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Abstract. The vibrational properties of single-walled carbon nanotubes reflect the
electron and phonon confinement as well as the cylindrical geometry of the tubes.
Raman scattering is one of the prime techniques for studying the fundamental
properties of carbon tubes and nanotube characterization. The most important
phonon for sample characterization is the radial-breathing mode, an in-phase radial
movement of all carbon atoms. In combination with resonant excitation it can be
used to determine the nanotube microscopic structure.

Metallic and semiconducting tubes can be distinguished from the high-energy
Raman spectra. The high-energy phonons are remarkable because of their strong
electron–phonon coupling, which leads to phonon anomalies in metallic tubes.
A common characteristic of the Raman spectra in nanotubes and graphite is the
appearance of Raman peaks that correspond to phonons from inside the Brillouin
zone, the defect-induced modes. In this Chapter we first introduce the vibrational,
electronic, and optical properties of carbon tubes and explain important concepts
such as the nanotubes’ family behavior. We then discuss the Raman-active phonons
of carbon tubes. Besides the vibrational frequencies and symmetries Raman spec-
troscopy also allows optical (excitonic) transitions, electron–phonon coupling and
phase transitions in single-walled carbon nanotubes to be studied.

1 Introduction

Carbon nanotubes have attracted tremendous interest from the scientific
community over the last few years since their discovery by Iijima in 1991 [1]
and in 1993 in their single-walled form [2]. Over 15 000 publications have ap-
peared up to the time of writing this article1 with an ever-growing number of
papers per year. The reason for this enthusiasm lies in their fascinating physi-
cal properties, which make them a model system for one-dimensional physics,
their relative ease of preparation, and their large potential for applications.
The combination of these features keeps the interest alive for new investi-
gations in the research community as well as in large and small industrial
companies.
1 Institute of Scientific Information; general search with keywords “nanotube*”.

M. Cardona, R. Merlin (Eds.): Light Scattering in Solid IX,
Topics Appl. Physics 108, 115–232 (2007)
© Springer-Verlag Berlin Heidelberg 2007



116 Christian Thomsen and Stephanie Reich

The one-dimensionality of carbon nanotubes leads to a number of eas-
ily observable, physically interesting effects, from absorption anisotropy, de-
polarization effects and one-dimensional vibrational confinement to possible
Luttinger-liquid behavior of the electrons. The physical properties of the
“theoretical” starting material for a single-walled carbon nanotube – a sheet
of graphene – are relatively well understood. Still, nanotube research has
given new impetus to the study of graphite e.g., its phonon dispersion [3]
or the large shift of the so-called D-mode with laser excitation energy [4].
Theoretically, the electronic dispersion of nanotubes may be described by an-
alytic expressions using the tight-binding parameters of graphite [5], which
have given access to an initial understanding of the processes involved in
absorption. Improvements of this formula taking into account more distant
neighbors [6] allowed a quantitative comparison of the electronic properties
of graphite with those of carbon nanotubes.

The nanotube wall has a curvature with profound effects on the electronic
properties, in particular of small nanotubes. The effect of σ − π hybridiza-
tion has been described by a symmetry-adapted nonorthogonal tight-binding
model [7] and, in a more sophisticated way, by ab-initio calculations [8–10]
with increasing agreement with experiment. Most recently, the effect of exci-
tons on the absorption properties has come into focus [10–13]; we will discuss
this topic in Sect. 5.3.

A number of exciting applications have emerged for carbon nanotubes.
Due to their extreme toughness-to-weight ratio they have become a prime
choice for mechanical reinforcement of polymers and composites [14]. The fact
that they can be both semiconducting or metallic (displaying even ballistic
electron transport) for slightly different atomic structures opens up the field
of applications in micro or nanoelectronics. Although it is not yet possible
to control the growth of one specific type (chirality) of nanotube, successful
procedures for separating metallic and semiconducting nanotubes have been
reported [15]. We expect schemes for specific-chirality growth to appear in
the near future [16]. Identifying the chiral index – i.e., their microscopic
structure – of individual isolated nanotubes via Raman scattering has become
routinely possible. The nonlinear absorption properties of carbon nanotubes
have opened the field of saturable absorbers in laser and optical limiters [17].
Other research has focused on the application in fiber materials [18] or as
artificial muscles [19].

Raman scattering has become one of the main characterization tools for
carbon nanotubes. It tells us about the quality of the material, the micro-
scopic structure of the tube, and phonon and electron quantum confinement.
Other methods, such as electron microscopy, near-field optical techniques, or
tunneling measurements can give similar information. Often, though, these
methods require expert knowledge in handling and are quite time consuming.
They are less suited for routine characterization.

Carbon nanotubes have advanced in the general interest and found their
way into several textbooks, see the book by Reich et al. [20] for a recent
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overview of their fundamental physical properties. Older texts include those
by Dresselhaus et al. [21, 22], Saito et al. [23], and Harris [24]. A number
of review articles on specialized topics have been published recently, e. g.,
on the electronic states [25], Raman scattering [26], power applications of
nanotubes [27], application as biosensors [28], and the behavior of nanotubes
under high pressure [29]. Particularly useful collections of articles can be
found in a special issue of The New Journal of Physics [30] (Eds. C. Thomsen
and H. Kataura), and the Philosophical Transactions of the Royal Society [31]
(Eds. A. C. Ferrari and J. Robertson).

In this Chapter, after a general introduction to structure and growth of
carbon nanotubes (Sect. 2), we describe their lattice dynamics in Sect. 3, their
electronic properties in Sect. 4, and their optical properties in Sect. 5. We
then discuss some features of Raman scattering specific to one-dimensional
systems such as the carbon nanotubes (Sect. 6). In Sect. 7 we show how, with
resonant Raman spectroscopy, it is possible to find a unique assignment to
the multitude of tubes with different chirality. The assignment is based on
the chiralty dependence of both the bandgap energies and the vibrational fre-
quency of the radial-breathing mode (RBM) of the nanotubes. In Sect. 8 we
discuss the difference between the Raman spectra of metallic and semicon-
ducting carbon nanotubes, which is important for the different envisioned
technological applications of nanotubes, e.g., as electrical connectors or in
devices with transistor action. Raman scattering offers a nondestructive, effi-
cient way of identifying this property. Some aspects of electrochemical studies
of carbon nanotubes are reviewed as well. Effects of electron–phonon coupling
on the Raman spectra are presented in Sect. 9. This section also deals with
interference effects on the resonant Raman intensities and Kohn anomalies.
In Sect. 10 the role of defects in the high-energy region of the Raman spectra
are discussed; they show a strong, curious shift of one of the defect-induced
modes with excitation energy, which can be explained in terms of a Raman
double resonance also found in graphite [4]. Throughout the Chapter we focus
on single-walled carbon nanotubes.

2 Structure and Growth

Carbon nanotubes are tiny hollow graphite-based cylinders [20, 23]. Depend-
ing on the number of graphite layers of the wall they are called single-walled
(one graphite layer), double-walled (two layers), triple-walled (three layers)
and so forth. Tubes with a large number of concentric cylinders – ten or more –
are known as multiwall nanotubes. Graphene, a single sheet of graphite, is
thus the basic building block of carbon nanotubes. We obtain a carbon nano-
tube by cutting a tiny strip out of a graphene sheet and rolling it up into
a cylinder. This procedure is shown in Fig. 1. In the laboratory, carbon nano-
tubes grow from carbon plasma by adding metal catalysts.
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Fig. 1. Carbon nanotubes are tiny graphene cylinders. A strip is cut out of
graphene (a) and then rolled up (b) to form a seamless cylinder (c). The chi-
ral vector c = 10(a1 + a2) in (a) forms the circumference of the (10,10) nanotube
in (c). Along the nanotube axis the unit cell is repeated periodically, i.e., a nanotube
is a one-dimensional periodic system. The segment shown in (c) contains 13 unit
cells along the nanotube axis. The inset in (a) shows the graphene lattice and the
graphene unit cell vectors a1 and a2 on an enlarged scale

Before discussing the growth, we introduce the basic concepts and param-
eters that determine the properties of carbon nanotubes. As can be seen in
Fig. 1a the cutting of graphene fixes the so-called chiral or roll-up vector c.
This vector goes around the circumference of the final tube in Fig. 1c. There
are two parameters that control the microscopic structure of a nanotube,
its diameter and its chiral angle or twist along the axis. Both are specified
completely by c, which is normally given in terms of the graphene lattice
vectors a1 and a2 (see inset of Fig. 1a)

c = n1a1 + n2a2 . (1)

(n1, n2) are called the chiral index of a tube or, briefly, the chirality. A tube is
characterized by (n1, n2). In Fig. 1c we show as an example the (10,10) nano-
tube.

The diameter of a tube is related to the chiral vector by

d =
|c|
π

=
a0

π

√
n2

1 + n1n2 + n2
2 , (2)

where a0 = 2.460 Å is the graphene lattice constant [32–35]. For small tubes
(d < 0.8 nm) the diameter is predicted to deviate from the geometrical diame-
ter of a graphene cylinder in (2). Moreover, ab-initio calculations show that d
becomes a function of the chiral angle below 0.8 nm [36]. Deviations from (2)
are below 2 % for tube diameters d ≥ 5 Å [36]. Note also that sometimes differ-
ent lattice constants are used to calculate d. A popular value is a0 = 2.494 Å
obtained from a carbon–carbon distance aCC = a0/

√
3 = 1.44 Å; this value
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Fig. 2. Three carbon nanotubes with diameters around 0.8 nm: (a) (6,6) armchair,
(b) (8,4) chiral tube and (c) (10,0) zigzag nanotube. The gray hexagons indicate
the helix around the nanotube

for aCC was most likely taken from fullerenes that have a larger carbon–
carbon spacing than graphite and carbon nanotubes [37].

The second important parameter for carbon nanotubes is the chiral an-
gle Θ, which is the angle between a1 and the chiral vector (see Fig. 1a). The
chiral angle specifies the arrangement of the graphene hexagons on the wall
of the tube. This is illustrated in Fig. 2, where we show three single-walled
nanotubes with similar diameters but very different microscopic structure
due to different chiral angles. Θ is related to the chiral index by

Θ = arccos

[
n1 + n2/2√

n2
1 + n1n2 + n2

2

]
,

or

= 30◦ − arctan
[

1√
3

n1 − n2

n1 + n2

]
. (3)

The chiral angle is allowed to vary between 0◦ ≤ Θ ≤ 30◦; all other ranges
of Θ are equivalent to this interval because of the hexagonal symmetry of
graphene (see Fig. 1a). A chiral angle of 0◦ and 30◦ corresponds to tubes with
a particular high symmetry, as we discuss later. They are called zigzag (Θ =
0◦) and armchair tubes (Θ = 30◦).

The chiral vector not only determines the tube diameter and chiral an-
gle, but all other structural parameters including the length of the unit cell
and the number of carbon atoms in the unit cell. A compilation of these
parameters can be found in Table 1.

A very useful illustration for the chiral vectors is to draw all possible
nanotubes of a given diameter range onto a graphene lattice as in Fig. 3.
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Table 1. Structural parameters, symmetry and reciprocal lattice vectors of single-
walled carbon nanotubes. Armchair and zigzag tubes are special cases of the general
expression given in the last column. n is the greatest common divisor of n1 and n2.
nc and q are the number of carbon atoms and the number of graphene hexagons in
the nanotube unit cell, respectively; wv stands for wavevector. m is the z component
of the angular momentum quantum number; it indexes electronic and vibrational
bands of carbon nanotubes and takes only integer values

Parameter Armchair Zigzag Chiral

(n, n) (n, 0) (n1, n2)

Chiral vector c n(a1 + a2) na1 n1a1 + n2a2

Diameter d
√

3a0n/π a0n/π a0

√
n2

1 + n1n2 + n2
2/π

Chiral angle Θ 30◦ 0◦ 30◦ − arctan
1√
3

n1 − n2

n1 + n2

Lattice vector a −a1 + a2 −a1 + 2a2 −2n2 + n1

nR a1 +
2n1 + n2

nR a2

Lattice const. a a0

√
3a0 a0

√
3(n2

1 + n1n2 + n2
2)

nR

Point group D2nh D2nh Dq

nc = 2q 4n 4n 4
(n2

1 + n1n2 + n2
2)

nR

R 3 1
3 if (n1 − n2)/3n = integer

1 if (n1 − n2)/3n �= integer

Quantized wv k⊥
k1 + k2

2n

k1

n
+

k2

2n

2n1 + n2

qnR k1 +
2n2 + n1

qnR k2

Axial wv kz
−k1 + k2

2

k2

2

−n2k1

q
+

n1k2

q

Range of m −(n − 1) . . . n −(n − 1) . . . n −(q/2 − 1) . . . q/2
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Fig. 3. Chiral indices of single-walled carbon nanotubes mapped onto a graphene
sheet for tube diameters d ≤ 1.2 nm. The small symbols at the upper corner of
a hexagon indicate the family of a nanotube. Closed circles are semiconducting
tubes belonging to the ν = (n1 − n2) mod 3 = −1 family; open circles belong
to the ν = +1 family, the second semiconducting family. Squares are tubes from
the ν = 0 family; their chiral indices are in boldface. These tubes are metallic or
quasimetallic, which means that their electronic bandgap is 10 meV to 100 m eV
and induced by the curvature of the nanotube wall. Note that tubes from one
family are connected by the three armchair-like directions. Nanotube indices that
are connected by the vertical armchair-like direction belong to the same nanotube
branch (see also Table 2)

This plot highlights systematics in the nanotube properties such as their
metallic and semiconducting character, the family behavior, and nanotube
branches. We will discuss these topics throughout this Chapter. In the lower
left part of Fig. 3 we show in detail how to construct a (5,3) nanotube on
a graphene sheet.

The series of (n, 0) zigzag nanotubes that run horizontally in Fig. 3
have Θ = 0◦. The name derives from the zigzag chain that forms the edge
of this high-symmetry type of tubes (see Fig. 2c). The other high-symmetry
nanotube structures are the (n, n) armchair tubes with Θ = 30◦. The edge of
their unit cell resembles a row of armchairs when viewed from above (Fig. 2a),
hence the name. Zigzag and armchair tubes are both called achiral tubes.
A general nanotube with lower symmetry, like the (8,4) tube in Fig. 2b, is
referred to as chiral.



122 Christian Thomsen and Stephanie Reich

Table 2. Frequently used classifications for a general nanotube used in this work.
Families and branches may be visualized as lines parallel to the armchair direction
and as vertical lines in Fig. 3, respectively. “Neighbor” refers to the nanotube closest
to a particular one on the same branch and with d′ ≥ d

Symbol Definition Remark

Family index ν (n1 − n2) mod 3 ν = 0,±1 (or ν = 0, 1, 2)

lines parallel to armchair

Semiconducting S (n1 − n2) mod 3 = ±1

Metallic M (n1 − n2) mod 3 = 0

Branch index β 2n1 + n2 vertical lines in Fig. 3

Neighbor (n′
1, n

′
2) (n1 − 1, n2 + 2) n′

1 ≥ n′
2; β = const

Achiral tubes have a number of properties that distinguish them from
chiral tubes. For example, armchair nanotubes are the only tubes where the
electronic bandgap is strictly zero. From a practical point of view the number
of carbon atoms in the unit cell nc is much smaller in achiral than in chiral
tubes of the same diameter, see Table 1. Most calculations of, e.g., the lattice
dynamics or the electronic band structure have been performed for armchair
and zigzag tubes [38, 39]. This should be kept in mind when comparing ex-
periment and theory, since chiral tubes greatly outnumber the achiral species
in real samples.

Carbon nanotubes are grown by three major methods, laser ablation,
arc-discharge, and chemical vapor deposition (CVD) and CVD-related pro-
cesses [1, 2, 40, 44, 45, 49–54]. All growth processes have in common that
a carbon plasma is formed either by heating or by chemical decomposition.
Tubes grow when metal catalysts are added to this plasma. The type of cata-
lyst and the growth conditions determine whether single, double or multiwall
tubes are obtained; the latter also grow in small quantities without any cat-
alysts. Besides the number of walls, the yield, tube diameter and length can
be controlled during growth. Table 3 lists some typical values for the tubes
most widely used in optical studies.

Different methods used to grow carbon nanotubes have their advantages
and disadvantages [52]. We are not going to discuss them in detail. The first
processes that produced nanotubes with high yield were arc-discharge and
laser ablation [40, 51].

A scanning electron microscopy (SEM) image of carbon nanotubes grown
by arc-discharge is shown in Fig. 4a. The web-like structure consists of nano-
tube bundles. Every bundle or rope in Fig. 4a is formed by 20–100 single-
walled nanotubes, as can be seen in the high-resolution transmission electron
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Fig. 4. (a) SEM images of single-walled carbon-nanotube bundles. (b) High-
resolution TEM image showing the cross section of a bundle of tubes. Every circle
is the circumference of a single-walled carbon nanotube. The tubes are arranged
in a hexagonal packing. (c) Water-assisted CVD-grown carbon nanotubes of high
purity and length. The nanotube mat is shown next to the head of a matchstick.
(d) A patterned substrate allows the growth of carbon nanotubes in predefined
places as shown in this SEM picture. The inset displays an expanded view of one
of the pillars. After [40] and [41]

microscope picture in part (b) of the figure. In such a bundle the tubes are
packed in a two-dimensional hexagonal lattice.

The bundling results from the attractive van-der-Waals forces between
nanotubes [55–58]. For more than ten years it had been a great challenge
to break these bundles and prevent the isolated tubes from rebundling. This
problem was solved in 2002 by a postprocessing routine [59], where first the
bundles are broken apart by ultrasonification. The tubes are then coated by
a surfactant to eliminate interactions between them. Finally, the remaining
small bundles with 3–10 tubes are removed from the solution with a cen-
trifuge [59]. In this way, solutions with isolated nanotubes were produced for
a wide range of nanotubes [44, 59–62].

Finding a way to produce large quantities of isolated nanotubes in so-
lution is particularly important for optical studies and Raman spectroscopy
on single-walled carbon nanotubes [60, 63–65]. In contrast to bundled tubes,
isolated nanotubes behave like truly one-dimensional systems from an op-
tical point of view. They show sharp absorption peaks and Raman reso-
nances [59,63]; they also emit light in the near infrared [60]. Based on optical
spectroscopy of isolated nanotubes in solution it was possible – for the first
time – to determine which nanotube chiralities are present in a sample [44,60–
64]. These topics will be discussed in Sects. 5 and 7.
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Table 3. Typical diameters for carbon nanotubes grown by different methods. σ is
the standard deviation of a Gaussian distribution. The length is categorized as short
(below 100 nm), medium (100 nm to 1000 nm) and long (above 1µm). A special,
ultralong case is the 4 cm nanotube reported in [42]. The “special” tubes types
(HiPCo, CoMocat etc.) are all grown by CVD-related processes

Growth method d (nm) σ (nm) Length Remark

Laser ablation 1.5 0.1 medium

Arc-discharge 1.5 0.1 medium

CVD strongly varying depending on catalyst

and growth conditions

HiPCo 1.0 0.2 medium [43]

CoMoCat 0.7 0.1 medium [44]

Alcohol 0.7 0.1 medium [45]

Zeolites 0.4 – short [46]

cm tubes 1.4 – ultralong [42]

Supergrowth 2.0 1.0 long [41]

Double-walled tubes (inner tube diameters)

CVD 0.7 0.05 [47]

Peapods 0.75 0.05 [48]

Chemical vapor deposition recently evolved into the most widely used
growth technique, because it is cheap, scalable and allows a high degree
of control over the tubes. With CVD it is possible to grow nanotubes on
well-defined places with patterned substrates and, e.g., to produce an indi-
vidual tube that bridges two catalytic particles [66, 67]. Also, CVD tends to
produce isolated rather than bundled tubes, which is interesting for optical
spectroscopy [68, 69], and it works at lower growth temperatures [70]. The
great disadvantage of CVD is the lower quality of the nanotubes obtained.

A major step forward in terms of quality, purity, yield, and length of
CVD tubes was recently reported by Hata et al. [41]. By adding water during
the CVD process they obtained mm-thick mats of single-walled nanotubes.
Figure 4c compares such a mat with a matchstick. The nanotube forest is
free of catalytic particles and amorphous carbon. These two contaminations
are normally present in as-grown tube samples and need to be removed by
subsequent purification. Figure 4d demonstrates how the places in which the
tubes grow can be defined by patterning the substrate.

The growth of carbon nanotubes remains a rapidly evolving field. Espe-
cially on the theoretical side much needs to be done for a better understanding
of the processes. The major challenge for the growth of carbon nanotubes is to
grow tubes with a unique chirality. We mentioned that the tube diameter can
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Fig. 5. (a) High-resolution transmission-
electron-microscope image of a potassium-
doped C60 peapod. (b) A simulation of the im-
age. (c) Model of the doped peapods. Seen are
the nanotube walls (horizontal dark lines), the
fullerene molecules (large circular molecules),
and the potassium doping atoms (small black
dots). From [71]

be controlled to some extent by the growth parameters. What about the sec-
ond important parameter, the chiral angles of the tubes? The general answer
is that nanotube samples show a homogeneous distribution of chiral angles
from armchair to zigzag [72, 73]. There seems to be some preference for spe-
cific chiralities when the tube diameters are very small (d < 0.8 nm) [44, 45].
This conclusion was drawn, however, from optical spectroscopy under the as-
sumption that the cross section is independent of chirality. This assumption
is most likely incorrect [74, 75]. For fundamental studies and Raman scat-
tering, in particular, nanotube samples with a unique type of tube are not
as critical as, e.g., for applications. By tuning the laser-excitation energy we
can now select a specific nanotube chirality with resonant Raman scattering.
This will be discussed in Sect. 7.

Carbon nanotubes can be prepared containing small molecules and one-
dimensional crystals. We show in Fig. 5, as an example, an image of so-
called peapods, that is, nanotubes containing C60 molecules. Such peapods
were discovered by Smith et al. [76] and produced in large quantities by
Kataura et al. [77]. The peapods used for the image in Fig. 5 were doped
with potassium. One can readily see the K-atoms in the image. From a study
of the electronic state of the potassium atoms Guan et al. [71] were able to
show that the peapod was n-doped, suggesting that electrically conductive
nanowires are technologically feasible. Doped peapods were also studied with
Raman scattering by Pichler et al. [78]. For more details on the determination
of the charge state of doped peapods, see [71, 78] and Sect. 8.3.

Another example of inorganic molecules or crystals prepared in nanotubes
is shown in Fig. 6 [79]. The image shows two layers of a KI crystal in the
carbon nanotube. It is remarkable that the atoms in the KI crystal all lie
at the surface; the crystal has no “volume”. The structural and electronic
properties of one-dimensional crystals of this type can be investigated only if
the surface atoms are passivated, here by the surrounding nanotube. Possible
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Fig. 6. (a) High-resolution transmission electron microscope (TEM) image of a bi-
layer crystal of potassium iodide grown inside a carbon nanotube with diameter
of ≈ 1.36 Å. (b) Model of the KI crystal-in-nanotube image of (a). (c) Cross sec-
tion of this nanotube. After [79]

structures of alkali halide clusters have been predicted by Diefenbach and
Martin [80].

3 Lattice Dynamics

Carbon nanotubes have many vibrational degrees of freedom because of the
large number of atoms in their unit cells. Achiral tubes of d ≈ 1 nm diam-
eter have 100–150 phonon branches; in chiral nanotubes this number can
be higher by one or two orders of magnitude. Only a very small fraction
of these phonons is Raman or infrared active. The Raman-active modes fall
into a low-energy range where radial vibrations are observed, a high-energy
range with inplane carbon–carbon vibrations, and an intermediate-frequency
range. The low- and high-energy phonons have received most attention; their
Raman signal is very strong and they can be used for characterizing and
studying nanotubes as they give information about the tube diameter and
chirality, phonon confinement, the semiconducting or metallic character, op-
tical transition energies and more. In this section we first study the number
of nanotube vibrations and their symmetry from group theory. Then we dis-
cuss the distinct energy ranges of the phonons that can be studied by optical
spectroscopy.

3.1 Symmetry

Carbon nanotubes are structures with particularly high symmetry. This
comes from the underlying hexagonal lattice. The translations of graphene
turn into rotational and helical symmetry operations for nanotubes, because
we build the tube by rolling up graphene. The symmetry of carbon nano-
tubes was rigorously derived within the framework of line groups [81, 82].
Line groups deal with systems that are periodic in one dimension. They are
the equivalent of crystal space groups for one-dimensional solids. The line-
group treatment is very powerful, see Reich et al. [20] for an introduction
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Fig. 7. Symmetry operations of chiral (left), zigzag (middle) and armchair (right)
nanotubes. Besides the operations shown here all tube types also have a principal
screw axis – achiral tubes also have a principal rotation axis. U and U ′ are frequently
denoted by C′

2 and C′′
2 , respectively. In all three panels, primed operations involve

translations by a fraction of the nanotube lattice vector a. From [81]

and [83–88] for applications of the method to carbon nanotubes. Here we will
use the isogonal point groups of single-walled carbon nanotubes to discuss
their symmetry. We assume that the reader is familiar with this aspect of
group theory [89, 90].

Looking back at the (10,0) nanotube in Fig. 2c a number of symmetry
operations are apparent: We can rotate the tube by 360◦/10 = 36◦ about
its z-axis, the nanotube axis. There is a series of so-called primed rotations,
which are perpendicular to z. The most obvious one has its rotational axis
normal to the paper. We can also reflect the lattice at a mirror plane normal
to z going through the centers of the hexagons (horizontal mirror plane).
And, finally, one can identify a set of vertical mirror planes including the
nanotube axis and the carbon–carbon bonds parallel to it [81].

The symmetry operations mentioned so far do not require a translation
of the tube by a fraction of its lattice vector a. There is, however, a second
set of operations in a (10,0) nanotube that preserve the lattice. They involve
translations, i.e., screw axes and glide planes. The main screw axis is best seen
for the (6,6) nanotube in Fig. 2a. The tube can be rotated by 360◦/6 = 60◦,
but we can also apply a rotation by 30◦ followed by a translation by a/2. This
generates the helix twisting around the tube’s circumference (gray hexagons
in Fig. 2a). Likewise, the (8,4) and (10,0) tubes have a screw axis. In addition,
carbon nanotubes always have two sets of C2 rotations perpendicular to z,
see U and U ′ in Fig. 7. Achiral tubes possess two horizontal (σh, σ′

h) and two
sets of vertical (σv, σ′

v) mirror planes (see Fig. 7).
The isogonal point group of a carbon nanotube depends on its chirality.

