Fig. 14.14 we compare the inverse tube diameters calculated from the lattice constant of
graphene and from a DFT calculation. A simple interpolation could be established: 1/dDFT = 1/dG

-
(
0.0050/d2

G + 0.0013/d4
G

)
, where dDFT and dG are the DFT and the graphene derived tube diame-

ters, respectively, and dG is expressed from the chiral indices as: dG = 0.141
√

3 (m2 + n2 + mn)/π.
The C1 and C2 constants of the RBM frequencies νRBM=C1/dDFT + C2 were determined from a
linear regression and C1=233 cm−1 nm and C2=14 cm−1 were found.
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TABLE 14.1. Inner tube RBM frequencies and tube diameters: (1) center of gravity line position of the
RBM averaged from different laser excitations, (2) CNT chiral indices, (3) interpolated DFT determined
tube diameters, (4) first and second tight-binding optical transition energies with γ0= 2.9 eV, (5) theoretical
RBM frequencies at the best fit with C1=233 cm−1 nm and C2= 14 cm−1. (”n.i.”: not identified), from
[40].

νRBM exp. (cm−1) (n,m) dRBM (nm) E11/E22 (eV) νRBMth. (cm−1)

246.1 (11,3) 0.997 0.84/1.59 247.8
252.4 (12,1) 0.978 0.86/1.60 252.1
n.i. (10,4) 0.975 2.36/4.21 252.9
257.6 (9,5) 0.960 0.84/1.73 256.8
260.5 (8,6) 0.950 0.87/1.69 259.2
n.i. (11,2) 0.947 2.40/4.24 260
n.i. (7,7) 0.947 2.52/4.54 260
n.i. (12,0) 0.937 2.40/4.25 262.6
265.3 (10,3) 0.921 0.87/1.84 267
270.5 (11,1) 0.901 0.85/1.91 272.5
274.7 (9,4) 0.901 0.82/1.75 272.5
n.i. (8,5) 0.888 2.61/4.60 276.5
280.2 (7,6) 0.881 0.93/1.85 278.5
282.3 (10,2) 0.871 0.97/1.78 281.6
284.0 (11,0) 0.860 0.98/1.80 284.9
289.1 (9,3) 0.846 2.67/4.63 289.4
296.1 (8,4) 0.828 0.98/2.00 295.4
298.9 (10,1) 0.824 2.70/4.65 296.7
301.9 (7,5) 0.817 1.01/1.95 299.2
304.0 (6,6) 0.813 2.90/5.02 300.5
306.5 (9,2) 0.794 1.01/2.15 307.3
311.7 (10,0) 0.783 1.02/2.22 311.6
317.2 (8,3) 0.771 1.09/2.02 316.1
319.8 (7,4) 0.756 3.00/5.07 322.5

Fig. 14.15 shows that no linear relationship could be established between the RBM frequen-
cies and the graphene derived inverse tube diameters. However, a very reliable fit is obtained
with small discrepancies between calculated and measured RBM frequency values when the DFT
optimized tube diameters were used. It establishes that the reciprocal relationship between the
RBM frequencies and the tube diameters, when the latter is properly calculated, is valid down to
the smallest observable inner tubes. The value determined for the C1 constant is not restricted
to small diameter tubes only, however studies on larger diameter tubes have been lacking the
precision that could be obtained from the inner tube analysis of DWCNTs. Therefore a direct
comparison with previously determined values can not be performed. It has been pointed out
above that the different environment for an inner tube and for an SWCNT in a bundle prevents
a comparison of the respective C2 parameters.
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νRBM exp. (cm−1) (n,m) dRBM (nm) E11/E22 (eV) νRBMth. (cm−1)

323.0 (9,1) 0.748 1.13/2.05 325.8
327.9 (6,5) 0.748 1.09/2.17 325.8
336.7 (8,2) 0.719 3.06/5.09 338.3
340.3 (9,0) 0.706 3.08/5.10 344.1
345.8 (7,3) 0.697 1.15/2.41 348.2
353.8 (6,4) 0.684 1.21/2.30 354.6
358.5 (5,5) 0.680 3.37/5.52 356.8
364.9 (8,1) 0.671 1.19/2.60 361.4
374.5 (7,2) 0.643 1.32/2.38 376.3
383.5 (8,0) 0.629 1.36/2.40 384.4
389.3 (6,3) 0.624 3.52/5.54 387.3
395.6 (5,4) 0.615 1.33/2.63 393.2
405.8 (7,1) 0.595 3.58/5.55 405.9
422.0 (6,2) 0.569 1.40/3.00 423.8
432.9 (7,0) 0.553 1.43/3.22 435.7
438.1 (5,3) 0.553 1.52/2.79 435.7
444.5 (4,4) 0.547 4.10/5.80 439.9
462.1 (6,1) 0.519 1.66/2.87 463.1

14.4 Conclusion

In conclusion, the Raman studies of peapod based DWCNT materials have been reviewed. It
was shown that this material has an unprecedently high perfectness related to the growth in the
catalyst free environment. The growth mechanism is not fully understood and some alternative
mechanisms have been discussed. A method is presented that enables the industrial scaling up
of the DWCNT production. The properties of the DWCNT have been compared with a similar
diameter SWCNT material, a HiPco sample.

The geometrically allowed small diameter tubes are present in both materials. However, due
to the smaller number of optical transitions in the HiPco sample, a smaller number of RBM
lines are observed. A splitting of the geometrically allowed inner tube RBMs in the DWCNT
sample was observed. It was explained by the different shell-shell distance of inner-outer tube
pairs with varying diameters. The sharp appearance of the inner tube RBMs and their relatively
larger spectral spread allowed a chiral index assignment for a broad spectral range and Raman
shifts. It was found that a linear relation could be established between the RBM frequencies and
DFT determined tube diameters. The empirical constants relating the RBM frequencies and the
tube diameters have been refined. Nevertheless, a direct comparison with values determined on
free-standing or bundled SWCNTs is not straightforward.
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A. Jánossy, Chem. Phys. Lett. 383, 362 (2003).
[31] F. Li, S. G. Chou, W. Ren, J. A. Gardecki, A. K. Swan, M. S. Ünlü, B. B. Goldberg, H.-M. Cheng,
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Studying single-wall carbon nanotubes
through encapsulation: from optical methods
till magnetic resonance

Ferenc Simon
Journal of Nanosciences and Nanotechnology in Press.

ABSTRACT Encapsulating fullerenes, magnetic fullerenes, 13C isotope enriched fullerenes and or-
ganic solvents inside SWCNTs enables to yield unprecedented insight into their electronic, optical,
and interfacial properties and to study SWCNT growth. In addition to customary methods of their
studies such as e.g. optical absorption or Raman spectroscopy, these efforts enables to employ elec-
tron spin resonance (ESR) and nuclear magnetic resonance (NMR) spectroscopy. Encapsulated C60

fullerenes are transformed to inner tubes by a high temperature annealing. The diameter distribution
of the inner tubes follow that of the outer one and their unique, low defect concentration makes them
an ideal model system for high resolution and energy dependent Raman studies. The observation of
Raman modes of individual inner-outer tube pairs allows to measure the inner-outer tube interaction
strength that is also well described theoretically. Reversible closing and opening of SWCNT can be
studied in a diameter selective manner by encapsulating C60 and transforming it to an inner tube.
The growth of inner tubes can be achieved from 13C enriched encapsulated organic solvents, which
shows that the geometry of the fullerene does not play a particular role in the inner tube growth as
it was originally thought. In addition, it opens new perspectives to explore the in-the-tube chemistry.
Growth of inner tubes from 13C enriched fullerenes provides a unique isotope engineered heteronuclear
system, where the outer tubes contain natural carbon and the inner walls are controllably 13C iso-
tope enriched. The material enables to identify the vibrational modes of inner tubes which otherwise
strongly overlap with the outer tube modes. The 13C NMR signal of the material has an unprece-
dented specificity for the small diameter SWCNTs. Temperature and field dependent 13C T1 studies
show a uniform metallic-like electronic state for all inner tubes rather than distributed metallic and
isolating behavior. A low energy, 3 meV gap is observed that is tentatively assigned to a long sought
Peierls transition in the small diameter SWCNTs. Encapsulating magnetic fullerenes, such as N@C60

and C59N opens the way for local probe ESR studies of the electronic properties of the SWCNTs.
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15.1 Introduction

The nano-era can be originated from the discovery of carbon nanotubes (CNTs) by Sumio Iijima
in 1991 [1]. Before 1991, nanoscience and nanotechnology usually meant small clusters of atoms
or molecules with seemingly of fundamental interest only. The originally discovered multi-wall
CNTs were soon followed by the discovery of single-wall CNTs [2, 3], which are both believed
to be of paramount importance for applications. The principal interest in CNTs comes from
the fact that they contain carbon only and all carbons are locally sp2 bound, like in graphite,
which provides unique mechanical and transport properties. This, combined with their huge,
>1000, aspect ratio (the diameters being 1-20 nm and their lengths over 1 micron), endows them
with their enormous application potential. The not exhaustive list of applications includes field-
emission displays (epxloiting their sharp tips) [4], cathode emitters for small sized x-ray tubes for
medical applications [5], reinforcing elements for CNT-metal composites, tips for scanning probe
microscopy [6], high current transmitting wires, cables for a future space elevator, elements of
nano-transistors [7], and elements for quantum information processing [8].

Carbon nanotubes can be represented as rolled up graphene sheets, i.e. single layers of graphite.
Depending on the number of coaxial carbon nanotubes, they are usually classified into multi-wall
carbon nanotubes (MWCNTs) and single-wall carbon nanotubes (SWCNTs). Some general con-
siderations have been clarified in the past 14 years of nanomaterial research related to these
structures. MWCNTs are more homogeneous in their physical properties as the large number
of coaxial tubes smears out individual tube properties. This makes them suitable candidates for
applications where their nanometer size and the conducting properties can be exploited such as
e.g. nanometer sized wires. In contrast, SWCNT materials are grown as an ensemble of weakly
interacting tubes with different diameters. The physical properties of similar diameter SWCNTs
can change dramatically as the electronic structure is very sensitive on the rolling-up direction,
the so-called chiral vector [9, 10]. The chiral vector is characterized by the (n,m) vector compo-
nents which denote the direction along which a graphene sheet is rolled up to form a nanotube.
Depending on the chiral vector, SWCNTs can be metallic or semiconducting [10]. This provides a
richer range of physical phenomena as compared to the MWCNTs, however significantly limits the
range of applications. To date, neither the directed growth nor the controlled selection of SWCNTs
with a well defined chiral vector has been performed successfully. Thus, their broad applicability
is still awaiting. Correspondingly, current research is focused on the post-synthesis separation of
SWCNTs with a narrow range of chiralities [11–14] or on methods which yield information that
are specific to SWCNTs with different chiralities. Examples for the latter are the observation of
chirality selective band-gap fluorescence in semiconducting SWCNTs [15] and chirality assigned
resonant Raman scattering [16, 17].

Clearly, several fundamental questions need to be answered before all the benefits of these novel
nanostructures could be fully exploited. Recent theoretical and experimental efforts focused on
the understanding of the electronic and optical properties of single-wall carbon nanotubes. It
has been long thought that the one-dimensional structure of SWCNTs renders their electronic
properties inherently one-dimensional [9, 10]. This was suggested to result in a range of exotic
correlated phenomena such as the Tomonaga-Luttinger (TLL) state [18], the Peierls transition
[19, 20], ballistic transport [21], and bound excitions [22–25]. The presence of the TLL state is
now firmly established [26–28], there is evidence for the ballistic transport properties [21] and
there is growing experimental evidence for the presence of excitonic effects [29, 30]. The Peierls
transition, however remains still to be seen.

An appealing tool to study the SWCNT properties originates from the discovery of fullerenes
encapsulated inside SWCNTs by Smith, Monthioux, and Luzzi [31]. This peapod structure is
particularly interesting as it combines two fundamental forms of carbon: fullerenes and carbon
nanotubes. A high-resolution transmission electron microscopy (HR-TEM) image of a peapod is
shown in Fig. 15.1. It was also shown that macroscopic filling with the fullerenes can be achieved
[32, 33]. This, in principle, opens the way to encapsulate magnetic fullerenes which would enable
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FIGURE 15.1. HR-TEM image of
C60@SWCNT peapods.

the study of the tube electronic properties using electron spin resonance as it is discussed in this
review. Another interesting follow-up of the peapod structure discovery is that the encapsulated
fullerenes can be fused into a smaller diameter inner tube [34, 35] thus producing a double-
wall carbon nanotube (DWCNT). DWCNTs were first observed to form under intensive electron
radiation [32] in a high resolution transmission electron microscope from C60 peapods. Following
the synthesis of C60 peapods in macroscopic amounts [33], bulk quantities of the DWCNT material
are available using a high temperature annealing method [35]. Alternatively, DWCNTs can be
produced with usual synthesis methods such as arc-discharge [36] or CVD [37] under special
conditions. According to the number of shells, DWCNTs are between SWCNTs and MWCNTs.
Thus, one expects that DWCNTs may provide a material where improved mechanical stability as
compared to SWCNTs coexists with the rich variety of electronic properties of SWCNTs. There
are, of course, a number of yet unanswered questions e.g. if the outer tube properties are unaffected
by the presence of the inner tube or if the commensurability of the tube structures plays a role.
These questions should be answered before the successful application of these materials.

The inner tubes grown inside SWCNTs from peapods turned out to be a particularly interesting
system as they are remarkably defect free which results in very long phonon life-times, i.e. very
narrow vibrational modes [38]. In addition, their smaller diameters results in a larger energy
spread, i.e. larger spectral splitting, for diameter dependent phonon modes such as e.g. the radial
breathing mode (RBM). These two effects make the inner tubes very suitable to study diameter
dependent physics of the small diameter tubes with precision. Here, we review how to employ
the inner tubes as probes of the outer tube properties. The additional benefit of the inner tube
growth from fullerenes is that the starting carbon source can be tailored at wish, e.g. when 13C
isotope enriched fullerenes are encapsulated inside the SWCNT host tubes, 13C isotope enriched
inner tubes are grown. In Fig. 15.2 we show the schematics of such a DWCNT.

Here, we review the efforts to study the SWCNTs properties through encapsulation using
Raman and magnetic resonance spectroscopy. The reviewed phenomena include the precise char-
acterization of diameter distribution of SWCNTs, the study of reversible hole engineering on the
SWCNTs, study of the inner tube growth mechanism with the help of 13C isotope labeling, the
study of local density of states on the tubes using nuclear magnetic resonance (NMR) on the
13C isotope enriched inner tubes, and the electron spin resonance (ESR) studies of the SWCNTs
using encapsulated magnetic fullerenes. This review is organised as follows. First, we present the
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FIGURE 15.2. Schematic structure of an
isotope engineered DWCNT with (14,6)
outer and (6,4) inner tubes. 12C and 13C
are shown in black and blue, respectively.
The inner tube is 89 % 13C enriched and
the outer contains natural carbon (1.1 %
13C abundance), which are randomly dis-
tributed for both shells.

general properties of DWCNTs using Raman, discuss the electronic and vibrational properties of
the inner tubes, which are the probes in the subsequent studies. Second, we present the use of
the inner tubes to probe the host outer tube diameter distribution and to study the opening and
closing of holes on the outer tubes. Third, we present a study on the inner tube growth mechanism
using isotope enriched carbon. Fourth, we discuss the NMR results on the isotope enriched inner
tubes and in particular we present the observation of a low energy spin-gap in the density of
states of SWCNTs. Fifth, we discuss the efforts related to studying the SWCNT properties by
encapsulating magnetic fullerenes using ESR.

