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In this work we have studied the dispersion of the disorder-induced (D) and the second-order (G')
Raman bands in single wall carbon nanotubes using several laser excitation energies (Flager) in
the range 1.5-3.0eV. An anomalous step-like behavior was observed in the Flaser dependence of
the G'-band frequency. This result is interpreted as a manifestation of the one-dimensional (1D)
behavior of the phonon spectrum in carbon nanotubes.

One of the interesting features of the Raman spec-
trum in sp?-bonded carbon materials is the laser energy
dependence of the frequency of the disorder-induced
D-band observed between 1250 and 1450 cm™! and its
related overtone, the second-order G'-band, which ap-
pears in the range 2500-2900cm™! by changing the
laser excitation energy from 1 to 4.5eV. This gen-
eral phenomenon is known for nearly two decades[1]
and occurs in all kinds of sp? carbon materials, such
as, graphon carbon black,[2] hydrogenated amorphous
carbon,[3] glassy carbon and crystalline graphite,[4, 5,
6] and multi-component carbon films.[7] Interestingly,
the second-order G’ band exhibits a laser-dependent
frequency even in the case of crystalline graphite, where
the disorder-induced D band is absent, showing that
the strong dispersion of these bands is an intrinsic
property of the 2D graphene lattice. In this work we
show that the D and G’ bands in single wall nanotubes
(SWNTs) exhibit an anomalous dispersive behavior for
laser energies (Ejaser) near 2eV, which is related to the

one-dimensional (1D) character of their phonon spec-
trum.

Fig. 1 illustrates the basic mechanism which ex-
plains the dispersion of the D and G’ Raman bands
w(Ejser) in sp® carbons.[5, 6, 8] In the upper part of
Fig. 1 we see that electronic transitions between the
m and 7* electronic states with energies corresponding
to visible photons only occur in the vicinity of the K
point in the Brillouin zone (BZ), where the electronic
states show a linear dependence on wave vector k.[8, 9]
The phonons associated with the D-band and the G’
band have the same wavevector q = k as the electronic
states which are in resonance with the laser. Moreover,
these phonons belong to the optic branch that contains
the zone center Fs4, graphitic mode, represented by the
solid curve in Fig. 1.[8, 9] The reason why the phonons
belonging to this particular optic branch exhibit an es-
pecially large Raman cross-section compared to other
phonons with the same wavevector q is attributed to
their breathing-mode displacements which would be ex-
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pected to show strong deformation potential coupling
to the electronic states.[8]
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Figure 1. 7 electron energy bands (top) and high frequency
phonon dispersion curves of 2D graphite (bottom).[8, 9] The
phonon branch that is strongly coupled to electronic bands
in the optical excitation is indicated by a solid curve. The
squares represent the experimental data displayed in Fig. 3,
and converted according to Egs. (1) and (2).

The Raman spectra of ordered sp? carbon materi-
als generally show a second-order G'-band that is much
more intense than the disorder-induced D-band, since
the D-band only appears when there is a breakdown in
translational symmetry.[10] Therefore, a Raman inves-
tigation of the second-order G’-band as a function of
the energy of the incident photon provides an accurate
way to probe the optic phonon branch represented by
the solid curve on the bottom of Fig.1. In this work we
present a detailed study of the second-order G’-band
of SWNTs, using several different laser energies in the
range 1.5-3eV. The analysis of the dispersive behavior
of the G'-band is used to investigate the phonons of
SWNTs associated with this particular optic branch of
2D graphite.

The SWNT sample used in the present experi-
ment was synthesized by the Smalley group at Rice
University by laser vaporization of a carbon target
containing 1 to 2 atom % Ni/Co in a furnace at
1200°C.[11, 12] Details of the sample characteriza-
tion are in Refs.[11,12].
ments were performed under ambient conditions using
a back-scattering geometry for the following laser exci-
tation energy ranges and lines: Dye laser 630-540nm
(1.97-2.30eV); Ti-sapphire 820-700nm (1.54eV and
1.77eV); Krypton 647.1nm, 568 nm and 406.7nm
(1.92eV, 2.18eV and 3.05eV); Argon 530.9nm, 520.8