(n, n) armchair and (n, 0) zigzag tubes belong to D2nh; chiral (n1, n2) nano-
tubes to Dq, where q is the number of hexagons in the unit cell of the tube [81],
see Table 1. The character table for these groups is given in Table 3.1.
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Table 5. Phonon symmetries of single-walled carbon nanotubes

Tube Phonon symmetry m

(n, n) armchair

n even

2(A1g + A2g + B1g + B2g) + A2u + A1u + B2u + B1u
[1, n − 1]

+
∑

m odd

(4Emu + 2Emg) +
∑

m even

(4Emg + 2Emu)

n odd
2(A1g + A2g + B1u + B2u) + A2u + A1u + B2g + B1g

[1, n − 1]
+

∑
m odd

(4Emu + 2Emg) +
∑

m even

(4Emg + 2Emu)

(n, 0) zigzag
2(A1g + A2u + B1g + B2u) + A2g + A1u + B2g + B1u

[1, n − 1]
+3

∑
m

(Emg + Emu)

(n1, n2) chiral 3(A1 + A2 + B1 + B2) + 6
∑
m

Em [1, q
2
− 1]

In the literature, one often finds lower point group symmetries for both
achiral and chiral nanotubes [21, 23, 91–94]. We want to comment on this,
because the (incorrect) lower-symmetry groups strongly affect the phonon-
selection rules. Essentially, they double the number of Raman-active vibra-
tions in armchair and zigzag tubes [20, 93]. For chiral tubes the effect is less
pronounced; we expect one totally symmetric A1 phonon less when using
the correct nanotube symmetry [82]. The screw axes and the glide planes of
achiral nanotubes are often neglected in the literature [23]. These symmetry
operations were most likely ignored because in the early days of nanotube
research carbon nanotubes were modeled as extended fullerenes [91]. Typical
carbon nanotubes, however, are at least several hundred of nanometers long.
A description as a one-dimensional solid is therefore much more adequate
than the molecular approach.2 In chiral tubes the C2 rotations perpendicular
to the nanotube axis are often missing. This seems to be due to an error in
the first publication about the symmetry of chiral tubes [95].

From the point group and the positions of the carbon atoms the number
and symmetry of the phonon eigenvectors are found by one of the standard
procedures [20, 81, 89, 90, 96]. The symmetries of the eigenmodes are given in
Table 5. A and B modes are nondegenerate; E modes have a twofold degen-
eracy. The character table (Table 3.1) shows that the A1(g), E1(g) and E2(g)

2 The solid-state and the molecular picture must not be mixed. When using solid-
state concepts such as band structures and phonon dispersions, translations need
to be included among the symmetry operations.
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representations are Raman active (the subscript g represents achiral tubes).
We thus obtain a total of 8 Raman-active phonons in achiral and 15 in chiral
nanotubes

armchair 2A1g⊕2E1g⊕4E2g

zigzag 2A1g⊕3E1g⊕3E2g (4)
chiral 3A1 ⊕6E1 ⊕6E2 .

The totally symmetric modes in achiral tubes are the radial-breathing
vibration, which is discussed in the next section, and a high-energy pho-
non. In armchair tubes the circumferential eigenvector is Raman active; in
zigzag tubes the axial vibration. In chiral nanotubes, the three totally sym-
metric modes are the radial-breathing mode and two high-frequency vibra-
tions. They resemble the circumferential and axial vibrations, but are, in
general, of mixed character. This is typical for low-dimensional systems; it
originates from the mechanical boundary conditions (around the circumfer-
ence in the case of nanotubes) [38, 97, 98]. As we show in Sect. 6 the Raman
spectrum of carbon nanotubes is dominated by scattering from totally sym-
metric phonons [99–102]. In the following we discuss the radial vibrations
of carbon nanotubes and, in particular, the radial-breathing mode before
turning to the high-energy frequencies.

3.2 Radial-Breathing Mode

The radial-breathing mode (RBM) is an important mode for the characteriza-
tion and identification of specific nanotubes, in particular of their chirality. Its
eigenvector is purely radial by symmetry for armchair tubes only; these have
mirror planes perpendicular to the nanotube axis, and the radial-breathing
mode is fully symmetric. For all other chiralities n1 �= n2 the eigenvector has
a small axial component, which is largest for zigzag tubes [36, 103, 104]. For
most practical purposes, however, the radial-breathing mode may be consid-
ered purely radial. In Fig. 8 we show its eigenvector for an (8,4) nanotube.

The significance of the radial-breathing mode for the characterization
of nanotubes comes from the inverse dependence of its frequency on the
diameter of the nanotube

ωRBM =
c1

d
+ c2 . (5)

This quite general relationship may be derived, e.g., from the continuum
mechanics of a small hollow cylinder as shown by Mahan [105]. From one of
the solutions to the standard wave equation for sound in homogeneous solids,
one obtains the frequency of the breathing mode3

ωRBM =
vB

2πcd
, (6)

3 Note that in (6) the phonon frequency has units of cm−1. This is the common
definition in the nanotube community for the quantity “wave number”, k̃ = λ−1,
and differs from that of Mahan.
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Fig. 8. Radial-breathing mode of an (8,4) nanotube. Shown are the displacement
vectors of the atoms along the radius vector. In armchair nanotubes the eigenvectors
are exactly radial, in all other tubes the eigenvector has a small axial component
(on the order of 10−3 of the radial component) [103, 104]

with the velocity vB given by

vB = 4ct

√
1 − ct

cl
≈ 42.8 km/s . (7)

The constants ct = (C66/ρ)1/2 = 14.0 km/s and cl = (C11/ρ)1/2 = 21.7 km/s
are the transverse and longitudinal sound velocities (C66 =44 × 1011 dyn/cm2,
C11 = 106 × 1011 dyn/cm2 [106–108], and ρ = 2.66 g/cm3, the density of
graphite). Inserting the velocity (7) in (6) yields

ωRBM =
227 cm−1 · nm

d
, (8)

which is in very good quantitative agreement with other calculations for
isolated nanotubes and with experiment, as we shall see.

The constant c2 in (5) is believed to describe the additional interaction
in bundles of nanotubes. For a compilation of values for c1 and c2 both
from experiment and theory (see Table 8.2 in Ref. [20]). Alternative ways of
showing the inverse dependence of ωRBM on diameter have been published
by Jishi et al. [95] and Wirtz et al. [109].

The problem with using (5) to find the chiral index in practice is that
many slightly different nanotubes lie in a small range of diameters. The ex-
perimental uncertainty of the constants in (5) is too large to find uniquely
the chiral index of a specific tube. To give an example, for a diameter distri-
bution centered around 0.95 nm with σ ≈ 0.2 nm, as is typical for the HiPCO
process, there are 40 chiral indices to be assigned. In laser-ablation-grown
samples the mean diameters are larger and, correspondingly, many more chi-
ralities fall into the range of tubes to be identified in a sample.
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Fig. 9. (a) Definition of the pyramidalization angle θp [110]; θp = 0◦ corresponds
to sp2- and θp = 19.47◦ to sp3-coordinated carbon. (b) Plot of θp as a function of
inverse tube diameter showing how smaller tubes lead to a more sp3-type coordi-
nation of the carbon atoms. After [36]

It turns out that only the simultaneous measurement of the radial-
breathing mode frequency and the optical transition energies by resonant
Raman spectroscopy yields sufficient information to identify uniquely the
chiral index (n1, n2) of a nanotube. We will show how this works in Sect. 7.

3.2.1 Chirality Dependence

As the diameter of the nanotubes becomes smaller, the deviations from the
analogy to graphene and the continuum-like models become larger. This con-
cerns the geometric changes introduced by the curvature of the nanotube
as well as the deviations of the radial-breathing mode frequency from the
large-d behavior in (5). Aside from bond-length changes and bond-angle dis-
tortions Niyogi et al. [110] considered the chemical reactivity that arises from
increasing sp3 components in the bonds of rolled-up graphene. They defined
the pyramidalization angle θp as the difference between 90◦ and the angle
between the inplane σ and out-of-plane π bonds in the trigonal configura-
tion (graphite or graphene). Graphene thus has θp = 0◦; the other limit
is θp = 19.47◦, which corresponds to purely tetrahedrally bonded carbon
(diamond) (see Fig. 9a).

Figure 9b shows the pyramidalization angle θp as function of inverse di-
ameter for tubes in the diameter range 0.3 nm to 1.5 nm. While it is clear that
larger tubes (say, diameter ≥ 1 nm) are not affected much, tubes with diam-
eter below 0.5 nm have bonds with considerable sp3 character. Fullerenes, by
comparison, have θp = 11.4◦ [110].

These geometric deviations lead naturally also to deviations of the radial-
breathing mode frequency from the simple 1/d relationship. Because of the
different symmetry of armchair and zigzag nanotubes, the zigzag tubes are
more strongly affected by increasing curvature. This is shown in Fig. 10, where
the deviation of ωRBM from the value predicted by (5) is plotted vs. diameter
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Fig. 10. Frequency of the radial-breathing mode vs. log d to illustrate the departure
from the simple 1/d behavior predicted by (5). The deviations become larger for
smaller nanotubes. Armchair nanotubes (open symbols) are not affected. After [36]

Fig. 11. Frequency differences ∆ωRBM of the radial-breathing mode with respect
to the simple 1/d behavior, as a function of nanotube diameter (a) and chiral
angle (b). The horizontal lines indicate the 1/d approximation and the experimental
error bars of the measurement. A higher parametrization, (9), leads to a much better
description of the data (c). Open circles, crossed circles and solid circles correspond
to ν = −1, ν = +1 semiconducting, and ν = 0 metallic nanotubes, respectively.
From [111]

of the nanotubes. Kürti et al. [36] observed that, in addition to a softening
for smaller nanotubes, there is a dependence on chirality in the vibrational
frequencies calculated ab initio. Again, armchair tubes are almost unaffected,
even for quite small diameters. Alternatively, continuum mechanics becomes
worse as an approximation, and the chirality of a nanotube should become
more noticeable for very small nanotubes. For nanotubes around 1 nm the dif-
ferences are small, but for even smaller tubes there is a systematic deviation,
stronger for zigzag tubes, as expected.

Jorio et al. [111] did a systematic experimental study of the ωRBM of small
nanotubes. Their results are shown in Figs. 11a and b where the frequency
deviations ∆ωRBM, compared to (5), are plotted as a function of diameter
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and chiral angle. There appear to be systematic deviations as a function
of diameter for metallic tubes (closed circles) and the two semiconducting
families (crossed and open circles in Fig. 11a). If we assume that the positive
offset of the armchair tubes is an artifact of the fit and shift down the zero
in Fig. 11a by, say, 2 cm−1, the agreement of the data to the theory of [36]
turns out rather well.

The data in Fig. 11b show a systematic increase of ∆ωRBM as a function
of chiral angle Θ. Again, compared to the results of Kürti et al., who showed
that on an absolute scale armchair tubes (large chiral angles) tend to follow
the simple 1/d law, the data of Fig. 11b appear centered around their mean
value at Θ ≈ 15◦. Shifting them down by about 2 cm−1 to make their arm-
chair shift zero shows that zigzag tubes deviate by about 3 cm−1 to 4 cm−1

from the 1/d expression. Thus, there is a good agreement between theory and
experiment.

It is possible to parametrize the deviations from the simple 1/d form to
include the effect of the threefold symmetry of the band structure [111]:

ωRBM =
A

d
+ B +

C + D(cos 3Θ)2

d2
. (9)

Equation (9) was used in Fig. 11c providing a much better description of the
data than a or b. However, the need to do this parametrization separately for
metallic and semiconducting nanotubes limits somewhat the use of expres-
sion (9) with eight parameters. We list them in Table 6; for their discussion,
see [111].

Table 6. Parameters for metallic and semiconducting nanotubes used in (9). These
parameters describe the frequency of the radial-breathing mode in carbon nano-
tubes. From [111]

A (cm−1 nm) B (cm−1 ) C (cm−1 nm) D (cm−1 )

Semicond. 227 7.3 ± 0.3 −1.1 ± 0.3 −0.9 ± 0.2

Metallic 227 11.8 ± 1.0 −2.7 ± 1.2 −2.7 ± 0.8

3.2.2 Double-Walled Nanotubes

The radial-breathing modes of double-walled nanotubes are interesting as
well. The eigenmodes of the inner and outer tubes combine into inphase
and out-of-phase modes in the double-walled tube, and their coupling is de-
scribed best by the graphite interlayer coupling strength. Popov and Henrard
showed using a valence-force field model that the coupled radial modes both
increase in frequency compared to the same tube in single-walled form (see
Fig. 12 [112]).
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Fig. 12. (left) Frequencies of coupled radial-breathing modes in double-walled
nanotubes. Open symbols belong to uncoupled tubes of the same diameter, solid
symbols to double-walled nanotubes. The coupled frequencies are always higher
than the uncoupled ones. (right) Eigenvectors and eigenfrequencies (in cm−1) of
the radial-breathing mode of two different diameters double-walled tubes. Inphase
and corresponding out-of-phase modes are seen. After [112]

A simplified view of the coupled radial vibrations may be obtained by
considering inner and outer tube oscillators connected by a spring. The inner
and outer tubes have a diameter difference of 3.44 Å, the interplane spacing of
graphite, and hence different eigenfrequencies ωi =

√
ki/mi, as given by (8).

From the solution of the coupled-oscillator equations

m1ẍ1 = −k1x1 − k(x1 − x2) and
m2ẍ2 = −k2x2 − k(x2 − x1) . (10)

Dobardžić et al. [113] obtained the same dependence of inner and outer fre-
quencies on diameter as [112]. In addition, the analytical solution to (10)
yields the relative phases of inner and outer displacements and allows an
approximate expression for the shift of both upper and lower modes:

∆ωRBM ≈ κ′di

2cc1
for di ≤ 7 Å , (11)

where κ′ = 115 927 u ·cm−2 · Å−1
is the effective spring constant between

inner and outer shell, di is the diameter of the inner shell, c = 14.375 u · Å−1

is the linear mass density of a carbon nanotube, and c1 is defined in (5).
Note that the constant κ′ is determined by the limiting case d → ∞, where
the out-of-phase mode becomes the interlayer mode of graphite [113]. For the
diameters typically involved in the investigation of double-walled tubes, (11)
is a useful expression for estimating the RBM frequencies. For further work
based on this model, see [114].

Experimentally, the modes of double-walled tubes have not been con-
clusively identified. The measurements reported in [115, 116] have to be re-
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Fig. 13. Phonon dispersion of graphite and Γ -point vibrations of a (4,4) nano-
tube by zone folding. The nanotube contains several graphene unit cells around
the circumference. Traveling waves of graphite that fulfill the periodic boundary
conditions around the tube circumference are Γ -point vibrations of the nanotube
(dashed lines). m labels the eigenvalues and is related to the z component of the an-
gular momentum of a mode. Eigenvectors from the mth line have 2m nodes around
the circumference, see the two circumferential eigenvectors for examples. The two
eigenvectors are the A1g (upper) and E1u (lower) circumferential modes of the
(4,4) nanotube. The tube cross section is schematically shown by the large open
circle with the carbon atoms at 0 · a (closed symbols) and 1/2 · a (open) arranged
around the circumference. The arrows next to the atoms indicate their displace-
ment. The horizontal dashed line marks the nodal plane (zero displacement) of the
lower m = 1 eigenvector. Data from [3]

evaluated in view of recent resonant Raman studies [63]. Bacsa et al. [47]
identified several pairs of RBM peaks in tubes grown by a catalytic chemical
vapor deposition (CVD) method. However, in their analysis they neglected
the intertube interaction, i.e., they assumed ∆ωRBM = 0 in (11).

3.3 Tangential Modes

Tangential modes refer to all phonon bands of a nanotube originating from the
optical phonons of graphite. Their eigenvectors are characterized by an out-
of-phase displacement of two neighboring carbon atoms. The displacement
is directed parallel to the nanotube wall, along the circumference, the axis,
or a direction in between. The tangential modes involve predominantly the
sp2 inplane carbon–carbon bonds, which are extremely strong, even stronger
than in the sp3 diamond bond. Therefore, these modes have very high fre-
quencies lying between 1100 cm−1 and 1600 cm−1 [20]. The Raman-active vi-
brations of the tangential modes fall into two groups, the high-energy modes
(HEM) just below 1600 cm−1 and the D mode ≈ 1350 cm−1. The HEM is
also called the G line in the nanotube literature; the “G” originally stood for
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Table 7. Raman-active tangential modes. These phonons originate from the LO
and TO branches of graphene; neighboring carbon atoms move out of phase. “cir-
cumferential” means parallel to the tube cirumference or chiral vector c; “axial”,
parallel to the nanotube axis or its unit cell vector a. In armchair and zigzag
tubes there is only one phonon per irreducible respresentation, in chiral tubes there
are two. The subscript g holds for achiral tubes. All Raman-active eigenvectors of
archiral tubes can be found in [20]

A1(g) E1(g) E2(g)

|qm| 0 2/d 4/d

(n, n) armchair circumferential axial circumferential

(n, 0) zigzag axial cirumferential axial

(n1, n2) chiral mixed (2 modes) mixed (2modes) mixed (2modes)

graphite and was taken over from the graphite Raman spectrum to carbon
nanotubes.

The theoretical phonon dispersion of the tangential modes and their eigen-
vectors can be derived from the graphite phonon dispersion [8,20,23,117–119]
using the concept of zone folding, which we explain in more detail in Sect. 4.1.
The general idea is shown in Fig. 13 for a (4,4) armchair tube. In such small
tubes, zone folding is not very accurate for the phonon frequencies on an
absolute scale, but it helps to understand the systematics in the tangential
modes.

The unit cell of a nanotube contains many more carbon atoms than that
of graphene, but they are built from the same lattice. Hence we expect sim-
ilar phonon frequencies in the two materials. The main difference between
graphene and a tube is that a number of traveling waves in graphene (q �= 0)
correspond to the Γ point of the tube (q = 0). More precisely, the wave with
a wavelength λm = πd/m fulfills the periodic boundary conditions around
the tube (m integer, see also Sect. 4.1). In an (n, n) armchair tube, several
graphene unit cells are joined across the corners of the hexagons (a1 +a2 di-
rection) to the nanotube unit cell. A wave with wavelength λm and traveling
along the ΓM direction of graphene thus corresponds to the Γ point of the
tube. This is shown in Fig. 13; the dashed lines indicate k vectors that are
folded onto the Γ point of the (4,4) nanotube.

The Γ point of graphene gives rise to nanotube phonon eigenvectors
with a constant displacement around the circumference, see the circumferen-
tial A1g eigenvector in Fig. 13. These modes are always nondegenerate (A or
B modes). There is a second tangential mode coming from the Γ -point op-
tical mode of graphene. It is axial and Raman inactive in armchair tubes.
Phonons with m = 1, 2, . . . , (n − 1) are doubly degenerate E modes. They
have 2m nodes in their phonon displacements when going around the tube’s
circumference. The circumferential E1u phonon in Fig. 13 has two nodes
(dashed horizontal line) and is infrared active. Note that this phonon is higher
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Fig. 14. (a) A1 high-energy eigenvector of an (8,4) nanotube calculated from first
principles. The atomic displacement is parallel to the circumference. (b) A1 high-
energy eigenvector of a (9,3) tube. The displacement is parallel to the carbon–
carbon bonds. The direction of the helix in both tubes, obtained from the screw-axis
operation, is indicated by the gray lines. From [20]

in frequency than the A1g mode discussed previously. This comes from the
overbending of the graphene LO branches (overbending means that the high-
est phonon frequency occurs inside the Brillouin zone, not at the Γ point,
as in most materials; other examples of this phenomena besides graphite are
diamond [120, 121] and hexagonal boron nitride [122, 123]). Phonons from
the m = 1 and 2 line can be Raman active, see Table 7. Finally, phonons
with m = n originate from the M point of graphene. They are nondegenerate
as are the modes originating from the graphene Γ point. These phonons are
infrared- and Raman-inactive in all carbon nanotubes [20, 81].

To find the Γ -point vibrations of an (n, 0) zigzag tube we need to divide
the ΓKM direction in Fig. 13 into n segments. The degeneracy and the
number of tangential high-energy modes follow as for armchair tubes. The
Raman activity is reversed, see Table 7. An axial phonon that is Raman active
in an armchair tube is inactive in a zigzag tube and vice versa [38, 81, 103].

In chiral tubes the chiral vector is along a low-symmetry direction of
graphene. Then, also the confinement direction is a low-symmetry direction
in reciprocal space. Once again, the degeneracy of the modes is the same
as in armchair tubes (nondegenerate for m = 0, q, twofold degenerate for
all other m and 2m nodes around the circumference). Because of the low
symmetry of the tubes, the phonons are no longer axial and circumferential
by symmetry [38, 124]. Examples are the A1 eigenvectors of an (8,4) and
a (9,3) tube in Fig. 14. Moreover, both A1 (m = 0) phonons are Raman
active. Their relative intensity depends on the chiral vector of the tube and
the displacement direction of the eigenvector. For a nanotube with large Θ
(close to armchair), the circumferential mode is expected to dominate, for
a tube with small Θ (close to zigzag) the axial mode dominates.

Zone folding is a first approximation to the phonon frequencies of the
high-energy tangential modes. As can be seen in Fig. 13 it predicts the axial
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Table 8. Labeling used for the displacement direction (displ.) of the high-energy
modes. tube: displacement direction is given as circumferential/axial; confinement:
classification as LO/TO with respect to the confinement direction (tube circumfer-
ence); propagation: classification as LO/TO with respect to the propagation direc-
tion (tube axes). symmetry: representation of the m = 0 mode in armchair (AC),
zigzag (ZZ) and chiral (CH) tubes; graph.: graphene phonon branch from which
a mode originates in the zone-folding scheme; overb. in tube indicates whether
the m = 0 nanotube branches have an overbending or not. Selected references are
given for each convention

Displ. Symmetry Graph. Overb. Tube Confinement Propagation

in tube [38, 129, 130] [8, 38, 117] [126, 131, 132]

[118, 128]

A1g(AC)

||c A1u(ZZ) LO no circumfer. LO-like, LOm TO, Ta

A1(CH)

A1u(AC)

||a A1g(ZZ) TO yes axial TO-like, TOm LO, L

A1(CH)
a [133] The modes with a displacement along the nanotube circumference are called
“axial” (A) in [118]; for the displacement along the tube axis “longitudinal” (L) is
used in both [133] and [118]

and circumferential m = 0 eigenvector of a (4,4) tube to be degenerate,
because they both arise from the doubly degenerate E2g optical phonon of
graphene (see [125] for a review of the lattice dynamics of graphite). There
are two reasons why this is not the case for carbon nanotubes: curvature and,
in the case of metallic tubes, the Kohn anomaly [3, 8, 38, 117, 118, 126–128].

Curvature softens the force constant in both semiconducting and metallic
tubes. In Sect. 3.2 we discussed how the bonds along the nanotube circum-
ference get an sp3 component with decreasing diameter. Since the optical
phonon of diamond is at a lower frequency (1332 cm−1) than that of graphite
(1589 cm−1), curvature shifts the circumferential vibrations to lower frequen-
cies. The axial vibrations are much less affected, see [8] and [118].

The Kohn anomaly affects the phonons in metallic tubes (see below). It
strongly reduces the frequency of the axial A1 mode. Before discussing this,
we consider briefly the terms axial and circumferential versus transversal and
longitudinal vibrations in connection with carbon nanotubes. These terms
are used in a somewhat confusing way in the literature and are frequently
intermixed.

We already pointed out that the tangential vibrations are, in general, of
mixed axial and circumferential character in chiral carbon nanotubes [38],
because of the mechanical boundary conditions and the low-symmetry con-
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finement direction. Most of the theory of lattice dynamics, however, was
developed for armchair and zigzag tubes. In achiral tubes the tangential
modes have a definite parity and displacement direction with respect to
the tube axis. Therefore, classifications of the tangential modes as ax-
ial/circumferential, LO/TO, and LO-like/TO-like are often used; see Table 8.
The main confusion with the terms transverse and longitudinal arises because
they can be referred to the confinement direction – as is normally done for
low-dimensional systems [98, 134] – or with respect to the propagation direc-
tion – as is the standard convention for three-dimensional systems.

Take, for example, the two eigenvectors in Fig. 13. These circumferential
vibrations should be called LO-like when referred to the confinement direction
(the circumference), but TOs when referred to the only possible propagation
direction, the z-axis of the nanotube. Labeling them as TOs leads to the
result that the highest TO vibrations are higher in frequency than the LOs.
Referring to the eigenvectors with respect to the confinement direction as
LO-like or LO0 and LO1 in Fig. 13, on the other hand, we find that the
nanotube LO modes have no overbending, whereas the TO modes do, see
Table 8. While the “folded” nanotube Γ -point modes are higher in frequency
than the m = 0 Γ -point mode due to overbending of the graphene LO mode,
their propagation direction is perpendicular to the confinement direction,
where the phonon dispersion has no overbending. This might lead to confusion
compared to graphene, where the LO branches show a strong overbending.
For these reasons we use the terms axial and circumferential in this work; they
indicate the atomic displacement direction without making direct reference
to the confinement or propagation direction of a phonon.

In armchair nanotubes, the valence and conduction bands cross at ≈ 2π/3a.
These tubes are always metallic and have a Fermi surface that is a single
point, see Sect. 4. Chiral and zigzag tubes are metallic within the zone-folding
approximation (neglecting curvature) if (n1 −n2)/3 is an integer. When cur-
vature is included, these tubes have a small secondary gap at the Fermi level,
on the order of 10 m eV [6,135–137] and are called quasimetallic tubes. A pho-
non that couples to the electronic states at the Fermi level opens a gap in
armchair tubes and strongly modulates the gap in quasimetallic tubes [133].
This coupling reduces the total energy of the distorted system (nanotube
plus phonon) and hence softens the force constants. One then finds in the
phonon dispersion of the material a singular behavior for certain q vectors
and phonon branches, referred to as a Kohn anomaly [138, 139].

In graphite and single-walled carbon nanotubes, a Kohn anomaly occurs
at the Γ and the K point or at 2π/3a0 for the tubes4 [3, 127, 140–142]. It
reduces the Γ -point frequency of the axial high-energy vibration in metal-
lic tubes. The softening by the electron–phonon coupling is larger than the
curvature-induced softening [133]. Therefore, the axial m = 0 vibration of

4 The Kohn anomaly at q = 0 originates from the special Fermi surface of graphene
and nanotubes, which are single points. We will explain this in Sect. 9.3.
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Fig. 15. Phonon dispersion of a (10,0) nanotube from (a) first principles and
(b) zone folding of the graphene phonon dispersion. (c) Vibrational density of
states from first principles (full line) and zone folding (dashed). From [118]

metallic nanotubes is lower in frequency than the circumferential phonon.
This is opposite to semiconducting tubes, for which no Kohn anomaly oc-
curs, but the circumferential phonon still feels the curvature of the nanotube
wall.