15.2 Experimental methods and sample preparation

15.2.1 Sample preparation

The starting SWCNT samples

SWCNTs from different sources and prepared by different methods were used in the studies de-
scribed. Arc-discharge grown SWCNTs with 50 % supplier provided weight purity were purchased
from Nanocarblab (Nanocarblab, Moscow, Russia) and laser ablation prepared SWCNTs with 10
% weight purity were purchased from Tubes@Rice (Tubes@Rice, Houston, USA). This latter
material was purified through repeated steps of air oxidation and washing in HCl. Some laser
ablation prepared and purified samples were obtained from H. Kataura. The purified samples are
usuall well opened to enable fullerene encapsulation. If not, annealing in air at 450 ◦C for 0.5
hour makes them sufficiently open. The HiPco samples used as reference were purchased from
CNI (Carbon Nanotechnologies Inc., Houston, USA). Most samples were used in the form of a
buckypaper, which is prepared by filtering a suspension of SWCNTs. We found that commercially
available SWCNTs already meet a required standard in respect of purity and quality. In addition,
for the amount of experimental work described here, reproducible samples i.e. a large amount of
SWCNTs from similar quality, were required. The commercial samples can meet this requirement,
which compensates for their slightly inferior quality as compared to laboratory prepared ones.
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Synthesis of peapods

Encapsulation of fullerenes at low temperatures inside SWCNTs (solvent method) was performed
by sonicating the fullerene and opened SWCNT suspensions together in organic solvents following
Refs. [39–42]. For fullerene encapsulation at high temperatures (the vapor method), the SWCNTs
and the fullerenes were sealed under vacuum in a quartz ampoule and annealed at 650 ◦C for 2
hours [33]. Fullerenes enter the inside of the SWCNTs at this temperature due to their high vapor
pressure that is maintained in the sealed environment. Non-encapsulated fullerenes were removed
by dynamic vacuum annealing at the same temperature for 1 hour. High purity fullerenes were ob-
tained from a commercial source (Hoechst AG, Frankfurt, Germany). The filling of SWCNTs with
the fullerenes was characterized by observing the peapod structure in high-resolution transmission
electron microscopy (HR-TEM), by x-ray studies of the one-dimensional array of fullerenes inside
the SWCNTs and by the detection of the fullerene modes from the cages encapsulated inside the
SWCNTs using Raman spectroscopy [33, 43].

Synthesis of DWCNTs

DWCNTs were prepared by two routes: from fullerene peapods and using chemical vapor depo-
sition (CVD) growth technique [44]. The peapods were transformed to DWCNTs by a dynamic
vacuum treatment at 1250 ◦C for 2 hours following Ref. [35]. Again, the DWCNT transformation
was followed by HR-TEM and by the observation of the DWCNT structure factors using x-ray
studies. In addition, new Raman modes emerge after the 1250 ◦C heat treatment particularly in
a frequency range that is clearly upshifted from the outer tube RBMs.

For the CVD DWCNT growth, the catalyst was a modified version of the Fe/Mo/MgO system
developed by Liu et al. [45] for SWCNT synthesis. The catalyst possessed a molar Fe:Mo:MgO
ratio of 1:0.1:110. Nanotubes were synthesized in a fixed bed horizontal quartz tube reactor. The
gas stream was a C2H2:Ar (10 cm3/min:150 cm3/min volumetric flow rate at ambient temperature
and pressure) reaction mixture. The reactor was pushed into the furnace and kept there at 850 ◦C
for 20 minutes. The catalyst was removed from the sample by dissolving in excess of concentrated
HCl solution at room temperature. The remaining carbonaceous material was filtered and washed
with distilled water and dried at 120 ◦C.

Synthesis of isotope engineered DWCNTs

Commercial 13C isotope enriched fullerenes (MER Corp., Tucson, USA) were used to prepare
fullerene peapods C60,C70@SWCNT with enriched fullerenes. Two supplier specified grades of
13C enriched fullerene mixtures were used: 25 and 89 %, whose values were slightly refined based
on the Raman spectroscopy. The 25 % grade was nominally C60, and the 89 % grade was nominally
C70 with C60/C70/higher fullerene compositions of 75:20:5 and 12:88:< 1, respectively. The above
detailed standard routes were performed for the peapod and the DWCNT productions.

15.2.2 Raman spectroscopy

Raman spectra were measured with a Dilor xy triple spectrometer using various lines of an Ar/Kr
laser, a He/Ne laser and a tunable Ti:sapphire and Rhodamin dye-laser in the 1.54-2.54 eV (805-
488 nm) energy range. Tunable lasers allow to record the so-called Raman map [16, 17] i.e. to
detect the SWCNT resonance energies through the Raman resonance enhancement [46], which
ultimately allows the chiral index assignment. The spectra can be recorded in normal (NR) and
high resolution (HR) mode, respectively (∆ν̄NR = 1.3 cm−1 for blue and ∆ν̄HR = 0.4 cm−1 in
the red). The samples in the form of bucky-paper are kept in dynamic vacuum and on a copper
tip attached to a cryostat, which allows temperature variation in the 20-600 K temperature
range. Raman spectroscopy was used to characterize the diameter distribution of the SWCNTs,
to determine the peapod concentrations, and to monitor the DWCNT transformation of the
peapod samples.



148 15.3. Results and discussion

150 300 450 600 750 1350 1500 1650

 

R
am

an
 s

ig
na

l (
ar

b.
 u

.)

x20 x50 x20 x1

 

 

Raman shift (cm-1)

SWCNTs

C
60

 peapods

DWCNTs

inner RBMs

 

 

 

FIGURE 15.3. Transformation of fullerene peapods to DWCNTs as followed with Raman spectroscopy at
496.5 nm laser excitation and 90 K after Ref. [38]. The SWCNT Raman spectra (lower curve) is shown
as reference. The fullerene related peapod modes (dots) in the middle curve disappear upon the heat
treatment. Note the sharp RBMs appearing in the 250-450 cm−1 for the DWCNT sample.

15.2.3 Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) is usually an excellent technique for probing the electronic
properties at the Fermi level of metallic systems. The examples include conducting polymers,
fullerenes, and high temperature superconductors. However the 1.1% natural abundance of 13C
with nuclear spin I=1/2 limits the sensitivity of such experiments. As a result, meaningful NMR
experiments has to be performed on 13C isotope enriched samples. NMR data were taken with
the samples sealed in quartz tubes filled with a low pressure of high purity Helium gas [47].
We probed the low frequency spin dynamics (or low energy spin excitations, equivalently) of the
inner-tubes using the spin lattice relaxation time, T1, defined as the characteristic time it takes
the 13C nuclear magnetization to recover after saturation. The signal intensity after saturation,
M(t), was deduced by integrating the fast Fourier transform of half the spin-echo for different
delay times, t.

15.2.4 Electron spin resonance

The peapod and the reference SWCNT materials were mixed with the ESR silent high purity SnO2

in a mortar to separate the pieces of the conducting bucky-papers. The samples were sealed under
dynamic vacuum. A typical microwave power of 10 µW and 0.01 mT magnetic field modulation at
ambient temperature were used for the measurements in a Bruker Elexsys X-band spectrometer.

15.3 Results and discussion

15.3.1 Inner tubes in DWCNTs as local probes

Electronic and vibrational properties of DWCNTs

Encapsulating fullerenes and their transformation into inner tubes by the high temperature an-
nealing process [35] provides a unique opportunity to study the properties of the host outer tubes.
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FIGURE 15.4. HR-TEM micrograph of a
peapod template based DWCNT.
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FIGURE 15.5. Raman spectra in the
G’ mode range of a) SWCNT and b)
DWCNT samples at DWCNT 515 nm
laser excitation. Dashed curves shows de-
convolution to inner (lower frequency)
and outer (higher frequency) tubes.
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 FIGURE 15.6. Raman spectra of the RBMs in
DWCNT and HiPco (SWCNT) samples at 594 nm
laser excitation and 90 K in the high resolution spec-
trometer mode.

In Fig. 15.3 we show the evolution of the SWCNT Raman spectrum upon C60 fullerene encapsu-
lation and the DWCNT transformation after Ref. [38]. The series of sharp modes in the peapod
spectrum, which are related to the encapsulated fullerenes [43], disappear upon the heat treatment
and a series of sharp modes appear in the 250-450 cm−1 spectral range. The presence of inner
tubes after this protocol have been independently confirmed by HR-TEM [34] and structures sim-
ilar to that shown in Fig. 15.4 were observed. The small diameter tubes with d ∼ 0.7 nm would
have RBM modes in the ∼ 250-450 cm−1 spectral range, which clarifies the identification of these
modes. The identification of the inner tube RBMs is possible due to the strong d dependence of
this Raman mode [48].

The assignment of the dispersive SWCNT G’ mode [10] mode to inner and outer tube modes
was also possible due to the (weaker) diameter dependence and the high energy of this mode [49].
In Fig. 15.5, we show the energy dependence of this mode for DWCNTs. Clearly, the DWCNT
G’ mode consists of two components. Other modes, such as the SWCNT D and G modes are less
diameter sensitive and assignment of inner and outer tube D and G modes requires the use of
isotope enriched DWCNTs as shown below.

A variety of additional information can be gained about the inner tube properties when their
RBMs are studied using the additive mode, i.e. high-resolution of the Raman spectrometer. In Fig.
15.6, we show the inner tube RBMs at 90 K with high-resolution in comparison with an SWCNT
sample with similar tube diameter prepared by the HiPco process. Three striking observations
are apparent in the comparison of the two spectra: i) there are a larger number of inner tube
RBMs than geometrically allowed and they appear to cluster around the corresponding modes
in the SWCNT sample, ii) the inner tube RBMs are on average an order of magnitude narrower
than the SWCNT RBMs in the HiPco sample [38] and iii) the Raman intensity of the inner tubes
is large in view of the ∼ 3 times less number of carbon atoms on them [49]. Points ii) and iii)
are explained by the long phonon and quasi-particle life-times of inner tubes which are discussed
further below.

Observation i), i.e. the clustering behavior of the observed inner tube RBMs around SWCNT
RBMs, is further evidenced in energy dispersive Raman measurements. In Fig. 15.7, we show the
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FIGURE 15.7. Raman map of DWC-
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11 peaks as

measured in a HiPco sample [16], re-
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the chiral indexes for the (6,5) and
(6,4) tubes are indicated. Dashed
lines join chiralities in the same fam-
ily. Laser excitation was not available
in the missing area.

Raman map for the DWCNTs from Ref. [51]. The advantage of studying Raman maps is that the
optical transition energies are also contained in addition to the Raman shifts. These two quantities
uniquely identify the chirality of a nanotube [10, 52, 53]. The analogous Raman map for HiPco
SWCNTs were measured by Fantini et al. [16] and Telg. et al. [17]. Their results are also shown
in Fig. 15.7) with squares and circles for metallic and semiconducting tubes,respectively. It turns
out that family patterns with 2n + m = const can be identified for which the tube resonance
energies and Raman shifts are closely grouped together [15]. The comparison of the HiPco results
and the DWCNT Raman map confirms the above statement, i.e. that a number of inner tube
modes are observed for the DWCNT where only a few (or one) SWCNT chirality is present. This
is best seen for the (6,5) and (6,4) chiralities which are well resolved from other modes.

In Fig. 15.8, we show the Raman maps for the two samples near the energy and Raman shift
regions for the (6,5) and (6,4) tube modes [15–17]. The comparison of the Raman maps of the
two kinds of samples shows that the corresponding tube modes are split into up to 15 components
for the inner tube RBMs. This is explained by the inner-outer tube interaction in the DWCNT
samples: an inner tube with a particular chirality can be grown in outer tubes with different
diameters (chiralities). The varying inner-outer tube spacing can give rise to a different Raman
shift for the split components. The large number of split components is a surprising result as it is
expected that an inner tube with a given diameter is grown in maximum 1-2 outer tubes where
its growth is energetically preferred.

To further prove the origin of the splitting and to quantify this effect, model calculations on
the inner-outer tube interactions were performed [50, 54] following the continuum model of Popov
and Henrard [55] that is discussed here. The DWCNT is represented by two nested cylinders with
diameters di and do of the inner and outer shells, respectively. The inner-outer tube interaction is
described by the Lennard-Jonnes (LJ) potential: the interaction between two points at a distance
r on the two shells is given by

V (r) = 4ε[(σ/r)12 − (σ/r)6] , (15.1)

where ε = 2.964meV and σ = 0.3407nm are the parametrized values for graphite [56].
The inner tube RBM frequencies are obtained from the eigenvalues of the DWCNT dynamical
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matrix written for the RBMs:

D = − 1√
mimo

(
ki + ∂2Φ/∂d2

i ∂2Φ/∂di∂do

∂2Φ/∂do∂di ko + ∂2Φ/∂d2
o

)
, (15.2)

Here mi and mo are the masses (per unit length) and ki and ko are the force constants of
the inner and outer shells, respectively. Φ is the inner-outer tube interaction energy. The force
constants can be determined from the RBM frequencies for separate inner and outer SWCNTs
using first principles calculations such as in Ref. [48]. The inner-outer tube interaction energy, Φ
is a sum of the elastic energies of both tubes and the tube-tube interaction energy, ELJ :

Φ = Y1π/2[di,0(∆di/di)2 + do,0(∆do/do)2] + ELJ (15.3)

Here di,0 and do,0 are the diameters for separate inner and outer tubes, respectively and ∆di

and ∆do are their changes in the DWCNTs. Y1 = Y d, Y = 1.06 TPa is the graphene in-plane
Young’s modulus, and d = 0.335 nm is the tube wall thickness. The relaxed diameters of the inner
and outer tubes are obtained from minimizing the Φ interaction energy.

In Fig. 15.9a, we show the calculated upshift of the inner tube RBMs for a (6,4) tube as
a function of the diameter difference to various outer tubes. Clearly, up to 35 cm−1 Raman
shift variations can be reproduced. The question remains, however whether such inner-outer tube
diameter differences really appear in a sample. In Fig. 15.9b, we show the assumed Gaussian
distribution for the outer tube abundance that was used for the simulation of an inner tube
spectrum taking into account the effect of outer tubes. This simulation is shown in Fig. 15.9c.
This procedure assumes equal Raman matrix elements for all members of a cluster which is
justified by the inner tube having the same chirality. The calculated frequencies were scaled with
a factor of 0.98. To get the best agreement between theory and experiment, the parameters of the
Gaussian were ω0 = 348.9 cm−1 and σ = 5.2 cm−1. For the intermediate frequencies, experiment
and theory are in good agreement. For lower and higher frequencies, the components deviate from
the experiment. The maximum of the simulated spectrum is found for a diameter difference of
about 0.66nm, which is smaller than the experimental value of 0.72 nm reported in Refs. [57] and
[58]. This shows, that the paramaterization of the LJ potential for graphite is not exact for the
curved sp2 networks of DWCNTs.

