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Resonance Raman Spectra of Carbon Nanotubes by Cross-Polarized Light
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Resonance Raman studies on single wall carbon nanotubes (SWNTs) show that resonance with cross

polarized light, ie., with the E,, ,

+1 van Hove singularities in the joint density of states needs to be

taken into account when analyzing the Raman and optical absorption spectra from isolated SWNTs.
This study is performed by analyzing the polarization, laser energy, and diameter dependence of two
Raman features, the tangential modes (G band) and a second-order mode (G’ band), at the isolated

SWNT level.
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Raman spectroscopy at the single nanotube level has
now been achieved by many groups [1-3], and recently
optical absorption spectra have also been acquired from
isolated single wall carbon nanotubes (SWN'Ts) [4], thus
providing rapid development of this research field. Up to
now, it has been well accepted that optical spectra (ab-
sorption, resonance Raman scattering, etc.) are domi-
nated by absorption/emission of light polarized parallel
to the tube axis, involving transitions between electronic
states at van Hove singularities (VHSs) E}{M — Eﬁﬂ,
where v and ¢ stand for valence and conduction bands,
respectively, i is the van Hove singularity index, and w is
the cutting-line index [5]. In other words, only E,,, (that
is equivalent to E;;) van Hove singularities in the joint
density of states (JDOS) have been taken into account
thus far when analyzing Raman and optical absorption
spectra from SWNTs [5]. We here show that resonance
Raman scattering for cross polarized light involving the
E, ,+1 VHSs in the JDOS also needs to be taken into
account when analyzing Raman spectra from isolated
SWNTs. This important result implies that asymmetries
between electronic levels above and below the Fermi level
in SWNTs (related to the overlap integral parameter s in
the tight binding approximation) [5] can be obtained
experimentally by studying the JDOS optically. This
asymmetry cannot be studied by analyzing E, , transi-
tions because the effect of unequal spacings between
levels in the conduction and valence bands cancel each
other in E,, transitions. However, if s # 0 the optical
transition energies E, ,.; and E,.;, are no longer
equal, and the difference gives rise to valence and con-
duction band asymmetry.
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PACS numbers: 78.30.Na, 63.22.+m, 78.20.Bh, 78.66.Tr

In this work the Raman spectra from isolated SWNTs
on a Si/SiO, substrate [2] (less than 1 SWNT/um?) were
acquired in the back-scattering geometry, under ambient
conditions, using standard Raman spectrometers and
Eler = 1.58, 1.92, 2.18, 2.41, and 2.54 eV. We performed
Raman measurements for five different isolated SWNTs
with two different laser lines (2.41 and 2.54 €V) on the
same physical SWNT to determine whether different
Raman bands exhibit frequency dispersion at the single
nanotube level. Figure 1 shows the tangential modes (G
band at ~1580 cm™!) and a second-order feature (G’
band at ~2670 cm™!) in the Raman spectra from two
isolated semiconducting SWNTs located at different laser
spots on the sample. These are two key Raman features
for understanding the resonance nature of Raman scatter-
ing in SWNTSs, as discussed below. For each SWNT in
Fig. 1, Raman spectra from the same physical SWNT are
taken using Ej,er = 2.41 and 2.54 eV. We fit the G-band
and G’ spectral features for each SWNT using a sum of
Lorentzians.

The second-order G’ band is an interesting feature that
appears in the Raman spectra of SWNTs (and other sp?
carbon materials) through a second-order (double reso-
nance) Raman process, exhibiting an Ej,, dependent
frequency wg [5-7]. From the G’ frequency dispersion
dwg [ IE e for SWNT bundles [5—7] of 106 cm™!/eV,
we expect a change of about Awg = 14 cm™! for E .,
between 2.41 and 2.54 €V, and the G’ band intensities do
not exhibit a strong dependence on Ej,,. Values of Aw
obtained from each of five different isolated (n, m)
SWNTs using spectra as in Fig. 1 yielded different
Awg, the smallest observed being Awg = 6 cm™! and
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FIG. 1. Raman spectra from two isolated semiconducting
SWNTs using Ejer =2.41eV  (top trace) and Ejr =
2.54 eV (bottom trace). For each SWNT, ws- and wg+ (left)

and wg (right) are in cm™ 1.