We can obtain a good approximation for the phonon dispersion using zone
folding. This works best for semiconducting tubes (no Kohn anomaly) with
diameters d � 1 nm (little curvature effects). As an example, we compare the
ab-initio phonon dispersion of a semiconducting (10,0) tube in Fig. 15a with
the zone-folding approximation in Fig. 15b. In the low-energy range, zone
folding fails to predict the radial-breathing mode (thick line at 300 cm−1 in
Fig. 15a) [8,133,143]. This totally symmetric phonon has no simple equivalent
among the Γ -point vibrations of graphene (upon zone folding A1(g) totally
symmetric modes must originate from the graphene Γ point, see [20, 103]).
Instead, the radial-breathing mode corresponds to an inplane uniaxial stress
along the chiral vector [144].

Other low-energy vibrations typically show a frequency change when com-
paring Figs. 15a and b. This is mainly a curvature effect due to the rather
small diameter of the (10,0) tube [9]. Another interesting difference is the
parabolic acoustic dispersion upon zone folding shown by the thick line in
Fig. 15b originating from the out-of-plane acoustic (ZA) branch of graphene
(see Fig. 13). Because of the cylindrical geometry of the tube this peculiar
dispersion disappears.
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Fig. 16. Phonon dispersion of an (11,11) nanotube. (a) Calculated using linear
response (ab-initio calculation) by restricting the electronic wavevectors to the al-
lowed wavevectors of an (11,11) tube. This is an unconventional zone folding scheme,
which takes into account the one-dimensional character of the tube, but neglects
curvature. (b) Conventional zone folding of the graphene phonon dispersion ob-
tained by restricting the vibrational states to the allowed wavevectors of the tube.
In the one-dimensional nanotube Kohn anomalies are stronger (see bold lines in (a))
than in graphene (bold lines in (b)). From [141]

Zone folding is a better approximation for the high-energy tangential
modes than for the low-energy vibrations. We can see some curvature in-
duced effects in Fig. 15, for example, the softening of the highest-frequency
vibrations in Fig. 15a compared to Fig. 15b. As discussed above, the highest
phonons branches in carbon nanotubes are always circumferential because of
the overbending in graphene. Circumferential modes soften due to curvature,
a fact that explains the high-energy part of the phonon dispersion. This is
also seen in the vibrational density of states (Fig. 15c). The softening of the
vibrational DOS has been measured by two-phonon Raman scattering, see
Sect. 10.3 and [145].

Figure 16 shows phonon-dispersion curves for a metallic (11,11) arma-
chair tube [141]. Both dispersions were obtained by a zone-folding approach.
Figure 16a represents an ab-initio calculation of graphene, where the calcu-
lated points in reciprocal space were restricted to the allowed k vectors of
a (11,11) tube. Using this restricted Hamiltonian, the phonon bands were
obtained from linear response theory [141]. This unconventional zone folding
takes into account the one-dimensional character of carbon nanotubes, but
not their curvature (for the (11,11) tube with d = 1.5 nm curvature effects are
small [9]). The dispersion in Fig. 16b corresponds to standard zone folding,
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Fig. 17. Phonon dispersion of a (14,5) nanotube. Left: Dispersion as a function of
the helical wavevector k̃. Right: Dispersion as a function of the linear wavevector k
as in Figs. 15 and 16. The unit cell is very small in this chiral tube because the
axial lattice vector a = 29.5a0. From [85]

i.e., the graphene phonon dispersion was calculated from first principles and
then used for finding the dispersion of the (11,11) tube (see Sect. 4.1 or [20]).

The axial m = 0 phonon band in Fig. 16a (thick line) drops sharply
in frequency when approaching the Γ point [127, 140, 141, 146]. The phonon
dispersion has a singularity at Γ , which reflects the Kohn anomaly of metallic
nanotubes introduced above. The Γ -point axial frequency – A1u symmetry –
is at 1547 cm−1 as opposed to 1579 cm−1 in standard zone folding in Fig. 16b.
A second singularity occurs for the back-folded ΓKM branch at 2π/3a (m =
n phonon of the (11,11) tube). This corresponds to the K point of graphene,
see Sect. 4.1. Graphene also has Kohn anomalies at Γ and K [3, 127]. These
two wavevectors couple electrons at the Fermi level. The Kohn anomalies
are more pronounced in metallic nanotubes than in graphene, because of the
one-dimensional character of the tubes [140–142].

In Fig. 16a only one phonon branch shows a singular behavior at Γ and K,
respectively. Besides the correct q, a phonon also needs the correct symmetry
to mediate an interaction between electrons. We discuss this topic in more
detail in Sects. 8 and 9.3.

Carbon nanotubes have a large number of vibrational degrees of freedom
and hence phonon bands. Figures 15 and 16 correspond to achiral tubes,
where the number of atoms in the unit cell is small compared to the chiral
species of similar diameter. In the right panel of Fig. 17 we show as a final
example the dispersion of a (14,5) nanotube. The number of phonon bands in
this case is 1164 [85]. A more transparent dispersion is obtained when using
the so-called helical quantum numbers [85, 136]. In the left panel of Fig. 17
we show the phonon dispersion of the (14,5) as a function of the helical
momentum instead of the linear momentum in the right panel. Details can
be found in [20, 86, 136].
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Out of the hundreds or thousands of phonon branches only a tiny frac-
tion is Raman active (8 in achiral and 15 in chiral tubes, see Sect. 3.1).
Moreover, the Raman spectra are dominated by totally symmetric phonons,
see Sect. 6.4 [99, 101, 147]. Thus, only three branches are easily accessible
experimentally, the radial-breathing mode and in the high-energy range the
m = 0 tangential vibrations. Additionally, the K-point phonon of graphene
gives rise to the D mode in the Raman spectra of nanotubes. The other vi-
brations are either very low in intensity or not observed at all. In the remain-
der of this work we mainly discuss the totally symmetric vibrations and the
D mode, their overtones, resonances, and the corresponding electron–phonon
coupling.

4 Electronic Properties

Single-walled carbon nanotubes are metals or semiconductors depending on
their chirality. From the chiral index plot in Fig. 3 we see that every metal-
lic tube (squares) is surrounded by six semiconducting neighbors (open and
closed circles). Very subtle changes in the microscopic structure, e.g., a (10,5)
and a (10,6) tube are almost indistinguishable concerning their atomic struc-
ture, result in drastic changes in the electronic properties. This is one of
the reasons why carbon nanotubes evolved into a model system for one-
dimensional nanostructures. They are a prime example of structure and shape
being as important as, or even more than, chemical composition for very small
systems.

A detailed review of the electronic and optical properties of carbon nano-
tubes is beyond the scope of this Chapter. Instead we introduce in this section
the main concepts used for describing their physical properties: zone folding,
family and branch behavior. We then concentrate on the optical range (vis-
ible and infrared transition energies) and exciton formation in nanotubes.
This field has developed very rapidly over the last two years, after the first
report of photoluminescence from carbon nanotubes [59, 60].

4.1 Zone Folding

Single-walled carbon nanotubes are one-dimensional solids [20]. Along the
nanotube circumference electrons, phonons and other quasiparticles can only
have certain, discrete wavelengths, because of the periodic boundary con-
ditions [6, 20, 23, 83, 148–151]. On the other hand, quasiparticles can travel
along the nanotube axis. An infinitely long tube has continuous electronic
and vibrational states in this direction.

In the following we show how the quantization condition can be used to
estimate the electronic band structure of carbon nanotubes from the elec-
tronic states of graphene. We do this by restricting the graphene eigenstates
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Fig. 18. (a) Hexagonal Brillouin zone of graphene. The reciprocal lattice vectors
in terms of a Cartesian coordinate system are given by k1 = 4π/

√
3a0(1, 0) and

k2 = 4π/
√

3a0(
√

3/2, 1/2); their length is 4π/
√

3a0. The figure shows the high-
symmetry Γ , M and K points. (b) Same as (a) but with a contour plot of the
electronic band structure of graphene. Eigenstates at the Fermi level are shown in
black ; white marks energies far away from the Fermi level. The inset shows the
valence (dark) and conduction (bright) band around the K points of the Brillouin
zone. The two bands touch at a single point (K). After [20]

to the allowed wavevectors of a tube. We now introduce briefly the electronic
properties of graphene.

Graphene is a semimetal. This means that its valence and conduction
bands cross, but the electronic density of states is zero at the Fermi level
(the crossing point). The most widely used description of the electronic band
structure of graphene is an empirical tight-binding model [5, 6, 20, 23]. This
model includes only the π states perpendicular to the graphene sheet and
their interactions, because these states give rise to the electronic bands close
to the Fermi level. We restrict the interaction between the carbon electrons to
nearest neighbors in the graphene sheet and neglect the overlap between two
π wavefunctions centered at different atoms. Under these approximations the
valence E− and conduction bands E+ of graphene are given by the simple
analytic expression [5, 20, 23]

E±(k) = γ0

√
3 + 2 cosk · a1 + 2 cosk · a2 + 2 cosk · (a1 − a2) . (12)

γ0 describes the interactions between two π electrons; typical values range
from 2.7 eV to 3.1 eV. k is the electronic wavevector (see Fig. 18a) for the
graphene Brillouin zone, and a1 and a2 are the lattice vectors.

The nearest-neighbor tight-binding model of (12) describes well the elec-
trons close to the Fermi energy (within ∼ 0.2 eV of EF). In the range of
optical-transition energies, however, it deviates by 0.5 eV to 1 eV from ab-
initio calculations and from measurements [6]. This can be fixed by including
more neighbors; if up to third-neighbor interaction and the overlap between
the π wavefunctions are included, there is virtually no difference between
the semiempirical description and first-principles results. A discussion of the
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Fig. 19. Quantized wavevectors and zone folding of graphite. (a) a (10,0) nano-
tube unwrapped to a graphene sheet. The atoms shown are those inside the unit
cell of the tube. The gray line is a wave with wavelength λ = 10a0/3, which cor-
responds to an allowed state of the nanotube. (b) Allowed, discrete wavevectors of
a (10,0) tube shown in the Brillouin zone of graphene. The wave in (a) corresponds
to the open circle in (b). The thick lines form the one-dimensional Brillouin zone
of the (10,0) tube

level of approximation and the derivation of (12) as well as a corresponding
analytic expression for larger interaction ranges can be found in [6, 20].

Figure 18b shows a contour plot of the electronic band structure of
graphene. For the π∗ conduction band the electronic energies range from
12.2 eV at Γ to zero at the K point of the Brillouin zone; the π valence band
varies between −8.8 eV and the Fermi level. The two Γ -point energies are
from experiment [20,152]. To obtain nonsymmetric π and π∗ bands within the
tight-binding approximation we need to consider the finite overlap between
electrons at different atoms or include more neighbors [5, 9, 20, 23]. Close to
the six K points, where valence and conduction bands touch at a single point,
the two bands are linear with k to a very good approximation. The inset of
Fig. 18b shows the cones that represent the band structure very close to the
Fermi energy.

Having obtained the electronic band structure of graphene, how can we
use it to obtain the band structure of single-walled carbon nanotubes? Con-
sider quantization in a (10,0) nanotube. An allowed wave for this tube is
shown in Fig. 19a. It has three nodes along the circumference or a wave-
length λ = 10a0/3. For graphene this corresponds to wavevectors away from
the Γ point of the hexagonal Brillouin zone (see Fig. 18a). The quantization
condition for an (n1, n2) nanotube in reciprocal space can be derived from
its chiral vector c and the axial lattice vector a. The general expressions are
given in Table 1.
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For a (10,0) zigzag tube we find

k⊥
(n,0)
=

k1

n
+

k2

2n

(10,0)
=

k1

10
+

k2

20
, (13)

i.e., when starting from the Γ point and going along ΓKM (k1 + k2/2, see
Fig. 18a) we find 10 equally spaced points that are allowed. All these points
correspond to the Γ point of the (10,0) nanotube. They are shown as circles in
Fig. 19b. The forth circle (open) represents the wave in Fig. 19a in reciprocal
space. The distance between two allowed points, 2π/10a0 for the (10,0) tube,
is given by the nanotube diameter |k⊥| = 2/d.

The reciprocal lattice vector along the nanotube axis is kz = k2/2 for
the (10,0) and any other zigzag tube. The nanotube Brillouin zone is thus
built as shown in Fig. 19b: The quantized circumferential vectors (circles)
correspond to the Γ point of the tube (Γnt). Perpendicular to the quantization
direction the allowed states are continuous. For the special case of zigzag
tubes the general expression for allowed wavevectors (see Table 1) reduces
to [20]

kzz =
m

n
k1+

(
m

2n
+

kz

2

)
k2 with m =−(n−1) . . . n; kz = 0 . . . 0.5 . (14)

m (the z component of the angular momentum of a particle) indexes the
bands of a nanotube. kz is the magnitude of the axial wavevector in units
of the reciprocal lattice vector. Inserting the allowed wavevectors in (12) we
obtain the electronic band structure of zigzag carbon nanotubes within the
tight-binding zone-folding approximation

E±
zz(m, kz) = γ0

√
3 + 2 cos 2π

m

n
+ 4 cosπ

m

n
· cosπkz . (15)

The corresponding expression for armchair tubes is

E±
ac(m, kz) = γ0

√
3 + 4 cosπ

m

n
· cosπkz + 2 cos 2πkz . (16)

For armchair as for zigzag tubes, the quantum number m satisfies −(n−1) ≤
m ≤ n. Finally, the band structure for a chiral (n1, n2) nanotube within the
nearest-neighbor tight-binding model is given by

E±
c (m, kz) =γ0

[
3 + 2 cos

(
m

2n1 + n2

qnR − n2

q
kz

)

+ 2 cos
(

m
2n2 + n1

nqR +
n1

q
kz

)

+ 2 cos
(

m
n1 − n2

qnR − n1 + n2

q
kz

)]1/2

, (17)
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Fig. 20. Band structure of a (10,10) armchair nanotube with diameter d = 1.4 nm.
(a) Ab-initio calculation; (b) nearest-neighbor tight-binding calculation with γ0 =
−2.7 eV [(16) with n = 10]; (c) third-nearest neighbors tight-binding calculation.
The dashed lines denote ab-initio calculated energies of the band extrema. The
agreement of the energies in (a) and (c) is excellent. From [6]

where m is an integer running from −(q/2− 1) to q/2 [81]; see Table 1 for q,
n and R as a function of n1 and n2.

The quantum number m is very useful to index bands and phonon
branches and to derive selection rules, e.g., for Raman scattering, infrared
vibronic and optical electronic absorption [20, 81, 83, 87]. The m = 0 elec-
tronic bands and phonon branches always contain the graphene Γ point (see
Fig. 19b); m = q/2 (= n for achiral tubes) is the M point of graphene
for kz = 0 [9]. These two bands are nondegenerate for any quasiparticle and
any nanotube. In achiral tubes, all other bands are twofold degenerate in
chiral tubes, none, see [20, 85, 86] for a discussion and examples.

4.2 Electronic Band Structure

Figures 20 and 21 show the electronic band structure of a (10,10) and
(19,0) nanotube, respectively. Parts (a) in both figures are from first-principles
calculations, while parts (b) were obtained with (16) and (15), and parts (c)
are the results of the extended tight-binding model using up to third neigh-
bors [6]. For all practical purposes, the extended tight-binding model is in-
distinguishable from the ab-initio calculations. The simple nearest-neighbors
tight-binding scheme works reasonably well. There are certain systematics in
Figs. 20 and 21 about which we will not comment in detail. For example,
the band extrema are at the Γ point in the (19,0) tube, but at 2π/3a in the
(10,10) tube. General rules for the overall shape of the band structure and
the position of the band extrema as a function of n1 and n2 can be found
in [20].
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Fig. 21. Band structure of a (19,0) zigzag nanotube with a diameter of d = 1.5 nm.
(a) Ab-initio calculation; (b) nearest-neighbor tight-binding calculation with γ0 =
−2.7 eV [(15) with n = 19]; (c) third-nearest neighbors tight-binding calculation.
The dashed lines denote ab-initio calculated energies of the band extrema. From [6]

Fig. 22. (a) Allowed wavevectors of a nanotube in the Brillouin zone of graphene
(see also Fig. 19). (b) Expanded view of the allowed wavevectors k around the
K point. k⊥ is an allowed wavevector around the circumference of the tube; kz is
continuous. The open dots are points with kz = 0; they all correspond to the Γ point
of the tube. From [153]

As can be seen in Figs. 20 and 21 the (10,10) tube is metallic, whereas
the (19,0) tube has a bandgap of 0.5 eV. The metallic and semiconducting
character of the nanotubes can be explained by zone folding using the Fermi
surface of graphene. In the last section we saw that the valence and con-
duction bands of graphene cross at the K point of the Brillouin zone. If the
graphene K point is among the allowed states of a carbon nanotube, the
tube is metallic. Otherwise, it is semiconducting with a moderate bandgap.
To quantify this hand-waving argument let us consider an (n1, n2) nanotube.
Figure 22a shows the quantized states of a general nanotube; the region
around the K point is expanded in Fig. 22b. The electronic states are re-
stricted to wavevectors that fulfill the condition k · c = 2πm, where c is the
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chiral vector of the tube and m is an integer. For the tube in Fig. 22 the
K point is not allowed and the tube is a semiconductor. The K point of
graphene is at 1

3 (k1 − k2); thus, a nanotube is a metal if

K · c = 2πm = 1
3 (k1 − k2)(n1a1 + n2a2) = 2π

3 (n1 − n2) ,

which implies

3m = n1 − n2 . (18)

This famous result, derived by Hamada et al. [148] and Saito et al. [149],
means that a tube is a metal if n1 − n2 is a multiple of three.

We can now understand the pattern of metallic tubes in the chiral index
plot in Fig. 3. (n, n) armchair nanotubes are always metallic, (n, 0) zigzag
tubes only if n is a multiple of three. The sets of metallic chiral indices
parallel to the armchair-like directions arise, because for these sets n1 −n2 is
either constant or changes by ±3 from tube to tube. Take, for example, the
(5,5) nanotube. Along the main armchair line (labeled armchair in Fig. 3)
n1−n2 is constant, since we change both n1 and n2 by the same amount, e.g.,
(5,5) to (6,6). Along the vertical direction n1 decreases by 1 and n2 increases
by 2 when going from top to bottom, i.e., the difference between n1 and n2

changes by 3, such as for (5,5) to (6,3); similarly for the third armchair-like
direction [(5,5) to (7,4)]. The same pattern is found for the open and closed
symbols in Fig. 3. The reason is that metallic nanotubes are just a special
case of the nanotube family, which we discuss in connection with the optical
spectra of single-walled carbon nanotubes (Sect. 5.2).

The good agreement between first-principles and zone-folding calculations
for the (10,10) and (19,0) nanotubes is also found for tubes with diame-
ters ≥ 1.5 nm. For smaller-diameter tubes, the curvature of the nanotube
wall can no longer be neglected. Curvature mixes the inplane σ and out-
of-plane π states of graphene [9, 135]. It thereby shifts the electronic bands
towards the Fermi level. Since this shift is larger for bands originating from
the part between the K and the M point of the Brillouin zone than for bands
from the part between Γ and K, curvature can change the order of the bands
in single-walled nanotubes. It mainly affects the conduction bands and thus
lifts the symmetry between the electron and the hole, which – to a very good
approximation – is present in graphite, compare Figs. 20 and 21. For very
small diameter nanotubes (d ≈ 0.5 nm) the zone-folding picture fails com-
pletely [9, 10, 88, 135, 154–159]. For example, the (5,0) nanotube is metallic,
although it is predicted to be semiconducting within the zone-folding approx-
imation.

5 Optical Properties

The resonant Raman effect is intimately related to the optical properties
of a material. Using Raman spectroscopy we can, therefore, study not only
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Fig. 23. (a) Band-to-band absorption spectra for a (10, 0) nanotube calculated
within tight binding. Note the sharp van-Hove singularities, typical for one-
dimensional systems. The thin line assumes the optical matrix elements to be
independent of the axial wavevector of the tube kz; the thick line includes the
dependence of the optical transition elements on kz. (b) Chirality and family de-
pendence of the matrix elements. A2 to Z2 refers to transitions originating close
to the KM line of the graphene Brillouin zone. A1 to Z1 correspond to states
between Γ and K (see inset). After [162]

the vibrations of a molecule or solid, but their electronic excitations and the
optical response. This adds greatly to the power of Raman scattering for
investigating and characterizing materials.

Resonances arise when the incoming or outgoing photon in the Raman
process matches an optical singularity of the system (Sect. 6). They can be
very strong in one-dimensional structures, because the electronic density of
states diverges at the band extrema. In the following, we discuss the optical
properties of carbon nanotubes. We start by considering the joint density of
states (JDOS) in band-to-band transitions and then turn to exciton forma-
tion, which is important for understanding the optical properties.

5.1 Band-to-Band Transitions

In a band-to-band transition a photon excites an electron from the valence
into the conduction band. The interaction between the electron and the hole
it leaves behind is neglected, in contrast to an exciton formed by an inter-
acting electron and hole (see Sect. 5.3). Band-to-band transitions have not
been observed in carbon nanotubes, because the exciton binding energy is
large (0.1 eV to 1 eV, much larger than kBT at room temperature, kB is the
Boltzmann constant) [10,60,160,161]. We, nevertheless, discuss band-to-band
transitions since they give a good insight into density-of-states arguments and
the optical selection rules for carbon nanotubes. These arguments will remain
valid when we later consider excitons.
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Fig. 24. Density of states in 3, 2, 1, and 0-dimensional systems. For one-dimensional
systems the density of states follows a 1/

√
E-behavior

In the dipole approximation the imaginary part of the dielectric func-
tion ε2(ω) originating from band-to-band transitions is proportional to [134]

ε2(ω) =
|Mcv|2

ω2

∫
dSk

∇k(Ec(k) − Ev(k))
, (19)

where ω is the photon frequency and Mcv are optical matrix elements. The
integral corresponds to the joint density of electronic states (JDOS) of the
valence Ev and conduction band Ec. Regions in the electronic band structure
with parallel bands thus contribute strongly to band-to-band absorption.

For simplicity we assumed that the optical matrix elements Mcv are inde-
pendent of the axial wavevector [87, 154, 162]. Within one pair of electronic
subbands this is, in fact, quite accurate. Figure 23a compares a calculated
band-to-band absorption spectrum for k-independent matrix elements (thin
line) and including the k dependence of Mcv (thick). The peaks in the ab-
sorption are somewhat more pronounced in the latter, but the differences
are small. For transitions between two different pairs of bands or transitions
in tubes with different chirality, however, the matrix elements change. Fig-
ure 23b shows that the matrix elements depend on the chiral angle. Mcv also
changes for electronic states originating from the KM (Z2, A2) and the
ΓK (Z1, A1) part of the graphene Brillouin zone in the zone-folding approxi-
mation. This can be traced back to the optical properties of graphene [87,162].

The electronic density of states and also the joint density depend dra-
matically on the dimensionality of a system (see Fig. 24). For parabolic
bands, found in most semiconductors, it rises as the square root of the en-
ergy above the bandgap in the three-dimensional case, exhibits a step-like
dependence in two-dimensional solids, diverges as the inverse of a square root
in one-dimensional systems, and, finally, is a δ-function in zero dimensions.
Close to their minimum and maximum bands can always be approximated
as parabolic. We thus expect a 1/

√
E-behavior for the density of states in

nanotubes. This result can be derived more rigorously using, e.g., the zone-
folding approach [20, 153, 163]. The singular square-root dependence of the
DOS on energy was observed by scanning tunneling spectroscopy [164, 165].

The second important term determining the strength of the optical ab-
sorption is the matrix element. Table 9 lists the selection rules for optical ab-
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Table 9. Optical selection rules for carbon nanotubes [20,87]. The (x, y) polarized
transitions are strongly suppressed by the depolarization effect, see Sect. 6.4

Polarization Representation ∆m Remarks

z A2u 0
{

valence and conduction bands lying

symmetrically to EF

(x, y) E1u ±1
{

only first pair of Ev and Ec

in zigzag tubes

Fig. 25. Band structure and density of states of a zigzag nanotube. The band-
to-band transition picture predicts that transitions between symmetrically lying
pairs of valence and conduction bands contribute the most to the absorption. The
transition energies are labeled Eii where i labels the bands

sorption. For z-polarized light absorption is allowed between electronic bands
with the same m, otherwise it is forbidden. Under perpendicular polarization
the photon changes the band index by ±1. In zigzag tubes (x, y) polarized
absorption is allowed starting from the first two valence bands only. The per-
pendicularly polarized transitions are strongly suppressed by the anisotropic
polarizability [166]. The tube acts as a Faraday cage for an electric field per-
pendicular to its axis. This makes carbon nanotubes almost transparent for
inplane polarization (see Fig. 39b and the discussion in Sect. 6.4).

The overall picture for explaining the optical properties of carbon nano-
tubes within the band-to-band model is summarized in Fig. 25. The va-
lence (vi) and conduction bands (ci) give rise to square-root singularities
in the electronic density of states. Selection rules and the depolarization ef-
fect make the transitions for symmetrically lying pairs by far the dominant
contribution, e.g., v1 → c1. The absorption probability is particularly large
when the density of states is high in the initial (valence) and final (con-



154 Christian Thomsen and Stephanie Reich

Fig. 26. (a) Kataura plot: transition energies of semiconducting (filled symbols) and
metallic (open) nanotubes as a function of tube diameter. They were calculated from
the van-Hove singularities in the joint density of states within the third-order tight-
binding approximation [6]. (b) Expanded view of the Kataura plot highlighting the
systematics in (a). The optical transition energies are roughly proportional to 1/d
for semiconducting (black) and metallic nanotubes (gray). The V-shaped curves
connect points from selected branches in (b), β = 22, 23 and 24; see text for details.
We indicate whether the ν = −1 or the +1 family is below or above the 1/d trend.
Squares (circles) are transitions of zigzag (armchair) nanotubes

ducting) state. Thus, the absorption should show peaks corresponding to
the transitions from the van-Hove singularity of the first valence band v1 to
the singularity of the first conduction band c1 at an energy E11, followed
by v2 → c2 at E22 and so forth (see Fig. 25). The absorption spectrum is of-
ten further approximated by considering only the van-Hove-related transition
energies Eii [167, 168]. Plotting them as a function of diameter one obtains
the so-called Kataura plot, which we discuss in the next section.