A progressive transition energy downshift for a given inner tube chirality for the split compo-
nents with increasing Raman shifts is observed in Fig. 15.8. Similarly to the frequency upshift,
this can be understood by an increasing interaction between the two shells for decreasing diameter
difference. This interaction acts on the inner shell like a radial pressure. The pressure dependence
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FIGURE 15.9. (a) RBM frequency of a
(6, 4) inner tube as a function of the di-
ameter difference to various outer tubes
(indicated by their chiral vectors) after
Ref. [51]. (b) The abundance of the corre-
sponding outer tubes used in the model
calculation. (c) Raman line pattern for
the RBM of the (6, 4) inner tube as ob-
tained from experiment (solid line) and
from theory (dashed line) as described in
the text.

of E22 for the (6, 4) and the (6, 5) inner tubes was calculated in Ref. [59] using an extended
tight-binding method. The corresponding values are -7.8 meV/GPa and -2.5 meV/GPa. After
Ref. [60], the frequencies shift with about 1.1 cm−1/GPa. Thus one obtains -7.1 meV/cm−1 and
-2.3 meV/cm−1, respectively. The signs and the order of magnitude compare well with the exper-
imental values. Additionally, one gets -3.6 meV/cm−1 from the measured pressure induced shift
of the ES

22 transition [61] for a (6, 5) tube of -4 meV/GPa, which is very close the experimental
value of -2.7 meV/cm−1.

In summary, the splitting of the inner tube modes to a large number of components as compared
to the SWCNTs with the same chiralities is explained by the possibility of finding the same inner
tube in a large number of outer ones with different diameters. The varying shell to shell distance
for different inner-outer tube pairs for a fixed inner tube gives rise to significant shifts in the
vibrational and transition energies, which can be quantitatively explained.

Phonon and quasi-particle life-times in DWCNTs

Now, we turn to discussion of the observed very narrow line-widths of the RBMs. This is the
most important property of the inner tube RBMs, which will be exploited throughout in this
work. Intrinsic line-widths can be determined by deconvoluting the experimental spectra with the
spectrometer response fit a Voigtian fit, whose Gaussian component describes the spectrometer
resolution and the Lorentzian gives the intrinsic line-width. The Lorentzian component for some
inner tube RBMs is as small as 0.4 cm−1 [38], which is an order or magnitude smaller than
the values obtained for isolated individual tubes in a normal SWCNT sample [62]. The narrow
line-widths, i.e. long phonon life-times of the inner tube RBMs was originally associated to the
perfectness of the inner tubes grown from the peapod templates [38]. It was found, however, that
inner tubes in chemical vapor deposition (CVD) grown DWCNTs have similarly small line-widths
[44]. In Fig. 15.10, the high resolution spectra for the inner tube RBMs in CVD and peapod
template grown DWCNTs is shown. This suggests, that the tube environment plays an important
role in the magnitude of the observable RBM line-width.

The tube-tube interactions have been shown to give rise to up to ≈ 30 cm−1 extra shift to
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FIGURE 15.10. High resolution Raman spectra
taken at 676 nm laser excitation and 90 K on the
CVD- and PEA-DWCNT and an SWCNT reference
(HiPco) sample after Ref. [44]. The deconvoluted
spetrum is also shown for the CVD-DWCNT sam-
ple. The narrow line-widths indicate the long RBM
phonon life-times of the inner tubes in both DWCNT
materials.

the RBMs. The principal difference between SWCNTs and inner tubes in DWCNTs (irrespec-
tive whether these are CVD or peapod template grown) is the different surrounding of a small
diameter SWCNT with a given chirality: for the SWCNT sample, each tube is surrounded by
the ensemble of other SWCNTs. For a close packed hexagonal bundle structure [63], this involves
6 nearest neighbors with random chiralities. This causes an inhomogeneous broadening of the
RBMs. However, the nearest-neighbor of an inner tube with a given chirality is an outer tube also
with a well defined chirality. A given inner tube can be grown in several outer tubes with different
diameters, however the chiralities of an inner-outer tube pair is always well defined, therefore
the nearest neighbor interaction acting on an inner tube is also well-defined. As shown above,
the interaction between most inner-outer tube pairs is strong enough to separate the inner tube
RBMs from each-other thus giving rise to the well resolved split components of a given inner tube
chirality [54].

In addition to the long phonon life-times of inner tubes, the life-time of optical excitations, i.e.
the life-time of the quasi-particle associated with the Raman scattering is unexpectedly long. To
demonstrate this, we compare the resonant Raman scattering data for an inner tube and a SWCNT
with the same chirality. In Fig. 15.11 we show the energy profile of the resonant Raman scattering
at some selected temperatures for two 6,4 tube modes: one is an inner tube in a DWCNT sample,
the other is a SWCNT in a CoMoCAT sample. Such energy profiles are obtained by taking an
energy (vertical) cross section of a Raman map such as shown in Fig. 15.8. The Raman intensities
for a given excitation energy were obtained by fitting the spectra with Voigtian curves for the tube
modes, whose Gaussian component accounts for the spectrometer resolution and whose Lorentzian
for the intrinsic line-width. For the DWCNT sample, the strongest (6,4) inner tube component
at 347 cm−1 and for the SWCNT CoMoCat sample the (6,4) tube mode at 337 cm−1 is shown.
The temperature dependent resonant Raman data can be fitted with the conventional resonance
Raman theory for Stokes Raman modes [46, 64]:
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FIGURE 15.11. Temperature dependent
Raman resonance profile for the (6,4)
tubes in the DWCNT and SWCNT (Co-
MoCat) samples, ¥: 90 K, ©: 300 K, N:
600 K. For the DWCNT, the strongest,
347 cm−1 component is shown. Solid
curves show fits with the resonant Raman
theory as discussed in the text.

I(El) ∝
∣∣∣∣

1
(El − Eii − iΓ) (El −Eph −Eii − iΓ)

∣∣∣∣
2

(15.4)

Here, the electronic density of states is assumed to be a Dirac function, the matrix elements
describing the electron-phonon interactions are assumed to be identical for a tube with the same
chirality irrespective of the surrounding and temperature independent and are dropped from the
equation, El is the exciting laser energy, Eii is the transition energy, Eph is the phonon energy
and Γ is the damping parameter, i.e. the inverse of the quasi-particle life-time. The temperature
dependence of the resonant Raman scattering is included in the T dependence of Eii and Γ. For
the 6,4 chirality, the E22 optical transition is observed [51]. The fitted curves are shown with solid
lines in Fig. 15.11.

Clearly, the resonance width is always smaller for the DWCNT than for the SWCNT sample.
In other words, the life-time of the optically excited quasi-particle is longer lived for the DWCNT.
This explains why very strong inner tube modes are observed as the resonant Raman intensity is
proportional to Γ4. The quasi-particle life-time is an important parameter for the application of
carbon nanotubes in optoelectronic devices [24, 25]. As a result, DWCNTs appear to be superior
in this respect than their one-walled counterparts.

Probing the SWCNT diameter distribution through inner tube growth

As discussed above, the Raman spectra of inner tubes have several advantages compared to that of
the outer tubes: i) their RBMs have a∼ factor 2 times larger splitting due to the smaller diameters,
ii) the line-widths are about 10 times narrower. The larger spectral splitting and narrower line-
widths of the inner tube RBMs enable to characterize the inner tube diameter distribution with
a spectral resolution that is about 20 times larger as compared to the analysis on the outer tubes.
To prove that studying the inner tubes can be exploited for the study of outer ones, here we show
that there is a one-to-one correspondence between the inner and outer tube diameter distributions
following Ref. [58].

In Fig. 15.12, we compare the inner tube RBM Raman spectra for four different DWCNT
materials based on SWCNTs with different diameters and produced with different methods. The
SWCNTs were two arc-discharge grown SWCNTs (SWCNT-N1 and N2) and two laser ablation
grown tubes (SWCNT-R and SWCNT-L). The diameter distributions of the SWCNT materials
were determined from Raman spectroscopy [64] giving dN1 = 1.50 nm, σN1 = 0.10 nm, dN2 = 1.45
nm, σN1 = 0.10 nm, dR = 1.35 nm, σR = 0.09 nm, and dL = 1.39 nm, σL = 0.09 nm for the mean
diameters and the variances of the distributions, respectively.
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FIGURE 15.12. As measured Raman spectra of the
inner nanotube RBMs for four DWCNT samples
(lower curves in each quarter) at 647 nm laser ex-
citation after Ref. [58]. The upper spectra (shown in
red) are smart scaled from the lower left spectrum.
The Gaussian diameter distribution is shown for the
DWCNT-L sample.

The spectra shown are excited with a 647 nm laser that is representative for excitations with
other laser energies. The RBMs of all the observable inner tubes, including the split components
[38], can be found at the same position in all DWCNT samples within the ±0.5 cm−1 experimental
precision of the measurement for the whole laser energy range studied. This proves that vibrational
modes of DWCNT samples are robust against the starting material.

As the four samples have different diameter distributions, the overall Raman patterns look
different. However, scaling the patterns with the ratio of the distribution functions (smart scaling)
allows to generate the overall pattern for all systems, starting from e.g. DWCNT-L in the bottom-
left corner of Fig. 15.12. It was assumed that the inner tube diameter distributions follow a
Gaussian function with a mean diameter 0.72 nm smaller than those of the outer tubes following
Ref. [57] and with the same variance as the outer tubes. The empirical constants from Ref. [65] were
used for the RBM mode Raman shift versus inner tube diameter expression. The corresponding
Gaussian diameter distribution of inner tubes is shown for the DWCNT-L sample in Fig. 15.12.
A good agreement between the experimental and simulated patterns for the DWCNT-R sample
is observed. A somewhat less accurate agreement is observed for the DWCNT-N1, N2 samples,
which may be related to the different growth method: arc discharge for the latter, as compared to
laser ablation for the R and L samples. The observed agreement has important consequences for
the understanding of the inner tube properties. As a result of the photoselectivity of the Raman
experiment, it proves that the electronic structure of the inner tubes is identical in the different
starting SWCNT materials.

The scaling of the inner tube Raman spectra with the outer tube distribution shows that
the inner tube abundance follows that of the outer ones. This agrees with the findings of x-ray
diffractomery on DWCNTs [57] and is natural consequence of the growth of inner tubes inside
the outer tube hosts. As a result, the inner-outer tube diameter distributions are similar to that
shown schematically in Fig. 15.13: the width of the inner outer tube distributions are the same,
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and the mean values differ by 0.72 nm. A cut-off in the inner tube diameter distribution was
imposed at d ≈ 0.48 nm due to the inability of C60 to enter into outer tubes smaller than 1.2 nm
[66–68].

In summary, the RBM frequencies of inner tubes with neighboring diameters are on the average
four times more separated from each other than those of the outer ones [65]. In addition, the outer
tube RBMs have a typical FWHM of 10 cm−1 [62] as compared to the FWHM of the inner tube
RBMs of 0.4-0.5 cm−1 [38]. As a result, the available spectral resolution is at least 20 times larger
when the RBMs of the inner tubes are investigated. This allows to study chirality or at least
diameter selective reactions of the outer tubes by analyzing the inner tube response.

Studying the reversible hole engineering using DWCNTs

Soon after the discovery of the peapods [31], it was recognized [33, 69] that opening the SWCNTs
by oxidation in air or by treating in acids is a prerequisite for good filling. Good filling means a
macroscopic filling where the peapods are observable not only by local microscopic means such as
HR-TEM but also by spectroscopy such as Raman scattering. On the other hand, a heat treatment
around 1000 ◦C was known to close the openings which results in a low or no fullerene filling. It
was also shown that the geometrically possible maximum of filling can be achieved when purified
SWCNTs were subject to a 450 ◦C heat treatment in flowing oxygen [70]. However, these studies
have concerned the overall fullerene filling, with no knowledge on the precise dependence on the
thermal treatment or tube diameter specificity.

The high diameter and chirality sensitivity of Raman spectroscopy for the inner tubes allows
to study the behavior of tube openings when subject to different treatments. More precisely,
openings which allow fullerenes to enter the tubes can be studied. This is achieved by studying
the resulting inner tube RBM pattern when the outer tube host was subject to some closing
or opening treatments prior to the fullerene encapsulation [71]. Annealing of as purchased or
opened tubes was performed at various temperatures between 800 ◦C and 1200 ◦C in a sealed and
evacuated quartz tube at a rest gas pressure of 10−6 mbar. Opening of the tubes was performed
by exposure to air at various temperatures between 350 ◦C and 500 ◦C.

Figure 15.14 shows the Raman response of tubes after the standardized DWCNT transformation
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FIGURE 15.14. Raman spectra in
the spectral range of the inner shell
tube RBM for nanotubes after special
pre-treatment after Ref. [71]. Bottom:
after filling as purchased tubes with C60

and standard transformation; Center:
after annealing the as purchased tubes at
1000 ◦C for two hours, filling with C60

and standard transformation; Top: after
re-opening the annealed samples, filling
with C60, and standard transformation.
All spectra recorded at 90 K for 647 nm
excitation and normalized to the response
of the outer tube RBM of the pristine
tubes. Insert: the RBM of the outer tubes
before (a) and after (b) annealing at 1000
◦C.

conditions but different pre-treatment. Only the spectral range of the inner tube is shown in the
main part of the figure. The spectrum at the center was recorded under identical conditions but
the SWCNT was pre-annealed before the standardized filling and standardized transformation.
Almost no response from inner shell tubes is observed for this material, which means no fullerenes
had entered the tubes: the tubes were very efficiently closed by the annealing process. The small
response just below 300 cm−1 could originate from some small leaks in the cage were a few C60

molecules or even more likely some carbon contamination had entered the primary tubes on a
level which leads to less than 20 % inner tubes for the larger diameter tubes and less than 3
% for the smaller diameter tubes. The insert in Fig. 15.14 depicts the RBM response from the
outer tubes before and after annealing. The two spectra are almost identical, which proves that
no outer tube coalescence had occurred at the temperature applied. The spectrum at the top
in Fig. 15.14 was recorded after reopening the annealed tubes at 500 ◦C on air and standard
filling and transformation. The spectra derived from the pristine and from the reopened tubes are
identical in all details. This means no dramatic damages by cutting a large number of holes into
the sidewalls have happened. Consequently, the sidewalls of the tubes remain highly untouched
by the opening process. Thus, it is suggested that fullerenes enter the tubes through holes at the
tube ends.

The dependence of tube closing on annealing temperature and time was studied in more detail.
Spectra for the RBM response were recorded for standard filling and standard transformation after
various annealing temperatures and annealing times. The most important lines were evaluated
with respect to their peak intensity. This intensity was related to the peak intensity of inner
shell modes of DWCNTs grown from untreated starting material. This ratio is a quantitative
measure for the fraction of tubes which remain open after the annealing procedure. I0 and Iannealed

are the intensity for the pristine and annealed tubes after standard filling and transformation,
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FIGURE 15.15. Relative intensities,
Iannealed/I0, of inner tube RBMs versus
frequency (tube diameter) after various
annealing conditions as indicated in
the inserted legend after Ref. [71]. All
spectra are normalized to the outer tube
intensities. The upper scale shows the
corresponding outer tube diameters.

respectively. Results are depicted in Fig. 15.15 for annealing at 800 ◦C (1073 K). A dramatic
decrease of concentration for tubes remaining open after the annealing treatment is immediately
recognized in Fig. 15.15 with decreasing tube diameter (increasing RBM frequency). For tubes
with 1.8 nm diameter (240 cm−1) 98 % remain open for a 20 min annealing at 800 ◦C whereas
for the same annealing conditions and tubes with 1.3 nm diameter (345 cm−1) only 15 % remain
open.

This technique can also be used to study the diameter selective tube opening process. Fig. 15.16
depicts Raman spectra of the RBM recorded for 647 nm excitation for tubes which were closed
at 1000 ◦C for two hours and then reopened by exposure to air at the temperatures indicated. As
an overall result, the opening process becomes less and less efficient with decreasing temperature.
However, the reduction in efficiency hardly depends on the tube diameter. The latter behavior is
more evidently seen from an analysis of the response for the individual peaks as depicted in part
(b) of Fig. 15.16. For opening at 500 ◦C 95 % of the closed tubes could be reopened, nominally
independent of tube diameter. For opening at 400 ◦C only about 60 % of the tubes could be
opened. Surprisingly, as plotted this fraction is even slightly decreasing with decreasing tube
diameter. Similarly, for opening at 350 ◦C only 45 % of the tubes could be opened again, with a
slight decrease of this fraction for small diameter tubes.