Raman scattering experi-
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nm, 514.5nm, 501.7nm, 496.5nm, 488 nm, 476.5nm,
472.7nm, 465.8nm and 457.9nm (2.34eV, 2.38¢V,
241eV, 2.47eV, 2.50eV, 2.54eV, 2.60eV, 2.62eV,
2.66eV and 2.71 eV, respectively). The accuracy of the
frequency measurements is always better than 2cm~".
Fig. 2 shows the second-order Raman spectra of
SWNTs using three different laser energies. Note that
the most prominent feature is the G’-band around
2700cm~!'. The frequency of the G’-band depends
strongly on the laser energy, whereas the frequencies of
the other second-order bands exhibit a weak laser en-
ergy dependence or no observable dependence on Fj,se;-
A detailed analysis and discussion of the second-order
spectrum of SWNTs is presented elsewhere.[13]
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Figure 2. Second-order Raman spectra of single wall car-
bon nanotubes for three different laser excitation energies

showing the dispersion of the G’ band. The spectra above
3000 cm ™" are scaled by a factor of 3.
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Figure 3. Dependence on the laser excitation energy of the
frequency for the dominant second-order G’ Raman feature
for single wall carbon nanotubes (SWNT) and highly ori-
ented pyrolitic graphite (HOPG). The inset gives the de-
pendence of the frequency of the D-band on Ejager for single
wall carbon nanotubes.

Fig. 3 shows the laser energy (Ejaser) dependence
of the G'-band frequency (w) for carbon nanotubes
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(SWNT). Of particular interest in Fig. 3 is the pres-
ence of an anomalous step in w(FEjager) for Ejaser be-
tween 1.9 and 2.2eV. This step is a unique behavior
of SWNTSs compared to all other sp? carbon materials,
which exhibit a linear behavior for w(Eiaser). [1-8] The
dotted line in Fig. 3 corresponds to the linear regression
of the experimental data, and shows that the slope of
0w /0 Ejaser for SWNTs (106 cm~! /eV) is slightly higher
than the slopes found for other carbon materials.[1-8]
The slope 0w/ FEjaser of the D-band for SWNTs (see
inset of Fig. 3) is 53cm ™1 /eV.

In order to explain the results displayed in Fig. 3,
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let us return to the discussion of the resonance Raman
condition represented by the vertical dashed lines in
Fig. 1. The phonons that contribute to the G'-band
for a given laser excitation energy have wavevectors q
with the same value as the wave-vectors k of the elec-
tronic transitions (q = k) that are in resonance with
the laser energy

Elaser = AE(k) (1)

Here AE(k) is the energy difference between the = and
7* electron valence and conduction bands, which for 2D
crystalline graphite, is given by:[9]

AE(ky, ky) = 270\/1 + 4 cos V3

in which ~q is the nearest-neighbor C-C overlap energy
in sp? carbons and a is the in-plane lattice constant
(2.46 A for graphite). Equation (1) is valid for a tight-
binding Hamiltonian when we consider only nearest-
neighbor interactions. Equations (1) and (2) and the
condition q = k relate the laser energy FEjaser to the
phonon wavevector q and allows us to convert the ex-
perimental data for w(Faser) to the phonon dispersion
relation w(q). As an example, the experimental fre-
quencies of the G’-band divided by two (since this band
involves two phonons) are also plotted in Fig. 1 along
the KI' and KM directions of the Brillouin zone of 2D
graphite, assuming that vo = 2.95 eV. [14] It must be
emphasized that the G’-band has contributions from
all the phonons around the K-point which satisfy the
selective resonant conditions given in Egs. (1) and (2),
thus explaining the relatively large line width of the G’
band (see Fig. 2).

Because of the linear k£ dispersion of the = and 7*
bands near the K point, the energy separation AE for
small Ak can be written [8] as AE = v/3ay,Ak where
AkE is the distance between a given k point within
the BZ and the K point (Ak = kg — k). There-
fore, the slope of the laser energy dependence of the
G'-band frequency (Ow/dFElaser) can be related to the
slope Ow/0Aq of the phonon dispersion of the G' band
by

Ow 2 Ow
O0Faser B \/ga()’)/() 3Aq

3)

- k k
5 2 cos %a + 4 cos? %a (2)

where the factor 2 in the numerator accounts for the
fact that the G’-band involves two phonons. The fact
that the slope Ow/0Ejaser is slightly higher for SWNTs
compared to other carbon materials can, in principle,
be ascribed either to a smaller value for the overlap en-
ergy <o or to a larger value of the phonon dispersion
Ow/0Aq. Possibly, the main contribution comes from
the overlap energy 7o, which is about 10% smaller for
nanotubes compared to graphite [15].