The band-to-band transition picture was believed to be correct for al-
most ten years and most interpretations of the Raman and optical spectra
relied on it. This view changed fundamentally after Bachilo et al. [60] mea-
sured photoluminescence and absorption from isolated nanotubes, followed
by resonant Raman experiments on similar samples by Telg et al. [63] and
Fantini et al. [64]: The experimental data could only be understood on the
basis of excitonic transitions. Therefore, the literature has to be viewed with
care because many studies relied on the band-to-band description.
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5.2 Kataura Plot: Nanotube Families and Branches

When discussing the electronic band structure of carbon nanotubes we found
two dependences on the nanotube chirality through zone folding: The sepa-
ration between two lines of allowed wavevectors is given by 2/d. On the other
hand, the direction of the allowed lines with respect to the graphene Bril-
louin zone was connected with the chiral angle Θ (see Sect. 4.1). The optical
transition energies depend, consequently, on these two parameters. This can
be used to assign the chirality of a tube by Raman scattering and optical
spectroscopy (see Sect. 7) [60, 61, 63, 64, 68].

Taking the maxima in the band-to-band absorption probability (the en-
ergy separation of the van-Hove singularities in Fig. 25) for an ensemble of
nanotubes and plotting them as a function of the tube diameter d, we obtain
Fig. 26a. The plot is named after Hiromichi Kataura, who first used it in
connection with optical spectroscopy [167]. There are a number of system-
atics in the Kataura plot, which we discuss now. In the infrared and over
most of the visible energy range an ensemble of nanotubes has well-separated
ranges of transition energies for a given diameter range. The energies follow
roughly 1/d. The deviations from this trend reflect the chiral-angle depen-
dence of the optical spectra. Figure 26b shows a part of the plot on an en-
larged scale and concentrates on the systematics. The transition energies of
metallic tubes (M–E11, gray lines) are clearly separated from the semicon-
ducting transitions (S–Eii, black). Also, at first sight, semiconducting tubes
seem to have more electronic transitions than metallic ones (however, this
impression is not correct, in metallic tubes two transitions are always close
in energy, see below). The first observation can be understood by the zone-
folding approach.

Figure 27a–c shows the allowed wavevector lines of a metallic (a) and two
semiconducting tubes (b,c) close to the K point of graphene (see Fig. 18).
The electronic energies in the vicinity of this point give rise to transitions in
the near infrared and the visible. In the metallic tube of Fig. 27a an allowed
line goes through the K point (zero transition energy); the two neighboring
lines, which are the origin of the M–E11 absorption, are at a distance of 2/d
from K. In a semiconducting tube the first allowed line is 2/3d away from K
(S–E11), the next 4/3d (S–E22), then 8/3d (S–E33), 10/3d and so forth (see
Fig. 27b). Close to the K point, the graphene band structure is approximately
linear with wavevector. Therefore, the ordering of the optical energies will
be S–E11, S–E22, M–E11, S–E33, . . ., all of them well separated in energy for
a given d ≈ 1 nm [153, 163].

The systematic deviations of the optical energies from the 1/d trend in
Fig. 26 reflect the trigonal distortion of the graphene band structure, i.e.,
the fact that the energies depend on the direction of (k − K) [150, 169].
The trigonal distortion is clearly visible in the contours of Figs. 27a–c (see
also Fig. 28): Without trigonal distortion the contour lines would be circles.
The two M–E11 lines in Fig. 27a cross slightly different contours. Therefore,
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Fig. 27. Lines of allowed wavevectors for the three nanotube families on a gray-scale
plot of the electronic band structure of graphene (K point at center). (a) Metallic
nanotube belonging to the ν = 0 family, (b) semiconducting −1 family tube, and
(c) semiconducting +1 family tube. Below the allowed lines, the optical transition
energies Eii are indicated. Note how Eii alternates between the left and the right
of the K point in the two semiconducting tubes. The assumed chiral angle is 15◦

for all three tubes; the diameter was taken to be the same, i.e., the allowed lines
do not correspond to realistic nanotubes. After [150]

Fig. 28. Electronic band structure of the π and π∗ states of graphene along
the ΓKM line, which is the confinement direction for zigzag nanotubes. The elec-
tronic dispersion between Γ and K is stronger than between K and M . Zigzag
tubes from the −1 family have a larger bandgap than those of the +1 family; see
arrows

metallic nanotubes have two close-by transition energies that generate the V-
shaped structure in Fig. 26b. A similar systematics applies to semiconducting
nanotubes. Here, the splitting does not occur within one tube, but for two
groups of semiconducting tubes, known as nanotube families [150].

The first allowed line in Figs. 27b and c are at the same distance from K.
However, in Fig. 27b E11 is to the left of the K point (between Γ and K),
whereas it is to the right in Fig. 27b (between K and M). Since the electronic
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dispersion is stronger between Γ and K than between K and M (see Fig. 28),
the tube in Fig. 27b has a larger band gap and hence a larger transition
energy E11 than the tube in Fig. 27c. For E22 the situation is reversed,
because this transition originates from the opposite side of K. S–E33 behaves
like S–E11.

Whether S–E11 is to the right or to the left of the K point of graphene
after the zone-folding scheme, is a function of n1 and n2 [150]. A nanotube
belongs to the group or “family” in Figs. 27a,b and c if

ν = (n1−n2)mod3 =

⎧
⎪⎨
⎪⎩

−1 semiconducting, large bandgap E11, part b
0 metallic, part a
+1 semiconducting, small bandgap E11, part c.

(20)

Nanotube families were first suggested by us [150], but picked up only
two years later after optical spectroscopy on isolated nanotubes was reported
for the first time [59, 60]. Optical spectroscopy was the first method sensitive
enough to measure the family dependence of carbon nanotubes. The concept
proved to be vital for the understanding of carbon nanotubes; many of their
properties change with the family index ν. The three nanotube families are
also indicated in the chiral-index plot in Fig. 3.

Nanotube families explain why some tubes fall above and some below
the 1/d trend in Fig. 26. Where, however, does the peculiar V-shaped struc-
ture come from? The Vs reflect the “branches” in the Kataura plot. Within
a branch β, by definition (Table 1),

2n1 + n2 = β = const. (21)

Using (21) we immediately derive the neighbor rule, which gives the chi-
ral index of a neighboring nanotube (n′

1, n
′
2) with smaller diameter within

a branch, i.e., with β = const.

n′
1 = n1 − 1 and n′

2 = n2 + 2 as long as n1 ≥ n2 . (22)

Looking back at Fig. 3 we see that β = const. corresponds to vertical lines in
the chiral-index plot. For such a line the diameter of a tube decreases with
decreasing chiral angle. At the same time, trigonal warping increases with
decreasing chiral angle [150, 169]. An armchair tube with Θ = 0◦ shows no
splitting related to trigonal warping. Its allowed lines run perpendicular to the
base of the triangle in Fig. 27, i.e., the left and the right of K are at the same
energy. Armchair tubes are at the centers of the metallic V-shaped curves,
see circles in Fig. 26b. In contrast, for zigzag tubes the trigonal distortion is
strongest [150]. Their allowed lines touch the tip and the base of the triangle of
Fig. 27. Hence, (n, 0) zigzag and (n1, 1) chiral nanotubes are at the end of the
Vs in Fig. 26b; see open squares. A summary of the nanotube classifications
presented here is given in Table 2.
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Nanotube families and nanotube branches play an important role in the
interpretation of experiments. The key point is that the nanotube proper-
ties depend systematically on the family and branch they belong to and the
position within one branch. The change in bandgap for different families is
the most obvious example, further examples in connection with Raman and
optical spectroscopy include the Raman, photoluminescence and absorption
intensity, the softening of the high-energy phonons, electron–phonon coupling
and many other properties [45, 60, 63, 64, 111, 144, 162, 170, 171].

5.3 Excitons

An electron and a hole in a crystal can form a bound state called an exci-
ton [134]. This is mathematically equivalent to the hydrogen problem except
for the existence of a center-of-mass k vector because of the translational
invariance along the tube (see, e.g., [134]). The exciton binding energy in
a three-dimensional solid assuming electron–hole symmetry is given by

Eb =
m∗

2ε2
cr

Ry . (23)

This is much smaller than the ionization energy of hydrogen 1 Ry = 13.6 eV,
because the effective mass m∗ is only a fraction of the electron mass and
the Coulomb interaction is screened by the dielectric constant εcr. Inserting
typical values for semiconductors into (23) m∗ ≈ 0.01 (in units of the electron
mass) and εcr ≈ 4 we obtain binding energies on the order of a few m eV. In
many bulk crystals excitonic effects are only important at low temperature,
where the thermal energy kBT � Eb.

The exciton binding energy, however, depends on the dimension of the
solid [172, 173]. For a 2D system Eb increases by a factor of four within
the hydrogen model compared to 3D crystals. Although nanotubes are one-
dimensional systems, a 2D model is most appropriate, since the electron
and the hole move on a cylindrical surface [13]. Additionally, screening is
less efficient in a low-dimensional solid. Assuming a 2D hydrogen model and
no dielectric screening, the exciton binding energy increases to Eb(2D) =
4Eb(3D) = m∗4 Ry/2 ≈ 300 m eV. More sophisticated estimates for the ex-
citon binding energy in carbon nanotubes yield Eb = 1 eV to 1.5 eV for
diameters d ≈ 1 nm and tubes in vacuum [10, 160, 161, 174]. This is much
larger than the thermal energy at room temperature kBT ≈ 25 m eV. Ex-
citons in carbon nanotubes are thus observable at room temperature and
below.

The particular importance of the excitonic interaction for spectroscopy is
that it fundamentally changes the optical excitations. This is illustrated in
Fig. 29. Instead of exciting electrons from the valence into the conduction
band, as in the band-to-band model (see Fig. 25), the photon excites an
exciton from the ground state into the optically active states ehii formed by
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Fig. 29. (a) Schematic dispersion of the first eh11 and second eh22 subband ex-
citons. Q is the exciton wavevector defined as the center-of-mass wavevector of
electron and hole. hν indicates the dispersion of photons. Absorption occurs at
the crossing of the photonic and excitonic dispersion with a wavevector Qabs ≈ 0.
After [134]. (b) Calculated absorption spectra neglecting electron–hole interaction
(band-to-band transitions), ε = ∞ top panel, and for decreasing screening, middle
and bottom panels. The shift in the main transition indicates the exciton bind-
ing energy as a function of ε. With decreasing screening, more spectral weight is
transfered to the exciton. After [160]

electrons and holes in the ith subband (see Fig. 29a). The combined electron–
hole wavevector Q = ke + kh has to be equal to the wavevector of the
photon, Q ≈ 0 (ke and kh are the wavevectors of the electron and the hole,
respectively).

Figure 29b shows how the optical absorption spectrum changes when
electron–hole interaction is considered. The results were obtained for a (19,0)
tube using a tight-binding model to solve the Bethe–Salpeter equation, a two-
particle equation, which includes electron–hole interaction [160]. The charac-
teristic 1/

√
E absorption predicted for band-to-band transitions (top panel

and Fig. 25) changes into a δ-function when the spectral weight is transferred
from the electron–hole continuum to the excitons. ε is the dielectric function
of the medium surrounding the tube.

The two peaks in the three panels of Fig. 29b originate from transitions
between the first two pairs of valence and conduction bands in the top panel
and from exciting the first and second subband exciton in the middle and
lower panels. The shift in the peak position gives the exciton binding energies
for two dielectric constants ε of the medium surrounding the tube.

From what we discussed up to now, one would expect the experimen-
tal optical transitions to be lower in energy than predicted from the single-
particle picture, because of the large exciton binding energies. Instead, pho-
toluminescence and Raman spectroscopy found a blueshift of the transitions
by some 100 m eV when compared to a single-particle theory [44, 45, 60, 61,
63, 64, 68]. The origin of this shift is the increase of the bandgap due to
electron–electron interactions [10,174]. As shown in Fig. 30, electron–electron
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Fig. 30. Electron–electron interaction increases the separation between the ith va-
lence and conduction band (dashed lines) by approximately 1.8 eV compared to
the single-particle picture (horizontal full line at 1). The binding energy due to
electron–hole interaction is around 1.3 eV. The excitonic transitions (full thin lines)
are blueshifted compared to the band-to-band transitions. The full thick line was
obtained by zone folding (see [174] for details). Note the log scale for x. After [174]

interaction (e–e) increases the electronic gap compared to the single-particle
approximation. This increase is almost canceled by the electron–hole interac-
tion (e–h). Nevertheless, the exciton in Fig. 30 is somewhat higher in energy
than the single-particle states.

Figure 31 shows an experimental Kataura plot, i.e., the measured opti-
cal transition energies as a function of tube diameter. We will explain in
Sect. 7 how the transition energies can be assigned to carbon nanotubes
experimentally to plot them as in Fig. 31. The figure shows the first two
transitions for semiconducting tubes measured by photoluminescence and
Raman scattering and the first transition of metallic tubes from Raman
spectroscopy [60, 63]. Only the lower parts of the metallic branches were
observed experimentally; see Fig. 26. The energies of the optical transitions
can be well understood, at least qualitatively, considering the single-particle
states, electron–electron and electron–hole interaction, and the curvature of
the nanotube walls [74, 160, 170, 174].

The exciton binding energies of single-walled carbon nanotubes were mea-
sured by two-photon absorption. These experiments probe the energy of ex-
cited excitonic states by the simultaneous absorption of two photons. The
binding energy can be estimated from the energy difference between the ex-
citon ground state (one-photon absorption) and the excited state (two-photon
absorption). Wang et al. [12] and Maultzsch et al. [13] reported Eb ≈ 0.4 eV
for nanotubes coated by surfactants. This is in reasonably good agreement
with theory when the screening by the surfactant is taken into account.



Raman Scattering in Carbon Nanotubes 161

Fig. 31. Experimental Kataura plot for the first two semiconducting (closed sym-
bols) and the first metallic (open symbols) transition. Dashed lines connect the
(near-to) armchair tubes; full lines connect tubes in a branch, compare Fig. 26
and Table 2. Experimental transition energies were measured with photolumines-
cence [60] and resonant Raman scattering [63]

Optical spectroscopy of isolated nanotubes has been a rapidly evolving
field over the last three years, but many aspects are still not understood. For
example, side peaks in the photoluminescence excitation spectra of single-
walled carbon nanotubes have been interpreted as phonon side bands of ex-
citons [175, 176], coupled exciton–phonon excitations [11, 177], or excited
excitonic states [13]. The variation in the nanotube absorption and emission
intensity with chirality has been attributed either to electron–electron [74]
or to electron–phonon interaction [75]. Nevertheless, the two-photon absorp-
tion experiments proved the optical excitations to be of excitonic character
in single-walled carbon nanotubes [12, 13]; prior to the measurement of the
exciton binding energy, time-resolved spectroscopy also suggested formation
of excitons [178–182]. The band-to-band transition picture is thus not fully
appropriate when modeling either photon absorption and emission or Raman
scattering. On the other hand, a unified description of the Raman effect in-
cluding excitonic effects is still missing. In this Chapter we will use mainly
the band-to-band transition picture to model Raman scattering in carbon
nanotubes pointing out important differences and consequences that should
arise when electron–hole interaction is taken into account.
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Fig. 32. Raman spectrum of bundles of single-walled carbon nanotubes excited
with λL = 488 nm. (a) Radial-breathing mode (RBM), (b) D mode and high-
energy modes (HEM), (c) two-phonon Raman spectrum with the D∗ (overtone of
the D) and the overtone spectrum of the HEM. The spectra were multiplied by the
factors given in the panels. From [186]

6 Raman Effect in Carbon Nanotubes

Resonance Raman scattering refers to a technique where one or more tran-
sitions participating in the scattering process involve real states. It has been
widely used to study electronic states in solids (see other volumes of this se-
ries [183], in particular the seminal articles by Cardona [184] and by Martin
and Falicov [185]).

After introducing the Raman spectrum of single-walled carbon nanotubes,
we show in this section how the enhancement of the Raman-scattering inten-
sity through resonances is involved in all the reported spectra of nanotubes:
nonresonant Raman scattering is simply too weak to be observed in this ma-
terial. Both single and double resonances are observed in carbon nanotubes;
they have distinct features and yield different kinds of physical insight into
the nanotubes. Double resonances are much more widely present in nanotubes
than in 2- or 3-dimensional solids; they are, in fact, the dominant scattering
mechanism for the high-energy modes.

6.1 Raman Spectra of Single-Walled Nanotubes

Figure 32 shows the three energy ranges where the most important Raman
features of single-walled carbon nanotubes are observed [20,26,145,187–189].
In the low-energy range (Fig. 32a) there are several peaks in nanotube bun-
dles or nanotubes in solutions resulting from the radial-breathing modes of
the resonantly excited tubes (see Sect. 3.2). For a single tube, there would be
only a single radial-breathing mode peak. Its frequency depends on diameter,
these modes are typically found between 100 cm−1 and 400 cm−1. The radial-
breathing mode is a vibration characteristic of carbon nanotubes and is often
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Fig. 33. Low (a) and high-energy (b) Raman spectra of 12C (upper traces, full
lines) and of 13C (lower traces). The dashed lines are the 12C spectra with the

frequency multiplied by the expected isotope shift (
√

12/13). From [195]

considered as their fingerprint. However, since many materials have vibra-
tional frequencies in this energy range, the presence of single-walled tubes in
a sample cannot be surmised from the low-energy spectrum [190–193].

The D mode in Fig. 32b is an intriguing Raman peak that arises from
double-resonant Raman scattering [4]. Its frequency depends on the energy
of the exciting laser; we discuss this mode in Sect. 10.

The high-energy modes (HEM) of single-walled tubes originate from tan-
gential vibrations of the carbon atoms (Sect. 3.3), i.e., along the nanotube
walls [187, 194]. The double-peak structure close to 1600 cm−1 in Fig. 32b
is a unique feature of single-walled carbon nanotubes. It is a more reli-
able Raman signature of single-walled tubes than the RBMs in the low-
energy range. Typically, the most intense peak in the high-energy range
occurs between 1592 cm−1 and 1596 cm−1 (depending on diameter and ex-
citation energy); it is always higher in frequency than the corresponding
peak in graphite (1589 cm−1 [145]). The smaller peak between 1560 cm−1

to 1590 cm−1 changes dramatically for resonant excitation of metallic tubes
(Sect. 8 [168, 188]).

Between the RBM in Fig. 32a and the high-energy range with the D mode
and the HEM a number of weak Raman peaks are observed [187,196]. We will
not review this so-called intermediate frequency range but refer the reader
to [26].

Figure 32c shows the overtone Raman spectrum of single-walled carbon
nanotubes. Note that D∗, the overtone of the D mode, is stronger in intensity
than its fundamental. The two-phonon Raman spectrum of carbon nanotubes
is similar to that of other sp2-bonded carbons, but the overtone of the HEM
is at lower frequency than in graphite (see Sect. 10).

In Fig. 33 we show Raman spectra of single-walled carbon nanotubes
where 12C (98.93 % natural abundance) was replaced by 13C [195]. Phonon
frequencies are proportional to 1/

√
m (spring model); hence we expect the

frequencies to shift by
√

12/13 ≈ 4 % when replacing naturally occurring
carbon by the pure 13C isotope. The full lines in the upper traces of Fig. 33
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Fig. 34. Schematic of (a) nonresonant (Stokes) scattering and (b) a single (in-
coming) resonance. GS (ES) refer to the ground (excited) state of the material
investigated and ωph to the phonon (or other elementary excitation) emitted in the
process. The corresponding relative strengths in a Raman spectrum are indicated
on the bottom

are the as-measured 12C Raman spectra; for the broken lines the frequencies
were multiplied by the expected isotope shift. There is excellent agreement
with the 13C Raman spectra shown in the lower traces of Fig. 33 [195, 197].

6.2 Single Resonances

The concept of a single resonance is illustrated in Fig. 34. Nonresonant Ra-
man scattering corresponds to the excitation of an electron from the ground
state (GS) to a virtual state (gray, dashed line) followed by emission (Stokes
scattering) or absorption of a phonon (anti-Stokes, not shown) and subse-
quent recombination of the electron–hole pair (a). Increasing the excitation
energy leads to the excitation of an electron into a real (empty) state (b).

Since the exciting laser light is in resonance, one speaks of an incom-
ing resonance. Increasing the excitation energy further leads to an outgoing
resonance and, finally, again to a nonresonant situation.

Whether incoming or outgoing resonances can be resolved experimentally
depends on the width (∼ inverse lifetime) of the excited electronic state. If
it is too broad compared to the energy of the phonon (or other elementary
excitation), they cannot be resolved. This is the situation for the resonances
of the radial-breathing mode (ωRBM in the range 150 cm−1 to 250 cm−1 for
typical nanotubes), and an extraction of the precise transition energies from
resonance spectra has to take this into account; see Sect. 7. In total, six
different time-order diagrams contribute to first-order Raman scattering, of
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which we showed in Fig. 34 only one. In general, there are, of course, many
excited states that have to be included for proper calculation of the Raman
spectra; see, e.g., [185, 198].

The Raman efficiency of a bulk material for Stokes scattering, i.e., the
number of photons per incident photon per unit length and solid angle dΩ is
given by [184, 185, 199]

dS

dΩ
=

1
V

dσ

dΩ
=

ω1ω
3
2

4π2

η1η
3
2

c4

VcN

(�ω1)2
∑

f

|K2f,10|2[N(ω) + 1] , (24)

where K2f,10 is the Raman matrix element (see below) with the final state f
with frequency ω. dσ/dΩ is called the differential Raman cross section. V =
VcN is the scattering volume and Vc is the volume of the unit cell. In the
one-dimensional systems we want to consider here, the scattering volume is
equivalent to the scattering length L. ω1 and ω2 = ω1−ω are the frequencies
of the incoming and outgoing light, respectively. η1 and η2 are the indizes of
refraction at ω1 and ω2. N(ω) = 1/[exp(�ω/kBT ) − 1] is the Bose–Einstein
occupation factor and c is the speed of light in vacuum.

We can express the resonant process by using the Raman matrix ele-
ment K2f,10 [185]

K2f,10 =
∑
a,b

〈ω2, f, i|HeR,ρ|0, f, b〉〈0, f, b|Hep|0, 0, a〉〈0, 0, a|HeR,σ|ω1, 0, i〉
(E1 − Ee

ai − iγ)(E1 − �ω − Ee
bi − iγ)

, (25)

where |ω1, 0, i denotes the state with an incoming photon of energy E1 =
�ω1, the ground state 0 of the phonon (no phonon excited), and the ground
electronic state i; the other states are labeled accordingly. Initial and final
electronic states are assumed to be the same, the sum is over all possible
intermediate electronic states a and b. The final state is denoted by f . The Ee

ai

are the energy differences between the electronic states a and i; �ω is the
phonon energy, and the lifetimes of the various excited states are taken to
be the same. The three terms in the numerator are the matrix elements for
the coupling between electrons (e) and radiation (R, incoming and outgoing
photons with polarization σ and ρ, respectively) and the coupling between
electrons and phonons (p).

Figure 34b corresponds to the incoming photon of energy E1 matching
the energy of the electronic state Ee

ai in (25). As mentioned, Fig. 34b de-
scribes an incoming (single) resonance. In the outgoing resonance the photon
emitted in the recombination process matches an eigenenergy of the sys-
tem, E1−�ω = Ee

bi. The Raman intensity is given by the magnitude squared
of K2f,10, leading to the strong enhancements in the spectra when the incom-
ing (or outgoing) photon energy matches a transition of the system. By using
appropriate energies of tunable lasers the real electronic states of a material
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Fig. 35. Raman-scattering efficiency and resonance profiles for band-to-band tran-
sitions and excitons in one-dimensional systems. (a) Parabolic valence (vi) and
conduction (ci) band with a gap Eii. Optical excitations (arrows) are nearly ver-
tical to conserve momentum. (b) Real (dashed line) and imaginary (full) part of
the Raman matrix element K2f,10 for band-to-band transitions and Eii = 1.7 eV,
�ω = 0.2 eV (1600 cm−1), and γ = 0.01 eV. (c) Raman efficiency ∝ |K2f,10|2 calcu-
lated from (b). The profile is symmetric with an incoming and outgoing resonance.
(d) Parabolic exciton dispersion ehii over the combined wavevector Q = ke + kh.
Optical excitations (arrow) occur at Q ≈ 0 only. (e) same as (b) but for excitonic
intermediate states in the Raman process [the parameters are the same as in (b)];
(f) Raman profile calculated from (e)

can be studied systematically. The authoritative review article on solid-state
systems using this technique is [184].

When calculating the matrix element, it is important to evaluate the sum
in (25) before taking the absolute square in (24). Physically speaking, this
corresponds to taking into account interferences between the different con-
tributions to the scattering amplitudes. The simplification of replacing the
sum by a density of states, i.e., ignoring interferences, is only correct if the
scattering events are independent, say at very different energies of the ele-
mentary excitation, or in different tubes. In general, however, the sum must
be evaluated explicitly. Although this is well known (see, e.g., Martin and
Falicov [185]), it is frequently forgotten or ignored in the nanotube literature.
Bussi and coworkers [200,201] recently calculated the sum in (25) and showed
that for typical (RBM) phonon and electronic energies in metallic nanotubes
such interference effects are indeed important for the identification of elec-
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tronic transition energies (see Sect. 9.2). Because of its importance we show
below for parabolic electronic bands and for transitions into excitonic states
how the sum is evaluated, following the derivation in [185].

Abbreviating the numerator in (25) by M and taking the electronic bands
to be described by

Ee
ai(k) = Ee

bi(k) = Eii + �
2k2/2µ , (26)

(see Fig. 35a) where k is the magnitude of the electron wavevector and 1/µ =
1/me + 1/mh is the reduced effective mass, we define

ζ2
0 = − (E1 − Eii − iγ) and ζ2

1 = −(E1 − �ω − Eii − iγ) . (27)

For just one set of valence and conduction bands the sum in (25) can be
converted into an integral over k, i.e., over all possible vertical transitions,
we obtain

K2f,10 =
√

2µ

�

L

2π

∫ ∞

−∞

Mdζ

(ζ2 + ζ2
0 )(ζ2 + ζ2

1 )
, (28)

where we have substituted k by (
√

2µ/�)ζ, and L is the tube length (or scat-
tering “volume”).5 We obtain for band-to-band transitions in the parabolic
approximation

K2f,10 =
L

√
µ/2

i�2ω

(
M√

E1 − Eii − iγ
− M√

E1 − �ω − Eii − iγ

)
. (29)

The first term in parentheses describes the incoming resonance, the second
one the outgoing resonance.

When more than one electronic band is involved, the sum
∑

a,b in (25)
has to include different bands besides the different wavevectors. This leads
to several similar terms in (29) with possibly different electron–phonon and
electron–photon coupling strengths M′. We will show an example where in-
terferences between these terms lead to important differences in the determi-
nation of resonance energies in Sect. 9.2 [201].