In summary, the reaction activity of holes in SWCNTs can be investigated by studying the
process of filling the tubes with C60 fullerenes and transforming the latter to a set of small
diameter inner tubes. Reversible closing and opening of the tubes can be achieved. The tube
opening process is sensitive to temperature but insensitive to tube diameter. The almost identical
Raman spectra for the pristine and for the opened tubes with respect to line positions, line-widths
and line intensities suggest that the tube walls remain untouched and the holes for the tube filling
are located at the tube ends. After tube closing, a small amount of inner tubes can be grown
mostly in high defect areas of the tubes. In contrast to tube opening, the tube closing process is
highly diameter sensitive.
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FIGURE 15.16. Raman response of the
RBM of inner shell CNTs for standard
filling and transformation procedures after
the pristine tubes had been closed and re-
opened at temperatures indicated (a). Part
(b) depicts evaluated relative intensities
versus Raman shift for the three different
opening conditions. The upper scale pro-
vides outer tube diameters.

15.3.2 Growth mechanism of inner tubes studied by isotope labeling

The growth of inner tubes from fullerenes raises the question, whether the fullerene geometry
plays an important role in the inner tube growth or it acts as a carbon source only. Theoretical
results suggest the earlier possibility [72, 73]. In addition, it needs clarification whether carbon
exchange occurs between the two tube walls. Here, we review 13C isotope labeled studies aimed
at answering these two open questions. 13C is a naturally occurring isotope of carbon with 1.1 %
abundance. In general, isotope substitution provides an important degree of freedom to study the
effect of change in phonon energies while leaving the electronic properties unaffected. This have
helped to unravel phenomena such as e.g. the phonon-mediated superconductivity [74].

First, we discuss the inner tube growth from isotope labeled fullerenes [47], and secondly we
present the growth of inner tubes from isotope labeled organic solvents [75].

Commercial 13C isotope enriched fullerenes with two different enrichment grades were used
to grow isotope enriched inner tubes. Fullerene encapsulation [33] and inner tube growth was
performed with the conventional methods [35]. This results in a compelling isotope engineered
system: double-wall carbon nanotubes with 13C isotope enriched inner walls and outer walls
containing natural carbon [47].

In Fig. 15.17a, we show the inner tube RBM range Raman spectra for a natural DWCNT and
two DWCNTs with differently enriched inner walls, 25 % and 89 %. These two latter samples
are denoted as 13C25- and 13C89-DWCNT, respectively. The inner wall enrichment is taken from
the nominal enrichment of the fullerenes used for the peapod production, whose value is slightly
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FIGURE 15.17. Raman spectra of DWCNTs with
natural carbon and 13C enriched inner tubes at 676
nm laser excitation and 90 K after Ref. [47]. The in-
ner tube RBM (a) and D and G mode spectral ranges
(b) are shown. Arrows and filled circles indicate the
D (left) and G (right) modes corresponding to the
inner and outer tubes, respectively.

refined based on the Raman data. An overall downshift of the inner tube RBMs is observed for the
13C enriched materials accompanied by a broadening of the lines. The downshift is clear evidence
for the effective 13C enrichment of inner tubes. The magnitude of the enrichment and the origin
of the broadening are discussed below.

The RBM lines are well separated for inner and outer tubes due to the νRBM ∝1/d relation and
a mean inner tube diameter of d ∼ 0.7 nm [57, 58]. However, other vibrational modes such as the
defect induced D and the tangential G modes strongly overlap for inner and outer tubes. Arrows
in Fig. 15.17b indicate a gradually downshifting component of the observed D and G modes. These
components are assigned to the D and G modes of the inner tubes. The sharper appearance of the
inner tube G mode, as compared to the response from the outer tubes, is related to the excitation
of semiconducting inner tubes and metallic outer tubes [38, 58].

The shifts for the RBM, D and G modes can be analyzed for the two grades of enrichment.
The average value of the relative shift for these modes was found to be (ν0 − ν) /ν0 = 0.0109(3)
and 0.0322(3) for the 13C0.25- and 13C0.89-DWCNT samples, respectively. Here, ν0 and ν are
the Raman shifts of the same inner tube mode in the natural carbon and enriched materials,
respectively. In the simplest continuum model, the shift originates from the increased mass of the
inner tube walls. This gives (ν0 − ν) /ν0 = 1 −

√
12+c0
12+c , where c is the concentration of the 13C

enrichment on the inner tube, and c0 = 0.011 is the natural abundance of 13C in carbon. The
resulting values of c are 0.277(7) and 0.824(8) for the 25 and 89 % samples, respectively.

The growth of isotope labeled inner tubes allows to address whether carbon exchange between
the two walls occurs during the inner tube growth. In Fig. 15.18, we show the G’ spectral range
for DWCNTs with natural carbon and 13C enriched inner walls with 515 nm laser excitation. The
G’ mode of DWCNTs is discussed in detail in Ref. [54] and it was introduced in Fig. 15.5: the
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 FIGURE 15.18. G’ spectral range of DWCNTs
with natural carbon and 13C enriched inner
walls with 515 nm laser excitation. Note the
unchanged position of the outer tube G’ mode
indicated by a vertical line.

upper G’ mode component corresponds to the outer tubes and the lower to the inner tubes. The
outer tube G’ components are unaffected by the 13C enrichment within the 1 cm−1 experimental
accuracy. This gives an upper limit to the extra 13C in the outer wall of 1.4 %. This proves that
there is no sizeable carbon exchange between the two walls as this would result in a measurable
13C content on the outer wall, too. This is important for the contrast of the NMR signal between
the two walls as it is discussed further below: were the outer shell also enriched, one could not
obtain a reliable information about the density of states on the inner shell alone.

The narrow RBMs of inner tubes and the freedom to control their isotope enrichment allows
to precisely compare the isotope related phonon energy changes in the experiment and in ab-
initio calculations. This was performed by J. Kürti and V. Zólyomi in Ref. [47]. The validity
of the above simple continuum model for the RBM frequencies was verified by performing first
principles calculations on the (n,m)=(5,5) tube as an example. In the calculation, the Hessian
matrix was determined by DFT using the Vienna Ab Initio Simulation Package [76]. Then, a
large number of random 13C distributions were generated and the RBM vibrational frequencies
were determined from the diagonalization of the corresponding dynamical matrix for each indi-
vidual distribution. The distribution of the resulting RBM frequencies can be approximated by a
Gaussian where center and variance determine the isotope shifted RBM frequency and the spread
in these frequencies. The difference between the shift determined from the continuum model and
from the ab-initio calculations is below 1 %.

The broadening for the 13C enriched inner tubes is best observed for the narrow RBMs. In Fig.
15.19a-b we show the RBMs of some inner tubes for the NatC and 13C0.25 samples. Curves (1)
are the line-shapes after deconvolution with the Gaussian response of our spectrometer. In Fig.
15.19a, the resulting line-shapes are Lorentzians, but in Fig. 15.19b, the line-shape still contains
a Gaussian component, as discussed below. The FWHMs of the resulting line-shapes are 0.76(4),
0.76(4), 0.44(4), 0.54(4) and 1.28(6), 1.30(6), 1.12(6), 1.16(6) for the inner tube RBMs shown in
Fig. 15.19 of the NatC and 13C0.25 materials, respectively. The origin of the extra broadening is
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FIGURE 15.19. RBMs of some inner
tubes at 676 nm laser excitation with
0.5 cm−1 spectral resolution. a) natu-
ral carbon-, b) 25 % 13C enriched inner
shell DWCNT after Ref. [47]. Curves are
the line-shapes after deconvolution by the
spectrometer response (1), the simulated
line-shape with an extra Gaussian broad-
ening to the intrinsic lines of the NatC ma-
terial (2), and the calculated line-shape
(see text) (3).

due to the random distribution of 12C and 13C nuclei. Calculations indicate that the ratio between
the half width of extra broadening and the shift, ∆ν/ (ν0 − ν), is approximately 0.19 for a 30 %
13C enriched sample. The corresponding broadened line-shapes are shown in Fig. 15.19b as curve
(3). When the magnitude of the Gaussian randomness related broadening was fit (curve (2) in
Fig.15.19b), we found that ∆ν/ (ν0 − ν) = 0.15. Similar broadening was observed for the 89 %
sample which can also be reproduced by the calculation.

The known characteristics of isotope labeled inner tubes allow to study the possibility of inner
tube growth from non-fullerene carbon sources. For this purpose, we choose organic solvents
containing aromatic rings, such as toluene and benzene. These are known to wet the carbon
nanotubes and are appropriate solvents for fullerenes. As described in the following, the organic
solvents indeed contribute to the inner tube growth, however only in the presence of C60 ”stopper”
molecules [75]. In the absence of co-encapsulated fullerenes the solvents alone give no inner tube.

The fullerene+organic solvents encapsulation was performed by dissolving typically 150 µg
fullerenes in 100 µl solvents and then sonicating with 1 mg SWCNT in an Eppendorf tube for 1
h. The weight uptake of the SWCNT is ∼15 % [47] that is shared between the solvent and the
fullerenes. The peapod material was separated from the solvent by centrifuging and it was then
greased on a sapphire substrate. The solvent prepared peapods were treated in dynamic vacuum
at 1250 ◦C for 2 hours for the inner tube growth. The inner tube growth efficiency was found
independent of the speed of warming.

The growth of inner tubes from the solvents can be best proven by the use of C60 containing
natural carbon and a solvent mixture consisting of 13C enriched and natural carbon containing
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FIGURE 15.20. a) The G’ mode of
toluene+C60 peapod based DWCNTs
with varying 13C enrichment at 515 nm
laser excitation. From top to bottom: 74
%, 54 %, 26.5 % and natural 13C content.
b) The G’ mode of the inner tubes af-
ter subtracting the experimental SWCNT
spectrum. A small residual peak is ob-
served around 2710 cm−1 (denoted by an
asterisk) due to the imperfect subtrac-
tion. Arrows indicate the spectral weight
shifted toward lower frequencies.

solvents with varying concentrations. Toluene was a mixture of ring 13C labeled (13C6H6-NATCH3)
and natural toluene (NATC7H8). Benzene was a mixture of 13C enriched and natural benzene. The
labeled site was > 99 % 13C labeled for both types of molecules. The 13C content, x, of the solvent
mixtures was calculated from the concentration of the two types of solvents and by taking into
account the presence of the naturally enriched methyl-group for the toluene. In Fig. 15.20a, we
show the G’ modes of DWCNTs with varying 13C labeled content in toluene+C60 based samples
and in Fig. 15.20b, we show the same spectra after subtracting the outer SWCNT component. A
shoulder appears for larger values of x on the low frequency side of the inner tube mode, whereas
the outer tube mode is unchanged. Similar behavior was observed for the benzene+C60 based
peapod samples (spectra not shown) although with a somewhat smaller spectral intensity of the
shoulder. The appearance of this low frequency shoulder is evidence for the presence of a sizeable
13C content in the inner tubes. This proves that the solvent indeed contributes to the inner tube
formation as it is the only sizeable source of 13C in the current samples. The appearance of
the low frequency shoulder rather than the shift of the full mode indicates an inhomogeneous
13C enrichment. A possible explanation is that smaller diameter nanotubes might be higher 13C
enriched as they retain the solvent better than larger tubes.

To quantify the 13C enrichment of the inner tubes, the downshifted spectral weight of the inner
tube G’ mode was determined from the subtracted spectra in Fig. 15.21b. The subtraction does
not give a flat background above 2685 cm−1, however it is the same for all samples and has a small
spectral weight, thus it does not affect the current analysis. The line-shapes strongly deviate from
an ideal Lorentzian profile. Therefore the line positions cannot be determined by fitting, whereas
the first moments are well defined quantities. The effective 13C enrichment of the inner tubes, c,
is calculated from (ν0 − ν) /ν0 = 1−

√
12+c0
12+c , where ν0 and ν are the first moments of the inner

tube G’ mode in the natural carbon and enriched materials, respectively, and c0 = 0.011 is the
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FIGURE 15.21. 13C content of inner
tubes based on the first moment analysis
as explained in the text as a function of
13C enrichment of benzene and toluene.
Lines are linear fits to the data and are
explained in the text.

natural abundance of 13C in carbon. The validity of this ”text-book formula” is discussed above
and it was verified by ab-initio calculations for enriched inner tubes in Ref. [47]. In Fig. 15.21, we
show the effective 13C content in the inner tubes as a function of the 13C content in the starting
solvents. The scaling of the 13C content of the inner tubes with that in the starting solvents proves
that the source of the 13C is indeed the solvents. The highest value of the relative shift for the
toluene based material, (ν0 − ν) /ν0 = 0.0041(2), corresponds to about 11 cm−1 shift in the first
moment of the inner tube mode. The shift in the radial breathing mode range (around 300 cm−1)
[52] would be only 1 cm−1. This underlines why the high energy G’ mode is convenient for the
observation of the moderate 13C enrichment of the inner tubes. When fit with a linear curve with
c0 + A ∗ x, the slope, A directly measures the carbon fraction in the inner tubes that originates
from the solvents.

The synthesis of inner tubes from organic solvent proves that any form of carbon that is encap-
sulated inside SWCNTs contributes to the growth of inner tubes. As mentioned above, inner tubes
are not formed in the absence of fullerenes but whether the fullerene is C60 or C70 does not play
a role. It suggests that fullerenes act only as a stopper to prevent the solvent from evaporating
before the synthesis of the inner tube takes place. It also clarifies that the geometry of fullerenes
do not play a distinguished role in the inner tube synthesis as it was originally suggested [72, 73].
It also proves that inner tube growth can be achieved irrespective of the carbon source, which
opens a new prospective to explore the in-the-tube chemistry with other organic materials.

15.3.3 NMR studies on isotope engineered heteronuclear nanotubes

The growth of the ”isotope engineered” nanotubes, i.e. DWCNTs with highly enriched inner wall
allows to allows to study these samples with NMR with an unprecedented specificity for the
small diameter carbon nanotubes. This allows a unique study of the electronic properties of such
nanotubes. For normal SWCNTs, either grown from natural or 13C enriched carbon, the NMR
signal originates from all kinds of carbon like amorphous or graphitic carbon.

NMR allows to determine the macroscopic amount of enriched tubes in our sample as it is sen-
sitive to the number of 13C nuclei in the sample. In Fig. 15.22, we show the static and magic angle
spinning spectra of 13C enriched DWCNTs, and the static spectrum for the SWCNT material. The
mass fraction which belongs to the highly enriched phase can be calculated from the integrated
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FIGURE 15.22. NMR spectra normal-
ized by the total sample mass, taken
with respect to the tetramethylsilane
(TMS) shift Ref. [47]. (a) Static spec-
trum for non-enriched SWNT enlarged
by 15. Smooth solid line is a chemical
shift anisotropy powder pattern simula-
tion with parameters published in the lit-
erature [77]. (b) Static and (c) MAS spec-
tra of 13C0.89-DWCNT, respectively. As-
terisks show the sidebands at the 8 kHz
spinning frequency.

signal intensity by comparing it to the signal intensity of the 89 % 13C enriched fullerene material.
We found that the mass fraction of the highly enriched phase relative to the total sample mass is
13(4) %. The expected mass ratio of inner tubes as compared to the total sample mass is 15 %,
which is obtained from the SWCNT purity (50 %), ∼70 % volume filling for peapod samples [70],
and the mass ratio of encapsulated fullerenes to the mass of the SWCNTs. Thus, the measured
mass fraction of the highly enriched phase is very similar to that of the calculated mass fraction
of inner tubes. This suggests that the NMR signal comes nominally from the inner tubes, and
other carbon phases such as amorphous or graphitic carbon are non 13C enriched.

