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Carbon nanotubes are one-dimensional nanoscale systems with strongly pronounced chirality dependent opti-
cal properties with multiple excitonic transitions. We investigated the high-energy G mode of semiconducting
single walled nanotubes of different chiralities at first excitonic transition by applying resonant Raman spec-
troscopy. The G mode intensity dependence on excitation energy yielded asymmetric resonance Raman
profiles similar to ones we reported for the second excitonic transition. We found the scattering efficiency to
be strongest at the incoming Raman resonance. Still, the degree of asymmetry is different for the first and
second transitions and the first transition profiles provide a narrower line shape due to longer exciton life-
times. The overall scattering efficiency is up to a factor of 25 times more intense at first excitonic transition,
compared to the second transition. The fifth-order perturbation theory, with implemented phonon scattering
pathways between excitonic states, excellently reproduced experimental data.
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I. INTRODUCTION

Single walled carbon nanotubes are unique 1D
crystals with outstanding vibrational and mechanical

properties’2. The excitons with high binding energies
(up to 1eV in vacuum) rule the optical properties of the
nanotubes®*. The low-dimensional electron-hole inter-

action in carbon nanotubes gives a rise to the dark and
bright excitonic states®®, providing a strong coupling
with the lattice vibrations (phonons)”. Spectroscopic
features originating from the coupling of the momentum-
forbidden dark excitons and the K point phonons were
reported in a variety of optical studies. Characteris-
tic phonon related peaks occur in the carbon nanotube
absorbance, photoluminescence and photoconductivity
spectra®10,

In Raman scattering the remarkably strong exciton-
phonon coupling induces higher order scattering
processes'!. The standard third-order Raman process
with the emission of a I'-point phonon couples only to the
bright excitonic state. The fourth-order process does not
contribute to one-phonon Raman scattering. The fifth-
order process, however, opens phonon-mediated scatter-
ing channels between the different excitonic states'!. A
unique type of asymmetry in the resonance Raman pro-
file of the G mode is due to these scattering channels'!12.
The degree of asymmetry depends on the coupling effi-
ciency between the bright and dark excitonic states. This
asymmetry was previously ascribed to the alternative
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theories based on molecular-like non-Condon effects'?
and interferences between electronic bands!'®. However,
these theories do not accurately treat excitonic nature of
optical excitations in the nanotube.

Previous experiments by others as well as our own
studies focused on the asymmetry in the resonance pro-
file at the second excitonic transition (Fag) of semicon-
ducting nanotubes'?'4. However, the second excitonic
state is located inside of the uncorrelated electron hole
(e-h) continuum of the first excitonic transition which
can contribute to the scattering efficiency. Such interac-
tions were reported for three-dimensional crystals, with
excitonic properties'®. The lowest energy excitonic tran-
sition (E71) provides the cleanest excitonic level where
the interference with uncorrelated e-h pairs (higher exci-
tonic states) is impossible due to the large binding energy
of the excitonic state>*. The resonant Raman study of
the first transition is essential to clarify the origin of the
asymmetry.

The comparison between the asymmetry in resonance
Raman profiles between the Foo and the Fq; transitions
will clarify two main controversies found in the litera-
ture surrounding this subject. First, to understand if
the lack of the asymmetry reported for the Fs3 transi-
tion is related to the high transition number or the large
diameter of the investigated nanotube!6. Second, the va-
lidity of the alternative theory attributing the asymme-
try to the displacement of the nuclear coordinate can be
tested based on its predictions for the transition number

dependence!?.

Complementary to the asymmetry effect in resonance
Raman profiles, the width and absolute scattering ef-
ficiency are due to the coherent excitonic lifetime and
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exciton-phonon coupling strength respectively. The res-
onant Raman study of radial breathing modes (RBMs) at
the first and second excitonic transitions reported strong
enhancement of the Raman intensity up to 3 - 10? times
accompanied by the reduced width of the resonance Ra-
man profile of the Fy; transition compared to the Fog
transition!”. The potential enhancement of the G mode
intensity at the first transition will be of interest for pos-
sible biomedical applications. The higher intensity sim-
plifies detection process and the first transition of small
diameter tubes covers the transparency region of tissue'®.
In this wavelength range (700 - 1350 nm), the localization
and vibrational properties of CNTs, serving as markers
or transporters!?2°, can be probed without disturbing or
damaging the living cells.