In Fig. 35b we show the real and imaginary part of K2f,10 in (29) as
a function of the excitation energy E1. Eii = 1.7 eV is indicated by the
dashed vertical line and �ω = 0.2 eV (see arrow in Fig. 35c). The imaginary
part has the typical square root singularity |E|/

√
E2 − E2

ii of the joint den-
sity of states in one-dimensional solids [153]. The real part, however, shows
a different energy dependence: it is larger for energies below Eii and Eii +�ω.
The resulting Raman efficiency, which is proportional to |K2f,10|2, is shown
in Fig. 35c. The two maxima arise from the incoming resonance at Eii and
5 The integral in (28) can be solved by making ζ a complex variable and summing

over the residues in, say, the upper half of the complex plane [202].
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the outgoing resonance Eii + �ω. The Raman profile does not resemble the
joint density of electronic states, as erroneously assumed in, e.g., [94].

We now consider excitonic states as the intermediate states a, b in the
Raman process. The evaluation of (25) is slightly different from the band-to-
band case. For an exciton, the energies in (25) are (see Fig. 35d),

Ee
ai =Ee

bi = ehii(Q ≈ 0) , (30)

i.e., there is only one transition, and no integration over the wavevector is
needed because the exciton momentum Q ≈ 0 for optical transitions (Q is
the wavevector of the exciton Q = ke+kh, see Sect. 5.3). We obtain from (25)
for excitonic transitions

K2f,10 = − 1
�ω

(
M

E1 − ehii − iγ
− M

E1 − �ω − ehii − iγ

)
. (31)

Figure 35e shows the real and imaginary parts of K2f,10 for an excitonic
intermediate state. Both parts are different from the band-to-band case in
Fig. 35b. The measurable quantity, however, the Raman efficiency (or in-
tensity) in Fig. 35f is again a two-peak profile with an incoming resonance
at ehii and an outgoing resonance at ehii + �ω (we used ehii = 1.7 eV as
for Eii in the band-to-band transitions; in reality the two energies differ, see
Sect. 5.3). Comparing Figs. 35c and f we find that the exciton resonance
is somewhat sharper than a resonance involving band-to-band transitions
(γ = 0.01 eV in both calculations). Using this difference to experimentally
discriminate between the two cases is, however, rather difficult, because γ is
not independently known.

As first pointed out by Canonico et al. [200] the joint density of states has
been incorrectly used for modeling the Raman profile, e.g., in [26, 203–205].
This was recently corrected in a paper by the same group [75] but differ-
ences from earlier models and results were not discussed. The asymmetric
experimental Raman profile in [203] that probably led to the JDOS-based
theoretical model can be explained by interferences in the Raman matrix el-
ement as shown in [200, 201]. We also note that our paper [168] is somewhat
misleading in deriving the Raman cross section (note that the JDOS in [168]
corresponds to an ensemble of different tubes that are indeed independent
scatterers). The model used for fitting the experimental data, however, is
correct.

Graphite and metallic carbon nanotubes, among other materials, have
strongly dispersive electronic bands near the Fermi surface; their bands cross
the Fermi level with a nearly linear dispersion, see Sect. 4. This leads to
real optical transitions at all energies, i.e., the Raman spectra are resonant
regardless of the excitation energy, see Fig. 36.

The emitted phonons (gray dashed arrows) correspond to various possi-
ble q �= 0 nonresonant carrier-scattering processes. The recombination be-
tween eigenstates occurs again such that quasimomentum is conserved, i.e.,
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Fig. 36. In graphite the photon in the Raman process is resonant, regardless
of the excitation energy. The transitions in both panels are in resonance for the
incoming light (i → a). (a) Single resonance: Of all possible phonon emissions
(or absorptions) (gray arrows) into virtual states only those with ≈ 0 momentum
contribute to the Raman-scattering process. There is no second resonant transition.
(b) Double resonance: the emitted phonon with q �= 0 makes a transition between
eigenstates of the system (a → b), the elastic (defect) scattering (b → c) and the
recombination (c → i) do not. After [20]

only q ≈ 0 phonons contribute to a single-resonant process, see Fig. 36a. In
general, as long as the phonon emission is not another transition of an elec-
tron or hole to an eigenstate of the system, one speaks of a single-resonant
Raman process [184]. Compared to nonresonant Raman spectra (Fig. 34a)
the only essential new quality of single-resonant spectra (Fig. 34b) is the
intensity enhancement due to the vanishing denominator in (25). There are
qualitatively different effects in double-resonant Raman scattering that we
discuss next.

6.3 Double-Resonant Raman Scattering

Double-resonant scattering processes play an important role in interpreting
the Raman spectra of graphite and carbon nanotubes. Double and even triple
resonances are known for semiconductors, although they are observed only
under special conditions. In the carbon-based materials, though, the double
resonance is the dominant process, and its discovery in graphite and car-
bon nanotubes has led to a big step forward in the understanding of these
materials [4, 194, 206, 207].

In analogy to single-resonant scattering one speaks of a double resonance
when two of the transitions to intermediate states of the system are real
(see Fig. 36b). It is clear that both the photon and phonon involved must
match quite well the energies in a system for multiple resonances to occur.
In semiconductors, a double resonance was observed for a specific setting
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of parameters, e.g., by tuning the eigenenergies in a magnetic field or by
applying pressure (see [208] or [209]).

Among the many possible nonresonantly emitted phonons in Fig. 36a
there are some that scatter the electron from eigenstate a to another eigen-
state b. Such a process is depicted in Fig. 36b and adds a second resonance
to the Raman process. Note that this process is only allowed for a particular
combination of energy and momentum of the phonon that scatters the elec-
tron. In this way, phonons with a general quasimomentum q participate in
the double-resonant processes. Of course, the overall momentum is conserved
in a double resonance as well; the recombination happens (for excitation with
visible light) near the point in k-space where the initial absorption occurred.
One way of scattering the electron back to ki is to scatter it elastically off
a defect or off a nearby surface. Another possibility is to scatter it inelas-
tically with another phonon. The former process is indicated in Fig. 36b,
(process b → c runs horizontally, i.e., elastically). The transition b → c is non-
resonant, as c is not an eigenstate of the system. Recombination occurs from
there, conserving quasimomentum. The second possibility, inelastic scatter-
ing with another phonon, leads to a Raman signal at twice the phonon energy
and does not require a defect to conserve momentum.

The processes described lead to Raman matrix element with an additional
resonant denominator as compared to (25) [4, 185, 207].

K2f,10 =
∑
a,b,c

MeR,ρMe-defectMepMeR,σ

(E1 − Ee
ai − iγ)(E1 − �ωph − Ee

bi − iγ)(E1 − �ωph − Ee
ci − iγ)

, (32)

where we have abbreviated the matrix elements in the numerator by Mi.
Specifically, Me-defect refers to the elastic interaction of the defect and the
scattered electron. Not much is known about this interaction and the assump-
tion that it is elastic and symmetry conserving for the scattered carrier is the
simplest but not necessarily the only one. In analogy to the single-resonant
term the Raman intensity is strongly enhanced when the denominator van-
ishes, i.e., when transitions between eigenstates take place in the process. As
usual, the processes can occur in different time order and also for the hole in-
stead of the electron. A full description takes all time orders and both carrier
types into account.

The fascinating point about the double-resonant process is this: a dif-
ferent incoming photon energy (say, i′ → a′) leads to an excited electron
with different momentum. To fulfill the second resonant transition a phonon
with different momentum and energy is required for the second resonance.
A larger incoming photon energy requires a larger phonon wavevector and –
depending on the phonon dispersion – involves a higher or lower phonon en-
ergy. Scanning the incident photon energy thus corresponds to scanning the
phonon energy in k-space. We will show this explicitly later in Fig. 53, where
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Fig. 37. (a) The Raman spectrum of a disordered graphite crystallite in par-
allel and crossed polarization of incident and scattered light. The defect-induced
D mode, the Γ point or G mode, and their overtones D∗ and G∗. From [125].
(b) Raman spectra excited at different excitation energies in the visible. Clearly
seen is the curious shift of the D mode to higher energies for higher excitation en-
ergies. The G mode, in this sense, behaves like a “normal” excitation. After [210].
(c) Stokes and anti-Stokes spectra of the D and G mode with different frequencies
for the D mode. After [211]

an experimental energy scan is compared to a calculated wavevector scan of
an isolated nanotube.

The (approximate) phonon wavevector in a double-resonant process is re-
lated to the incoming photon energy. Neglecting the phonon energy compared
to the much larger laser energy the double-resonant phonon wavevector may
be approximated by q = 2ki. This relationship is often used for a quick evalu-
ation of the double-resonance conditions at different laser energies. For linear
electronic bands, as is the case for graphite not too far from the Fermi level,
(32) can be evaluated analytically, resulting in a linear relation between the
incoming photon energy E1 and phonon wavevector q, see [4]

q =
E1 − �ωph(q)

v2
or

E1 − �ωph(q)
−v1

, (33)

where vi are the Fermi velocities of the linear electronic bands. If the phonon
energy is taken to depend on wavevector, (33) may be solved iteratively.

By scanning the incident laser energy it is thus possible to map the phonon
frequencies in large parts of the Brillouin zone. Based on the double-resonant
Raman interpretation Reich and Thomsen re-evaluated literature data on
graphite and plotted them onto the phonon-dispersion curves [125] (see also
Sect. 10.4 and [207]). The phonon dispersion of an isolated nanotube was
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Fig. 38. (a) Calculated Raman spectra for the D mode in graphite for three dif-
ferent laser energies. (b) Calculated (full squares) and measured (open symbols)
frequencies of the D mode as a function of excitation energy. From [4]; the mea-
surements were taken from [215, 216] and [217]

measured and evaluated using this technique by Maultzsch et al. [129] (see
Sect. 8.2).

Ge is another material where double resonance could explain an additio-
nal, excitation-energy dependent vibrational mode [212]. Mowbray et al. [213]
invoked scattering by the surface as the process that conserved momentum in
the double resonance. The essential evidence for this interpretation was the
dependence of the observed Raman-frequency shifts on surface orientation.
A detailed investigation of Raman double resonance in Ge was performed
more recently by Mohr et al. [214].

We turn now to the double-resonant scattering process in graphite, which
is closely related to that in carbon nanotubes. Thomsen and Reich first cal-
culated the Raman spectra of the D mode using the concept of double reso-
nances [4]. Their reason for re-examining the D mode was its curious and un-
resolved dependence on excitation energy. We show the characteristic features
of the Raman spectrum of graphite in Fig. 37. The high-energy part of the
spectrum is shown in Fig. 37a. The peak labeled D is a defect-induced mode –
as Tuinstra and Koenig showed in a systematic study of graphite – and D∗

its overtone. The shift with excitation energy reported by Vidano et al. is
shown in Fig. 37b; it amounts to about 50 cm−1/ eV [210,215–217]. D∗ shifts
at twice the rate of D [218]. Finally, the D mode has different Stokes and
anti-Stokes frequencies, see Fig. 37c, which is very unusual for Raman spec-
troscopy. In fact, it is impossible in first-order scattering.

The results of Thomsen and Reich, who based their interpretation on
a double-resonant process, are reproduced in Fig. 38a and are the numeri-
cal evaluation of the Raman matrix element of (32). It is nicely seen that
a Raman line appears by defect-induced resonances and shifts to higher fre-
quencies when the excitation energy is increased. Figure 38b compares the
experimental and theoretical frequency slopes showing an excellent agree-
ment. The D∗ mode is an overtone of the D peak where the electron is
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backscattered by a second phonon instead of a defect. The differences be-
tween Stokes and anti-Stokes scattering arise because the double-resonant
condition is slightly different for the creation and destruction of a phonon,
see also the discussion in Sect. 10 and [125, 219].

There is an alternative approach to understand the appearance of the
D mode and its excitation-energy dependence; it is based on the lattice dy-
namics of small aromatic molecules [220,221]. In these molecules the D mode
has a Raman-active eigenvector; its frequency depends on the actual size and
shape of the molecule. The shift with excitation energy results from a resonant
selection of a particular molecule by the incoming laser. For defect-induced
scattering the solid-state approach presented above and the molecular ap-
proach can be shown to be the same. The latter fails, however, in explaining
the D∗ mode properties in perfect graphite. On the other hand, it has been
argued [222] that double-resonant Raman scattering cannot explain why only
one phonon branch shows strong double resonances. The selectivity of the pro-
cess can be understood when considering the matrix elements in the Raman
cross section (see [125, 207]).

The frequency difference between Stokes and anti-Stokes scattering was
shown in Fig. 37c: the D mode in graphite differs by ∆�ω = 7 cm−1 [211]. In
double resonance the resonance conditions differ for the creation and destruc-
tion of a phonon [4]. The double-resonance process shown in Fig. 36b is for
Stokes scattering. We obtain an anti-Stokes process by inverting all arrows in
the picture. This process is also double resonant, but at a different excitation
energy (i → a) [219, 223]. In general, the Raman cross section for Stokes
scattering KS is the same as the cross section for anti-Stokes scattering KaS

if we interchange the incoming and outgoing photon (time inversion), i.e.,

KaS[E2, �ωaS(E1), E1] = KS[E1, �ωS(E2), E2]
= KS[E1, �ωS(E2), E1 + �ωaS(E1)] . (34)

In other words �ωaS(E1) = �ωS(E2). Since we know the dependence of the
Stokes frequency on excitation energy we can calculate the frequency differ-
ence

∆�ω = �ωaS(E1) − �ωS(E1) =
∂�ωS

∂E
�ωaS(E1) . (35)

Tan et al. [211] measured an anti-Stokes frequency of 1379 cm−1 and a D-
mode slope of 43 cm−1/ eV. We predict ∆�ω = 7.4 cm−1 from (35), which
is in excellent agreement with the reported value (7 cm−1), see Fig. 37c. As
discussed in [219] and [223] the frequency difference of Stokes and anti-Stokes
scattering for the D∗ overtone is predicted to be four times larger than for
the D mode, because both the energy difference between E1 and E2 and the
slope of the Raman peak with laser energy are doubled. This also agrees very
well with the experimentally reported differences. In turn, (35) can be used
to determine – at least approximately – the slope of a disorder band.
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Fig. 39. Schematic of the shape depolarization in a nanotube. (a) An external
field parallel to the nanotube axis will not induce any charge in a nanotube (except
at ∞). (b) Fields perpendicular to the axis will induce charges in the walls and hence
a perpendicular polarization that will tend to cancel the external field. Absorption
is suppressed for E ⊥ z. From [20]. (c) Absortion of light polarized perpendicular
(upper) and parallel (lower) to the nanotube axis, here for small tubes grown in
the channels of a zeolite crystal. From [46]

6.4 Anisotropic Polarizability

The one-dimensional nature of carbon nanotubes affects their light-absorption
properties.6 Anisotropic polarizabilities in spheres and ellipsoids are treated
in advanced textbooks, e.g., in [224], and nanotubes constitute a limiting
case of these treatments. The effect of the shape anisotropy has to be taken
into account when discussing the optical properties of nanotubes. In the di-
rection parallel to the tube axis there is charge build up only at the ends of
a nanotube (at ±∞). In the static limit this has no effect on the absorption.
Perpendicular to the axis, as Ajiki and Ando pointed out [166], the induced
polarization will reduce the external field (see Fig. 39).

The effect of the anisotropic polarizability on light absorption was stud-
ied in detail by several authors [166, 225, 226]. The essence is that in one-
dimensional systems – like the single-walled carbon nanotubes – there is prac-
tically no absorption for polarizations perpendicular to the nanotubes axis.
For multiwalled tubes the effect of anisotropic polarizability becomes smaller
as the shape of the nanotubes becomes more isotropic. Benedict et al. [225]
derived the following expression for the diameter dependence of the depolar-
ization effect, i.e., the screened polarizability per unit length of a cylinder is

α⊥(ω) =
α0,⊥(ω)

1 + 8α0,⊥(ω)/d2
, (36)

where d is the diameter of the cylinder, and α0,⊥ is the unscreened polar-
izability. See also Tasaki et al. [226] for a description at optical frequencies,
or [20] for more details. Figure 39c shows an experimental verification of the
depolarization effect in aligned nanotubes (within a zeolite crystal). For light

6 In the carbon nanotube literature this is sometimes called the antenna effect.
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Fig. 40. The depolarization effect in bundles of single-walled nanotubes recorded
on an area of 15 × 15 µm. The polarizations of incident and scattered light in (a)
and (b) are along the direction of the double arrow. The intensity shown is the in-
tegrated signal of the D∗ mode at 2615 cm, the overtone of a defect-induced mode
(Sect. 10.3). The single arrows highlight nanotube bundles parallel and perpendic-
ular to the light polarizations. Raman scattering is completely suppressed for light
perpendicular to the nanotube axis. From Hartschuh et al. [229]

polarized perpendicular to the nanotube’s axes the sample is transparent
(upper picture); for parallel polarization it is completely black.

The influence of the anisotropic polarizability is seen also in the Ra-
man spectra. Since the absorption and emission of light is nearly zero for
perpendicular polarization, only the zz component of the Raman tensor
gives rise to scattering. This was observed in many experimental stud-
ies [99, 101, 147, 227, 228]. We show a nice confirmation in Fig. 40, where
the Raman spectra of several bundles of carbon nanotubes were spatially re-
solved by a confocal Raman arrangement [229]. Nanotubes aligned with the
light polarization are seen as bright short lines in the figure. Part (b) is taken
on the same small area of the sample as part (a), but the polarization of the
incoming light is rotated by 90◦. Now other tubes light up. Tubes at a finite
angle to the polarization show up in both panels.

An important consequence of the depolarization effect is that only A1(g)

phonons have a reasonably strong Raman signal, because they are the only
modes with nonzero zz component in the Raman tensor in the nanotube point
groups (see Table 3.1). When modeling the Raman spectrum of single-walled
carbon nanotubes, one of the challenges is to explain the complex spectrum
on the basis of totally symmetric phonons alone [194, 230].

A nice example of where the Raman depolarization ratio of a spheri-
cal molecule is affected by the anisotropic polarizability of the nanotube
was shown by Pfeiffer et al. [232] in peapods. Peapods are C60 molecules
embedded in carbon nanotubes, see Sect. 2 for a TEM image and Fig. 41
for a Raman spectrum. The depolarization ratios, the ratio of the Ra-
man intensity of a peak in perpendicular and parallel polarization in ran-
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Fig. 41. (upper) Raman spectra of single-walled carbon nanotubes, (middle) of
a C60 film, and (lower) of C60 peapods. The peapods, which are nanotubes con-
taining C60 molecules, show a superposition of the spectra of the upper and middle
traces. The arrows highlight the C60-peak positions in the peapod. After [231]

domly oriented scatterers, is characteristic of the symmetry of a molecule
or solid. For example, the two fully symmetric A1g modes of polycrystalline
C60 at 494 cm−1 and 1469 cm−1 have depolarization ratios of ≈ 0.1 at room
temperature [232, 233]. For αxx = αyy = αzz �= 0 and all other αij = 0, the
depolarization ratio should be zero. In a peapod, however, only the z com-
ponent of the incident light “sees” the C60 molecule (z is along the nano-
tube axis). The other components are completely screened. For the Raman-
scattering tensors of C60 this implies that only the zz components are effec-
tively nonzero. The depolarization ratio of an A1g tensor with only αzz �= 0
is equal to 1/3. A depolarization ratio of 1/3 was indeed observed experi-
mentally for the peapods [232], confirming the importance of the anisotropy
of the polarizability. See, e.g., the books by Hayes and Loudon [234] or Re-
ich et al. [20] how to obtain depolarization ratios for a given Raman tensor.

The depolarization effect was recently found in nanotubes of WS2 (see
Fig. 42 [235]). The intensity of the observed Raman signal of WS2 is plot-
ted as a function of angle in the polar plot Fig. 42b. The observed Raman
frequencies in the nanotube were the same as in bulk WS2 to within ex-
perimental error because the nanotubes were rather thick (compared to the
usual carbon nanotubes), d(WS2) ≈ 20 nm. However, the Raman intensities
of both the mode at 351 cm−1 and 417 cm−1 followed the expected angular
dependence for the anisotropic polarizability in nanotubes. For light polar-
ized along the tube axis, the modes were strong, perpendicular to it they
nearly disappeared, see Fig. 42b, where we plot the intensity as a function of
angle between the polarization and the WS2 nanotube axis.
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Fig. 42. (a) A free-standing WS2 nanotube mounted on an AFM tip. (b) The
anisotropic polarizability of the nanotube is observed in the intensity of the two
Raman modes at 351 cm−1 (circles) and 417 cm−1 (squares) of the nanotube in (a).
For clarity, the two modes are plotted in different quadrants; 0◦ and 180◦ correspond
to light polarized parallel to the axis of the nanotube. After [235]

7 Assignment

Identifying the chirality of a particular nanotube or set of nanotubes has
been an issue in the literature ever since the discovery of nanotubes. While
it is possible to do so with electron microscopy and with scanning tunneling
spectroscopy [164, 165] both techniques are rather time consuming and diffi-
cult to do without major sample manipulation. Using Raman spectroscopy,
and the radial-breathing mode in particular, there have been many attempts
to use the relationship between inverse diameter and the breathing-mode
frequency (5) to determine the chiral index of a tube [47, 115, 236]. First,
the ωRBM is measured with high accuracy and then, taking your favourite
constants c1 and c2, the diameter of a nanotube is calculated. The difficulties
with this procedure lie in considerable uncertainties in c1 and c2 and the com-
paratively many different chiralties in even a small diameter range of a typical
sample. Attempts to correlate the radial-breathing mode frequencies with the
Raman excitation energy, in principle, improved the quality of such an as-
signment [236]. However, using the simple tight-binding expression for the
electronic energies, as was done, e.g., in [115,236], is not sufficient to identify
a particular nanotube, in spite of persistent attempts to do so in the literature.
We consider such assignments unreliable because they imply an unrealistic
absolute accuracy of the calculated electronic energies [115,116,205,236,237].

Substantial progress in a Raman-based chirality assignment was only
made after Bachilo et al. published their two-dimensional plot of excitation
vs. luminescence energy of nanotubes. The tubes were wrapped by sodium
dodecyl sulfate (SDS) molecules and thus unbundled in the solution [59].
Bachilo et al. were the first to observe luminescence from many nanotubes,
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Fig. 43. Two-dimensional plot of the luminescence intensity (x-axis) of individual
carbon nanotubes in solution as a function of excitation energy (y-axis). A cut par-
allel to x is a single luminescence spectrum, one parallel to y is a photoluminescence
excitation or absorption spectrum. Every chirality corresponds to a single point in
this plot. The assignment is indicated by (n1, n2). After [60]

and they showed that from the luminescence maxima observed in such a plot,
a pattern related to the Kataura plot could be identified [60]. They still
needed a least-square fit to “anchor” their experiment to theory and could
not investigate metallic nanotubes, but the essential path to identifying in-
dividual chiral indices was found.

In the two-dimensional plot of Bachilo et al. (Fig. 43) it became possi-
ble to investigate simultaneously the second (or higher) optical transition of
carbon nanotubes and their lowest excitation above the ground state.7 The
excitation energy is plotted on the y-axis and a horizontal line corresponds to
a luminescence spectrum excited at one particular excitation energy. Maxima
along the y-direction of the plot occur at energies where the absorption – as
given by the intensity of the photoluminescence – is maximal. In addition
to seeing the luminescence from individual nanotubes the result prompted
a discussion about the ratio of E22 to E11 (or eh22 to eh11), which turned
out to be �= 2 in the large-diameter limit as one expects for uncorrelated
7 These transitions were generally identified as energies between the van-Hove

singularities Eii. In view of the experimental and theoretical progress concerning
the importance of excitonic energies these should be rather referred to ehii, see
Sect. 5.3.



Raman Scattering in Carbon Nanotubes 179

Fig. 44. (left) Resonant Raman spectra of a solution of sodium dodecyl sulfate
wrapped around carbon nanotubes. Shown is a narrow interval of excitation en-
ergies with several radial-breathing mode peaks going in and out of resonance.
Resonance profiles extracted along the vertical lines on the left ; the maxima occur
at different energies. (right) Resonance energies of the (11,0) branch, experimen-
tal (closed symbols) and theory (open). The vertical alignment, i.e., the diameter
to ωRBM relationship is nearly perfectly matched. For a larger range of diameters,
see Fig. 46. After [242]

electrons and holes (band-to-band transitions). The so-called ratio problem
was discussed by a number of authors, see, e.g., [20, 60, 74, 161, 174, 238, 239],
and we refer the reader to the literature about this topic.

A step beyond the two-dimensional luminescence graph was made by plot-
ting the Raman spectra as a function of excitation energy [63–65, 111, 240–
242]. The y-axis corresponds again to the transition energies. However, in-
stead of plotting the Raman spectra straight along the x-axis, ωRBM is con-
verted to nanotube diameter using (5). Now the data are in the form of the
well-known Kataura plot (Fig. 26). The essence of the two-dimensional Ra-
man plot lies in the fact that both electronic transitions (through Raman res-
onances Eii) and vibrational properties (through the radial-breathing mode
frequency ωRBM) depend on chirality and are measured simultaneously. An
assignment of chiralities may be obtained from such a plot without any prior
assumptions about c1 and c2, as we will show in the following. Such a plot is
obtained by using a variety of discrete and tunable laser sources with energies
separated by less than the width of a typical excitation, say about 10 m eV.
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Fig. 45. Two-dimensional plot of the radial-breathing-mode range vs. laser exci-
tation energy. Note the various la-ola-like resonance enhancements, from which we
can determine both the optical transition energies and the approximate diameter
of the nanotubes. The spectra were each calibrated against the Raman spectrum
of CCl4. From [64]

In Fig. 44 (left) we show the resonance profiles of several nanotubes with
nearby resonance maxima. The largest intensity is seen to move through the
peaks forming what looks like a la-ola wave [243]. There are several such
la-ola-type resonances when exciting the nanotubes with different laser lines,
each occurring over a fairly narrow energy and ωRBM range. As we will see,
each la-ola series of resonances corresponds to a particular branch in the
Kataura plot of transition energies versus diameter. Within each branch the
fixed relationship between the indices – n1 decreases by one and n2 increases
by 2 as long as n1 > n2 – gives a fixed assignment once a particular branch is
identified (see Table 2 for the definition of a branch). The tube with a smallest
diameter in a branch is always a zigzag or near-zigzag tube, the one with the
largest diameter an armchair or near-armchair one. (See Sects. 2 and 5.2 for
more details.)

Figure 45 shows the two-dimensional resonance Raman plot where many
of the branches can be seen, their intensity is plotted in the third direction.
(Here, ωRBM and not 1/d is plotted.) Each small group of peaks corresponds
to one branch of the Kataura plot (Figs. 26 and 44).