The typical chemical shift anisotropy (CSA) powder pattern is observed for the SWCNT sample
in agreement with previous reports [77, 78]. However, the static DWCNT spectrum cannot be
explained with a simple CSA powder pattern even if the spectrum is dominated by the inner
tube signal. The complicated structure of the spectrum suggests that the chemical shift tensor
parameters are highly distributed for the inner tubes. It is the result of the higher curvature of
inner tubes as compared to the outer ones: the variance of the diameter distribution is the same
for the inner and outer tubes [79] but the corresponding bonding angles show a larger variation
[80]. In addition, the residual line-width in the MAS experiment, which is a measure of the sample
inhomogeneity, is 60(3) ppm, i.e. about twice as large as the∼35 ppm found previously for SWCNT
samples [77, 78]. The isotropic line position, determined from the MAS measurement, is 111(2)
ppm. This value is significantly smaller than the isotropic shift of the SWCNT samples of 125
ppm [77, 78]. However, recent theoretical ab-initio calculations have successfully explained this
anomalous isotropic chemical shift [81]. It was found that diamagnetic demagnetizing currents on
the outer walls cause the diamagnetic shift of the inner tube NMR signal.

In addition to the measurement of the line position, the dynamics of the nuclear relaxation is a
sensitive probe of the local electronic properties [83]. The electronic properties of the nanotubes
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FIGURE 15.23. Reduced nuclear mag-
netization recovery, M(t), as a function
of the scaled delay time t/T e

1 (see Eq.
(15.5)), for various temperature and mag-
netic field values after Ref. [82]. Both
axes are dimensionless. Solid curve shows
stretched exponential fit with β = 0.65
and dashed curve shows single exponen-
tial with β = 1. Inset shows temperature
dependence of the best fit values of β at
3.6 Tesla (•) and 9.3 Tesla (◦), and aver-
age value of the data set β = 0.65 (solid
line).

was probed using the spin lattice relaxation time, T1, defined as the characteristic time it takes the
13C nuclear magnetization to recover after saturation [82]. The signal intensity after saturation,
S(t), was deduced by integrating the fast Fourier transform of half the spin-echo for different
delay times t. The data were taken with excitation pulse lengths π/2 = 3.0 µs and short pulse
separation times of τ = 15 µs [83]. The value of T1 was obtained by fitting the t dependence of
S(t) to the form S(t) = Sa−Sb ·M(t), where Sa ' Sb (> 0) are arbitrary signal amplitudes, and

M(t) = exp
[
− (t/T e

1 )β
]
, (15.5)

is the reduced magnetization recovery of the 13C nuclear spins. Fig. 15.23 shows the results of
M(t) for the inner-tubes as a function of the scaled delay time t/T e

1 , under various experimental
conditions listed in the Figure. We find that M(t) does not follow the single exponential form
with β = 1 (dashed line), but instead fits well to a stretched exponential form with β ' 0.65(5),
implying a distribution in the relaxation times T1. The data in Fig. 15.23 is displayed on a semi-log
scale for the time axis in order to emphasize the data for earlier decay times and to illustrate the
collapse of the data set for the upper 90 % of the NMR signal. For a broad range of experimental
conditions, the upper 90 % of the M(t) data is consistent with constant β ' 0.65(5) (see inset),
implying a field and temperature independent underlying distribution in T1. The lower 10 % of the
M(t) data, corresponding to longer delay times, comes from the non-enriched outer-walls which
have much longer relaxation times under similar experimental conditions [77, 78].

The collapse of the data set in Fig. 15.23 to Eq. (15.5) with constant β = 0.65(5) is a remarkable
experimental observation. From an experimental point of view, it implies that all one needs in order
to characterize the T and H dependence of the underlying T1 distribution is the bulk (or average)
value, T e

1 (Eq. (15.5)). From an interpretational point of view, it implies that each inner-tube in
the powder sample has a different value of T1, yet all the T1 components and therefore all the
inner-tubes follow the same T and H dependence within experimental uncertainty. This finding
is in contrast to earlier reports in SWCNTs where M(t) fits well to a bi-exponential distribution,
1/3 of which had a short T1 value characteristic of fast relaxation from metallic tubes, and the
remaining 2/3 had long T1 corresponding to the semiconducting tubes [77, 78, 84, 85], as expected
from a macroscopic sample of SWCNTs with random chiralities. The data for the inner-tubes in
DWCNTs differ in that a similar bi-exponential fit to M(t) is inconsistent with the shape of
the recovery in Fig. 15.23. Furthermore, if there were 1/3 metallic and 2/3 truly semi-conducting
inner-tubes in the DWCNT sample, one would expect the ratio of T1 between semiconducting and
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FIGURE 15.24. Temperature dependence
of spin-lattice relaxation rate divided by
temperature, 1/T e

1 T , in units of (103× s−1

K −1) after Ref. [82]. Grey curves are best
fits to Eq. (15.7) with 2∆ = 46.8(40.2) K
for H = 3.6(9.3) Tesla, respectively.

metallic tubes to increase exponentially with decreasing T below the semiconducting gap (∼ 5000
K), and therefore one would expect an increasingly large change in the underlying distribution
in T1 with decreasing T . This change would manifest itself as a large change in the shape of the
M(t), however this is not the case as shown in Fig. 15.23. The possibility of two components in
T1 with different T dependence can therefore be ruled out, and instead it could be concluded that
all T1 components (corresponding to distinct inner-tubes) exhibit the same T and H dependence
within experimental scattering.

With these arguments, the bulk average T e
1 defined in Eq. (15.5) can be considered and its

uniform T and H dependence can be followed. The M(t) data can be fitted with the constant
exponent β = 0.65(5), which reduces unnecessary experimental scattering in T e

1 . In Fig. 15.24 we
show the temperature dependence of 1/T e

1 T in for two different values of the external magnetic
field H. The data can be separated into two temperature regimes; the high temperature regime
& 150 K, and the low T regime . 150 K. At high temperatures, 1/T e

1 T is independent of T which
indicates a metallic state [83] for all of the inner tubes. A strong magnetic field dependence for
T1 was also observed, which was explained by a 1D spin diffusion mechanism for T1 [82].

The origin of the unusual T dependence of 1/T e
1 T in the low temperature regime (. 150 K) is

very peculiar. Some trivial explanations can be ruled out as its origin. Firstly, one can rule out
the possibility of an activation type mechanism where T1 is dominated by fluctuating hyperfine
fields with a characteristic time scale τ which increases with decreasing T (i.e. glassy slowing).
This would result in a peaked relaxation with a strongly field dependent peak value [83], which is
clearly not the case. Furthermore at low T , 1/T e

1 T drops below its high temperature value, which
rules out the possibility of a T independent component in 1/T e

1 T plus an activated component
on top. Secondly, the possibility of a simple 1/T Curie-like T dependence in 1/T e

1 T as a result of
paramagnetic centers in the sample can be ruled out. This can be inferred from the pronounced
gap in 1/T e

1 T , together with the fact that no loss of 13C NMR signal intensity in the entire
temperature range of the experiment was observed. This implies that all the 13C nuclei measure
a gap in the spin excitation spectrum which cannot be explained by a Curie-like mechanism.

Following these considerations, one is lead to consider the simplest possible explanation for
the experimental data in a non-interacting electron model of a 1D semiconductor with a small
secondary gap (SG). The SG may be a result of the finite inner-wall curvature [9, 86–88]. The
1/T e

1 T data can be fitted using this non-interacting model with only one free parameter, the
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homogeneous SG, 2∆. The normalized form of the gapped 1D density-of-states n(E)

n(E) =

{
E√

E2−∆2
for |E| > ∆

0 otherwise
(15.6)

here, E is taken with respect to the Fermi energy). The total DOS of an inner tube is shown
schematically in Fig. 15.25. Eq. (15.6) is used to calculate 1/T e

1 T [89] as such

1
T e

1 T
= α(ω)

∫ ∞

−∞
n(E)n(E + ω)

(
− δf

δE

)
dE, (15.7)

where E and ω are in temperature units for clarity, f is the Fermi function f = [exp(E/T )+1]−1,
and the amplitude factor α(ω) is the high temperature value for 1/T e

1 T . The results of the best
fit of the data to Eq. (15.7) are presented in Fig. 15.24, where 2∆ = 43(3) K (≡ 3.7 meV) is H
independent within experimental scattering between 9.3 and 3.6 Tesla. We note that at the largest
external field of 9.3 Tesla, ω = 4.5 mK ¿ ∆, T , however, ω must be retained inside the integral.
This is a direct consequence of the one dimensionality which gives a logarithmic divergence inside
the integral (solved numerically) of the form ln(T/ω) for T . ∆. At the lowest temperatures T
(. 5 K), T e

1 (& 300 s) becomes so long that the low energy excitations specific to the homogeneous
properties of the inner-tubes become inefficient, and other excitations take over, possibly defect
related. In such cases we find that the recovery shape is no longer universal and the underlying
distribution in T1 is smoothed out, possibly due to spin-diffusion effects.

The origin of the experimentally observed gap still remains to be clarified. Tight binding cal-
culations predict that applied magnetic fields can induce SG’s of similar magnitude for metallic
SWCNT [90]. However, such a scenario can be excluded due to the absence of any field dependence
of the gap. The NMR data would be more consistent with a curvature induced SG for metallic
tubes [9, 86–88], however for the typical inner-tubes the predicted values, ∼ 100 meV, are over
an order of magnitude larger than our experimental data. Other scenarios, such as quantization
of levels due to finite short lengths of the nanotubes could be considered as well, however, in all
these cases a behaviour independent of tube size and chirality is certainly not expected.

This suggests that electron-electron interactions play an important roled for the metallic inner
tubes. It has been predicted that electron-electron correlations and a Tomonaga-Luttinger (TLL)
state leads to an increase in 1/T1T with decreasing T [91], which is a direct consequence of the
1D electronic state. The correlated 1D nature may also lead to a Pierels instability [10] with the
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FIGURE 15.26. Raman spectra of vapor
and solvent filled C60@SWCNT at 488 nm
excitation and 90 K after Ref. [40]. The
spectra are normalized to the amplitude
of the SWCNT G mode.

opening of a small collective gap 2∆ and a sharp drop in 1/T1T below ∆ ∼ 20 K. Therefore, the
presence of both a TLL state and a Pierels instability could possibly account for the data.

Summarizing the NMR studies on DWCNTs, it was shown that T1 has a similar T and H de-
pendence for all the inner-tubes have, with no indication of a metallic/semiconducting separation
due to chirality distributions. At high temperatures (T & 150 K) 1/T e

1 T of the inner tubes exhibit
a metallic 1D spin diffusion state. Below ∼150 K, 1/T e

1 T increases dramatically with decreasing
T , and a gap in the spin excitation spectrum is found below ∆ ' 20 K. A 1D correlated state was
suggested to be responsible for the opening of a small collective gap in the excitations, possibly
a Pierels instability [10, 52]. Certainly, theoretical work on the electronic properties of inner wall
nanotubes in DWCNT, and on the incidence of 1D correlation effects are needed to clarify the
exact nature of the ground states.

15.3.4 ESR studies on encapsulated magnetic fullerenes

Observation of the intrinsic ESR signal of pristine SWCNTs remains elusive [92, 93]. Now, it is
generally believed that intrinsic ESR of the tubes can not be observed as conduction electrons on
metallic tubes are relaxed by defects too fast to be observable. In addition, one always observes a
number of ESR active species in a sample, such as graphitic carbon or magnetic catalyst particles,
which prevent a meaningful analysis of the signal. In contrast, local probe studies could still allow
an ESR study of tubes, provided the local spin probe can be selectively attached to the tubes. This
goal can be achieved by using magnetic fullerenes, such as e.g. N@C60 or C59N, since fullerenes
are known to be selectively encapsulated inside SWCNTs [31] and can be washed from the outside
using organic solvents [33]. As the properties and handling of the two magnetic fullerenes are quite
different, the synthesis of the corresponding peapods and the results are discussed separately.

N@C60 is an air stable fullerene [94] but decays rapidly above ∼ 200 ◦C [95] which prevents
the use of the conventional vapor method of peapod preparation which requires temperatures
above 400 ◦C. To overcome this limitation and to allow in general the synthesis of temperature
sensitive peapod materials, low temperature peapod synthesis (solvent method) was developed
independently by four groups [39–42]. These methods share the common idea of mixing the opened
SWCNTs with C60 in a solvent with low fullerene solubility such as methanol [39] or n-pentane
[40]. The encapsulation is efficient as it is energetically preferred for C60 to enter the tubes
rather than staying in the solution. After the solvent filling, excess fullerenes can be removed by
sonication in toluene, which is a good fullerene solvent as it was found that fullerenes enter the
tube irreversibly. HR-TEM has shown an abundant filling with the fullerenes [39, 41] but here we
discuss macroscopic characterizations using Raman spectroscopy, which has proven that peapods
prepared by the solvent method are equivalent to the vapor prepared peapods.

In Fig. 15.26, we show the comparison of the Raman spectra of vapor- and solvent-filled C60
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FIGURE 15.27. X-band electron spin resonance
spectrum of the a.) pristine SWCNT, b.) crystalline
N@C60:C60, c.) (N@C60:C60)@SWCNT and d.) the
triplet component of the (N@C60:C60)@SWCNT
ESR spectrum at ambient temperature after Ref.
[40].

peapod samples. The Raman spectra of peapod samples in the plotted frequency range consist
of the SWCNT G and D modes at 1590 and 1355 cm−1, respectively and narrow lines related
to the Raman active modes of the C60 inside the SWCNT [33, 43]. We show enlarged the most
significant Raman active line of C60 peapod, the Ag(2) mode. We observe a single Ag(2) line at
1466 cm−1 for both peapod materials which is consistent with the relatively large, d = 1.4 nm,
tube diameter [49]. The observation of the 1466 cm−1 C60 Ag(2) mode is characteristic [43] for
the encapsulated C60. Its observation for the solvent prepared sample with the same intensity as
for the vapor prepared sample proves the effective macroscopic filling. The absence of an extra
line at 1469 cm−1, that is the Raman shift of the Ag(2) of crystalline C60 is evidence that no C60

is present apart from those encapsulated in the nanotubes.
The low temperature synthesis allows to encapsulate the N@C60 fullerene. The N@C60:C60 en-

dohedral fullerene: fullerene solid solution can be produced in a N2 arc-discharge tube following
Ref. [96] with a typical yield of a few 10 ppm [97]. In Fig. 15.27., the ESR spectra of the starting
SWCNT, (N@C60:C60)@SWCNT, and N@C60:C60 are shown. The ESR spectrum of the pristine
SWCNT for the magnetic field range shown is dominated by a signal that is assigned to some
residual carbonaceous material, probably graphite. Fig. 15.27c. shows, that after the solvent en-
capsulation of N@C60:C60 in the NCL-SWCNT, a hyperfine N triplet ESR is observed, similar to
that in pristine N@C60:C60, superimposed on the broad signal present in the pristine nanotube
material. Fig. 15.27d. shows the triplet component of this signal after subtracting the signal ob-
served in pristine SWCNT. The hiperfine triplet in N@C60:C60 is the result of the overlap of the
4S3/2 state of the three 2p electrons of the N atom and the 14N nucleus, with nuclear spin, I = 1.
The isotropic hyperfine coupling of N@C60:C60 is unusually high as a result of the strongly com-
pressed N atomic 2p3 orbitals in the C60 cage thus it unambiguously identifies this material [94].
The hyperfine coupling constant observed for the triplet structure in the encapsulated material,
A = 0.57± 0.01 mT, agrees within experimental precision with that observed in N@C60:C60 [94],
which proves that the encapsulated material is (N@C60:C60)@SWCNT. The ESR line-width for
the encapsulated material, ∆Hpp = 0.07 mT, is significantly larger than the resolution limited
∆Hpp =0.01 mT in the pristine N@C60:C60 material, the lines being Lorentzian. The most prob-
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FIGURE 15.28. Schematic structure of
the 4-Hydroxy-3,5-dimethyl-phenyl- hy-
droazafullerene.

able cause for the broadening is static magnetic fields from residual magnetic impurities in the
SWCNT [77]. The ESR signal intensity is proportional to the number of N spins, and this al-
lows the quantitative comparison of N concentrations in (N@C60:C60)@SWCNT and N@C60:C60.
Taking the filling value from the EELS measurement, we obtain that the N spin concentration
in (N@C60:C60)@SWCNT is ∼2.5 times smaller than in the starting N@C60:C60 material. This
cannot be due to a loss of N spins during the synthesis as N@C60:C60 is stable below 100 ◦C and
N loss becomes rapid above 220 ◦C only [95]. However, the observed difference may be caused by
the limited accuracy of the ESR intensity measurement also caused by microwave losses as the
conducting bucky-paper pieces are separated from each-other in a poorly controlled way.