largest Awg = 18 cm™!. Furthermore, very different

15(2.41)/1;(2.54) relative intensities were measured, as
shown in Fig. 1. These results clearly show, at the single
nanotube level, the rich Ej,,-dependent behavior of
the double resonance process in one-dimensional systems
[5-9]. It is interesting to point out that for the five
SWNTs the average value is Awg = 13cm™! or
dwe/IE e = 100 cm™!/eV, which is consistent with
the results for SWNT bundles [5-7].

The tangential (G-band) Raman feature appears in
SWNT spectra as a complex feature with multiple peaks,
in contrast to the single peak (szg = 1582 cm™!) found
for a 2D graphene sheet [5]. Despite the importance and
the large number of prior works devoted to Raman scat-
tering in SWNTs [5], there is still controversy about
whether the many peaks within this G band are related
to a single resonance process and exhibit different sym-
metries [5,10] or if all belong to a totally symmetric
irreducible representation (A symmetry) [1,11] and origi-
nate from a double resonance Raman scattering process
[12]. The G-band resonance Raman spectra in Fig. 1 at
two different Ej,., values differ mostly with regard to
total intensity, reflecting how well the resonance condi-
tion is obeyed, and no frequency change was observed,
despite the 4 cm™! change expected from double reso-
nance theory [12]. Stokes and anti-Stokes measurements
also show the same wg values for both isolated and
bundled SWNTs [9]. This result suggests that the G
band is due to a first-order single-resonance process and
the multifeatures are related to 1D phonon confinement in
SWNTs [5,10].

To discuss the selection rules for the first-order single-
resonance Raman scattering process, we consider the
most general case, a chiral SWNT (Cy symmetry) [5],
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with Z as the SWNT axis direction and Y the photon
propagation direction. The z basis function belongs to
the A irreducible representation, while the x,y basis
functions belong to E;. Thus, using the dipole approxi-
mation, the corresponding dipole selection rule for an
optical transition between SWNT subbands is given by
E}, — Ef, with (u" = w) for light polarized along Z, and
(u = w = 1) for light polarized along X [13]. For the
electron-phonon interaction, phonons can scatter elec-
trons from one cutting line to another, depending on the
phonon symmetries. For the I'-point phonons involved in
the G-band scattering, we can define the phonon wave
vector q in an unfolded 2D BZ as q = mK,, where K| is
the separation wave vector between two adjacent cutting
lines [5], and m is an integer number indexing the cutting
lines. For A phonon mode symmetry, m = 0, and for E;
phonon mode symmetries, m = = j. Note that usually the
electron-phonon interaction is a nonresonance process for
the intermediate electronic states, since the phonon en-
ergies do not match the energy between two electronic
subbands. Combining the electron-incident photon, the
electron-phonon, and the electron-scattered photon pro-
cesses in proper sequence yields the following possible
Raman processes in SWNTs:
I . Azz) |

EY, — E, =5 ES, — EY,

Ev 1 E¢ A(XX)EC 1 Ev
M pn*l pn*l o
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consistent with the symmetries for the Raman-active
modes A (zz, xx +yy), E; (zx, xz), and E, (xx — yy, xy),
and with the basis functions for each irreducible repre-
sentation, given between parentheses. Therefore, consid-
ering that the first-order Raman signal from isolated
SWNTs can be seen only when in resonance with VHSs,
these selection rules imply the following for isolated
SWNTs: (1) A modes can be observed for the (ZZ) scat-
tering geometry for resonance with E,,, VHSs, and for
the (XX) scattering geometry for resonance with £, , +,
VHSs (the letters between parentheses denote, respec-
tively, the polarization direction for the incident and
scattered light); (2) E; modes can be observed for the
(ZX) scattering geometry for resonance of the incident
photon with E i VHSs, or for resonance of the scattered
photon with £, ,..; VHSs, and for the (XZ) scattering
geometry for resonance of the incident photon with
E, ,+1 VHSs, or for resonance of the scattered photon
with E,,, VHSs; (3) E, modes can be observed only for
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the (XX) scattering geometry for resonance with E,, , .+
VHSs. Therefore, depending on the polarization scatter-
ing geometry and resonance condition, it is possible to
observe 2, 4, or 6 G-band peaks.

