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The dependence of the anti-Stokes Raman intensity on the excitation laser energy in carbon nanotubes is
studied by resonant Raman spectroscopy. The complete resonant anti-Stokes and Stokes Raman profiles of the
high-energy longitudinal phonon (G+) are obtained for (8,3), (7,5), (6,4), and (6,5) single chirality enriched
samples. A high asymmetry between the intensity of the incoming and outgoing resonance is observed in the
resonant Raman profiles. In contrast to Stokes scattering, anti-Stokes scattering is more intense at the outgoing
resonance then at the incoming resonance. The resonance profiles are explained by a Raman process that includes
the phonon-mediated interactions with the dark excitonic state. The chirality dependence of the Raman profiles is
due to the variation in the exciton-phonon matrix elements, in agreement with tight-binding calculations. Based
on the asymmetric Raman profiles we present the resonance factors for the Stokes/anti-Stokes ratios in carbon
nanotubes.
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I. INTRODUCTION

Single-walled carbon nanotubes are a unique material with
outstanding mechanical and optical properties [1,2]. Their
interaction with light is governed by excitons [3,4] with
extremely high binding energies (up to ∼1 eV in a vacuum) and
a complex structure of the excitonic states [5,6]. Interferences
between excitonic states modify the optical responses of
nanotubes such as absorption, photoluminescence, and pho-
toconductivity [7,8]. Such interferences manifest indirectly in
the resonance profiles of the nanotube Raman high-energy
modes.

The high-energy modes of carbon nanotubes (G) comprise
longitudinal (LO) and transverse (TO) phonons, labeled
G+ and G− in semiconducting nanotubes. Resonant Raman
scattering of the LO and TO modes reported an atypical asym-
metric dependence of the Raman cross section on excitation
energy. The asymmetry was found to depend on nanotube
chirality [9–11]. The suggested mechanism to account for the
varying cross-section of the incoming and the outgoing Raman
resonance involves competing scattering channels between
bright and dark excitonic states [10].

Anti-Stokes Raman scattering incorporates the same pro-
cess for phonon absorption as Stokes scattering for phonon
emission. Resonance profiles of anti-Stokes scattering will
verify the proposed scattering pathways and deliver additional
information about the photon-exciton and exciton-phonon
coupling in nanotubes. Depending on the anti-Stokes Raman
cross section, exciton resonances may potentially be exploited
for phenomena like vibrational cooling [12–14] and generating
correlated Raman photons [15,16].

Anti-Stokes spectra of the high-energy modes were pre-
viously reported at mixed chiralities concentrated powder,
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high temperatures, or plasmon-enhanced Raman scattering
[17–19]. Despite the interest in anti-Stokes Raman scattering
by the high-energy modes in nanotubes no systematic studies
of their resonance profiles have been reported. This is due
to the low intensity of the anti-Stokes process, which is
proportional to the occupancy of the phonon branch. At room
temperatures, the high-energy G modes of nanotubes are three
orders of magnitude less intense in anti-Stokes than in Stokes
scattering preventing measurements on individual nanotubes.
As produced samples, on the other hand, contain many
different chiralities with overlapping resonance profiles. The
mixed response prohibits a detailed analysis of the resonance
profiles as a function of chirality and diameter.

Here we report the anti-Stokes resonant behavior in the
Raman profiles of chirality sorted single-walled carbon nan-
otubes. We measured four samples with (8,3), (7,5), (6,4), and
(6,5) nanotubes, covered by sodium dodecyl sulfate (SDS)
surfactant and suspended in an aqueous solution. In all the
investigated chiralities we observe an asymmetry between
incoming and outgoing resonances of the anti-Stokes signal of
the high-energy LO mode. The Stokes and anti-Stokes reso-
nance profiles are excellently described by a Raman scattering
process involving interferences with the dark excitonic states.
We calculate the ratio of the Stokes and anti-Stokes intensity
depending on the energy difference between the bright exciton
and the laser energy. The exciton-phonon matrix elements
of different chiralities extracted from the experimental data
qualitatively follow the behavior predicted by tight-binding
calculations.