We are now able to perform an (n1, n2) assignment. This is done by
stretching and shifting the theoretical Kataura plot with respect to the ex-
perimental one [63, 242].
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Fig. 46. Experimental Kataura plot. Shown is the part of the full plot (Fig. 26)
where experimental data are available from a sample with isolated, SDS-wrapped
nanotubes in solution. The two solid 1/d lines are the ES

22 and EM
11 average diameter

dependence (isotropic approximation of the graphite band structure). The open
symbols are calculated transition energies from a tight-binding approximation [6]
(circles) and the empirical expressions (38) and (39) (stars) [242], which describe
the transition energies rather well. Closed circles refer to experimental data points.
The chiral index labels refer to the tube with largest chiral angle within a branch
(zigzag or near-zigzag tubes). The index of neighboring tubes may be obtained from
the (n′

1, n
′
2) = (n1 − 1, n2 + 2) rule (22), the branch index is obtained from β =

2n1 + n2 (21); armchair tubes lie on the 1/d line and are labeled as well. See also
Table 2. Note that the branch index is the same in the upper and lower branches of
the metallic tubes, whereas it differs in semiconducting tubes. Metallic nanotubes
thus have two close-by optical transitions [150]. The region of the (11,0) branch is
enlarged in Fig. 44 (right). After Telg et al. [63]
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What is the physical meaning of such stretching and shifting? Along the
x-axis it means changing the constants c1 and c2, respectively, as can be seen
in (5). Along the y-axis it means adjusting the electronic energies between
experiment and theory, a simple shift corresponds to a scissors operator. It
is important to note that bringing theory and experiment into coincidence
is not a fit of experiment to theory in the usual sense. Instead the best
match relies on recognizing the patterns of the branches and families in such
a plot. The stringent criterion is that in the vertical direction there is a full
correspondence between theory and experiment as in Fig. 44 (right). We
mean by this, e.g., that the x-axis cannot be shifted by just a little, say one
diameter difference of neighboring tubes. For example, were we to shift the
assignment such that the experimental (11,0) branch in Fig. 44 (right) were
to lie a little more to the left, the outermost tube [the (11,0)] would no longer
have a theoretical counterpart. Such a small shift corresponds to a change
of ∆c1 ≈ 2.5 cm−1 · nm in (5). As the theoretical Kataura plot, however, is
exhaustive (all possible combinations of n1 and n2 are contained in the plot)
such a shift invalidates the overall pattern and is impossible [63, 242].

What about shifting the experiment by one entire branch? Take, e.g.,
all experimental values to smaller diameters so that the (11,0) ends up at
a diameter of 7.5 Å, the value of the (9,1) in Fig. 46. Then one would find
for the (9,1) branch more observed chiral indices, namely five, than exist for
this branch, namely four [242] (see also Fig. 3). Again this is impossible, and
so is this assignment, which corresponds to ∆c1 ≈ 30 cm−1 · nm, i.e., a 15 %
decrease in c1.

Note also that the diameter difference between neighboring tubes is not
constant. For instance, d[(11, 0)] = 8.6 Å and d[(10, 2)] = 8.7 Å, whereas the
next tube in the same branch is at a larger separation, d[(9, 4)] = 9.0 Å.
These subtle differences are observed in the experiment as well. In fact, for
the four branches with the smallest tubes (10,1), (11,0), (12,1) and (13,1) we
observed all possible nanotubes and diameter–distance irregularities putting
our assignment on firm ground [63,242]. In Table 10 we list, for about 50 nano-
tubes, the RBM frequencies and optical transition energies together with d,
Θ, the family ν, the branch index β, and the magnitude squared of the ex-
perimental Raman susceptibility of a set of HiPCo-grown nanotubes. The
susceptibility values were obtained by correcting the Raman intensity for
the spectrometer response and ω4 but not for the distribution of nanotube
chiralities in the sample.
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Table 10: RBM frequency ωRBM and optical transition energies Eii for
47 single-walled carbon nanotubes. The table lists, additionally, the tube
diameter d, the chiral angle Θ, the nanotube family ν = (n1 − n2) mod 3,
and the Kataura branch β = 2n1+n2 of each nanotube. The last column gives
the square of the Raman susceptibility of a HiPCo-grown sample in arbitrary
units (RS2). The transition energies Eii are the second transition for semi-
conducting tubes S–E22 (ν = ±1) and the first transition for metallic (ν = 0)
tubes M–E11 (see Fig. 26). Data from [63, 242]

Tube ωRBM Eii d Θ ν β RS2

(cm−1) (eV) (Å) (◦)

(14, 5) 174.5 1.83 13.36 14.7 0 33 1.9
(10, 10) 175.7 1.889 13.57 30.0 0 30 0.9
(15, 3) 179.0 1.83 13.08 8.9 0 33 1.8
(16, 1) 182.0 1.81 12.94 3.0 0 33 0.5
(11, 8) 182.7 1.936 12.94 24.8 0 30 1.9
(12, 6) 189.6 1.948 12.44 19.1 0 30 1.9
(13, 4) 195.3 1.944 12.06 13.0 0 30 2.5
(9, 9) 195.3 2.02 12.21 30.0 0 27 0.5

(14, 2) 196.3 1.934 11.83 6.6 −1 29 3.6
(12, 5) 198.5 1.554 11.85 16.6 −1 29 0.1
(15, 0) 201.5 1.908 11.75 0.0 0 30 0.7
(13, 3) 203.3 1.610 11.54 10.2 −1 29 0.6
(10, 7) 204.0 2.067 11.59 24.2 0 27 0.9
(9, 8) 204.0 1.535 11.54 28.1 +1 26 0.5

(14, 1) 205.8 1.646 11.38 3.4 −1 29 0.3
(11, 5) 212.4 2.084 11.11 17.8 0 27 1.7
(9, 7) 216.0 1.564 10.88 25.9 −1 25 1.3

(12, 3) 217.4 2.075 10.77 10.9 0 27 2.6
(13, 1) 220.3 2.057 10.60 3.7 0 27 1.5
(11, 4) 221.8 1.76 10.54 14.9 +1 26
(10, 5) 226.1 1.578 10.36 19.1 −1 25 2.3
(12, 2) 228.1 1.82 10.27 7.6 +1 26 12.2
(8, 7) 230.4 1.710 10.18 27.8 +1 23 0.4

(13, 0) 230.8 1.84 10.18 0.0 +1 26 0.2
(11, 3) 232.6 1.570 10.00 11.7 −1 25 2.0
(12, 1) 236.4 1.551 9.82 4.0 −1 25 4.1
(12, 0) 244.9 2.18 9.40 0.0 0 24
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Table 10: continued

Tube ωRBM Eii d Θ ν β RS2

(cm−1) (eV) (Å) (◦)

(8, 6) 246.4 1.73 9.53 25.3 −1 22 1.4
(7, 7) 247.8 2.45 9.50 30 0 21

(10, 3) 252.1 1.945 9.24 12.7 +1 23 3.6
(11, 1) 256.0 2.031 9.03 4.3 +1 23 9.8
(9, 4) 257.5 1.72 9.03 17.5 −1 22 2.5
(8, 5) 262.7 2.47 8.90 22.4 0 21
(7, 6) 264.2 1.909 8.83 27.5 +1 20 2.6

(10, 2) 264.6 1.690 8.72 8.9 −1 22 2.3
(11, 0) 266.7 1.657 8.62 0.0 −1 22 1.7
(9, 3) 272.7 2.43 8.47 13.9 0 21

(10, 1) 276.3 2.38 8.25 4.7 0 21
(8, 4) 280.9 2.10 8.29 19.1 +1 20 0.3
(7, 5) 283.3 1.915 8.18 24.5 −1 19 18.3

(10, 0) 291.4 2.38 7.83 0.0 +1 20
(8, 3) 297.5 1.857 7.72 15.3 −1 19 35.8
(7, 4) 305.4 2.63 7.55 21.1 0 18
(9, 1) 306.2 1.78 7.47 5.2 −1 19 9.1
(6, 5) 308.6 2.20 7.47 27.0 +1 17
(8, 2) 315.5 2.52 7.18 10.9 0 18
(8, 0) 352.2 1.99 6.27 0.0 −1 16 0.1

From a least-square fit of our so-assigned nanotubes it is possible to find
an experimental value for the constants c1 and c2 in (5)

ωRBM =
(215 ± 2) cm−1 · nm

d
+ 18 cm−1 . (37)

We stress, however, that the precise values of these constants are not critically
important in view of the concept of families and, in particular, branches intro-
duced. Nanotubes within the same branch have similar physical properties.
Small variations, e.g., in c2 due to environmental effects on the nanotubes,
may be sample specific. Fantini et al. [64], who performed a related study
fitted separately metallic (c1 = 218 cm−1 · nm, c2 = 10 cm−1) and semicon-
ducting (223 cm−1 · nm, 17 cm−1) tubes to (5), which is slightly different from
the values in (37). Nevertheless, their most recent assignment of RBM peaks
to nanotube chiralities agrees with the one presented here. Note also that we
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Fig. 47. Raman spectra of (a) individual nanotubes in solution and (b) ropes of
nanotubes. From O’Connell et al. [245]

directly assigned a Raman peak to a nanotube chirality (n1, n2). We did not
make use of (37) or similar relations to find the assignment in Table 10.

The typical bundling of nanotubes presents a form of environmental in-
fluence on the RBM spectra. Both transition energies and radial-breathing
mode frequencies are shifted by the van-der-Waals interaction [244]. Predic-
tions by Reich et al. based on ab-initio calculations of bundles showed that
we should expect a shift of the electronic energies and observe a dispersion
perpendicular to the nanotube axis [9]. With data based on the idea of an
experimental Kataura plot, O’Connell et al. [245] recently showed that this is
indeed the case. In Fig. 47 we reproduce part of their data. Figure 47a shows
a sample of carbon nanotubes in solution, and three sets of la-ola (labeled
II, III, and IV) are easily identified. For the same sample in bundled form,
Fig. 47b shows the corresponding spectra. All three resonances have shifted
down in transition energy upon bundling, their ωRBM stay approximately the
same. This is consistent with the prediction of Reich et al. [9] and confirms
the concept and importance of the experimental Kataura plot.

While the experimental radial-breathing frequencies in Fig. 46 match the-
ory nearly perfectly, there are systematic deviations of the transition ener-
gies from the tight-binding transition energies, see also right panel in Fig. 44.
Within each branch – in particular for the −1 branch of E22 – the ener-
gies fall below the theoretical ones, the more so the smaller the chiral angle.
In other words, the more “zigzag”-type the nanotube is, the less its elec-
tronic transition energies are described by zone folding the graphite ab-initio
band structure, which is the basis for the theoretical points in Fig. 46. Fur-
thermore, the more the (near-) zigzag nanotubes drop from the theoretical
values, the smaller their diameter. Apparently, this is an effect of the increas-
ing curvature on the band structure, which also affects the excitonic energies
increasingly. Several authors have attempted to describe the curvature effect
by empirical formulas [7, 60, 65, 111, 242, 246, 247]. They essentially agree
in that they include a chirality-dependent correction, which increases with
smaller diameter.
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We show here an empirical formula parameterized by a fit to the data in
Fig. 46 by Maultzsch et al. [242]. These are for the ES

22 transition of semi-
conducting tubes

ES
22 = 4γ0

aC–C

d

(
1 + γ1

aC–C

4d

)
+ νγ2

a2
C–C

d2
cos 3Θ , (38)

with the parameters γ0 = 3.53 eV, γ1 = −4.32, γ2 = 8.81 eV, the family
index ν, the diameter d of the nanotube, and the carbon–carbon distance of
graphene aC–C =

√
3a0 = 1.421 Å. For the first set of metallic EM

11 transitions

EM
11 = 6γ0

aC–C

d

(
1 + γ1

aC–C

6d

)
− γ2

a2
C–C

d2
cos 3Θ , (39)

with the parameters γ0 = 3.60 eV, γ1 = −9.65, and γ2 = 11.7 eV. When
applying the empirical expressions to find the transition energy of a particular
nanotube, d, ν, and Θ are computed from the chiral index of the nanotube
(see Table 2).

Expressions (38) and (39) are quite useful; together with (37) they de-
scribe the position of a large number of nanotubes in the Kataura plot.
Conversely, if ωRBM and the approximate transition energy are known from
a Raman measurement, the branch and the chiral index of a nanotube can
be easily identified.

We describe now how one can, without an indepth understanding of the
physics behind the idea, identify the chiral index of a nanotube or a set of
nanotubes by going through the following steps.

– Identify the average diameter range of nanotubes you have; often this will
depend on the method used to grow your tubes.

– Draw a vertical line in the experimental Kataura plot at your average
diameter. You may take an existing plot like the one in Fig. 46, or generate
one with an empirical formula, e.g., (38) and (39).

– Take a Raman spectrum with an excitation energy that runs through
a branch with nanotubes that have your average diameter. This may be
a branch belonging to any Eii; choose one where you have a laser energy
for excitation available in your lab.

– In your spectra, look at the region of expected ωRBM and identify the
branch, which may look like the resonance in Fig. 44 or like the one in
Fig. 48. Several branches of tubes may appear in the spectra.

– Identify the maxima and use either Table 10 directly, or identify the
highest ωRBM within the la-ola and, using the simple (n1 − 1, n2 + 2)
rule (22), find the index for the peaks in the la-ola. (See also Sects. 2
and 5.2.)

– If in doubt, take a second laser line slightly shifted from your first. From
the relative changes in intensity try to find out on which side of the la-ola
you are on. This will give you additional confidence in your assignment.
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Fig. 48. Raman spectrum at Eexc = 1.96 eV, an energy chosen specifically
to identify the chirality of individual nanotubes; see text for details. After
Maultzsch et al. [242]

In principle, if your tubes are in a different environment (different solu-
tion, wrapping, substrate, etc.) the Kataura plot may be shifted slightly as
a whole. This concerns both Kataura axes, i.e., the constants c1 and c2 may
change or the precise position of the electronic transition energies and the
plot could shift up or down slightly. We can get an idea of how little the tran-
sition energies shift from studies using either sodium dodecyl sulfate (SDS) or
sodium dodecylbenzene sulfonate (SDBS) surfactants as solvent for the same
type of tubes [242], where the maximal shift observed was about 10 m eV. The
frequency of the radial-breathing modes did not change within the experimen-
tal error. We emphasize that for the assigment these effects are expected to
play a minor role, only. Once an entire branch is identified, the highest ωRBM

frequency is the one closest to the zigzag direction (see Sect. 5.2). Identifying
a branch can be accomplished with a single suitably chosen excitation energy.

8 Metallic and Semiconducting Nanotubes

Metallic nanotubes – one third of all nanotubes in a random ensemble of
nanotubes – are of special interest for applications as thin wires. They are
not detectable by luminescence, and identifying them poses a challenge to
Raman spectroscopy. To the extent that a full experimental Kataura map for
a set of samples has become available (Sect. 7), the identification of metallic
nanotubes, of course, is not an issue any longer. Given n1 and n2, if their
difference is divisible by 3, a nanotube is metallic (see Sect. 2). Or, in other
words, for one laser excitation energy metallic tubes have different diameters
from semiconducting tubes. Based on the frequency of the radial-breathing
mode a distinction becomes easily possible.
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Fig. 49. (a) Resonant Raman spectra of the high-energy mode between 1 eV
and 3 eV excitation energy. The strong enhancement of the mode at ≈ 1540 cm−1

at an excitation energy near 2 eV is clearly seen. After [188]. (b) Resonant Raman-
excitation profiles from metallic (open symbols) and semiconducting (closed sym-
bols) nanotubes. The lines are fits to (40). The upper panel refers to smaller-
diameter nanotubes, the lower one to tubes with larger diameter. After [168]

8.1 Phonon–Plasmon Coupled Modes

Before the availability of isolated single-walled carbon nanotubes, one focus
of Raman spectroscopy has been the shape of the high-energy mode, which
appears very different in metallic and semiconducting nanotubes. The essen-
tial observation was that the shape of the high-energy peak changed at an
excitation energy believed to match optical transitions in metallic nanotubes,
enhancing those tubes systematically [188]. We show in Fig. 49 how a peak
at ≈ 1540 cm−1 dominates the spectra at an excitation energy of 1.8 eV
to 1.9 eV, while it nearly disappears at higher and at lower excitation ener-
gies. This peak, which had already been seen in an earlier paper [187], was
interpreted as being due to an enhancement of optical transitions in the re-
gion of metallic tubes [188]. Because of the 1/d dependence of the electronic
transition energies this “metallic resonance” should depend on the average di-
ameter of the nanotube. Indeed it was shown that the resonance energies Eii

shift to larger energies for smaller nanotubes [168], see Fig. 49b. This analy-
sis takes into account the average diameter d0, the diameter distribution σ,
considers δ-functions for the resonant transitions in every distinct nanotube
chirality, and assumes constant Raman matrix elements when calculating the
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Fig. 50. Combined electric transport and Raman measurements on a single tube.
(a) Transport characteristic of a semiconducting nanotube; (b) Raman spectrum
of the tube in (a) showing the RBM, a weak D mode and a sharp Lorentzian-like
high-energy mode. (c) Transport characteristic of a metallic nanotube; (d) Raman
spectrum of the tube in (c) showing the RBM, a stronger D mode and a broadened
asymmetric high-energy mode. This is the characteristic spectrum of a metallic
tube. We thank R. Krupke for providing this figure

Raman intensity I as a function of the laser excitation energy �ωexc according
to

I(�ωexc) =
∑

d

1
d2

Ae−
1
2 [(d−d0)/σ)]2

[(Eii − �ωexc)2 + �2γ2][(Eii − �ωexc + �ωph)2 + �2γ2]
.

(40)

The phonon energy used in the fit to data presented in Fig. 49b was 0.199 eV
(semiconducting) and 0.196 eV (metallic nanotubes), resulting in energies
of 1.2 eV and 1.3 eV for the second semiconducting transition and 2.4 eV
and 2.6 eV for the third semiconducting transition. The transition energies
for metallic nanotubes were at 1.8 eV and 1.9 eV in the two sets of tubes.
The first value refers to the nanotubes with larger average diameter (d0 =
1.45 nm), the second to those with smaller diameter (1.3 nm) [168]. Note
that this analysis did not take into account excitonic effects, which are less
important for nanotube bundles.

An independent proof of the connection of the semiconducting or metallic
nature of a nanotube with the broadening of the high-energy Raman mode
was given by Krupke et al. [248]. Their measurements of the transport prop-
erties and the Raman-scattering signal on the same tube specimen is shown
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Fig. 51. Calculated lineshapes of the high-energy mode in nanotubes. An iso-
lated nanotube, because of the small q-vector involved in light scattering, shows
only a weak Fano resonance. Bundles of nanotubes have a much more prominent
resonance. See also Fig. 52. From [132]

in Fig. 50. In the upper half of the figure a semiconducting nanotube was
measured, the lower half shows the behavior of a metallic nanotube. The
excitation energies, 2.41 eV and 1.96 eV corroborate the finding in Fig. 49
and the generally accepted treatment of nanotubes excited around 1.8 eV
to 1.9 eV as predominantly metallic tubes.

Kempa [132] studied theoretically the origin of the broad line below
the highest mode in the Raman spectrum. He worked out the proposal by
Brown et al. [131] that the coupling of the tangential modes to the electronic
continuum present in metallic nanotubes is the origin of the broad Raman
line in the spectra. Semiconducting nanotubes, on the other hand, were re-
sponsible for uncoupled, Lorentzian-like peaks in the spectra. The plasmons
in metallic tubes, according to Kempa, couple to the optical phonons and ap-
pear as phonon–plasmon coupled modes in the spectra. The small wavevector
of the Raman excitation, however, produces only a narrow peak, see Fig. 51,
for a single nanotube. Kempa invoked defects to incorporate phonon–plasmon
scattering with larger q-vectors. Alternatively, bundles of nanotubes form
a plasmon continuum, similarly as electronic bands in a solid form from the
discrete states of atoms. The calculated phonon–plasmon coupled lineshape
for bundles is also shown in Fig. 51 and displays a broad Fano lineshape,
more similar to experiment.

An alternative explanation for the low frequency of one of the tangen-
tial modes in metallic nanotubes was put forward by Dubay et al. [133].
They found from first-principles calculations that in metallic tubes the Γ -
point frequency of the longitudinal optical phonon is softened by what is
called a Peierls-like mechanism (it is a Kohn anomaly of the axial transver-
sal branch). In Fig. 52a their calculated optical-phonon frequencies of arm-
chair, zig-zag, and one chiral tube are shown as a function of tube diame-
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Fig. 52. (a) Ab-initio calculated frequencies of the high-energy optically active
modes in nanotubes. Compared to semiconducting nanotubes the axial phonon
in metallic tubes shows a large softening with decreasing diameter [133]. (b) The
(softened) 1540 cm−1 mode in nanotube bundles is very broad. The origin of the
larger half-width in bundled than in isolated nanotubes needs to be fully clari-
fied [132, 250]. (c) In separated tubes, where the tubes are known from the experi-
mental Kataura plot to belong to the metallic (13,1) branch, the metallic lineshape,
although considerably smaller, is still visible in the spectra. From [251]

ter. With decreasing diameter, the phonon frequencies decrease, which was
qualitatively found in force-constant calculations as well, although not for
all optical modes [85, 103, 249]. The longitudinal and transverse modes in
semiconducting nanotubes roughly follow the diameter dependence. How-
ever, the axial frequency of metallic nanotubes drops substantially below the
other high-energy modes (see Fig. 52a). Dubay et al. [133] showed that this
phonon periodically opens a gap at the Fermi level, which results in a strong
electron–phonon coupling and softens the axial force constants (see Sects. 3.3
and 9.3).

We compare the high-energy mode of bundled and isolated nanotubes by
Telg et al. [251] in Figs. 52b and c. The phonon frequencies, which are lower
in the metallic nanotubes, explain the lower frequencies observed for peaks
excited in resonance with transitions in metallic tubes. In semiconducting
tubes, the curvature of the nanotube wall causes only a small decrease in
frequency (see Fig. 52a). In Figs. 52b and c bundled tubes are compared
to separated tubes at the same excitation energies. The latter were identi-
fied to belong to the (13,1) branch, i.e., to tubes with the chiralities (13,1),
(12,3), (11,5), (10,7) and (9,9). The resonance of the metallic tubes is ap-
parently much weaker in the isolated tubes compared to the bundled ones.
The observations in Fig. 52 seem consistent with Kempa’s [132] suggestions,
although the presence of a small Fano peak in separated tubes has remained
controversial [252, 253]. In his model, however, the plasmon couples to the
circumferential vibration, whereas Dubay and other groups predict a strong
softening of the axial mode in metallic nanotubes [118, 140–142]. The two
models are thus not compatible. This issue needs to be resolved by further
experimental and theoretical work.
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Fig. 53. (a) Raman spectra of an individual carbon nanotube at various exci-
tation energies. Note the shift of both the D mode and the smaller of the high-
energy modes. The vertical lines mark the peak frequencies in the uppermost trace.
(b) Phonon frequencies from the two high-energy modes on the left, plotted against
the energy of the exciting laser (experiment). The right panel shows a plot of the
phonon frequencies taken from a model dispersion relation as corresponds to the ex-
citation energies in the double-resonance model used to describe the Raman spectra
in carbon nanotubes (calc. (8,8) tube). From [129]

8.2 Dispersion of Nanotube Phonons

The analysis of the high-energy phonons was pushed forward in a study of an
individual metallic nanotube by Maultzsch et al. [129]. Take the uppermost
trace in Fig. 53, where an (8,5) nanotube – as identified by its ωRBM and
its excitation energy in an experimental Kataura plot – is excited in opti-
cal resonance. The mode at ≈ 1560 cm−1 is broad and softened, similarly to
that of the metallic tube in Fig. 52c. Experimentally, the difference is that in
Fig. 53 an individual tube or a very thin isolated bundle with ≈ 3–5 tubes
deposited on a silicon substrate was studied with several different excitation
energies. As the excitation energy is increased beyond the resonance energy
to 2.41 eV the signal becomes weaker by over one order of magnitude, the
metallic resonance disappears, and the smaller of the two high-energy peaks
moves up in frequency. In fact, for higher excitation energies the spectrum
begins to look like that of a semiconducting nanotube. This is a characteris-
tic of the double-resonance process, which dominates the Raman spectra of
carbon nanotubes [194].

The details of the lineshape have been calculated within the double-
resonance model and agree with the results in Fig. 53a [129]. Essentially,
changing the excitation energy corresponds to changing the wavevector along
the nanotube axis and mapping the phonon dispersion within the Brillouin
zone of the nanotube. The phonon branch derived from the measurement is
compared to a calculated branch of an (8,8) nanotube in Fig. 53b. The ax-
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ial and circumferential modes are seen to cross in the achiral (8,8) armchair
tube, where they have different symmetries (right panel). In the experiment
(left panel) the two branches anticross, as expected for the lower-symmetry
(8,5) chiral nanotube. We find a good agreement of these two dispersion
curves.

An interesting effect follows from the interpretation within the double-
resonance model and that cannot be neglected when using the appearance
of the high-energy mode for the identification of metallic nanotubes. The
broad peak due to the softened phonon branch in Fig. 52a becomes narrower
when moving to larger phonon wavevectors. Larger wavevectors dominate
the scattering at energies above the Γ -point resonance, see Fig. 53b. Conse-
quently, the lineshape of the same individual nanotube changes continuously
from metallic-like to semiconducting-like, see Fig. 53a. An identification of
a metallic tube from the shape of its high-energy mode must therefore be per-
formed in resonance. In other words, a broadened metallic-like high-energy
peak is always evidence of a metallic nanotube. A narrower semiconducting-
like one may be either semiconducting or, if excited above resonance, may
also be a metallic nanotube. Note that the interpretation developed in [129]
relied on band-to-band transitions. For excitation above the excitonic tran-
sition an outgoing resonance can be similarly double resonant for excitonic
transitions if k conservation is relaxed by defects, see [254]. Screening by the
substrate and other tubes in the bundle might also reduce the importance of
excitonic effects.

8.3 Electrochemical Doping of Carbon Nanotubes

The excellent chemical stability and their large surface-to-volume ratio
suggest the application of single-walled carbon nanotubes as supercapaci-
tors [255], batteries [256], actuators [19], and other electronic devices. The
change in resistivity of a semiconducting nanotube by many orders of mag-
nitude upon electrostatic gating or gas absorption has a potential for ap-
plications such as nanotube field-effect transistors [257] or electrochemical
sensors [258].

As all of these applications are based on the ability to dope nanotubes, it
becomes of interest to examine the effect of charge transfer or doping on the
Raman spectra. The effects of intercalation of ions, say alkali metals, iodine
or bromine, on the optical and Raman spectra have been discussed in [259–
264]. An alternative method with different applications is electrochemical
doping of carbon nanotubes, which we do not intend to review here (see,
e.g., [19, 265–268]). We focus on an aspect of spectroelectrochemistry related
to the high-energy Raman mode in metallic nanotubes.