As seen from the ESR results on encapsulated N@C60, relatively limited information can be
deduced about the tubes themselves. This stems from the fact that the N spins are well shielded
in N@C60 [98] and are thus are relatively insensitive to the SWCNT properties. In contrast,
N@C60@SWCNT peapods might find another application as building elements of a quantum
computer as proposed by Harneit et al. [8]. A better candidate for magnetic fullerene encapsulation
is the C59N monomer radical as here the unpaired electron is on the cage and is a sensitive probe of
the environment. This material can be chemically prepared [99], however it forms a non-magnetic
dimer crystal (C59N)2. It appears as a spinless monomer in an adduct form [100] or attached to
surface dangling bonds [101]. The magnetic C59N monomer radical is air sensitive but it can be
stabilized as a radical when it is dilutely mixed in C60[102]. As a result, a different strategy has
to be followed to encapsulate C59N inside SWCNT, which is discussed in the following along with
preliminary ESR results.

To obtain C59N peapods, air stable C59N derivatives, (C59N-der in the following) were prepared
chemically by A. Hirsch and F. Hauke following standard synthesis routes [100, 103]. The C59N-
der was 4-Hydroxy-3,5-dimethyl-phenyl-hydroazafullerene whose structure is shown in Fig. 15.28.
The C59N derivatives were encapsulated either pure or mixed with C60 as C59N-der:C60 with 1:9
concentrations using a modified version of the low temperature encapsulation method. In brief,
the mixture of the dissolved fullerenes and SWCNTs were sonicated in toluene and filtered. It
is expected that the C59N monomer radical can be obtained after a heat treatment in dynamic
vacuum, which is discussed below.

Raman spectroscopy was performed to characterize the SWCNT filling with the C59N-der. In
Fig. 15.29, the Raman spectra of the pristine and encapsulated C59N-der is shown. The Raman
spectra of the peapod sample (lower curve in Fig. 15.29) in the plotted frequency range consist of
the SWCNT G modes around 1550 cm−1 and additional lines related to the Raman active modes
of the encapsulated azafullerene derivative [43]. The major Raman modes of the pristine C59N-der
are similar to those of the (C59N)2 dimer [104]. The strongest mode is observed at 1459.2 cm−1
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FIGURE 15.29. Tangential mode of the Raman spec-
tra of the C59N-der before (a) and after encapsula-
tion (b) excited with a 488 nm laser. Labels mark
the position of the strongest C59N-der mode in the
two samples. The Raman G-mode of SWCNT dom-
inates the peapod spectrum in the 1550-1650 cm−1

range.

which is derived from the C60 Ag(2) mode and is downshifted to 1457 cm−1 after the encapsulation
procedure. The 2.2 cm−1 downshift proves the encapsulation of the molecule inside the SWCNT.

When encapsulated inside SWCNTs, the corresponding Ag(2) mode of C60 downshifts with 3
cm−1 , which is assigned to the softening of the C60 Ag(2) vibrational mode due to the interaction
between the ball and the SWCNT wall [43]. The slight difference between the downshift for the
azafullerene and for the C60 peapods might be attributed to the different structure of the two
molecules. The encapsulation also manifests in a line broadening: the main component of the 1457
cm−1 mode is broadened from 4.5 cm−1 FWHM in the pristine material to 10 cm−1 FWHM in
the encapsulated one. This is similar to the values found for encapsulated C60 [43].

The integrated intensity of the observed Ag(2) derived mode of the C59N is approximately 5
times larger than that of a C60 peapod prepared identically when normalized by the SWCNT G
mode intensity. This, however, can not be used to measure the encapsulation efficiency as Raman
intensities depend on the strength of the Raman resonance enhancement and the Raman scattering
matrix elements [46]. For C60 peapods the Raman signal was calibrated with independent and
carbon number sensitive measurements: EELS studies gave the total number of C60 related and
non-C60 related carbons [70] and the mass of encapsulated C60s was determined from NMR studies
using 13C enriched fullerenes [47, 82]. In the current case, neither methods can be employed and we
determined the filling efficiency for the azafullerene by encapsulating a mixture of the azafullerene
and C60.

In Fig. 15.30., the Raman spectra of the encapsulated C59N-der:C60 mixture with weight ratios
of 1:9 in the starting solvent is shown. The Raman spectrum of the encapsulated mixture was
simulated with a weighted sum of the separately recorded spectra for encapsulated C59N-der and
C60. The best agreement between the simulated and the experimental spectra is for a C59N-
der content of 0.12(2). This value is close to the expected value of 0.1 and it proves that the
azafullerene enters the tubes with the same efficiency as C60.

In Fig. 15.31, we show the ESR spectra of the encapsulated mixture, (C59N-der:C60)@SWCNT,
after 700 ◦C vacuum annealing. The spectra of C59N:C60, a C59N monomer embedded in C60 [102],
is also shown for comparison. A triplet structure similar to that in C59N:C60 is observed in the
heat-treated (C59N-der:C60)@SWCNT overlapping with a broader line. The broader component is
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FIGURE 15.30. Raman spectra of the encapsulated
C59N-der:C60 mixture at the 488 nm laser excita-
tion. The spectra for the C59N-der and C60 peapods
is shown together with their weighted sum as ex-
plained in the text. A and B mark the components
coming nominally from the superposing two phases.
The asterisk marks a mode that is present in the
pristine SWCNT material. Note the different scale
for the C59N-der peapod material.

present in reference samples without encapsulated azafullerenes and is identified as a side-product.
The broad line was numerically deconvoluted from the triplet component by fitting Lorentzian
for all the signal. In Fig. 15.31 a fit for the triplet component is shown with solid lines. However,
the triplet pattern appears only after the 700 ◦C vacuum annealing.

The ESR spectra of C59N:C60 is well understood [102]: at room temperature it consists of a
triplet pattern due to the hyperfine interaction with the 14N nucleus (I = 1) and a series of doublet
peaks due to the interaction of the electron delocalized over the entire fullerene cage with 13C
nuclei (I = 1/2). The isotropic hyperfine coupling, Aiso=0.370(4) of the triplet pattern in (C59N-
der:C60)@SWCNT closely agree with those found for C59N monomers in solvents Aiso=0.373
[105] and Aiso=0.37 [106] or Aiso=0.363(1) in the C60 matrix [102]. This proves that after the
700 ◦C heat treatment, a sizeable amount of rotating C59N monomer radicals are present in the
sample. This is not surprising in the view of the ability to form C59N monomers from C59N at
similar temperatures [107], however the current process is not reversible and the remnants of the
side-groups are probably removed by the dynamic pumping. Although, the production of C59N
monomers inside SWCNTs was proved, further work is required to understand the spectral details,
to improve the background to triplet signal ratio, and in particular temperature dependent studies
are required to study the tube properties.

15.4 Summary

In summary, we reviewed how molecules encapsulated inside SWCNTs can be used to study
various properties of the tubes themselves. Inner tubes grown from encapsulated fullerenes were
shown to be an excellent probe of diameter dependent reactions on the outer tubes. Inner tubes
grown from isotope labeled fullerenes and organic solvents allowed to understand the role of
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FIGURE 15.31. ESR spectra
of crystalline C59N:C60 (a) and
(C59N:C60)@SWCNT obtained by
annealing the (C59N-der:C60)@SWCNT.
A solid curve shows the triplet component
after deconvolution from the total ESR
signal.

the different carbon phases in the growth of the inner tubes. In addition, isotope labeled inner
tubes were shown to yield an unparalleled precision to study the density of states near the Fermi
level using NMR. It was reviewed how magnetic fullerenes can be encapsulated inside SWCNTs
yielding linear spin chains with sizeable spin concentrations and also to allow ESR studies of the
tube properties.
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Abstract

Synthesis of highly 13C isotope enriched azafullerene, C59N embedded in C60 is reported.
13C enriched fullerenes, produced with

the Krätschmer–Huffmann process, were subject to a N2 discharge that produces C59N with a low probability. Raman spectroscopy

indicates a homogeneous 13C distribution. Electron spin resonance measurement (ESR) proves that the C59N concentration, 0.2%, is

similar as in non-enriched fullerenes. The ESR spectrum is simulated accurately with the known 14N and 13C hyperfine coupling

constants. The material enables the nuclear spin-labelling of heterofullerene complexes with a potential for biological applications.

It might also find applications as a building element for quantum computation.

� 2005 Elsevier B.V. All rights reserved.

1. Introduction

Isotope controlled synthesis (ICS) of molecular nano-

structures provides an important degree of freedom to

characterize fundamental and application oriented

properties. ICS is generally considered as a tool to,

e.g., enhance nuclear magnetic resonance signals, to pro-

vide improved information when specific isotope label-

ling is possible or to trace biological processes using

radioactive nuclei. For fullerenes [1], ICS was applied

to improve the NMR data [2], to identify the origin of

different vibrational modes in crystalline C60 [3], and

to yield an insight into underlying physical phenomenon

such as the mechanism of the superconductivity in alkali

doped fullerides [4] by means of 13C enrichment. More

recently, 13C enriched fullerenes were used to produce
13C enriched single wall carbon nanotubes [5].

Properties of fullerenes can be also studied through

the synthesis of on-ball doped modifications. The

C59N or C59B heterofullerenes were predicted to provide

a doping opportunity for C60 [6,7]. In general, hetero-

fullerenes possess a rich chemistry due to their enhanced

reactivity as compared to pristine fullerenes [7]. The

C59N azafullerene can be synthesized in macroscopic

amounts [7,8] and in a solid form it is an insulator con-

sisting of (C59N)2 dimer units where the extra electrons

are localized in the dimer bonds as singlet states [9].

The C59N monomer radical can be observed by light

[10,11] or thermal induced homolysis of (C59N)2 [12]

or when the C59N monomer is embedded in a low con-

centration in the C60 crystal [13]. This C59N:C60 solid

solution was synthesized in a discharge tube designed

for the production of N@C60 [13]. The advantages of

the latter synthesis method over the chemical synthesis

[8] are its relative simplicity and the ability of providing

an isotope control option by changing the 14N2 gas to
15N2. Recently, it was shown that the extra electron

on the C59N is transferred toward the C60�s at high

0009-2614/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
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Abstract

Filling of single-wall carbon nanotubes with C59N azafullerene derivatives is reported from toluene solvent at ambient temperature.
The filling is characterized by high-resolution transmission electron microscopy and Raman spectroscopy. The filling efficiency is the
same as for C60 fullerenes and the tube-azafullerene interaction is similar to the tube-C60 interaction. Vacuum annealing of the encap-
sulated azafullerene results in the growth of inner tubes, however no spectroscopic signature of nitrogen built in the inner walls is
detected.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Carbon nanotubes; Fullerene; Electron microscopy; Raman spectroscopy

1. Introduction

The hollow space inside single-wall carbon nanotubes
(SWCNTs) have attracted considerable attention recently.
The field was opened by the discovery of C60 fullerenes
encapsulated inside SWCNTs, the peapods [1]. Later it
was found that chemical reactions can take place inside
the tube such as charging induced polymerization [2] or
fusion of the C60 spheres to inner tubes [3,4]. The resulting
inner tubes in the double-wall carbon nanotubes
(DWCNTs) were shown to be exceptionally defect free [5]
which apostrophizes the inside the of the tube as ‘‘nano-
clean-room chemical reactor’’. We recently found that
chemical reactions are not restricted to fullerenes but
organic solvents such as benzene or toluene can also partic-
ipate.1 The breakthrough to further explore the in-the-tube

chemistry was the discovery of encapsulating fullerenes or
fullerene derivatives at ambient temperatures [6–10]. Con-
ventional peapod synthesis involves heating the sample
above 400–500 �C [11,12], which most fullerene derivatives
do not tolerate. C59N, the on-ball nitrogen doped modifica-
tion of fullerenes, has a rich chemistry due to its enhanced
reactivity as compared to pristine fullerenes and can be
synthesized in macroscopic amounts chemically [13,14].
The electronic state of C59N and its derivatives is strongly
modified compared to C60 [15]. Encapsulating azafullerene
peapods would be advantageous as they are expected to go
preferably inside the SWCNTs similarly to all-carbon fulle-
renes, however their sizeable dipole moment adds a further
degree of freedom for their applications such as e.g. ambi-
polar transistor [16]. In addition, the presence of the nitro-
gen enables to explore the in-the-tube chemistry with
heteroatoms.

Here, we present the encapsulation of azafullerene deriv-
atives inside SWCNTs. We use a low temperature synthesis
method at ambient conditions. The encapsulation is proven
by high-resolution transmission microscopy and Raman

0008-6223/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Chapter 5

Diameter selective reaction processes of single-wall carbon nanotubes
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sReceived 11 November 2004; published 29 April 2005d

A method is presented which allows the study of diameter selective reactions in single-wall carbon nano-
tubes with an unprecedented accuracy. It is based on the transformation of fullerene peapods into double-wall
carbon nanotubes and the study of the resulting diameter distribution of the inner nanotubes with Raman
spectroscopy. This yields a spectral resolution increase of about 40 for the modes of different tubes. The
method is demonstrated for the diameter selective healing of nanotube defects and yield from C70 peapod
samples. The growth of very small diameter inner tubes from C70 peapods is demonstrated, which challenges
the models of inner nanotube formation. An anomalous absence of middiameter inner tubes is explained by the
suppressed amount of C70 peapods in the transition region between standing and lying C70 configurations.

DOI: 10.1103/PhysRevB.71.165439 PACS numberssd: 61.46.1w, 78.30.Na

I. INTRODUCTION

Nanostructures based on carbon nanotubes1 have been in
the forefront of nanomaterial research in the past decade.
However, there still remains a number of open questions be-
fore one of the most promising candidates, namely single-
wall carbon nanotubessSWCNTsd, will have wide-spread ap-
plications. The major obstacle is the large number of
electronically different nanotubes produced with varying di-
ameters and chiralities.2 Directed growth or separation ef-
forts are hindered by the lack of accurate chiral vector iden-
tification methods in bulk samples. In addition, little is
known about chirality and diameter sensitive reactions.
Band-gap fluorescence was successfully applied to assign
chiral indices to semiconducting SWCNTs.3 Similarly, as-
signment of small diameter nanotubes to chiral vectors was
performed in double-wall carbon nanotubessDWCNTsd us-
ing Raman spectroscopy.4,5 DWCNTs are SWCNTs contain-
ing a coaxial, smaller diameter CNT. The material is pro-
duced from fullerenes encapsulated in SWCNTspeapods6d
by a high-temperature treatment.7 The growth process in
such systems is of fundamental interest, since it proceeds
without catalytic particle support.