II. EXPERIMENT

The bulk samples for Raman experiments contained nan-
otubes coated by surfactant and suspended in an aqueous
solution [20]. We used four chirality-enriched samples of
the (8,3), (6,5), (6,4), and (7,5) nanotubes. The separation of
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FIG. 1. Radial breathing mode of a (7,5) nanotube. The anti-
Stokes spectrum is multiplied by the Boltzmann factor resulting
in identical intensities for Stokes and anti-Stokes scattering. (a)
Stokes and anti-Stokes components at EL = 1.9 eV. (b) Stokes (filled
symbols) and anti-Stokes (open symbols) Raman cross-sections
versus excitation energy. Solid lines are fits by Eq. (1). The position
of resonances determines the energy of the bright exciton, see Table I.

nanotubes was performed by a gel permeation chromatography
[21]. Variation of the surfactant (SDS) concentration leads to
the chirality selective absorbance of nanotubes to the gel. This
method yields samples of single chirality species with up to
95% purity. The purity is verified by resonant Raman, where
only a single radial breathing modes (RBM) peak appeared
when varying the excitation energy over a large energy range,
as well as absorption and photoluminescence spectroscopies
as previously reported [21].

Resonance Raman spectroscopy was performed at room
temperature for an excitation energy range from 1.63 to
2.4 eV. As excitation sources we used an Argon-Krypton, a
Ti:sapphire, and a dye (Rhodamin 110, R6G, DCM) laser.
The laser was focused by a macro lens (N.A. = 0.8) and the
backscattered light collected. The scattered light was dispersed
by a triple grating monocromator (Horiba T64000), equipped
with 900 lines/mm gratings and detected by a charged couple
device (CCD) detector. To exclude laser heating and related
effects we varied the incident laser power by two orders of

magnitude and no changes in counts per mW of anti-Stokes
and in Raman shift were observed.

Simultaneously with the nanotube measurements, the
Raman spectra of benzonitrile were obtained in the identical
scattering geometry. For the calibration of the G and RBM
modes we used molecular vibrations at ±1589 cm−1 and
±461 cm−1, respectively. Benzonitrile has a constant Raman
cross section [9,22] in the visible and near infrared wavelength
range. Its vibrational level population is ruled by temperature.
We verified this by comparing the Stokes and anti-Stokes
intensities at the same spectral position, i.e., recording Raman
spectra with a difference of 2h̄wph between the excitation
energies.

Important parameters for our analysis are the purity of
the chirality-sorted samples and the exact energetic position
of the exciton transitions. We determined the energy of the
bright exciton for each nanotube chirality by resonant Raman
spectroscopy of the RBMs. Figure 1(a) shows an example of
the Stokes and anti-Stokes components of the (7,5) RBM at
ωRBM = ±284 cm−1. The appearance of a single RBM peak
verifies a successful single chirality enrichment of the sample.
The RBM cross section exhibits a symmetric shape [23] due to
the identical intensity of the incoming and outgoing resonance
[24] [Fig. 1(b)]. The phonon energy is small, comparable to
the width of resonance profile, therefore the incoming and
outgoing resonances are not resolved. The maxima of the
scattering efficiency are between the two resonances. The
exciton energy is obtained by fitting the scattering intensity [4]:

IRBM ∼
∣∣∣∣∣

M1(
EL − EB − i �

2

) − M2(
EL − EB − h̄ωRBM − i �

2

)
∣∣∣∣∣,
(1)

where EL is the laser energy, EB is the energy of the second
exciton transition (bright exciton), h̄ωRBM us the phonon
energy, and �

2 represents the finite lifetime broadening. The
first term in Eq. (1) is responsible for the incoming resonance,
the second term for the outgoing resonance. To fit a symmetric
cross-section we set the combined matrix elements M1 = M2.
Separate fits of the Stokes and anti-Stokes resonance profiles
yielded identical energy and lifetime broadening of the bright
exciton, see Table I.

The transition energies (EB) are comparable to previous
studies, but are shifted to smaller energies [4,23] by 10 to
40 meV, see Table I. There are possibly two contributing
mechanisms, bundling of the tubes and water molecules

TABLE I. Fitting parameters of the RBM resonance profiles. �EB = EB (this work)−EB (Ref. [23]), �wRBM = wRBM (this work)−wRBM

(Ref. [23]).