Despite the fundamental interest in Raman scatter-
ing of semiconducting CNTs at Fp1, only a few ex-
perimental works reporting RBM intensities have been
published!™2!. In contrast to the RBM, the frequency of
the G band depends only weakly on nanotube chirality.
The G mode of different species cannot be separated in
samples containing tubes of different chirality. The tech-
niques providing to obtain samples of high chiral purity
were only recently developed??23. Moreover, measuring
the Fss and F71; G mode resonances profiles of the sin-
gle nanotube chirality requires a very broad excitation
source and multiple detection instruments.

Here, we report a complete study of the high-energy
modes at the Ej; transition by applying resonant Ra-
man spectroscopy. We investigated the transition depen-
dence of resonance Raman profiles. At the first transition
all studied chiralities demonstrated a narrower width of
Raman profiles compared to the second transition and
showed a dominant incoming resonance. The degree of
asymmetry varied between profiles at first and second
transitions. A fifth-order perturbation theory model in-
volving the scattering to dark excitonic states describes
the Raman profiles quite well. We observed an increase
of the G mode Raman intensity with a maximum fac-
tor of 25. The increase of the intensity and the change
in asymmetry we attribute to the strengthening of the
dark and bright exciton-phonon interactions at the first
excitonic state.

Il. EXPERIMENTAL

The single chirality samples (6,4), and (8,3) were en-
riched by a gel permeation chromatography method??.
The ambient conditions and surfactant concentration
were optimized to preferably absorb a particular chiral-
ity to the gel. The obtained nanotubes were covered with
sodium dodecyl sulfate (SDS) and suspended in aqueous
solution?*. The purity of the samples was confirmed by
absorption, photoluminescence-excitation, and resonant
Raman spectroscopy'423. The chiral purity of the sam-
ples reached up to 95 %.

For resonant Raman scattering studies we used a sin-

PL intensity (arb. units)
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FIG. 1. The E11 photoluminescence spectra of the (8,3) and
(6,4) samples excited at 1.96 and 2.11 eV respectively.

TABLE I. Nanotube chirality and v =|n —m|mod3 type, nan-
otube diameter d, chiral angle and resonant energies of bright
(EE) and dark excitons (F1]) established from the PL and
Vora et al. 1°

(nm) vindex d(A) 6 (deg) EE, (eV) Ep, (eV)
(6,4) -1 6.83 23.4 1.39 1.424
(8,3) -1 772 153 1.29 1.323

gle frequency Ti:Sapphire laser (700-1000nm). A Horiba
T64000 in macro configuration set up was used, with a
lens (N.A. = 0.8) focusing (collecting) the incident (scat-
tered) light onto the suspended nanotubes. The scat-
tered light of wavelengths below 1050 nm was analyzed by
a triple grating spectrometer (Horiba T64000) equipped
with a silicon CCD and 600 grooves per mm grating with
the spectral resolution < 4 cm ™! at 1.45 eV. We analyzed
the scattered light with wavelengths above 1050 nm by
guiding it though the fiber in an iHR Horiba spectrom-
eter, equipped with a 150 grooves per mm grating and
detected by an InGaAs array. The intensity of the Ra-
man mode was calibrated on the benzonitrile molecule
recorded with the same experimental geometry. Benzoni-
trile has a constant Raman cross section in the visible and
infra-red regions!?2°.

For the modelling of the Raman resonance profiles the
position of the bright exciton needs to be established.
The F41; photoluminescence (PL) peak was recorded for
each chirality in the above-described set up and cali-
brated with a neon spectrum. The tubes are excited at
Es; using a dye laser (R6G, DCM) (560-680nm). Figure
1 shows the PL spectra of (6,4), and (8,3) tubes. The
maximum of the PL corresponds to the energy of the
allowed bright excitonic transition F5'. By fitting the
PL profiles, the EY were determined and are listed in
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FIG. 2. The G modes of the (6,4) and (8,3) SWCNTs at
the first (bottom spectra) and the second excitonic transition
(top spectra). Solid lines represent fits with Lorentzian line
shapes.