The electronic structure of bundled single-walled nanotubes can be chan-
ged electrochemically by varying the potential at their interface with an elec-
trolytic solution [19, 265]. Although the achievable doping level is lower, be-
cause the electrolyte ions form a charged double layer only with the external
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surface of the ropes or bundles [269–272], it is possible to obtain quantitative
information about the doping-induced strain. The strain is related to the
transfered charge, which in the double-layer model can be calculated from
the applied voltage. The result of such an experiment is independent of the
electrolyte used and the basis for applying a linear relationship of the phonon
frequency with applied voltage [269, 271]. In turn, this makes Raman spec-
troscopy a useful tool for analysis in spectroelectrochemical doping processes.

How much doping can be achieved by electrochemical doping? Given that
one is certain to be in the double-layer charging regime, i.e., that there is no
intercalation of ions from the electrolytic solution, the doping level f may be
estimated from [267, 269]

f =
MCCU

F
, (41)

where MC is the atomic weight of carbon, C ≈ 35 F/g is the capacitance of
the working electrode as determined by cyclic voltammetry, U is the applied
potential, and F is the Faraday constant, the amount of charge of one mole
of electrons (F ≈ 9.6 × 104 C/ mol). In the experiment described here a mat
of randomly interwoven nanotubes, so-called “buckypaper”, was used as the
working electrode. Intercalation effects were further reduced by using elec-
trolytes with larger size ions, e.g., NH4Cl, where the entire stability range of
water can be explored (±1 V). Under these conditions (41) yields a fraction
not larger than 0.005e−(holes)/(C-atom · V). Note that this is considerably
smaller than what can be achieved by intercalation. In particular, the Fermi
level in nanotubes of typical diameters cannot be shifted across one or several
density-of-states singularities by electrochemical doping.

In Fig. 54 we show what happens when a voltage is applied to the elec-
trode at an excitation energy of Eexc = 1.95 eV. As expected from the
strong phonon–plasmon coupled modes (Sect. 8.1) there is a broad peak
at ≈ 1540 nm−1 at zero applied voltage, the spectrum looks “metallic”. How-
ever, with both a positive and a negative voltage applied to the nanotube elec-
trode, there is a qualitative change in the spectra. The characteristic broaden-
ing is reduced until near 1 V the spectra resemble much more semiconducting-
like spectra. In fact, phenomenologically speaking, the upper- and lower-most
traces in Fig. 54 are very similar to the corresponding ones in Fig. 49a. In
other words, changing the excitation energy (within a certain range) appears
to have the same effect as applying an electrochemical potential.

In order to understand how this can happen, let us analyze the electro-
chemical Raman spectra in more detail. Figure 54b shows the frequency of
the largest peak in the high-energy region as a function of applied poten-
tial. For small applied voltages it shifts linearly with a rate of 1 cm−1/V
to 1.5 cm−1/V and follows the sign of the applied voltage. For larger voltages
the frequency becomes ∼ V 3. The linear shift with applied voltage, which is
largely independent of excitation energy, is a well-known property of the high-
energy mode [273]. The behavior of the metallic modes P3 and P4 is quite
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Fig. 54. (a) Raman spectra of a mat of single-walled nanotubes (buckypaper) at
various electrochemical doping levels and an excitation energy of 1.95 eV, where
metallic nanotubes are enhanced. While the 0V potential indeed looks like the Ra-
man spectrum of metallic tubes, see Fig. 49, the application of up to 1V to the
nanotube electrode in 1M NH4Cl aqueous solution changes the lineshape drasti-
cally towards one that is semiconducting-like. (b) The frequency of the main peak,
labeled P1 in (a), as a function of applied voltage. (c) Same as (b) but for the
peaks labeled P3 (triangles) and P4 (diamonds). From [267]

different, however, see Fig. 54c. Both frequencies are ∼ V 2, and for either sign
of applied voltage they shift nonlinearly by up to 6 cm−1/V to 8 cm−1/V for
the range of voltages applied (note the different frequency scales in b and c).
Compared to the main peak P1 their intensity decreases drastically with ap-
plied voltage, causing the change in appearance of the high-energy mode in
the Raman spectra.

An explanation offered by the authors of [274], who observed similar ef-
fects, is that the Fermi level, upon chemical doping, shifts beyond the next
first valence- or conduction-band van-Hove singularity, like in intercalation
experiments. As (41) shows, the electrochemically induced doping is far too
small to shift the Fermi-level to the next singularity. From studies of the
Fermi-level shift for various doping levels we conclude that the Fermi-level
shift at |f | = 0.005 amounts to between 0.3 eV and 0.6 eV. However, the first
metallic van-Hove singularity (≈ 0.9 eV) is not depleted below U = 1 V for
the vast majority of metallic SWNTs in the sample of buckypaper. For applied
potentials between 300 mV and 500 mV, where the metallic modes in the Ra-
man spectra in Fig. 54a have already changed considerably, we estimate ∆EF

to be between 0.1 eV and 0.2 eV [260, 265, 269, 275]. There must be another
reason for this change for small Fermi-level shifts ∆(EF) < (E11 − EF).
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Let us see what follows from the interpretation within the double-
resonance model [194] of Sect. 8.1 and the effect of electron–phonon coupling
(Sect. 9.3). At an excitation energy of 1.95 eV in the spectra of Fig. 54a the
metallic nanotubes are excited near or slightly above the first metallic reso-
nance. Within the double-resonance model this implies a phonon wavevector
near the Γ point, and the softening of the phonon branches due to the Peierls
transition [133] is apparent in the low frequencies (≈ 1540 cm−1), see also
Fig. 52a. The physical reason for the softening of the phonon is a strong cou-
pling of this mode to the electronic system, when the Fermi level lies where
conduction and valence cross, i.e., at half-filling of the bands (Peierls-like
softening, see Sect. 9.3). As the electrochemical doping sets in, the Fermi
level moves away from the crossing point of the bands. The gap opening
is reduced and disappears for large enough energies. At the same time, the
phonon wavevector fulfilling the double-resonance condition increases, shift-
ing the phonon frequency up, as in Fig. 53 for increasing excitation energies.
The Peierls instability is thus switched off by applying a potential, regardless
of the sign of the potential [267].

9 Electron–Phonon Interaction

Electron–phonon coupling enters critically many solid-state phenomena – the
temperature dependence of the bandgap, thermalization of excited carriers,
superconductivity, thermal and electrical transport among others [134, 276].
The interaction between electrons and phonons is also one step in the Raman
process and thus determines the scattering cross section or Raman intensity.
In turn, Raman scattering can measure the strength of the corresponding
electron–phonon coupling given the optical properties of a material are known
(see Cardona [184] and [277–279] for reviews and examples). On the other
hand, electron–phonon coupling can also affect the phonon frequencies and
drive structural phase transitions in solids.

In this section we first review electron–phonon coupling in carbon nano-
tubes and its effect on the radial-breathing mode Raman spectrum. We then
discuss the Kohn anomaly (also called Peierls-like phonon softening) in metal-
lic tubes.

9.1 Electron–Phonon Coupling of the Radial-Breathing Mode

An RBM Raman spectrum of ensembles of single-walled carbon nanotubes
(bundled tubes or nanotubes in solution) typically shows several close-by
peaks for a given excitation energy. We showed several examples throughout
this work, in particular, in Sect. 7 (Fig. 44 on page 179). Figure 55 is another
experimental spectrum (full line) obtained on nanotubes in solution [241].
The peaks within one la-ola group have different intensities. This reflects pos-
sibly a nonhomogeneous chirality distribution in the samples and the varying
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Fig. 55. Measured and calculated Raman spectra. Full line: Raman spectrum
of isolated HiPCo tubes in solution excited with a laser energy EL = 1.71 eV.
The chiral indices of the nanotubes are indicated. Dotted : Calculated spectrum
assuming constant electron–phonon coupling for tubes of different chirality. Dashed :
Calculated spectrum including the electron–phonon matrix elements as obtained
from nonorthogonal tight binding. After [170]; experimental data from [241]

resonance enhancement for an excitation energy due to the differences in
the optical transition energies. It can further be due to the differences in
the optical properties and in electron–phonon coupling of specific nanotube
chiralities.

Popov et al. [170] calculated the Raman spectra of ensembles of tubes
within a tight-binding approximation (single-electron picture) to model elec-
tron–photon and electron–phonon interaction. Using an expression similar
to (25) (p. 165) with constant electron–photon and electron–phonon ma-
trix elements, they obtained the theoretical spectrum shown by the dotted
lines in Fig. 55. This approximation describes rather poorly the experimental
spectrum, although it accounts for the chirality distribution and the vary-
ing resonance energy for different chiralities. The dashed line in Fig. 55 was
calculated including the tight-binding matrix elements in the Raman cross
section. As can be seen, the experimental data are very well described by this
approach, thus emphasizing the importance of the matrix elements in such
an evaluation [144, 170, 280].

Figure 56 summarizes the maximum resonant Raman intensities observed
on single-walled nanotubes in an experimental Kataura plot. Similar to what
is seen in the experimental spectrum of Fig. 55 the Raman intensity is usu-
ally highest for tubes close to the zigzag direction (first or second outer-
most point in the V shapes branches). There is also a family dependence.
+1 semiconducting tubes such as the (11,1) branch are weaker in inten-
sity than −1 semiconducting tubes such as the (9,1) branch. Finally, the
Raman intensity within one family decreases with increasing tube diame-
ter [63–65, 111, 241, 242].

Machón et al. [144] calculated the electron–phonon matrix element of the
RBM Mep using a frozen-phonon approximation and ab-initio techniques for
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Fig. 56. Resonant Raman intensity of single-walled carbon nanotubes in a Kataura
plot. The size of the symbols is proportional to the experimentally observed inten-
sities (in arbitrary units). Intensities were obtained from the spectra normalized to
the scattering intensity of BaF2. The chiral indices indicate the branches. Full lines
are proportional to 1/d. The transition energies correspond to the second transition
in semiconducting and the first transition in metallic tubes. The tubes were HiPCo
tubes in solution (SDS coating). From [242]

the electronic structure [281]. Within this approach, the diagonal elements of
the electron–phonon coupling Hamiltonian are found by imposing a deforma-
tion that mimics the phonon eigenvector and finding the shift this introduces
in the electronic structure

Mep =
√

�

2MNωRBM

∑
a

εa
∂Eb(k)

∂ua
, (42)

where M is the atomic mass, N the number of unit cells, ωRBM the RBM
frequency, and a indexes the atoms in the unit cell of the tube. εa is
the normalized phonon eigenvector and ∂Eb(k)/∂ua describes the change
in the electronic eigenenergies Eb due to the atomic displacement ua.
Machón et al. [144] showed that the electron–phonon coupling in carbon
nanotubes depends on chirality through ∂Eb(k)/∂ua in four ways: 1. a di-
ameter dependence 1/d, 2. a dependence on chiral angle, 3. a dependence
on the nanotube family, and 4. a dependence on the optical band-to-band
transition Eii (related to ehii for excitons).

Table 11 summarizes Mep for six zigzag nanotubes found from first prin-
ciples.8 Concentrating on the first transition, electron–phonon coupling de-
8 The relative sign of the optical matrix elements will be important in the following.

We therefore define M11 of the (10,0) tube as negative to facilitate the discussion.
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Table 11. Electron–phonon coupling in zigzag carbon nanotubes. The table lists
the matrix elements Mii for the first three band-to-band transitions together with
the transition energies Eii. ν is the family index (see Table 2), d the tube diameter
and ωRBM the RBM frequency. Note the alternating signs between M11 and M22

as well as for one and the same transition i between +1 and −1 tubes. From [144]

Tube ν d ωRBM M11 E11 M22 E22 M33 E33

Å cm−1 m eV eV m eV eV meV eV

(10,0) +1 7.9 287 −28 0.8 17 2.0 −30 2.4

(11,0) −1 8.7 257 21 0.9 -28 1.3 −28 2.6

(14,0) −1 11.0 203 16 0.7 -20 1.1 −21 2.4

(16,0) +1 12.6 179 −17 0.6 13 1.2 −18 1.9

(17,0) −1 13.4 170 14 0.6 -16 1.0 −17 2.1

(19,0) +1 15.0 149 −15 0.5 12 1.0 −16 1.6

pends roughly on 1/d and is negative in +1 tubes, but positive in −1 tubes.
At the same time, the absolute magnitude of M11 is larger in +1 tubes
with M11d = (220 ± 4) eVÅ (root mean square deviations) than in −1 tubes
(182 ± 5) eVÅ. For the second transition energy the family dependence is
reversed, see Table 11; −1 tubes have a larger M22 with a negative sign, in
+1 tubes M22 is smaller and positive. The relative magnitude of the squared
matrix elements matches qualitatively the RBM intensity measurements in
Fig. 56. The branches below the 1/d line (−1 tubes for eh22) are stronger in
intensity than the branches above 1/d (+1 tubes).

All four dependences can be explained on the basis of zone folding. As
an example we discuss here the changes in electron–phonon coupling with
nanotube family ν and transition index i in semiconducting zigzag tubes.
Further details were given in [144], see also [170, 201, 280, 282].

To understand the dependence of Mep on family and transition index, we
turn to Fig. 57. Here, the electron–phonon matrix elements are modeled by
zone folding (see Sect. 4.1). Figure 57a shows the allowed lines of a (19,0) tube
in the graphene Brillouin zone. In a zigzag tube the allowed lines run parallel
to ΓM ; the Γ point of the tube corresponds to the equidistant points along
the ΓKM line. These are the wavevectors that contribute most to the optical
spectra and hence Raman intensity in zigzag tubes; they give rise to the
minima and maxima in the electronic band structure [20]. The full lines in
Fig. 57b show the π band structure of graphene along ΓKM .

In the spirit of the frozen-phonon approximation to calculate Mep (42)
and the zone-folding approach (Sect. 4.1) we now want to know how the
π-band structure changes when imposing an RBM phonon eigenvector of
a (19,0) tube [144]. For an unwrapped piece of graphene corresponding to
the (19,0) tube, the RBM motion is a periodically alternating stress along c,
i.e., a uniaxial stress along a1 for (n, 0) zigzag tubes. Figure 57b shows the
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Fig. 57. Comparison between electron–phonon coupling of the RBM from ab-initio
calculations and using zone folding. (a) Allowed k vectors of a (19,0) nanotube
inside the graphene Brillouin zone. (b) Electronic band structure of graphene in
equilibrium (full lines) and under the distortion that is equivalent to the RBM of
a (19,0) nanotube (dashed). Only the π bands are shown for simplicity. (c) The full
line and the circles give the electron–phonon coupling of the RBM in a (19,0) tube
from zone folding and first principles, respectively. The dashed line and the squares
are the corresponding data for a (17,0) tube. From [144]

π bands under a uniaxial stress along a1. The crossing point between the
valence and conduction band (K point in unstressed graphene) moves along
the ΓKM line. Let us first concentrate on the sign of ∆Eb of the conduction
bands, i.e., the band above EF regardless of the k vector. ∆Eb is negative at Γ
(the dashed line is below the full line), goes through zero at roughly 1/2ΓM
and is positive between the node and the valence and conduction-band cross-
ing in the strained structure (dashed line above the full line). Then, at the
crossing between the two dashed bands, ∆Eb changes discontinuously to neg-
ative. Finally, at M∆Eb = 0.

How will the change in sign of ∆Eb at ≈ K affect the electron–phonon
matrix elements in zigzag tubes? In Sect. 4.1 we showed that the first optical
transition of +1 tubes originates from the KM line of the graphene Brillouin
zone after zone folding. From Fig. 57b we expect M11 to be negative, be-
cause ∂E/∂u is negative. For −1 tubes we expect a positive sign, since the
transition comes from the part between ΓK, where ∂E/∂u is positive. This
is in excellent agreement with the ab-initio matrix elements in Table 11. For
the second transition energy the signs are reversed. The second transition
always comes from the opposite side of K to the first transition, hence the
change in sign. The M33 are all negative, because the electronic dispersion is
smaller between KM than between ΓK. Enumerating the transition energies
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by increasing energy (as we did in Table 11) E33 always originates from the
KM line for the tubes given in the table.

After discussing the sign, let us turn to the magnitude of Mep. The full
line in Fig. 57c is the absolute value of the combined energy derivative of
the valence and conduction band |∂(Ec −Ev)/∂u|. We indicated the change
in sign when crossing the K point close to the x-axis of the figure. Starting
from the left the absolute energy derivative first increases (starting from zero
at 1/2ΓM , see Fig. 57b), reaches a maximum at 1/2KM and then decreases
due to the vanishing coupling of the conduction band at M . Thus, the first
two transitions of the (19,0) ν = +1 tube are predicted as |M11| > |M22| in
excellent agreement with Table 11. The quantitative agreement between Mii

within zone folding (full line in Fig. 57c) and the ab-initio calculations (closed
symbols) is also very good. The ab-initio results are slightly larger than those
predicted from zone folding, because the RBM has a small nonradial compo-
nent (Sect. 3.2), whereas the stress in the zone-folding calculation is uniaxial
(purely radial RBM for the tube).

The squares in Fig. 57c show the ab-initio energy derivatives for the
(17,0) −1 nanotube; the dashed line is the zone-folding result. Again, there
is excellent agreement between the two calculations. Note also the change in
sign and magnitude between M11 for the (19,0) and (17,0) tube (arrows) as
explained before.

Within the zone-folding scheme we can also understand why Mii depends
on 1/d. There are two reasons for this. First, for increasing diameter the same
radial displacement of an atom corresponds to a smaller stress within zone
folding (there are simply more bonds around the circumference). This ex-
plains why the full line in Fig. 57c is below the dashed line, d(19, 0) > d(17, 0).
Second, with increasing diameter the allowed k points for nanotubes move
towards K. Considered alone, this second effect will decrease ∂E/∂u for the
first transition in +1 zigzag tubes and increase it for the first transition in
−1 tubes, see Fig. 57c. In +1 tubes (first transition) the two effects thus
add up, whereas they have opposite signs in −1 tubes (the first effect domi-
nates). Therefore, M11d was larger in +1 tubes (220 eV · Å) than in −1 tubes
(180 eV · Å).

The systematics in the electron–phonon coupling are quite interesting,
because they potentially allow us to distinguish tube families based on their
relative Raman intensities. Presently, we are not yet in a position to do this
straightforwardly, because the optical part of the Raman process is poorly
understood. A systematic confirmation of the alternating magnitude and sign
of Mii for one and the same nanotube, but different optical transitions, is
still missing. Reich et al. [74] recently predicted other interesting differences
between the Raman spectra in resonance with the first and second subband.
They originate from the optical matrix elements in the expression for the Ra-
man cross section and, in fact, enhance the expected differences between +1
and −1 tubes for eh11 resonant scattering as compared to eh22 (see [74] for
details).
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Fig. 58. Enlarged region of the experimental Kataura plot in Fig. 46. Highlighted
is the (12,6) metallic nanotube, which like all metallic nanotubes, has two close-by
optical transition energies. When calculating Raman matrix elements, interferences
from these two transitions have to be taken into account [201]. In armchair tubes
the two transitions energies are degenerate. See also [150]

9.2 Interference Effects

Turning back to Fig. 56 we note that in metallic tubes [(13,1), (15,0) and
(16,1) branches] only the lower parts of the V-shaped branches have been ob-
served experimentally [63, 64, 111, 242]. In contrast to semiconducting tubes,
where the upper and lower part of a V have a different branch index β (they
originate from different tubes), the two parts come from two close-by tran-
sitions in the same tubes in metallic nanotubes, i.e., the two parts of the V
have the same branch index. Thus, the missing resonances cannot be due to
differences in the abundance of certain chiralities in the sample.

In metallic nanotubes, trigonal warping of the graphene band structure
always leads to two close-by transition energies M–E+

ii and M–E−
ii . This is

illustrated in the enlarged Kataura plot in Fig. 58. The (12,6), for example,
has M–E+

11 = 1.95 and M–E−
ii = 2.1 eV.9 The first energy was measured,

e.g., by Telg et al. [63], whereas the second one is obtained from the theo-
retical splitting between E−

11 and E+
11 [6], see Fig. 58 (we dropped the M in

front of the energies for simplicity). Bussi et al. [201] showed that quantum-
interference effects arise in the resonant excitation profiles of metallic nano-
tubes. The interferences occur between the two close-by transitions in metallic
nanotubes. As we will see, this, unfortunately, does not explain the vanishing
Raman intensity for the upper metallic branches in Fig. 56. Nevertheless,
it is an intriguing feature and affects the transition energies extracted from
a resonance profile.
9 +/− is chosen in analogy to the +/−1 semiconducting families; therefore the

+ branch has the lower transition energy for E11.
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Fig. 59. Raman intereferences in metallic nanotubes. (a) Calculated resonance pro-
file for two close-by transition energies E+

11 = 1.94 eV and E−
11 = 2.1 eV. Full line:

negative ratio between the electron–phonon matrix elements for the two transitions,
M+

11/M−
11 < 0, as found from ab-initio calculations. Dashed line: M+

11/M−
11 > 0.

This plot proves that Raman-interference effects are present in the Raman res-
onances of metallic tubes, because the calculated profiles differ (full and dashed
lines). (b) Raman spectrum of bundled carbon nanotubes produced by pulsed-laser
vaporization; the laser energy was EL = 1.9 eV. (c) Raman resonance profile for
the mode at 188 cm−1 corresponding to the (12,6) nanotube. After [200] and [201]

Bussi et al. [201] modeled the Raman profiles using the single-resonance
expression for band-to-band transitions (29) (p. 167). The sum in the Raman
matrix element K2f,10 runs over all intermediate electronic states including
contributions from different excited states, i.e., different optical transitions.
We obtain for two transitions E+

11 and E−
11

K2f,10 =
L

i
√

2�2ω

[
M+

11µ
+
11

1/2

(E1 − E+
11 − iγ)1/2

− M+
11µ

+
11

1/2

(E1 − �ω − E+
11 − iγ)1/2

+
M−

11µ
−
11

1/2

(E1 − E−
11 − iγ)1/2

− M−
11µ

−
11

1/2

(E1 − �ω − E−
11 − iγ)1/2

]
, (43)

where M+
11 are the combined electron–photon and electron–phonon matrix

elements for E+
11; correspondingly for M−

11. µ
+/−
11 are the reduced effective

masses for the v
+/−
1 valence and the c

+/−
1 conduction band. Depending on

the relative sign of M+
11 and M−

11 the two resonances in (43) will add up
constructively or destructively, i.e., we obtain an interference in the Raman
cross section as a function of E1.

Figure 59a shows the Raman profile obtained from (43) for M+
11/M−

11 =
−2 by the full line and for +2 by the dashed line. The two profiles differ,
which is the manifestation of quantum interference [201]. Let us now use (43)
for fitting the resonance profile of a metallic nanotube. The matrix elements
were obtained from first principles in [201]. They showed similar systematics
as in semiconducting tubes. In particular, M11/M22 is always negative (see
also [144]). Figure 59b shows the Raman spectrum of bundled tubes excited
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at EL = 1.9 eV [200]. We assigned the peaks based on the experimental
Kataura plot as explained in Sect. 7 taking into account the redshift of ≈
0.1 eV induced by the bundling [9, 245]. The experimental resonance profile
of the (12,6) tube with ωRBM = 188 cm−1 (symbols in Fig. 59c) was fitted
by two resonances at 1.79 eV and 1.91 eV (full line for the fit, vertical lines
for the energies) [201]. As pointed out by Bussi et al. a Raman assignment
based on the splitting between the two metallic resonances can be affected
quite severely by Raman interferences (see [201] for further details; similar
results were obtained also in [282]).

A remark about the experimental data in Fig. 59c as well as other reso-
nance Raman profiles in the literature are necessary. First, there are a num-
ber of papers using joint density of electronic states to model the Raman
intensity of carbon nanotubes, which is incorrect. Regardless of the model
(band-to-band transitions, excitons) the incoming and outgoing resonant Ra-
man profiles are always symmetric peaks (as a function of excitation energy)
and never expected to follow a 1/

√
E dependence [201]. We have already

discussed this in Sect. 6.2. The assignment based on 1/
√

E Raman profiles
and the experimental values, e.g., for the broadening parameter γ need to be
re-evaluated. The experimental data in Fig. 59c show a strong high-energy
shoulder assigned to the second transition E−

11, which was not observed in
isolated nanotubes in solution. On the other hand, the Raman data on semi-
conducting bundled tubes have a similar asymmetric profile as observed for
the (12,6) in [200], although interferences are not expected in semiconduct-
ing tubes where E22  E11. Comparing experimental data on nanotube
bundles with a theory for isolated tubes is always a little delicate. The shift
in the resonance energy for E+

11 between (12,6) tubes in bundles and isolated
(12,6) tubes in solution (0.1 eV), compare Fig. 59c and Table 10, is in rather
nice agreement with ab-initio calculations and experiment [9,245]. It needs to
be clarified whether asymmetric profiles are really intrinsic to metallic tubes
and why the surfactant-coated tubes do not show a second resonance.

In Fig. 59a the resonance due to E+
11 is stronger than the E−

11 resonance.
The ratio between the two intensities is on the same order as the squared ratio
between the combined matrix elements for electron–photon and electron–
phonon interaction (four). The absence of the upper resonance in metallic
tubes in solution might be caused by larger differences between the M+

11

and M−
11 or by an additional mechanism not considered so far.

9.3 Kohn Anomaly and Peierls Distortion

Kohn showed in a seminal paper that metals have anomalies in their phonon
dispersion with |∇qω(q)| = ∞ [138]. For a simply connected Fermi surface,
e.g., a circle, these anomalies occur at q = 2kF, where +kF is the Fermi
wavevector. For these qs and phonon symmetries that couple electrons at EF

the electron–phonon coupling is particularly large. This can even drive a static
distortion of the entire lattice, which is known as a Peierls distortion for
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Fig. 60. Two parallel lines (dashed lines) touch the Fermi surface EF in the
points k1 and k2. At the wavevector q = k2−k1 the phonon dispersion becomes sin-
gular. Behind this Kohn anomaly is an abrupt change in the ability of the electrons
to screen the lattice vibrations. After [138]

a one-dimensional system [283]. An atomic chain will dimerize and double
its periodicity. The distortion opens up a gap at the Fermi energy and thus
lowers the total energy of the system. Kohn anomalies and Peierls transitions
are currently widely discussed for carbon nanotubes [127, 140–142].

Figure 60 shows the condition for the phonon wavevectors q at which ω(q)
becomes singular [138]. Two parallel lines (dashed lines) touch the Fermi
surface (full line) in k1 and k2. Then a Kohn anomaly occurs at q = k2 −k1

given the phonon has the right symmetry to couple electrons at EF. The
Fermi surface is a single point in graphene; hence, in the limit k2 → k1 we
expect a Kohn anomaly at q = 0. A second anomaly occurs for the wavevector
connecting the K and K ′ point, i.e., q = K. Only the E2g optical branch at
Γ and the TO (A′) branch at K become singular in graphene for symmetry
reasons [127].