EB (eV) EB (eV) ±10 meV wRBM(cm−1) wRBM (cm−1)
(n,m) 2n + m Scatt. type �/2 (meV) this work Ref. [4,23] �EB (meV) this work Ref. [23] �wRBM (cm−1)

(6,5) 17 anti-Stokes 60 2.155 2.18 −25 312.5 309.6 2.9
(7,5) 19 Stokes 41 1.902 1.92 −18 284.4 282.3 2.1

anti-Stokes 42 1.902
(8,3) 19 Stokes 59 1.822 1.86 −38 300.6 297.9 2.7

anti-Stokes 52 1.824
(6,4) 16 Stokes 47 2.098 2.11 −12 338.4 337.5 0.9

anti-Stokes 52 2.097
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encapsulation. Encapsulation of water molecules induces a red
shift of the transition energies ∼15 meV [25]. The selectivity
of our enrichment method towards empty or filled nonanotubes
is possible, but has not been studied yet. Bundling does not
affect the frequency of the RBM [26], but water encapsulation
is accompanied by a frequency upshift [25,27]. The difference
between our measured RBM frequencies and previously re-
ported values corroborates the water encapsulation mechanism
as the dominant effect [4,23] (Table I). The remaining shift is
due to the formation of small nanotube bundles. The (8,3)
sample was most strongly affected with a bundling-induced
shift of ∼25 meV.

III. THIRD- AND FIFTH-ORDER PERTURBATION
THEORY OF THE RAMAN PROCESS

IN CARBON NANOTUBES

One phonon Raman scattering in solid-state systems is
commonly described by third-order perturbation theory [28].
The incoming and outgoing resonances are identical in
intensity for a standard one-phonon process. One-phonon
Raman scattering is insufficient to describe the asymmetric
cross-sections of high-energy modes in semiconducting and
metallic nanotubes [9,10,29]. Higher-order Raman processes
were suggested to have an important contribution. They lead
to fifth-order perturbation theory involving scattering between
bright-dark and bright-bright excitonic states [10]. The dark
excitons that participate in the Raman process of the high-
energy modes are located at the K point of the Brillouin zone
(BZ). Phonon-mediated interactions with the K-point excitons
require phonons with a wave vector q = �K to couple to the
bright state. These are the same modes that are responsible for
the D mode in sp2 carbons [30]. Additionally to the bright-dark
exciton interactions to the fifth-order process contributes the
scattering within the bright exciton, where the zero momentum
LO phonons (G) are emitted and reabsorbed.

Figure 2(a) illustrates the scattering pathways correspond-
ing to one of the possible Stokes (B) and anti-Stokes scattering
processes (B ′). In the Stokes process (B), the incident photon
excites the bright exciton from the ground state (a). The exciton
is scattered to the dark state by creating the K phonon (b).
Then backscattering occurs, where the system gets to the same
excited state of bright exciton by reabsorbing the K phonon (c).
After that, the G phonon is created (d) and the bright exciton
relaxes by emitting the photon of smaller energy.

The scattering via a dark exciton applies equally to Stokes
and anti-Stokes processes; the K-point phonon is first created

FIG. 2. Fifth-order Raman process. (a) Scheme of the scattering,
corresponding to the Stokes B (left panel) and time reversed anti-
Stokes B ′ (right panel) processes, with ωK serving as ω2. (b) Feymann
diagrams (A–C) of the fifth-order contributions for Stokes and (A ′–
C ′) of the time-reversed processes for anti-Stokes Raman scattering.

and then annihilated [Fig. 2(a)]. The probability of the inverse
process of the interaction with the dark exciton is strongly
reduced by the Boltzmann factor. In the anti-Stokes B ′ process,
the time order is reversed compared to process B. The excited
bright exciton absorbs a G phonon increasing its energy (a,b)
then the emission (c) and the reabsorption of the K phonon
takes place (d). Finally, the bright exciton relaxes by emitting
the photon of higher energy.

The Feymann diagrams summarizing all contribution to
the fifth-order process are depicted in Figure 2(b). The left
panel shows the Stokes processes. The difference between
the Stokes processes A–C arises from the multiple possible
scattering sequence, where the scattering and backscattering
(interference) between the excitonic states takes place at
various steps of the third-order Raman process. The ω2 phonon
participating in the interference are ωK and ωG when scattered
between bright-dark and bright-bright states, respectively. The
right panel of Fig. 2(b) shows possible fifth-order anti-Stokes
processes. For each A–C Stokes process there is a time
reversed A′–C ′ anti-Stokes process with an inverted direction
of the G phonon arrow. On vertexes, where in the Stokes
process the G phonon is created in the anti-Stokes process
phonon annihilation occurs. The combination of the third- and
fifth-order processes results in Raman cross-sections ∼|WG|2
as a function of the laser energy [10]:

WG±(EL) =
∣∣MXL

B�S

∣∣2
MXP

G

(EB�S − EL)(EB�S ± h̄ωG − EL)

(
1 +

∣∣MXP
G

∣∣2

(EB�S + h̄ωG ± h̄ωG − EL)(EB�S + h̄ωG − EL)

+
∣∣MXP

G

∣∣2

(EB�S − EL)(EB�S ± h̄ωG − EL)
+

∣∣MXP
K

∣∣2

(EDKS ± h̄ωG + h̄ωK − EL)(EB�S + ±h̄ωG − EL)

+
∣∣MXP

K

∣∣2

(EDKS ± h̄ωG + h̄ωK − EL)(EB�S + h̄ωK − EL)
+

∣∣MXP
K

∣∣2

(EB�S − EL)(EDKS + h̄ωK − EL)

)
. (2)
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FIG. 3. G mode Stokes and anti-Stokes Raman spectra of (8,3) nanotubes. (a) Normalized Raman spectra covering the incoming and
outgoing resonances. The anti-Stokes spectra include fits with a Lorentzian for clarity. (b) Excitation energy dependence of the LO phonon
for Stokes (filled circles) and anti-Stokes (open circles) resonance scattering. The full lines are fits by Eq. (2). The dashed vertical lines
represent the calculated positions on the incoming resonance at EB and outgoing resonances at EB ± h̄ωG. The open dots in the inset are
the Stokes/anti-Stokes ratio plotted versus energy difference between the laser and the bright exciton (EL − EB ). The line is a fit by Eq. (3)
standing for the resonant correction factor.

MXL is the exciton-photon and MXP the exciton-phonon
matrix element. The energy of the bright exciton is expressed
as EB�S = EB + i�B/2 and the energy of the dark exciton
as EDKS = ED + i�D/2. �B(�D) is the damping parameter
associated with the lifetime of the bright (dark) exciton. h̄ωG is
the phonon energy of the G mode observed in the experiment.
h̄ωK represents the phonon energy involved in the coupling to
the dark exciton. The positive sign of the phonon energy h̄ωG

in Eq. (2) corresponds to the Stokes process, the negative
sign to the anti-Stokes process. The first term in Eq. (2)
describes the third-order process, the second and third terms
describe fifth-order bright-bright scattering process, and the
three last terms are due to the fifth-order bright-dark scattering
process.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 3(a) shows the Stokes and anti-Stokes Raman
spectra of the G mode of an (8,3) nanotube, normalized
as described in the experimental section. The energy range
covers the resonance window of the second exciton transition
at E22 = 1.823 eV. Both Stokes and anti-Stokes components
of the strongest G+ peak at ±1584 cm−1 are observed on the
spectra. The weaker G− peak at ±1540 cm−1 is observed only
on the Stokes side due to its low intensity. The maxima in the
scattering efficiency occur at excitation energies that match
the incoming and outgoing resonances for this phonon mode,
Fig. 3(b). The incoming resonance coincides with the energy of
excitonic transition, while the outgoing resonances are shifted
to higher (Stokes) and lower (anti-Stokes) excitation energies.

The incoming Stokes resonance is higher in intensity than the
outgoing Stokes resonance. This agrees with the asymmetric
shapes of the Stokes cross-section previously reported in
semiconducting and metallic nanotubes [9–11].

The anti-Stokes resonance profile shows a strong asym-
metry between incoming and outgoing resonance, Fig. 3.
Remarkably, the asymmetry between the resonances is
inverted compared to Stokes scattering. The incoming

FIG. 4. The LO phonon Stokes (filled circles) and anti-Stokes
(open circles) normalized Raman cross-sections of the single chirality
(6,5), (7,5), and (6,4) samples. The vertical dashed lines correspond
to the positions of the incoming and outgoing resonances obtained
from the RBM analysis of E22 and measured phonon frequencies.
The data are fitted by Eq. (2).
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TABLE II. Constants for Stokes/anti-Stokes intensity ratios, Eq. (3).