Figure 2(a) shows three different G-band Raman spec-
tra from a semiconducting SWNT, but with different
directions for the incident light polarization, i.e., 6%,
0 +40°, and 6 + 80°. We clearly observe well-defined
peaks associated with the G-band features, with different
relative intensities for the different polarization geome-
tries, and we assign them as follows: 1565 and 1591 — A;
1572 and 1593 — E;; 1554 and 1601 — E,. The SWNT
in Fig. 2(a) exhibits wggy = 180 cm™! (d, = 1.38 nm)
[2]. Spectra from nine other isolated semiconducting
SWNTs with similar wgrgy values, i.e., similar diameters,
were also found to exhibit different relative intensities for
the G-band components, as an indication of the different
scattering geometries for the different isolated SWNT
measurements.

Figure 2(b) shows two G-band Raman spectra ob-
tained from another semiconducting SWNT (wgrgm =
132 em™!), with 6 and 6% + 90° (see caption to Fig. 2).
The spectra can be fit using four sharp Lorentzians, and a
broad feature at about 1563 cm™!. This broad feature
(FWHM ~50 cm™!) is sometimes observed in weakly
resonant G-band spectra from semiconducting SWNTs. A
broad feature is also observed at ~1610 cm™! for spectra
from other SWN'Ts. Both broad features may be associ-
ated with a double resonance process [12]. From previous
polarization Raman studies [10], the sharp peaks at 1554
and 1600 cm ™! should be assigned as E, modes, while the
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FIG. 2. Polarization scattering geometry dependence for G
band from two (a) and (b) isolated SWNTSs in resonance with
Ejper = 2.41 eV. The Lorentzian peak frequencies are in cm™!.
0 and 0 are the initial angles between the light polarization
and SWNT axis directions, not known a priori. From the
relative intensities polarization behavior of the G-band modes

we conclude that 85 ~ 0° and 67 ~ 90°.
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1571 and 1591 cm™! peaks should be assigned as unre-
solved (A + E|) modes, their relative intensities depend-
ing on the incident light polarization direction [10]. Of
interest is the appearance of such strong E, Raman modes
under favorable resonance conditions. It is important to
stress that the clear observation of E, modes at the single
nanotube level cannot be explained by the double reso-
nance theory where all modes are assumed to exhibit A
symmetry [12].

It is interesting to note the relatively high intensity
(XX) spectra that are observed, indicating resonance
with E,, .. For several measured isolated SWNTs, the
Raman intensities do not exhibit substantial reduction for
any direction of the incident/scattered light, in contrast to
previously published results [1,14], which showed an in-
tensity ratio I;;:Ixx ~ 1:0. From our discussion, it is clear
that the so-called ‘“‘antenna effect” is observed for
samples in resonance with only E, , electronic transi-
tions, and that is the case in Refs. [1,14]. However, in
general, the intensity ratio ZZ:XX can assume values
larger and smaller than 1, depending on the resonance
condition. Thus, all the present and the previous polar-
ization results (Refs. [1,10,14]) can be understood and are
consistent with the selection rules discussed here.