TABLE II. Chariality (n,m) and transition E;; dependent in-
tensity ratios between TO and LO phonons, full width at half
maxima (FWHM) of the TO and LO phonons

(n,m) Eii Iro/Iro LO FWHM, em™" TO FWHM, cm™!
(6,4) B2z 0.06 11 8

(6,4) Er1  0.03 10 4

(8,3) B2z 0.06 10 11

(83) En 0 10

Table I. The measured transition energies are in a good
agreement with previously reported values?!:26. In order
to determine the energy of the dark excitonic states at
E} we use the energy separation between the bright and
dark excitonic states 33 and 34 meV for the (6,4) and the
(8,3) nanotubes, respectively. These values are reported
in experimental photoluminescence-excitation studies'©.

IIl. RESULTS AND DISCUSSION

Before discussing the resonant effects, we outline the
differences in the G mode structure between the second
and the first transitions. Figure 2 shows normalized Ra-
man spectrum of the G mode excited at the first (bot-
tom spectra) and the second (top spectra) excitonic tran-
sitions for two different nanotube chiralities (6,4), and
(8,3). The component (GT) at 1589 em ™! is the longitu-
dinal optical vibration (LO), the weak component (G™)
at 1521 cm~! in the (6,4) and 1540 cm~! in the (8,3) nan-
otube is the transverse vibration (TO). The correspond-
ing frequencies and LO/TO intensity ratios match well
with the reported theoretical and experimental values for
the second excitonic transition?®27:28, The I7o/I1o are
listed in Table II.

At FE1; we observe different Ipo/Iporatios compared
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FIG. 3. (a), (b) resonance Raman profiles of the LO mode of
the (6,4), and (8,3) nanotubes respectively. The filled (open)
symbols indicate the intensity (integrated peak area) of the
G mode excited in first (second) excitonic transition. FEao
data are extracted from Gordeev et al.'*. The calibration
of Raman intensity is described in the experimental section.
The solid lines represent theoretical resonance Raman profiles
by Eq. (1).

to Fag, such that the ratio decreases in the (6,4) and (8,3)
nanotubes [v = —1 type]. The TO intensity of the (8,3)
is even below the instrumental noise level. An increase of
the ITo/ILo with chiral angle at first excitonic transition
is similar to the trend reported for the Esy transition?®27.

To gain further insight into the Raman scattering
mechanisms, we investigate the intensity (integrated
peak area) dependence of the LO mode on excitation
energy. For each nanotube we evaluated the intensity of
the Raman mode as a function of excitation wavelengths.
We compare the resonance Raman profiles at the first
F11 and second FEso excitonic transitions in Figure 3 a
and b. The filled symbols represent modes intensity ex-
cited via Fq;1 and the open symbols via the Fas, reported
by Gordeev et al.'*. The Raman profile comprises of two

resonances; an incoming resonance at EZ, and an outgo-
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FIG. 4. (a) The scheme demonstrating one of possible scat-
tering pathway (A), the bright (dark) F11 and Eaq states are
located at the I' (K) point of Brillouin Zone. (b) Feynman
diagrams summing up fifth-order scattering possibilities, as
w2 phonon serves wk (wg) when scattering occurs between
bright-dark (bright-bright) excitonic states.

ing resonance at EZ +hwo (marked by the dashed lines),
where EE and hwp,o are the energies of the bright exciton
and phonon, respectively. Both incoming and outgoing
resonances have narrower line shapes at the £y, than at
the E55 transition.

The different intensities of the incoming and outgo-
ing resonances (asymmetry) observed at the Eas reso-
nances distinguishes nanotubes from most other crys-
talline materials®®. The asymmetry is also observed in
resonance with the F; transition, again with dominat-
ing incoming resonance. The degree of asymmetry varies
with transition number and chirality. We observe the
resonance Raman profile of the (6,4) species to be more
symmetric at F1; than at Egs (Fig. 3a and b), whereas

J

the (8,3) profile becomes more asymmetric at F1; com-
pared to Ess (Fig. 3b).