(n,m) y (meV)2 C1 C2 �1 (meV) �2 (meV)

(6,5) 1.22 1.69 3.64 45 180
(7,5) 2.03 1.57 13.6 31 187
(8,3) 3.6 1.33 10.09 35 248
(6,4) 3.1 1 4.6 28 170

resonance in the anti-Stokes profile is weaker than the outgoing
resonance, as seen on the plot of the Raman cross-section
versus laser energy in Fig. 3(b). Figure 4 shows the measured
Raman cross-section of three additional chiralities (6,5), (7,5),
and (6,4). The (8,3), (7,5), and (6,5) Stokes Raman profiles
resemble the previously reported data [9], while the (6,4)
Stokes profile is presented for the first time. The intensity
ratios between incoming and outgoing resonances vary for the
chiralities but overall the behavior is similar to the (8,3) tube
in Fig. 3.

The reversed ratio in the intensity maxima of the Stokes
and anti-Stokes is understood by considering time-reversal
symmetry. When inverting the time order we turn A, B,
and C processes into the A′, B ′, and C ′ processes (Fig. 2).
Considering IS(ωi,ωS) = IAS(ωS,ωi) the equivalence between
outgoing Stokes and incoming anti-Stokes becomes apparent.
At frequencies corresponding to such resonances, the interfer-
ence between the scattering channels in Eq. (2) is destructive
and leads to a quenching of the Raman intensity.

The presence of multiple excitonic states and several
scattering pathways in the Raman process shifts the positions
of the intensity maxima away from incoming and outgoing res-
onances at EB and EB ± Eph expected in two-level systems.
The strength of the shift depends on the energetic separation
of the excitons and the electron-phonon matrix elements. This
shift is strongest in the (6,5) tube, where the intensity maxima
of the anti-Stokes resonance profile are separated by only
130 meV compared to 196 meV phonon energy, as marked
by horizontal dashed arrow on Fig. 4(c). Similar behavior was
reported for armchair nanotubes [10].

Stokes and anti-Stokes intensities are crucial when evaluat-
ing the effective phonon temperature in carbon nanotubes by
Raman scattering. The anti-Stokes/Stokes ratios are no longer
exclusively dependent on temperature and resonance effects
have to be considered [Fig. 3(b)]. We suggest a simplified
empirical correction factor that depends on the energy of the

bright exciton and the laser energies � = (EL − EB):

IStokes

Ianti-Stokes
(T ,�)

= exp
h̄ωG
KT

|WG+(EL)|2
|WG−(EL)|2

∼= exp
h̄ωG
KT

(
C1y

y + (� − �1)2
+ C2y

y + (� − �2)2

)
, (3)

where �1 and �2 correspond to the effective positions of
the Stokes and anti-Stokes resonances. 2

√
y is the width of

the combined profiles and C1,C2 are constants reflecting the
varying intensity of the Raman resonances, see Table II. As
shown in the inset of Fig. 3(b) the experimental results are
reproduced by Eq. (3) in the regions where both signals are
well detectable. It should be mentioned that the additional
correction on ω3 and spectrometer sensitivity need to be
applied depending on the calibration procedure.

We now turn to analyzing the Stokes and anti-Stokes
resonance profiles in the framework of third- and fifth-order
perturbation theory, Eq. (2). We fit the Stokes and anti-
Stokes resonance profile imposing identical exciton-phonon
and exciton-photon matrix elements for both profiles from
a single species. The energies of the bright excitons were
taken from the RBMs measurements. For the energy splitting
between dark and bright excitons we used values of the first
excitonic transition E11 reported for all chiralities except the
(6,4) nanotube, for which we use an average value of the
other tubes [7,31]. The fitting parameters for all nanotubes
are summarized in Table III. For the three SII tubes (7,5),
(8,3), (6,4) [(n − m)mod3 = −1] we obtain excellent fits of
the Stokes and anti-Stokes resonance profiles. For the (6,5) the
fitted Stokes resonance profile lies at lower energies compared
to the experimental data, Fig. 4(c).

The exciton-phonon matrix element of the bright state is
plotted in Fig. 5(a) as a function of the chiral angle. The matrix
element of (7,5) is significantly smaller than in (8,3), (6,4),
and (6,5). In the 2m + n = 19 family the dramatic decrease
of MXP

G is corroborated by the tight binding calculation,
performed according to Refs. [32–34] to verify this behavior.
The calculated matrix element decreases from the (8,3) to the
(7,5) tube by a factor of 24, in good agreement with the 30
times decrease obtained experimentally. The MXP

K dependence
on the chiral angle is shown in Fig. 5(b). We observe the same
trend as MXP

G in SII-type tubes, where the matrix element

TABLE III. Stokes (S) and anti-Stokes (a-S) fitting parameters of the G+ Raman cross-sections with Eq. (2).