Further confirmation for the G-band mode assignment
proposed here comes from comparison of experimental
results with ab initio calculations [15]. Figure 3 plots the
G-band mode frequencies for several semiconducting
SWNTs in resonance with the incident laser light vs the
observed wgpy (bottom axis) and inverse nanotube di-
ameter 1/d, = wgpm/248 (top axis) [2]. The spectra are
usually fit using six peaks, although sometimes we use
only four or two (see discussion above). Consider G~ and
G*, the G-band features below and above 1580 cm™!,
respectively [16]. The presence of two (A and E;) modes
within the G~ peak is clear for lower diameter tubes [see,
for example, Fig. 2(a)]. The presence of two (A and E)
modes within the G* peak is not as clear as in the G~
peak. However, the dip between the G and G~ features
usually cannot be well fit with only one Lorentzian for
G™. Furthermore, by using two Lorentzians, the spectra
can be fit with linewidths approaching the natural line-
width for G-band modes [17], i.e., Y5 ~ 5 cm™!. The E,
peaks are usually broader, and their weak intensity and
contribution from double resonance effects are likely
responsible for their broadening.

The solid symbols connected by solid lines come from
ab initio calculations by Dubay et al [15]. The different
solid symbols indicate the different mode symmetries:
e — A A— E,,l— E,, in agreement with polarization
results (see Fig. 2). The theoretical points were down-
shifted by about 1% to fit the experimental data (see
caption). The observed d, dependence of the frequencies
for each of the three higher frequency G*-band modes (A,
E,, and E,) are in very good agreement with theory [15],
showing little d, dependence. For the three lower
frequency G~ -band modes, both ab initio calculations
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FIG. 3. wg (open symbols) vs wggy (bottom axis) and 1/d,
(top axis) for semiconducting SWNTs. Experimental data are
obtained with Ej,. = 1.58, 2.41, and 2.54 eV. The wg; are
clearly dependent on d,, but there is no clear evidence for any
w¢ dependence on Ej,. The spectra with wggy > 200 cm™!
were obtained with Ej,.; = 1.58 eV. Solid symbols connected
by solid lines come from ab initio calculations [15] down-
shifted by 18, 12, 12, 7,7, 11 cm™! from the bottom to the top
of the ab initio data, respectively.

and experimental results show a stronger d; dependence,
but ab initio calculations seem to underestimate the
G~ -band mode softening for lower d, values (mainly
for the A mode). The experimental data from semicon-
ducting SWNTs can be better fit with w; = 1592 —
C/df, with B=14, Cy=4lL4cm 'nm", Cp =
32.6 cm™!'nm'4, Cp, = 64.6 cm™ ' nm'#, in contrast to
previous results (8 = 2 [16]) obtained using only two
Lorentzian peaks to fit the G-band spectra.

Finally, a polarization analysis of Raman spectra and a
comparison with ab initio calculations are consistent with
the observation of A, E|, and E, symmetry modes in the
G-band for SWNTs. According to the resonance Raman
selection rules discussed above [13], E, symmetry modes
can be observed only for cross polarized light (in agree-
ment with previous work [10]) in resonance with elec-
tronic transitions from the Ej to Ej ., van Hove
singularities. Furthermore, it is possible that only either
the valence or the conduction band state will be at a van
Hove singularity.

In summary, we have observed resonance Raman spec-
tra at the single nanotube level from the same nanotube
using different laser energies. The G’ band exhibits a
(n, m) dependent frequency dispersion with Ej,, in
agreement with the double resonance process in 1D sys-
tems. The G-band wg is Ej,, independent and can be
explained by a first-order single-resonance Raman scat-
tering process involving six (24, 2E,, and 2E,) zone
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center modes, that can be observed by polarized Raman
experiments. The d, dependence of the six G-band modes
for semiconducting SWNTSs is established and the results
agree quite well with ab initio calculations in the 1.0 <
d, <2.0nm diameter range [15], thus supporting the
assignment. The clear observation of £, modes means
that resonance with E, , ., transitions needs to be taken
into account when analyzing Raman and optical absorp-
tion spectra from isolated SWNTs. This result explains
previous controversial polarization studies on aligned
SWNT samples, solves open questions related to the
resonance nature of the G-band Raman process in
SWNTs, and opens up a new perspective for the ability
of optical experiments to study electronic dispersion in
SWNTs. Experiments using an excitation laser with a
continuously tunable energy will be important for a
more detailed and quantitative study of the different
E,, and E, , . resonance Raman processes in SWNTs.
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