The growth process of DWCNTs from fullerene peapods
is not yet understood. Computer simulations have suggested
that C60@SWCNT based DWCNTs are formed by Stone-
Wales transformations from C60 dimer precursors at high
temperature by cycloaddition.8,9 The free rotation of C60
molecules is a prerequisite for the dimer formation as it en-
ables the molecules to have facing double bonds. The ellip-
soidal shaped C70 were found to be present in both standing
or lying configurations, i.e., with the longer C70 axis perpen-
dicular or parallel to the tube axis.10,11

At first glance, the above-mentioned assignment by Ra-
man spectroscopy of the inner tubes in DWCNTs is not ap-
plicable to study properties of the outer tubes. However, we
show in this paper that the assignment of chiralities to the
inner tubes of DWCNTs is a new and so far unique tool for
a diameter selective or even chirality selective analysis of the

outer tube reactions. This possibility originates from the cor-
relation between inner and outer tube abundances and from
the robustness of this correlation against the different types
of SWCNTs used for the inner tube growth. Due to the larger
spectral splitting and narrower linewidths of the inner tube
radial breathing modes,4 the inner tube diameter distribution
can be characterized with a spectral resolution that is about
40 times larger as compared to the analysis of the outer
tubes. Thus, the analysis of the inner tubes allows the char-
acterization of diameter selective reactions in the starting
material with an unprecedented accuracy. The method is
demonstrated on the diameter selective healing of the
SWCNT openings. A dramatic exception in the equivalency
of the C60 and C70 grown tubes is also presented for thed
<0.67 nm inner nanotubes for which the corresponding
outer tubes are on the border between lying and standing C70
configurations.

II. EXPERIMENTAL DETAILS

C60 and C70 based DWCNTss60-DWCNT and 70-
DWCNT, respectivelyd were prepared from two arc-
discharge grown commercial SWCNTssSWCNT-N1 and N2
from Nanocarblab, Russiad and two laser ablation grown
tubes. From the latter, one was commercialsSWCNT-R from
Tubes@Rice, Houston, TXd and the other was laboratory-
preparedsSWCNT-Ld. The SWCNT-N1,N2 materials were
purified to 50% by the manufacturer. SWCNT-R and
SWCNT-L materials were purified following Ref. 12. Peapod
samples were prepared by annealing SWCNT with C60 in a
quartz tube following Ref. 12 and were transformed to
DWCNT at high temperature following Ref. 7. The diameter
distributions of the SWCNT materials were determined from
Raman spectroscopy13 giving dN1=1.50 nm,sN1=0.10 nm,
dN2=1.45 nm,sN2=0.10 nm, dR=1.35 nm,sR=0.09 nm,
and dL =1.39 nm,sL =0.09 nm for the mean diameters and
the variances of the distributions, respectively. The results
described here were observed for all samples. Multifre-

PHYSICAL REVIEW B 71, 165439s2005d
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Abstract

We present the growth of single wall carbon nanotubes (SWCNTs) from organic solvents such as benzene and toluene inside a host

SWCNT. The solvents encapsulated in SWCNTs are transformed to an inner tube when subject to a heat treatment under dynamic vac-

uum at 1270 �C. We used isotope labeling of the different carbon sources to prove that the source of the inner tubes is indeed the solvent.

Our results put constraints on the models explaining the inner tube growth and provides a simple alternative for the fullerene based inner

tube growth. It also provides the possibility to study a completely new field of in-the-tube chemistry.

� 2006 Elsevier B.V. All rights reserved.

1. Introduction

Catalyst free growth of single wall carbon nanotubes

(SWCNT) has been intensively attempted since their dis-

covery in 1993 [1,2]. The efforts resulted in novel nano-

structures such as, e.g. the nano-horns [3] but the metal

catalyst-free synthesis remains elusive. Recently, catalyst

free growth of SWCNTs was achieved from fullerenes

encapsulated in SWCNTs, when these so-called peapods

[4] are subject to a high temperature annealing at 1270 �C

[5,6].

In this Letter, the synthesis of inner tubes is reported

from 13C isotope labeled organic solvents such as benzene

and toluene encapsulated in SWCNTs. This is demon-

strated to work when fullerenes are co-encapsulated pre-

venting the solvents from evaporation. Isotope labeling

proves unambiguously that the solvents contribute to the

inner tubes and gives a measure on the yield. The current

result opens new perspectives for the catalyst free synthesis

of SWCNTs in other confined environments such as zeolite

[7] and allows further exploration of the in-the-tube

chemistry.

2. Experimental

2.1. Sample preparation

Commercial SWCNT material (50 weight % purity,

Nanocarblab), fullerenes (C60 and C70) of natural carbon

(Hoechst AG), benzene and toluene (Sigma–Aldrich) and

isotope labeled benzene and toluene (Euriso-Top SA) were

used. In the following, we denote these two latter com-

pounds as solvents even though their primarily role is being

precursors of a chemical process. The purification of the

SWCNTs by the supplier in the form of repeated air oxida-

tion at 400 �C and acid washing results in purified and

opened SWCNTs. The tube diameter distribution was

determined from Raman spectroscopy [8] and we obtained

d = 1.40 nm and r = 0.10 nm for the mean diameter and

the variance of the Gaussian distribution, respectively.

Vapor filling with fullerenes was performed by subjecting

the SWCNT flakes to fullerene vapor in a sealed quartz

ampoule at 650 �C following Ref. [9]. Non-encapsulated

0009-2614/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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Abstract

The synthesis of double-wall carbon nanotubes (DWCNTs) with highly unperturbed inner shells is reported using the catalytic

vapor deposition method. Temperature dependent and high resolution Raman measurements show an enhanced phonon life-time of

the inner tubes with respect to the outer ones and similar diameter SWCNTs. This proves that the inner tubes are unperturbed sim-

ilar to the inner tubes in peapod-grown DWCNTs. The presence of the outer tube is argued to protect the inner tube from inter-

action with impurities and also to stabilize the growth of defect free inner tubes. The current material underlines the application

potential of DWCNTs.

� 2005 Elsevier B.V. All rights reserved.

1. Introduction

Double-wall carbon nanotubes (DWCNTs) are on

the borderline between single-wall (SWCNTs) and mul-

ti-wall carbon nanotubes (MWCNTs). As a result, they

share common features with both classes of materials.

Generally, SWCNTs are considered to be of fundamen-

tal interest and MWCNTs are known to be more appli-

cation-friendly. SWCNTs exhibit a number of

compelling physical properties such as superconductiv-

ity [1], the Tomonaga-Luttinger liquid state [2,3] and a

predicted Peierls state [4,5]. DWCNTs are fundamen-

tally interesting as their physical properties are deter-

mined by the well defined inner and outer tube

chiralities [6,7] and are candidates for applications such

as, e.g., reinforcing composites or scanning microscopy

probeheads due to the improved elastic properties as

compared to the SWCNTs but still of smaller diameter

than MWCNTs. In addition, the small diameter inner

tubes enable us to study the behavior of highly curved

nanostructures such as curvature induced deviations

from the electronic structure of graphite [8,9].

DWCNTs can be grown from fullerenes encapsulated

inside SWCNTs, peapods [10] (PEA-DWCNTs) by a

high temperature treatment [11,12] without any

catalysts. Raman studies on the inner tubes in PEA-

DWCNTs indicated at least an order of magnitude

longer phonon life-times, i.e., narrower line-widths, as

compared to the outer tubes [6]. This was associated

with the highly unperturbed nature of the inner tubes

that are grown in the nano clean-room interior of

SWCNTs. The defect content of the tube shells is crucial

for applications such as the possibility of ballistic trans-

port and improved mechanical properties.

An alternative DWCNT synthesis is based on cata-

lytic SWCNT growth methods such as arc-discharge

[13] and catalytic chemical vapor deposition (CCVD)

methods [14–20]. So far, Raman studies on such samples

have given a similar linewidth for the inner and outer

tubes indicating comparable number of defects for the

two shells [14,17–19,21]. However, no low temperature

0009-2614/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
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Interaction between concentric tubes in DWCNTs
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Abstract. A detailed investigation of the Raman response of the inner tube radial breathing modes (RBMs)
in double-wall carbon nanotubes is reported. It revealed that the number of observed RBMs is two to three
times larger than the number of possible tubes in the studied frequency range. This unexpected increase in
Raman lines is attributed to a splitting of the inner tube response. It originates from the possibility that
one type of inner tubes may form in different types of outer tubes. In this case, a splitting of lines results
since the inner tube RBM frequency depends on the diameter of the outer tube. Finally, a comparison
of the inner tube RBMs and the RBMs of tubes in bundles gave clear evidence for a stronger interaction
between tubes in a bundle as compared to the interaction between inner and outer tubes.

PACS. 81.07.De Nanotubes – 81.05.Tp Fullerenes and related materials – 78.30.Na Fullerenes and related
materials

1 Introduction

Single-wall carbon nanotubes (SWCNTs) [1, 2] have at-
tracted a lot of scientific interest over the last decade
due to their unique structural and electronic proper-
ties. In 1998, Smith et al. [3] discovered that fullerenes
can be encapsulated in SWCNTs, forming so-called
peapods [4–6]. By annealing the peapods at high temper-
atures in a dynamic vacuum the enclosed C60 peas trans-
form into SWCNTs within the outer tubes, thus produc-
ing double-wall carbon nanotubes (DWCNTs) [7, 8]. The
growth process of the inner tubes is a new route for
the formation of SWCNTs under shielded conditions in
the absence of any additional catalyst.

A detailed Raman study of the radial breathing modes
(RBMs) of the inner tubes revealed intrinsic linewidths
down to 0.4 cm−1 [9]. These small linewidths indicate long
phonon lifetimes and therefore highly defect free inner
tubes. Thus, they are a direct experimental evidence for
a nano-cleanroom reactor on the inside of SWCNTs.

Peapod grown DWCNTs are also interesting from an-
other point of view. Usually, they are produced from stan-
dard SWCNTs with diameters around 1.4 nm. Taking into
account the van der Waals interaction between the walls
this means that the diameters of the inner shell tubes
are around 0.7 nm. For these tubes the possible diame-
ters can no longer be assumed to form a quasi-continuum.
Additionally, due to the inverse relation between RBM
frequency and diameter, the spectral distance between
the RBMs of different inner tube types is (with few ex-

a e-mail: rpfei@ap.univie.ac.at

ceptions) much larger than between different outer tube
RBMs. This opens the possibility to study the properties
of individual SWCNTs in a bulk sample. A first applica-
tion of this was the assignment of the chiral vectors to all
inner tubes [10].

Studying the Raman response of the inner tube RBMs
in high resolution at 20 K revealed that the number of ob-
served lines is about two to three times larger than the
number of geometrically allowed inner tubes. In the fol-
lowing, we show that this unexpected increase of Raman
lines can be attributed to a splitting of the response from
the inner tubes. This splitting originates from the pos-
sibility for one inner tube type to form in several outer
tube types (with different diameters) and the fact that
the RBM frequency of the inner tube depends on the di-
ameter of the encapsulating parent tube. A quantitative
explanation for the splitting was obtained by calculating
the RBM frequencies of the inner tubes as a function of the
outer tube diameter within a continuum model. Using two
different scenarios regarding the possible inner-outer shell
pairs, we compared the splitting obtained from the sim-
ulation with the experimentally obtained splitting. From
this we conclude that not only the best fitting inner tubes
are formed.

2 Experimental

The starting material for the DWCNTs were C60 peapods
(in the form of bucky paper), produced by a previously
described method [5]. The mean diameter of the assumed
Gaussian diameter distribution of the outer tubes was
1.39(2) nm with a variance of 0.1 nm, as determined from
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Resonance Raman scattering from phonon overtones in double-wall carbon nanotubes
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The resonance behavior and the dispersion of the G8 line in double-wall carbon nanotubes were investigated
by multifrequency Raman scattering. Using a large number of laser lines for excitation, the dispersion for the
response from the inner tubes and from the outer tubes was found to be 85 and 99 cm−1/eV, respectively. The
reduction of the dispersion for the inner tubes is a consequence of their high curvature and suggests a flattening
of the phonon dispersion at theK point in the Brillouin zone. The frequency position for the G8 line of the
inner tubes for a given laser energy was likewise strongly reduced as compared to values expected from tubes
with standard diameter. This was again assigned to the strong curvature of the small-diameter inner tubes.
Finally, the G8 line scattering cross sections for the outer tubes and for the inner tubes revealed resonances
according to the transitions between the corresponding Van Hove singularities. The response from the inner
tubes was particularly strong, in good agreement with the expected resonance enhancement resulting from their
high curvature.

DOI: 10.1103/PhysRevB.71.155409 PACS numberssd: 78.67.Ch, 61.46.1w, 78.30.Na, 63.20.Dj

I. INTRODUCTION

Single-wall carbon nanotubessSWCNTsd have been at-
tracting considerable interest for a number of years as they
are very good examples for one-dimensional systems on the
one hand and exhibit a high application potential on the other
hand.1–3 Recently, particular attention has been dedicated to
double-wall carbon nanotubessDWCNTsd. Such systems are
of special interest if the inner shell tubes are grown from
fullerenes encapsulated into the primary outer shell tubes
sso-called peapods4d.5 On heating to temperatures as high as
1250 °C, the fullerenes in the peapods transform into inner
shell tubes with a high degree of perfectness.6

Peapod grown DWCNTs are exceptional for several rea-
sons. Normally, peapods are obtained from SWCNTs with
mean tube diameters between 1.3 and 1.5 nm. Since the in-
tertube distance in the DWCNTs is about 0.35 nmsthe inter-
layer distance in graphited, the diameters of the inner shell
tubes are around 0.7 nm, coming close to SWCNTs grown in
zeolites.7,8 The diameter distribution of the inner tubes is
expected to follow roughly the distribution of the outer ones,
except for a cutoff below 0.5 nm.9 This cutoff is a conse-
quence of the rather large size of the fullerenes which cannot
enter tubes with diameters smaller than about 1.2 nm.

Referring to applications, DWCNTs share the advantages
of multiwall tubes in a sense that they are rather stiff and
properties from the two shells average out. Conversely, they
still have some advantages of SWCNTs, e.g., small diameters
and low weight. For fundamental research, the very small
radii of the inner tubes are of particular interest. Additionally,
the unit cells become small enough to allow for application
of density-functional calculations. Such calculations are in-
deed necessary to describe the physical properties as a con-
sequence of the high curvature of the narrow tubes.