(n,m) Scattering type EB (eV) ED (eV) MXL
B�S (meV) MXP

G (meV) MXP
K (meV) �B/2 (meV) �D/2 (meV)

(6,5) Stokes 2.155 2.184 83 195 140 75 72
anti-Stokes 2.155 2.184 83 195 140 75 72

(7,5) Stokes 1.902 1.938 764 7 130 73 37
anti-Stokes 1.902 1.938 764 7 130 73 37

(8,3) Stokes 1.822 1.855 115 154 152 84 52
anti-Stokes 1.824 1.857 115 154 152 84 41

(6,4) Stokes 2.098 2.131 71 152 321 90 229
anti-Stokes 2.097 2.131 71 152 321 74 1400
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FIG. 5. Fitting parameters of the Stokes and anti-Stokes profiles
versus chiral angle. (a) Bright exciton-phonon matrix element MXP

G

obtained from the experiment (filled dots) and calculated (open
circles) [32–34]. Arrows indicate the direction along which d is
increasing in single 2n + m nanotube family. (b) Dark exciton-
phonon matrix element MXP

K , filled circles our data, stars data for
armchair nanotubes [10]. Vertical error bars show the averaged
standard error.

decreases with the chiral angle. The matrix elements of achiral
tubes in our experiment is close to the values reported for
armchair (5,5), (6,6), (7,7), and (8,8) tubes [10].

The anti-Stokes component of the TO phonon (G−) was not
observed in the experiment due to the low Raman intensity. The
asymmetry of the Stokes resonance profiles was previously
reported to be similar as for the LO phonon with weak outgoing
resonance [9,10]. We expect the TO anti-Stokes resonance
profiles to qualitatively mimic the LO behavior with a different
degree of asymmetry. The exciton-photon matrix element
remains the same for TO and LO, but the exciton-phonon
matrix element changes in the opposite direction within one
2n + m family [32].

The scattering between bright and dark excitons can be
also realized by impurities. Defects can provide momentum to
reinforce the interaction pathways and thus alter the asymme-
try of the resonance Raman profile of nanotubes. The effect
is similar to the double resonant Raman processes involved
in the defect induced mode (D) [30]. Our experiments and
past studies were performed on material with excellent crystal
quality and low defects concentration. It would be interesting
to perform similar experiments for more defective tubes to

further advance our understanding of Raman scattering in
nanotubes and, particularly, interactions between dark and
bright excitons.

The strong outgoing anti-Stokes Raman resonances of
carbon nanotubes point towards a path of engineering the
population of selected phonon branches controlled by light.
A population increase may be achieved at laser energies
matching the outgoing Stokes resonance. Remarkably, for
nanotubes a reduction of a phonon population may occur
under certain conditions (phonon cooling). It requires the
efficiency of the anti-Stokes process to overtake the efficiency
of the Stokes process. We observed comparable intensities of
the Stokes and anti-Stokes process at energy matching the
outgoing anti-Stokes resonance for the (6,5) tube after nor-
malization. In such excitation regimes, the phonon absorption
is competing with the phonon emission, possibly allowing the
phonon cooling to occur [14].

V. CONCLUSION

The anti-Stokes cross-section of the high-energy LO mode
is measured in carbon nanotubes. The excitonic nature of the
optical transitions alters the Stokes and anti-Stokes Raman
scattering cross-sections. It results in strong incoming Stokes
and outgoing anti-Stokes resonances, as we observe in four
different semiconducting nanotube species (8,3), (7,5), (6,4),
and (6,5). The resonance profiles successfully verified a model
of quantum interferences between the third- and fifth-order
scattering processes, involving phonon mediated interactions
between excitionic states. The superposition of Stokes and
anti-Stokes Raman cross sections yielded exciton-phonon
matrix elements for various carbon nanotubes, in agreement
with the tight-binding model. We suggest correction factors
to account for resonance effect when evaluating the local
temperature via the Stokes/anti-Stokes intensity ratio.
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