Let us now discuss the step observed in w(FEjaser)
for SWNTs between 1.9 and 2.2eV (see Fig. 3). Fig. 4
shows the first-order Raman spectra of SWNTs in the
range 1200-1700cm™~?, in which the important features
are the D-band in the range 1300-1350cm™! and the
tangential band between 1500 and 1600cm~!. Notice
that the shape of the tangential band is modified when
Ehpser = 2€V. It was shown recently[14] that this effect
is due to the enhancement of special Raman modes as-
sociated with the metallic nanotubes, when the laser
energy lies between 1.7 and 2.2eV for a SWNT sample
having a diameter distribution 1.37 &+ 0.18 nm.[14]

Fig. 4 shows that the intensity of the D-band also
increases in the range of Fjager in which the metallic
modes are enhanced. Interestingly, the frequency wp of
the D-band practically does not change with Fjase, in
this critical range of laser energies (as shown in Fig. 3,
in contrast to the linear dispersion of wp observed for
lower and higher laser energies.
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Figure 4. The first-order Raman spectra of SWNTs in the
range 1200-1700 cm™*.

As already emphasized, the linear behavior of
wW(Flaser) of the D-band and the G'-band is a 2D phe-
nomenon, common to all graphitic materials. This lin-
ear dependence on Fj,ge, can be explained by the model
illustrated in Fig. 1. On the other hand, theoretical cal-
culations of the vibrational spectra in SWNTs predict
the existence of 1D phonons, that arise from the fold-
ing of the phonon dispersion relations for a 2D graphene
sheet. In particular, these calculations predict the ex-
istence of Raman-active modes near 1300cm™!, whose
frequencies are expected to depend neither on the di-
ameter of the tube, nor on Ejager.[9]

From the considerations presented above, we con-
clude that the D and G' bands of SWNTs have two
different contributions for Ej,er around 2eV. The first
contribution exhibits a linear dispersion and comes
from the phonons propagating along the tube axis, with
wave vectors near the K point of the 2D Brillouin zone,
and is described by the model presented in Fig. 1.
Similar to the case of disordered carbon materials or
sp? carbons of small size, the Raman activity and in-
tensity of the D-band in SWNTs might be associated
with the finite length of the nanotubes or with the pres-
ence of defects. According to the mechanism of Fig. 1,
all the SWNTs in the sample are resonantly enhanced
by this process, thereby giving rise to a feature with
relatively large intensity. The second contribution is
non-dispersive and appears in the range of Ejage, in
which the tangential modes of the metallic SWNTs
are also enhanced. It comes only from the SWNTs
in the sample in which the energy separation between
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DOS singularities above and below the Fermi level is in
resonance with the incident and/or scattered photons.
This non-dispersive contribution is a manifestation of
the one-dimensional behavior of the phonon spectrum
in SWNTs, and is associated with the discreteness of
the allowed wave vectors along the circumference of the
tubes.

Finally, it is interesting to observe that the step
shown in Fig. 3 for the second-order G'-band is slightly
upshifted in energy (=~ 0.2eV) with respect to the Flaser
region in which the metallic modes are enhanced in the
first-order spectra. Fig. 2 also shows the overtone of
the tangential band around 3200cm™"'. Just as for the
first-order tangential band, the overtone band shows
a corresponding line broadening when FEjager is in reso-
nance with metallic nanotubes. Furthermore, this over-
tone band is not only broadened when FEj,s, for the
incident beam is in resonance for metallic nanotubes
but also when Ejase, for the scattered beam (which is
upshifted by ~0.2eV) is in resonance for metallic nan-
otubes. Thus the Ej,50, range over which the special en-
hanced modes appear in the second-order Stokes spec-
trum of the tangential modes is also upshifted by =
0.2eV with respect to the critical Ejagser range in the
first-order Stokes spectrum. On the basis of this com-
parison, we conclude that the scattered beam also plays
an important role in the 1D resonant Raman effect, con-
tributing to the anomalous step behavior observed in
Fig. 3.
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