One of the famous and important properties of the
SWCNTs is their electronic structure. Due to the one-
dimensional nature of the tubes, the electronic density of

states is jammed into Van Hove singularitiessVHSsd. Within
a simple tight-binding approximation, optical transitions are
between VHSs symmetric to the Fermi level. The transition
energies for semiconducting and metallic tubes are assigned
asEii

S andEii
M, respectively. In a linear approximation, these

energies scale with 1/D, whereD is the tube diameter.10 In a
refined description, the trigonal warping of constant energy
contours and the influence of the chirality must be
considered.10 Symmetry-adapted nonorthogonal tight-
binding calculations yield more precise results with lower
transition energies and a stronger deviation from a 1/D law
since tube curvature is included.11 In addition, the exact val-
ues for the electronic energies are modulated by excitonic
effects, particularly for the lowi transitions12 and by the
effect of bundling or dressing with surfactants. Finally, and
certainly of particular importance for very small inner shell
tubes, the influence of the curvature must be considered ex-
plicitly. If the tube diameters become significantly lower than
1 nm, characteristic differences in the electronic structure as
compared to tight-binding results were reported from
ab initio calculations.13

A plot of the transition energies versus tube diameter for
all geometrically allowed tubes, known as the Kataura plot,14

is very helpful and important to understand optical and reso-
nance Raman effects. The plot depicted in Fig. 1, with the
inverse tube diameter used on the abscissa, is based on cal-
culations by Popov.11 The calculated energies from this work
were subsequently scaled to match the experimental ones of
Fantini et al.15 and Weisman and Bachilo16 sobtained from
HiPco tubes dispersed in aqueous solution and wrapped in
SDSd. The scaling factors for each transition and SWCNT
type smetallic as well as semiconducting type I and IId de-
pended linearly on the inverse tube diameter. The horizon-
tally hatched area marks the range of laser energies used in
our experiments. The vertically hatched areas mark the di-
ameter distribution of the outersleftd and inner tubessrightd,
respectively.

PHYSICAL REVIEW B 71, 155409s2005d
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Fine structure of the radial breathing mode of double-wall carbon nanotubes
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The analysis of the Raman scattering cross section of the radial breathing modes of double-wall carbon

nanotubes allowed us to determine the optical transitions of the inner tubes. The Raman lines are found to

cluster into species with similar resonance behavior. The lowest components of the clusters correspond well to

sodium sodecyl sulfate wrapped high pressure carbon monoxide grown tubes. Each cluster represents one

particular inner tube inside different outer tubes and each member of the clusters represents one well-defined

pair of inner and outer tubes. The number of components in one cluster increases with the decreasing inner tube

diameter and can be as high as 14 spread over 30 cm−1. This suggests a lot of variation in the diameter

difference of inner-outer tube pairs.

DOI: 10.1103/PhysRevB.72.161404 PACS number�s�: 78.67.Ch, 63.20.Dj, 78.30.Na, 78.66.Tr

Double-wall carbon nanotubes �DWCNTs� are interesting
structures in the family of carbon nanophases, especially
when they are grown by the annealing of so-called peapods,
i.e., single-wall carbon nanotubes �SWCNTs� filled with
fullerenes.1 The outer tubes diameter of such DWCNTs are
of the same small size �around 1.4 nm� as it is typical for
SWCNTs. This means, they provide the same spatial resolu-
tion for sensors or the same field enhancement for electron
emitters as the latter but exhibit a higher stiffness. The inner
tubes, with typical diameters of 0.7 nm, have a rather high
curvature and are thus expected to exhibit significant devia-
tions from graphene with respect to their mechanical and
electronic properties. Amongst others, the electron-phonon
coupling is expected to considerably increase as compared to
graphene, which might result in superconductivity or a
Peierls transition. Also, the concentric layers in the DWCNTs
represent curved graphite sheets with an interesting van der
Waals–type interaction and DWCNTs are well-defined model
materials for multiwall CNTs. Finally, by filling SWCNTs
with isotope labeled fullerenes it is possible to produce
DWCNTs with 13C enriched inner and normal 12C outer
tubes.2

The peapod-grown DWCNTs attracted additional interest
as the inner tubes are grown in an highly unperturbed envi-
ronment and thus exhibit unusual narrow lines for the radial
breathing mode �RBM� Raman response.3 In this sense, the
inside of the outer tubes has been termed a “nano-clean-
room.” Moreover, the Raman signal from the RBMs of the
inner tubes exhibits strong resonance enhancement and the
observed number of lines is larger than the number of geo-
metrically allowed species.4

Similar to the outer tubes, the geometric and electronic
properties of the inner tubes are uniquely determined by their
chiral vectors �m ,n�, along which the graphene layers are

rolled up into tubes.5 Due to the quasi-one-dimensionality of
the tubes, the electronic states are jammed into Van Hove
singularities �VHSs�. Recent experiments suggest that the
optical transitions of semiconducting �Eii

S� and metallic �Eii
M�

tubes arise from excitonic states close to the VHSs instead
from the VHSs as such.6 These transition energies scatter

around lines with slopes proportional to the inverse tube di-
ameter 1 /D. Refined calculations revealed considerable cur-
vature corrections to the transition energies, especially for
small diameter tubes.7–9 Experimental information on these
effects has recently been obtained from the Raman and lu-
minescence measurements of HiPco �high pressure carbon
monoxide grown� tubes with a mean diameter of about
1 nm.10–12 The pattern of the deviation from the linear rela-
tion between Eii and 1/D can be categorized into tube fami-
lies with respect to 2m+n=const. There are the metallic
tubes with 2m+n�0 �mod 3� and two types of semiconduct-
ing tubes with 2m+n�1 �mod 3� �SI� and 2m+n�2 �mod
3� �SII�. For the E22

S transition, the SI tubes deviate strongly
from the linear relation towards lower transition energies
whereas the SII tubes exhibit a smaller deviation towards
higher transition energies. In all cases zigzaglike tubes close
to �m ,0� show the largest deviation from the linear relation-

ship.
The RBM frequencies also scale roughly as 1/D and have

therefore been used repeatedly for the structural analysis of
SWCNTs, particularly with respect to the diameter distribu-
tion. By analyzing the Raman cross section of the RBMs it is
possible to determine chiralities and electronic transition en-
ergies of CNTs.11,12

Here, we present the results of resonance Raman mea-
surements in the RBM range of DWCNTs. These measure-
ments unraveled the optical transitions of the inner tubes
which cannot be accessed by optical and scanning probe ex-
periments. Using a contour plot where the Raman cross sec-
tion is plotted over a two-dimensional grid of RBM fre-
quency and laser excitation energy, we found a well-
expressed fine structure in the resonance pattern. An analysis
of this pattern showed a clustering of the inner tubes RBMs
near the HiPco transition energies and frequencies. The clus-
ters start around the HiPco frequencies and extend up to
30 cm−1 to higher frequencies. They consist of up to 14 well-
expressed components. Each cluster represents one particular
inner tube inside different outer tubes and each member of
the clusters represents a well-defined pair of one inner tube
in one outer tube. Within one cluster, the transition energies

PHYSICAL REVIEW B 72, 161404�R� �2005�
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Isotope Engineering of Carbon Nanotube Systems
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The synthesis of a unique isotope engineered system, double-wall carbon nanotubes with natural carbon
outer and highly 13

C enriched inner walls, is reported from isotope enriched fullerenes encapsulated in
single-wall carbon nanotubes (SWCNTs). The material allows the observation of the D line of the highly
defect-free inner tubes that can be related to a curvature induced enhancement of the electron-phonon
coupling. Ab initio calculations explain the inhomogeneous broadening of inner tube Raman modes due to
the distribution of different isotopes. Nuclear magnetic resonance shows a significant contrast of the
isotope enriched inner SWCNTs compared to other carbon phases and provides a macroscopic measure of
the inner tube mass content. The high curvature of the small diameter inner tubes manifests in an increased
distribution of the chemical shift tensor components.

DOI: 10.1103/PhysRevLett.95.017401 PACS numbers: 78.30.Na, 61.46.+w, 76.60.2k

Isotope engineering (IE) of materials provides an im-
portant degree of freedom for both fundamental studies and

applications. The change in phonon energies upon isotope
substitution, while leaving the electronic properties unaf-
fected, has been used to identify vibrational modes [1–3]

and gave insight into underlying fundamental mechanisms,
such as phonon-mediated superconductivity [4]. Appli-
cations of IE involve, for instance, the controlled doping
of isotope engineered Si heterostructures by means of

neutron irradiation [5], fabrication of mononuclear devices
with controlled heat conducting properties [6], and the
basic architecture for spintronics and quantum computing
[7]. Recently, single-wall carbon nanotubes (SWCNTs)

have been intensively studied as a result of their anticipated
applicability and the unique physical properties related to

their quasi-one-dimensional electronic structure. Examples
include the presence of Van Hove singularities in the den-
sity of states [8] and the Luttinger liquid behavior [9]. IE of
carbon nanotubes using isotope enriched graphite as the
starting material was attempted in order to allow NMR
spectroscopy [10,11]. However, the NMR studies have

been hampered by the fact that the 13
C NMR active nuclei

can be found in all species of carbons, e.g., amorphous or
graphitic carbon, inevitably present even in the purified
SWCNT materials, and no nanotube selective enrichment
or purification could be achieved until now. Vibrational
spectroscopy is suitable to study the effect of IE. For

SWCNTs, Raman spectroscopy has proven to be conve-
nient to characterize their electronic and structural proper-
ties. In addition, Raman studies on double-wall carbon
nanotubes (DWCNTs) [12,13], synthesized from fuller-
enes encapsulated inside the tubes (fullerene peapods)

[14], provide a unique opportunity to study the small
diameter inner tubes.

In this Letter, we report the preparation and study of a
unique hybrid carbon nanotube material. It consists of
DWCNTs where the inner tube contains 13

C with a con-
trolled level of enrichment, whereas the outer tube remains
natural carbon. This material is obtained by filling a host
SWCNT with isotopes labeled C60 or C70 fullerenes and
transforming the resulting peapods to an inner tube by high
temperature annealing. Raman scattering reveals an unex-
pected strong response from the D line of the inner tubes,
even though the latter are highly defect free [13]. Even at
the high temperature of the peapod transformation, no
exchange of carbon between the inner and outer shell is
observed. The random distribution of 13

C atoms in the wall
of the inner tube leads to a line broadening which is
quantitatively explained. In contrast with nonisotope en-
riched tubes, the present material is an excellent object for
NMR spectroscopy. This allows the measurement of the
mass fraction of a material encapsulated in carbon nano-
tubes for the first time. The effect of high curvature is
demonstrated for the small diameter inner tubes from un-
usual NMR line shapes.

Commercial SWCNTs (50 weight % purity,
Nanocarblab, Moscow, Russia), 13

C isotope enriched ful-
lerenes (MER Corp., Tucson, USA), and C60 of natural
carbon (Hoechst AG, Frankfurt, Germany) were used to
prepare fullerene peapods C60, C70@SWCNT. The
Gaussian tube diameter distribution was determined from
Raman spectroscopy [15] and revealed d � 1:40 nm and
� � 0:10 nm for the mean diameter and the variance,
respectively. We used two grades of 13

C enriched fullerene
mixtures: 25% and 89%, whose values are slightly refined

PRL 95, 017401 (2005)
P H Y S I C A L R E V I E W L E T T E R S week ending

1 JULY 2005

0031-9007=05=95(1)=017401(4)$23.00 017401-1  2005 The American Physical Society



Chapter 16. Publikationsnachweise ... 191

Chapter 13

NMR Evidence for Gapped Spin Excitations in Metallic Carbon Nanotubes
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We report on the spin dynamics of 13C isotope enriched inner walls in double-wall carbon nanotubes
using 13C nuclear magnetic resonance. Contrary to expectations, we find that our data set implies that the
spin-lattice relaxation time (T1) has the same temperature (T) and magnetic field (H) dependence for most
of the inner-wall nanotubes detected by NMR. In the high-temperature regime (T * 150 K), we find that
the T and H dependence of 1=T1T is consistent with a 1D metallic chain. For T & 150 K we find a
significant increase in 1=T1T with decreasing T, followed by a sharp drop below ’ 20 K. The data clearly
indicate the formation of a gap in the spin excitation spectrum, where the gap value 2� ’ 40 K
(�3:7 meV) is H independent.

DOI: 10.1103/PhysRevLett.95.236403 PACS numbers: 71.20.Tx, 61.46.+w, 73.22.�f, 76.60.�k

The electronic properties of carbon nanotubes have
been of a topic of intense investigation ever since their
discovery in the early 1990s. According to band-structure
calculations, the basic electronic structure of single-
wall carbon nanotubes (SWCNT) is expected to depend
on the chiral wrapping vector �n;m� across the graphene
plane, where tubes for which �2n�m�=3 � integer are
metallic, while all other tubes are semiconducting [1–4]
with a large �1 eV gap [5]. While STM and transport
measurements on isolated tubes demonstrate the diversity
of tube properties, significant measurements on macro-

scopic amounts of tubes are only possible in selected cases.
Photoemission spectroscopy (PES) measurements on me-
tallic tubes in bundles [6,7] suggest that strong electron-
electron correlations can lead to a Tomonaga-Luttinger-
liquid (TLL) state. Recently, double-wall carbon nano-
tubes (DWCNT) have been synthesized by filling
SWCNT with fullerenes (so-called ‘‘peapods’’ [8]) fol-
lowed by a high-temperature reaction which merges the
fullerenes into inner tubes [9,10]. These DWCNT have
some exceptional properties since the inner tubes are ac-
commodated in a highly shielded environment under clean
room conditions [11]. Raman experiments performed even
on bucky paper material allows one to detect some signifi-
cant properties of these inner tubes due to their small
diameter (high curvature).

Nuclear magnetic resonance (NMR) is usually an ex-
cellent technique for probing the electronic properties at
the Fermi level of metallic systems; take for instance
conducting polymers, fullerenes, and high-temperature
superconductors to mention a few. However the 1.1%
natural abundance of 13C with nuclear spin I � 1=2 limits
the sensitivity of such experiments. Data taken on SWCNT
essentially evidence a large distribution of properties since
samples of identical tubes are presently out of reach. In this
Letter, selective enrichment of the inner shells using 13C
isotope enriched fullerenes [12,13] in the peapod synthesis
route is used to probe the specific properties of the inner

tubes. The 13C enrichment allows us to increase the 13C
NMR sensitivity by 2 orders of magnitude, and further-
more achieve selective 13C enrichment of the inner shells
alone. This provides us with the possibility of singling out
the electronic properties of these inner tubes for the first
time. We show that, although these tubes are distributed in
diameter and chirality, their electronic properties display a
strikingly homogeneous behavior. The magnetic properties
of these inner-wall nanotubes behave as for a 1D metal at
room T, but exhibit a pronounced gap below ’ 20 K. This
unexpected result reveals that this specific macroscopic
collection of carbon nanotubes is an object displaying
original physical properties worth studying in more detail
with macroscopic experimental techniques.

All 13C NMR data in this Letter were taken with the
sample sealed in a 6 mm diameter glass tube filled with
200 mbar of high purity helium gas. Details of the syn-
thesis techniques and various independent experimental
evidences for the formation of 89% 13C isotope enriched
inner walls inside natural 1.1% 13C enriched outer walls
are reported elsewhere [12]. We probed the low fre-
quency spin dynamics (or low energy spin excitations,
equivalently) of the inner tubes using the spin-lattice re-
laxation time, T1, defined as the characteristic time it takes
the 13C nuclear magnetization to recover after saturation.
The signal intensity after saturation S�t� was deduced by
integrating the fast Fourier transform of half the spin echo
for different delay times t. All data were taken with exci-
tation pulse lengths �=2 � 3:0 �s and short pulse sepa-
ration times of � � 15 �s [14]. We obtained the value of
T1 by fitting the t dependence of S�t� to the form S�t� �
Sa � SbM�t�, where Sa ’ Sb ( > 0) are arbitrary signal
amplitudes, and

M�t� � exp���t=Te
1�

�	 (1)

is the reduced magnetization recovery of the 13C nuclear
spins. Figure 1 shows the results of M�t� for the inner tubes
as a function of the scaled delay time t=Te

1 , under various
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