Metallic nanotubes with d ≈ 1 nm and above show two Kohn anomalies.
One for the axial modes at Γ originating from the E2g phonon of graphene
and one for the backfolded branch at 2π/3a originating from the TO branch
at K [3, 127]. These phonons are anomalous also in graphite, the d → ∞
limit of carbon nanotubes. When the diameter of the tubes decreases the
number of anomalous branches increases to five, see Fig. 61a [140, 142]. This
is an interesting example of symmetry lowering and structural distortions
in low-dimensional structures. In graphite, only the E2g phonon at Γ and
the TO branch at K can couple the π and π∗ bands close to EF [125, 207].
In carbon nanotubes we find, e.g., for armchair tubes that the coupling is
allowed by symmetry for phonon branches correlated with the A1u, A2g,
B1u and B2g representations at Γ ; these modes are shown in Fig. 61b. Five
optical modes and the rotation around z belong to these representations,
see Table 5. A1u and B2g correspond to the anomalous graphite branches
at Γ and K, respectively. Although four other modes are allowed to couple
electrons at EF as well, this will not have a strong effect until the atomic
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Fig. 61. Kohn anomaly and Peierls distortion in a (3,3) armchair nanotube.
(a) Anomalous phonon branches calculated from first principles showing giant
Kohn anomalies. The two modes indicated by arrows behave singular for larger-
diameter tubes and graphene as well, see [127] and [141]. (b) Γ -point eigenvectors
of the anomalous branches. The two axial modes belong to the arrowed branches
in (a). The A2g mode with the displacement along the circumference is the rotation
around z (forth acoustic branch); the radial A2g mode corresponds to the out-of-
plane optical phonon of graphite (ZO mode). The radial B1u mode drops to zero
in (a); it induces the Peierls transition in the (3,3) tubes

structure becomes significantly different from the graphene cylinder limit.
This only happens for tubes with d � 1 nm as for the (3,3) tube in Fig. 61a
with d = 4 Å [154].

The Kohn anomaly for the radial branch with B1u symmetry in a (3,3) na-
notube is so strong that the phonon frequency was found to be imaginary in
ab-initio calculations [140, 142]. This means the tube will undergo a Peierls
transition; the transition energy was predicted between 240 K and 400 K
(see [140] and [142] for details). Note that the phonon q vector inducing
the Peierls transition is incommensurable with the unit cell. Thus, straight-
forward total-energy calculations of a (3,3) nanotube will not predict this
transition.

A Kohn anomaly always implies a particularly strong electron–phonon
coupling for the qs where ω(q) turns singular. In metals, the Raman spec-
trum, therefore, often reflects the strength of the electron–phonon coupling
as a function of ω (note that in metals wavevector conservation is relaxed
due to the small penetration length of the light) [139]. A strong experimen-
tal indication for the presence of the Kohn anomaly in graphite and carbon
nanotubes is thus the high-energy range of the Raman spectrum. The spectra
are dominated by scattering from the tangential A1 high-energy vibrations
(the axial mode of metallic tubes is singular at Γ ) and the D mode (singular
at 2π/3a). Metallic isolated nanotubes often show a strong and sharp D line
(see [99]).
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According to [133] and [141] phonon softening due to Kohn anomalies
is stronger in metallic tubes than in graphite. This results from the one-
dimensional character of single-walled carbon nanotubes. The axial tangential
mode periodically opens and closes a gap in metallic tubes, whereas it only
shifts the Fermi point in graphene. Because of this oscillation of the bandgap
Dubay et al. [133] used the term Peierls-like distortion when discussing lattice
dynamics of metallic tubes. Experimentally, the D mode is indeed at lower
frequencies in carbon nanotubes than in graphite, although a detailed study
of this phenomenon is missing. Also, the excitation-energy dependence of the
high-energy phonons in carbon nanotubes confirmed the extremely strong
overbending for the softened axial phonon at Γ (see Sect. 8).

The calculated electron–phonon matrix element for the graphite optical
modes is 200 m eV at Γ (ω = 1540 cm−1) and 300 m eV (1250 cm−1) for the
transverse branch at K [127]. In carbon nanotubes the coupling of these
modes to the electronic system is thus at least an order of magnitude larger
than for the RBM (see Table 11), in contrast to the predictions of [75]. Since
electron–phonon interaction is also crucial for the relaxation of photoexcited
carriers and in connection with the breakdown of ballistic transport in carbon
nanotubes, we expect more studies of electron–phonon coupling to appear in
the near future.

10 D Mode, High-Energy Modes, and Overtones

The D mode in graphite and carbon nanotubes is characterized by the dom-
inance of the Raman double resonance in the spectra. The double resonance
for the high-energy mode in nanotubes has similar experimental characteris-
tics, but they are not as prominent. A similar statement holds for the over-
tones of the D and G modes. The detailed mechanism of this process was
explained in Sect. 6.3. We summarize here the experimental evidence most
frequently found for a double resonance [20, 125, 207, 230].

1. In the first-order spectrum the strength of the Raman signal is related
to the number of defects or other symmetry-breaking elements, like the
surface in Ge where visible light is strongly absorbed [213,214] or the end
of a nanotube [4, 218].

2. Excitation-energy dependence of the corresponding Raman peak, as best
seen for the D band in graphite or in carbon nanotubes, see Fig. 38.
The excitation-energy dependence is particularly large for the D band
because the electronic and phononic bands are strongly dispersive for the
double-resonant k and q vectors. In Ge, the excitation-energy dependence
is less pronounced due to the flat optical-phonon bands [4, 210].

3. A large Raman intensity as seen, e.g., for individual carbon nanotubes,
see Fig. 53 [4, 99, 284].

4. Frequency and lineshape differences in Stokes and anti-Stokes spectra,
see [20, 125, 205, 211, 219, 230], or Fig. 37c.
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Fig. 62. (a) Calculated D-mode Raman spectrum of an (11,11) nanotube for dif-
ferent excitation energies (inset) extended scale. (b) Frequencies of the two D-mode
components as a function of excitation energy. Open symbols refer to a (10,10) nano-
tube, closed ones to an (8,8). Experimental values are shown for comparison in the
lower part of the figure. From [230]

5. Deviations from Lorentzian lineshapes, as observed for the high-energy
mode in carbon nanotubes [194].

Not all of these observations are sufficient to identify double resonance; two-
phonon scattering, e.g., also leads to deviations from a Lorentzian lineshape
in the spectra. In the following sections we discuss several aspects of double
resonance in the high-energy region (> 1000 cm−1).

10.1 D Mode and Defects

The D mode in the Raman spectrum of graphite was discussed extensively
in connection with the double-resonance process in Sect. 6.3, and we focus
here on some special aspects in nanotubes. The similarity of the excitation-
energy-dependent shift found in the nanotubes suggested a physical process
similar to that found in graphite. Maultzsch et al. [206] showed that there
is a selection rule for the D mode related to the chirality of the nanotube.
Namely, only when (n1 − n2)/3n = integer (the so-called R = 3 tubes) is
D-mode scattering allowed. All other tubes (R = 1) can also have double
resonances, but the phonons involved are near-Γ -point phonons and hence
not in the energy region of the typical D mode (see also Table 1).

In Fig. 62 we show the calculated D mode of an (11,11), a (10,10), and
an (8,8) nanotube based on the double-resonance model in comparison to an
experiment on nanotube bundles. The observed shift of the Raman frequency
with excitation energy is well reproduced, which is the most prominent crite-
rion for the observation of double resonance. The D mode is also observed in
individual nanotubes, see Fig. 53, which implies that its Raman cross section
is unusually large; the lineshape is non-Lorentzian. Differences in the Stokes
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Fig. 63. (a) Atomic-microscope image of a carbon nanotube grown by a CVD me-
thod. The numbers mark four spots along the nanotube, for which the Raman
spectra are shown in (c). (b) Raman image obtained by imaging the energy region
of the G mode. (c) Raman spectra recorded at the specified points of the image
in (a). Note the difference in D-mode intensity for the different spots, which reflects
structural inhomogeneities along the nanotube. After [286]

and anti-Stokes spectra of the D mode have been reported also. They support
the origin of the D mode in nanotubes as a double resonance [230].

The signal in Raman double resonance depends on a convolution of the
two resonances. In carbon nanotubes the intensity therefore increases when
the laser energy matches the separation in energy between a maximum in
a valence band and a minimum in a conduction band in the band-to-band
transition picture (only this model has been used, so far, for a calculation
of the D-mode spectra). This can be seen in the variation of the Raman
signal with excitation energy in Fig. 62a. The signal increases when the laser
energy approaches the energies of the critical points in the electronic band
structure, which was further discussed by Kürti et al. [285]. Note, however,
that Kürti et al. disarded the selection rules for elastic scattering developed
by Maultzsch et al. [206]. Conclusions about D-mode intensities for varying
chirality, therefore, differ in [285] and [206].

Confocal Raman spectroscopy combined with atomic-force microscopy al-
lows a space-resolved imaging of individual carbon nanotubes. We show in
Fig. 63a combined measurement by Jiang et al. [286]. In Fig. 63a the atomic-
force microcope picture of a curved nanotube is shown. Figure 63b shows the
Raman image of the same tube taken by recording the spatially resolved G-
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Fig. 64. (a) Orientation of a small HOPG crystallite as determined by atomic-
force microscopy. Armchair and zigzag directions are indicated. (b) Raman spectra
taken off the edge of a small HOPG crystallite at the numbered points 1,2 and 3.
The D mode is largest at point 1, which corresponds to the “armchair” edge of the
crystallite. At point 2, the “zigzag” edge, the D mode is nearly absent. These spectra
verify the selection rules predicted in [206] for D-mode scattering. After [287]

mode intensity. A bright spot corresponds to a high G-mode intensity; it is
by no means as homogeneous as one might expect for a first-order Raman
process. Instead, the Raman intensity varies considerably along the tube,
which is reminiscent of double-resonance scattering. Unfortunately, the au-
thors of [286] did not show the intensity of the overtone spectra, which should
be independent of defect density and would clarify the type of Raman process
(see Sect. 10.3). As it stands, the variations in intensity of the D mode could
be due to different defect concentrations or selection rules (R = 3 vs. R = 1)
in the different tube sections or to a variation of the defect type and density.

A confirmation of the R=3 selection rule was given by Cançado et al. [287].
These authors recorded Raman spectra of different types of edges of HOPG
graphite crystallites that they also investigated with an atomic-force micro-
scope (AFM). While there was no D mode far from a crystallite edge (po-
sition 3 in Fig. 64), they found a large D mode on one type of edge (posi-
tion 1) and an ≈ 4 times smaller one on another type of edge (position 2),
see Fig. 64b. Here the edge of the crystallite serves to break the transla-
tional symmetry, as is the case of the surface of the Ge crystal [213, 214].
From the AFM analysis the authors identified the graphite edge with a large
D mode with an armchair-type edge, while the smaller D mode originated
from a zigzag-type edge, see inset of Fig. 64b and a. Since all zigzag tubes
are R = 1 tubes, the D-mode scattering from the zigzag edge is forbidden by
the selection rule derived in [206]. The small residual peak observed in the
spectra is probably due to imperfections. Note also that the intensity of the
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Fig. 65. (a) Raman spectra of a macroscopic picotube crystal for three different
orientations along the crystal edges as shown in the inset. (b) a blowup of the high-
energy Raman spectrum of the picotube crystal compared to that of a bundle of
nanotubes at the same excitation energy (1.96 eV). The picotube spectra resemble
those of nanotubes only for the HEM region. (c) Side view of the (4,4) picotube
molecule. Shown is the idealized D4h structure with inversion symmetry. The center
ring of hexagons is the same as that of a (4,4) armchair nanotube. In the real
molecule upper and lower wings bend away by different amounts from the z-axis
of the tube. Going around the tube, larger and smaller bending angles alternate,
resulting in a D2d symmetry of the real molecule. After [288]

D′ mode is constant in position 1 and 2. The double-resonant process giving
rise to D′ in graphite is the one responsible for the high-energy Raman spec-
tra (G mode) in single-walled carbon nanotubes. This mode was predicted
to be double resonant for R = 1 and 3 tubes alike [206], in agreement with
the edge Raman spectra in Fig. 64b [287].

10.2 Picotubes

A nice example of a material where a Raman double resonance does not oc-
cur, although the atomic structure is quite similar to those of nanotubes, are
the recently investigated carbon picotubes [288]. They are molecules with
the chemical formula C56H32 and D2d symmetry and resemble short sections
of (4,4) carbon nanotubes. They crystallize in macroscopic molecular crys-
tals. See Fig. 65c for the structure of a single molecule; the crystal structure
as deduced from X-ray diffraction can be found in [288]. These molecules
have carbon-bond-related vibrational frequencies and Raman spectra quite
similar to that of the corresponding nanotube. The interactions between the
molecules are so weak and the picotubes so short that there is no dispersion
in the vibrations. Consequently, the vibrational modes in picotube crystals
do not show an excitation-energy dependence (also, the bandgap of picotubes
is in the UV [289, 290]).
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In Fig. 65a we show the Raman spectrum of a tiny picotube crystal for
three different crystal orientations; the corresponding Raman tensors and
mode symmetries were analyzed in [288]. Note the similarity of the high-
energy mode in picotube crystals (upper trace) and in bundles of nanotubes
(lower) in the enlarged spectrum in Fig. 65b. The trace of the picotube
crystal is a simple superposition of three or more peaks with Lorentzian
lineshape. In the metallic nanotubes, however, at Eexc = 1.96 eV the spec-
trum at ≈ 1540 cm−1 in bundled nanotubes is asymmetric, as is typical for
metallic nanotubes (see Sect. 8.1). At the same time, the high-energy shoul-
der of the largest peak in the nanotube bundle has broadened into a non-
Lorentzian lineshape, which is characteristic of the double-resonance process.
The lineshape of the high-energy mode in double resonance was calculated by
Maultzsch et al. [194, 207]. In isolated nanotubes (i.e., unbundled ones) the
high-energy mode becomes more symmetric and hence more like the spec-
trum in picotubes, but the asymmetry characteristic for double resonance
remains [129]. The details of the asymmetry of this peak in metallic tubes
are subject to ongoing discussion [252, 253]. Nevertheless, it is clear that in
picotubes, for lack of appropriate transitions and the necessary phonon dis-
persion, the high-energy mode cannot be attributed to a double-resonance
process.

Another important difference between picotubes and nanotubes is the
absence of the shape-depolarization effect. As explained in Sect. 6.4 this effect
in nanotubes is related to their large aspect ratio ≈ 102 to 107. They exhibit
a nonzero Raman intensity only if both the incoming and outgoing light
are polarized along the nanotubes axis (zz configuration). Picotubes do not
have a depolarization due to their shape, because they are very short (aspect
ratio ≈ 1). Therefore, a Raman signal is observed in all three scattering
configurations in Fig. 65a.

10.3 Two-Phonon Modes

The two-phonon Raman spectrum of graphite and carbon nanotubes extends
from just above the high-energy mode to twice that frequency, say 1600 cm−1

to about 3200 cm−1 [145, 210]. This region is interesting not simply because
overtones and combinations of the first-order modes can be found. Wavevector
conservation plays an important role in two-phonon scattering, which we shall
discuss in this section.

For the Raman double-resonance process we showed that for reasons of
wavevector conservation a defect or a surface has to be involved (Sect. 6.3).
This is best seen Fig. 36b, where the incident photon with ≈ 0 momentum
(compared to the quasimomentum of the Brillouin zone) resonantly excites an
electron–hole pair. The second resonant transition is scattering of the electron
(or hole) by emission (or absorption) of a phonon (transition a → b). In order
to conserve quasimomentum the electron has to be scattered back to a point
where its momentum is near that of the initial hole (or the hole has to be
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Fig. 66. The Raman spectrum of different spots of natural single-crystalline
graphite (samples are ∼ 100 µm in each dimension). (a) Ordered graphite shows the
allowed first-order mode at 1582 cm−1 and a second-order D∗ mode at 2750 cm−1.
Note the absence of the D mode in the spectra. (b) Disordered graphite also shows
the well-known D mode, here at 1370 cm−1. It is apparently induced by defects in
the lattice structure. Note also the overtone of the G mode at 3250 cm−1 in both
ordered and disordered graphite. Its frequency is more than twice the first-order
frequency because of the overbending of the corresponding phonon branch, see text.
‖ and ⊥ refer to parallel and perpendicular relative polarizations of the incident
and scattered beams. From [125]

scattered to near the electron). The simplest form of scattering the electron
back is inelastic scattering by a generic defect, which is shown as a horizontal
dashed line in the figure. This is the double-resonance process that appears
in the first-order Raman spectra [4, 125, 207].

It is also possible to conserve momentum by emitting (or absorbing) a sec-
ond phonon. The essential difference as far as the Raman double resonance
is concerned is that a defect is no longer necessary for quasimomentum con-
servation. Instead, the second phonon is emitted with equal and opposite
momentum thus conserving momentum in the overall Raman process. It fol-
lows that an overtone in double resonance should shift with twice the rate as
compared to the corresponding first-order mode. It should also have the ad-
ditional characteristics of a double resonance, which are a large (relative) in-
tensity, differences in Stokes and anti-Stokes frequencies, and non-Lorentzian
lineshapes. All of these properties are indeed fulfilled for the overtone of the
D mode in graphite, single and multiwalled nanotubes.

We show in Fig. 66 the role of defects in first-order and two-phonon scat-
tering [125]. In ordered graphite (a) we see for both polarizations the strong
G mode, which is the allowed mode (E2g symmetry in graphite) [218]. At
a frequency of 2750 cm−1 we see the D∗ mode, and at even higher frequencies
the second-order peak of the G mode, commonly referred to as the G∗ mode,
at 3250 cm−1. In disordered graphite, Fig. 66b, we see, in addition, the defect-
induced D-mode at 1350 cm−1 [218]. D∗ can be regarded as the overtone of
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the D mode, which is only seen in the Raman spectra when induced by de-
fects or when quasimomentum is conserved by a second emitted phonon. The
D∗ peak has approximately the same intensity in the two Raman spectra of
Figs. 66a and b, whereas the first-order mode is completely absent in Fig. 66a.
Hence the D∗ mode is not induced by defects.

Owing to the lack of correlation of many of the defects the overtone
D∗ mode is ideally suited for a quantitative assessment of the defect den-
sity in graphite and graphite-based materials. Traditionally, this is done from
Raman spectra by comparing the amplitude of the D mode to that of the
G mode, which – as a first-order allowed mode – is supposed to be indepen-
dent of defect density. In carbon nanotubes, however, there is still a large
controversy as to whether the high-energy mode (the equivalence of the G
mode in graphite) is truly a first-order mode [194,291]; in fact, there is ample
evidence that it is not. Even if it is only partially double resonant, it is not
suited as normalization of the defect density, as its intensity is then partially
dependent on defect density as well, which would result in a reduced defect-
density dependence of the intensity ratio of the two peaks. Measurements
on multiwalled carbon nanotubes with different concentrations of boron dop-
ing clearly show this effect [292]; see also Fig. 63, where the D and G-mode
intensities vary along a curved nanotube.

The overtone spectra give us information about the phonon dispersion in
a crystal. Because the quasimomentum conservation is fulfilled by the emis-
sion of the second phonon, the overtone spectra in a crystal reflect the density
of phonon states. This effect is well known and, e.g., has led to an important
conclusion as regards the phonon dispersion of graphite. In 1979 Nemanich
and Solin [293] were the first to realize that the sharp peak at 3247 cm−1

in the second-order spectra of graphite was due to the overbending of the
graphite phonon dispersion (see Sect. 3.3). The overbending leads to a peak
in the overtone spectra at the highest phonon energies in the branch and
can be estimated by ω2ph − 2ωph ≈ 40 cm−1, see [125, 145, 293]. In Fig. 66
the positions of 2ωph are indicated by vertical dashed lines. Raman spectra
of single-walled carbon nanotubes showed that the highest overtone pho-
non frequencies is not more than twice the frequency at the corresponding
Γ point [145]. This observation is in accordance with the softening calcu-
lated from ab-initio work as compared to the zone-folding methods, see also
Sect. 3.3.

In Fig. 67a we show the excitation-energy dependence of the second-
order D∗-mode of single-walled nanotubes [145]. It shows a roughly twice as
large shift when compared to the first-order mode, as expected from double-
resonance theory [4, 219]. Again, the phenomenon is not unique to carbon
nanotubes, but was shown, e.g., by Reedyk et al. in Pb2Sr2PrCu3O8, a semi-
conducting compound structurally related to a high-Tc superconductor. For
a detailed discussion of the Raman features of this compound, see [294].
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Fig. 67. The excitation-energy dependence of the overtone D∗ in single-walled
carbon nanotubes (closed symbols) as compared to that of the first-order mode
(open). The overtone shifts with excitation energy roughly twice as fast as the
first-order mode. From [145]

10.4 Phonon Dispersion

Double-resonant scattering involving large phonon q vectors may be utilized
to map the phonon-dispersion relation as pointed out by Thomsen and Reich
in [4]. This concept was first applied to graphite by Saito et al. [295], and
later more completely by Reich and Thomsen [125]. The idea is based on the
linear relation of the phonon wavevector q and the excitation energy in the
double-resonance process (33). The (linearized) electronic dispersion is given
by the Fermi velocities v1 and v2 and the phonon frequency �ωph(q). To a
simplest approximation the phonon energy may be neglected compared to
excitation energy and q evaluated straightforwardly. If �ωph(q) is to be taken
into account, q involved in the double-resonance process may be obtained
iteratively [4, 207].

Mapping the phonon dispersion in the simplest approximation corre-
sponds to taking peaks identified as doubly resonant from Raman spectra
(from their excitation-energy dependence) determining q ≈ E1/vi and plot-
ting the so-obtained pairs of [q, �ωph(q)]. Figure 68 shows such a plot obtained
from various experimental data extant in the literature [215,216,223,296,297].
The experimental phonon dispersion is seen to fall nicely on the calculated
dispersion curves, which are ab-initio calculated curves. They, in turn, de-
scribe very well recent inelastic X-ray data on graphite [3]. For more details
of the evaluation, see [125].

11 Conclusions

Raman spectroscopy is a very important and useful tool for the study and
characterization of carbon nanotubes. It has contributed tremendously to the
understanding of these fascinating novel carbon allotropes. We have given
a detailed overview of the effects of reducing graphite to one dimension,
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Fig. 68. (a) Phonon dispersion of graphite based on first-order disorder-induced
double-resonant peaks in the Raman spectra. Data taken from various published
experimental data in the literature, see [215, 216, 223, 296, 297] (b) Same as (a)
but based on Raman peaks in the region of two-phonon spectra. Solid lines are
dispersion curves from ab initio calculations [3] (a) or combinations and overtones
with totally symmetric respresentations (b). From [125]

which leads to the density-of-states singularities, to curvature-induced effects
on the phonon frequencies, and to the classification of nanotubes into families
and branches with similar physical properties. Most recent progress for both
physics and technology is the identification of the chirality by resolving res-
onance Raman spectra as a function of excitation energy and wave-number
shift in the experimental Kataura plots. Individual or bundled metallic and
semiconducting nanotubes can now easily be identified. We have given a pre-
scription for reliably identifying the chirality of an individual single-walled
carbon nanotube. Recently, excitonic energies were determined experimen-
tally, further enhancing the understanding of this fascinating class of mate-
rials.

Carbon nanotubes are a model system for one-dimensional solids.
Throughout this Chapter we demonstrated how the geometry and the large
aspect ratio, as well as electron and phonon confinement, can be studied by
Raman spectroscopy. The most prominent example of how geometry changes
the Raman spectra is the depolarization effect. Because of the anisotropic
polarizability, the totally symmetric phonons strongly dominate scattering in
carbon nanotubes. An exciting manifestation of electron and phonon confine-
ment and the interaction between the confined quasiparticles are the phonon–
plasmon coupled modes, the Kohn anomalies of several phonon branches and
the Peierls distortion of very small diameter nanotubes. Much of this awaits
final experimental verification.
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From a spectroscopic point-of-view, the introduction of Raman double
resonance as a process abundant in graphite-based materials has contributed
much to their understanding. It provides a basis for the systematic analysis of
defects and permits determination of the phonon dispersion in at least parts
of the Brillouin zone. Extension to other suitable materials is conceivable.

In this Chapter we have presented the first attempts towards a unified
description of the Raman effect in single-walled carbon nanotubes. This in-
cludes excitons as intermediate states in the Raman process, electron–phonon
and electron–photon coupling. We expect many further studies to appear in
the near future, in particular, turning away from the band-to-band transition
picture towards a model accounting for the large electron–hole interaction in
carbon nanotubes and the presence of excitons at room temperature.
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165418 (2003) 127, 148, 152, 153

[88] E. Chang, G. Bussi, A. Ruini, E. Molinari: Excitons in carbon nanotubes: An
ab initio symmetry-based approach, Phys. Rev. Lett. 92, 196401 (2004) 127,
150

[89] T. Inui, Y. Tanabe, Y. Onodera: Group Theory and its Application in Physics
(Springer Verlag, Berlin Heidelberg New York 1996) 127, 129

[90] E. B. Wilson, J. C. Decius, P. C. Cross: Molecular Vibrations (Dover, New
York 1980) 127, 129

[91] M. S. Dresselhaus, G. Dresselhaus, R. Saito: Carbon fibers based on C60 and
their symmetry, Phys. Rev. B 45, 6234 (1992) 129

[92] R. A. Jishi, M. S. Dresselhaus, G. Dresselhaus: Symmetry properties of chiral
carbon nanotubes, Phys. Rev. B 47, 16671 (1993) 129

[93] M. S. Dresselhaus, P. C. Eklund: Adv. Phys. 49, 705 (2000) 129
[94] A. Jorio, R. Saito, G. Dresselhaus, M. S. Dresselhaus: Determination of nano-

tube properties by Raman spectroscopy, in A. C. Ferrari, J. Robertson (Eds.):
Raman Spectroscopy in Carbons: From Nanotubes to Diamond (Philosophical
Transaction of the Royal Society 2004) p. 2311 129, 168

[95] R. A. Jishi, L. Venkataraman, M. S. Dresselhaus, G. Dresselhaus: Phonon
modes in carbon nanotubules, Chem. Phys. Lett. 209, 77–82 (1993) 129,
131

[96] D. L. Rousseau, R. P. Bauman, S. P. S. Porto: Normal mode determination
in crystals, J. Raman Spectrosc. 10, 253 (1981) 129



Raman Scattering in Carbon Nanotubes 223

[97] A. Fainstein, P. Etchegoin, M. P. Chamberlain, M. Cardona, K. Tötemeyer,
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