The relative intensity of the LO mode at E7; is up to
25 times higher at the incoming resonance varying with
tube chirality, see Table III. To understand the shape of
the resonance Raman profiles and the changes in scat-
tering efficiencies between different exciton transitions,
we analyze the experimental results in the framework of
fifth-order Raman scattering including phonon interac-
tions between bright and dark excitonic states mediated
by phonons'!. This model excellently reproduced Stokes
and anti-Stokes Raman profiles of semiconducting nan-
otubes at Fss and Stokes resonance profiles as well as in
metallic nanotubes at the Fy; transition!!:1%.

The higher order Raman processes are considered, as
the standard third-order Raman process including pho-
ton absorption and emission and one phonon emission
is insufficient to reproduce the excitation energy depen-
dence of the G modes intensities. The high exciton-
phonon coupling enables additional scattering channels
connecting bright and dark excitonic states'?'4. Such
processes contain two additional steps describing the
emission and absorption of K (G)-point phonons. The K
(G) phonon couples the bright to dark (bright) excitonic
state. The scheme corresponding to one of the scattering
pathways (A) is shown in Figure 4a. Each bright exci-
tonic state at the I' point of the Brillouin zone is scattered
to its dark counterpart at the K point by a finite momen-
tum phonon. In this scattering pathway, first the bright
exciton is scattered by the K phonon to the dark state
and back first and after that, the G phonon is emitted.
The order of single scattering events can vary, result-
ing in two additional scattering pathways (B, C). These
pathways are presented in form of Feynman diagrams in
Figure 4b. Phonon interferences alter the Raman cross
section resulting in I ~ [We|?,!* with

2 2
We(Er) = — |(M§rLs)ii.|‘ (M&")ii . |(M§P)uﬂ
(Egrs — EL)(Egrs + hwe — Er) (Efrs +2hwe — EL)(Efpg + hwg — EL)
2 2
e T
(Egrs — BL)(Egrs + hwg — EL)  (Epgs + hwe + hwi — EL)(Egpg + hwe — EL) (1)
2 2

MXL is the exciton-photon and MXF the exciton-
phonon matrix element, specific for each 4 transition.
The energy of the bright exciton is expressed as Bt =
E% + iT'p/2 and the energy of the dark exciton as
Ef s = E¥% +4il'p/2 at corresponding excitonic tran-
sition E;; .T'p(I'p) is the damping parameter propor-

(Ef ks + hwe + hwg — EL)(Efpg + hwi — EL)

(Efrs — EL)(Ef g + hwk — Er)

(

tional to the inverse lifetime of the bright (dark) exci-
ton. hiwg = 0.196 eV (Fig. 2), (hwgx = 0.17 eV)!¥ is the
phonon energy of the LO phonon at the I (K) point of
the Brillouin zone.

The energies of the bright and dark excitons estab-
lished in the experimental section were used for the fit-
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TABLE III. Intensity ratio of the LO phonon between transitions. The ratios between dark exciton-phonon and bright exciton-
phonon matrix elements for the first and second excitonic transitions'*, damping parameters for the bright and dark excitons
and bright exciton-photon,/ bright exciton-phonon matrix elements obtained by fitting the experimental resonance profiles by

Eq. (1) for E1; and extracted from Gordeev et al. '* for Fao

(mm) L1 (METy (MET) (Tp/2 V (/2 vV (ML Vo (MEP vV (Tp/2 \%
; 1 Gixp)u (Gxe)z2 (Us/2)u, meV (I'5/2)22, meV (Mprs)i, meV (Mg ), meV (I'p/2)u, me
64 24 18 2.1 54 56 715 680

(8,3) 15 3 1 35 13 700 3244

ting of the experimental data by using the matrix ele-
ments and exciton damping energies as free parameters.
The resonance Raman profiles (depicted by solid lines in
Figures 3a and 3b) are in good agreement with the exper-
imental data (symbols). The relative coupling strength
between bright and dark excitons is defined by the ratio
of the exciton phonon matrix elements (Mpxf /M&T);
Together with I'p it determines the asymmetry of Ra-
man profiles; the values are given in Table III. In the
(6,4) nanotube the ratio does not significantly change.
The increase of symmetry at the Fp; transition is due
to the reduction of the excitonic lifetime. In the (8,3)
nanotube, I'g follows the same trend as in the (6,4) nan-
otube, but (Mg?/MEP)11 exceeds (MjF /MET)20 by
a factor of three, causing a higher asymmetry of the (8,3)
E1; resonance profile, see Fig. 3.

The relative ratio between the bright exciton-phonon
and the dark exciton-phonon matrix elements affects
the asymmetry of resonance Raman profile, whereas the
change of the bright exciton matrix element Mé? P en-
hances or decreases the absolute Raman intensity. This
effect is directly observed in Figure 2b, where the TO/LO
intensity ratio dramatically decreases in the (8,3) nan-
otubes at the FEj; transition indicating a decrease of
(MED) /(ML) at Eq; compared to the Eay transition.

The quantitative behavior of Mi¥can be extracted
from the measured profiles at Fq; and Ess transition due
to the uniform intensity calibration. M i(OP increases ap-
proximately by a factor of four from the second to the
first transitions, inducing an increase in Raman intensity
by up to factor of 25 at Fy, see Fig.3. This estimate is
based on the exciton-photon matrix element Mg tight
binding calculations?”. When moving from the first to
the second transition it increases by 15 %>27.

The resonance Raman profile at the E1; transition are
narrower in frequency compared to the Eyo transition.
The change of the width in the resonance Raman profiles
widths is related to the variation of the damping param-
eters (I'p), in Eq. (1). The damping parameters at the
FE55 transition are up to factor of two stronger than at
FE41, see Table III. The damping parameter is inversely
proportional to the exciton lifetime I'g ~ 1/7. The sec-
ond exciton lies at higher energy and has higher number
of radiative and non-radiative relaxation pathways when
compared to the lowest Fi; excitonic state3?. This ex-
plains the smaller exciton lifetime and broader Raman
profile at Foo compared to the E7; transition.

The resonance Raman profiles exhibit asymmetry and
are well fitted by fifth-order perturbation theory. This in-
dicates that the scattering at both transitions (E7; and
E59) is ruled by the same phonon mediated interactions
with dark states. The interference of the second tran-
sitions with uncorrelated e-h pairs is negligible, possibly
due to the low oscillator strength of such uncoupled pairs.
The lack of asymmetry reported for resonance Raman
profile at the third transition is unlikely due to the high
transition'®, as we did not observe any qualitative dif-
ferences in the profiles by varying the transition. Rather
this effect is related to the high diameter of this species.
The diameter dependence of the (M ? /MZT);; may be
a key factor here.

The alternative theory for explaining the asymmetry of
resonance Raman profiles is based on molecular system,
where the atom displacement along the phonon oscillat-
ing direction induces non-Condon effects'2. This model
fits well with the Stokes resonance profiles at second exci-
tonic transition. It predicts an increase (decrease) of non-
Condon parameter C moving from the second to the first
transition in v = +1 (v = -1) type nanotubes. The non-
Condon parameter is proportional to the asymmetry!2.
However, we observe the varying trends in our experi-
ment, where asymmetry decreases in one v = -1 (6,4)
nanotube and increases in the other v=-1 (8,3) nanotube
at the Fao transition, compared to the Fy; transition.

IV. CONCLUSION

In conclusion, we studied the resonance Raman pro-
files in several nanotubes when exciting the G mode in
resonance with the Fy; transition. The resonance pro-
files of the LO phonon are similar to Fss we reported
earlier. We observe asymmetric profiles with unequal in-
coming and outgoing resonances, where the incoming res-
onance dominates. We found the asymmetry of Raman
profile to depend on the nanotubes chirality and transi-
tion number. The (6,4) profile is more symmetric and
the (8,3) is more asymmetric at the Fq; transition com-
pared to the Es, transition. We attribute the asymme-
try to the fifth-order scattering process and find excellent
agreement between the experimental data and fit of the
Fq1 and Ess Raman profiles. The change of asymmetry
is due to a competing increase of the bright and dark
exciton-phonon coupling elements. Overall, the Raman
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scattering at the F1; transition is, by a factor of 25, more
intense than for the Ey5 transition. The superior Raman
intensity makes the excitation region of the first transi-
tion even more attractive for probing CNTs by means
of Raman scattering in all application requiring strong
Raman signals. We observe narrower resonance Raman
profiles at first excitonic transition attributed to the long
lifetime of the lowest-energy exciton.
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