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Abstract

Semiconducting single-walled carbon nanotubes resonantly excited by the interband E§2
electronic transitions (at 1064 nm) display for the two components of the radial Raman
band—one associated with the isolated tubes and the other associated with the bundled
tubes—an anti-Stokes/Stokes Raman intensity ratio (/,s/Is) which deviates oppositely from the
predictions of the Maxwell-Boltzmann formula. A cooling and heating vibration process,
evidenced by an enhancement and diminishment of (I,s/Is), appears in the isolated and
bundled nanotubes, respectively. Here we confirm a cooling process, observed only for
semiconducting nanotubes, which emerges from the relaxation of the EZS2 excited state by the
electronic relaxation from E3, to E}, that precedes the spontaneous luminescence emission at
E},. Metallic nanotubes do not exhibit luminescence and no cooling effect is observed. Both
semiconducting and metallic nanotubes show for the bundled component of the radial Raman
band an enhancement of (/,5/Is) such as is frequently observed in a coherent anti-Stokes

Raman scattering process.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Raman scattering has been widely used to characterize single-
walled carbon nanotubes (SWNTs) [1-3]. The Raman spectra
exhibit three main groups of bands whose relative intensities
and peak positions vary with the excitation wavelengths. A
first group, ranging from 100 to 350 cm™!, is associated with
the radial breathing modes (RBM). It is generally accepted
that the radial band associated with a specific (n, m) nanotube
comprises two components, one associated with the isolated
tubes (Lgngle) and the other, upshifted by ~14 cm~!, with the
bundled tubes (Ipungle). The RBM peak position (£2 cm™h)
value and the equation Q(cm™') = 223.75/d (nm) provides
an efficient method for determining the diameters (d) of the
isolated tubes (/gingle). The Raman signature of bundled tubes
(Iyungle) 1S a weaker band appearing as a shoulder of the
RBM line associated with the isolated tubes. The bundled
tube’s diameter can be estimated from the RBM frequency

0953-8984/08/275215+07$30.00

using several expressions, one of these being Q@ (cm™') =
223.75 (nmem™)/d (nm) + AQ (cm™!), where AQ =
14 cm~! denotes the upshift due to tube—tube interaction [4, 5].
Bands belonging to this group are very sensitive to the
excitation wavelength; their intensity is much enhanced when
the photon energy of the excitation light corresponds to a
transition between the van Hove singularities (Eji) in the
valence and conduction bands of all possible nanotubes [1-3].

In the interval from 1100 to 1700 cm™' two bands are
found: a broad one aligned in the 1500-1600 cm~! range,
labeled the G band, is associated with the tangential stretching
modes (TM). Another, frequently referred to as the ‘D band’,
is not intrinsically related to the nanotube structure—it is
also present in the Raman spectrum of graphitic materials.
As a general rule, the intensity of the D band is indicative
of disorder induced in the graphitic lattice or defects in
nanotubes. A distinguishing feature of the G bands, related to
the contribution of the metallic nanotubes, is a new component
with a maximum at ~1540 cm ™! that appears at laser excitation

© 2008 IOP Publishing Ltd  Printed in the UK
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energies of 1.7-2.2 eV. This wide band, asymmetric towards
lower frequencies, fits a Breit—-Wigner—Fano (BWF) profile
which indicates electron—phonon type interactions [1-3].

The third group, located in the high frequency range from
1700 to 3500 cm™!, corresponds to the second-order Raman
spectrum. As a rule, the most intense bands are those detected
at approximately twice the frequency of the D and G bands.

In the Raman studies of carbon nanotubes much attention
has been paid to an unusual anti-Stokes Raman effect
characterized by an abnormal intensity, sometimes increasing
with the vibration wavenumber, large differences of line
profiles on Stokes Raman (SR) and anti-Stokes Raman (aSR)
sides and some discrepancies between the Stokes and anti-
Stokes frequencies [1-3].

High values of the anti-Stokes/Stokes intensity ratio
(I,s/Is) and different line shapes of the G band are the
most characteristic reported features. A number of different
interpretations have been given for the asymmetry of the SR
and aSR spectra of SWNTs: (i) as resulting from a doubly
resonant Raman scattering effect produced by the excitation
of different (n, m) nanotubes with the incident and Stokes
scattered photons [6-8]; (ii) as indicative of the non-thermal
overpopulation of the higher vibration states generated by
the large photon density of the excitation light combined
with an enhancement of the Raman cross section [9]; (iii)
as resulting from nonlinear optical processes [10, 11]. In
the last case, as a general rule, the abnormal aSR emission
has not to be uniquely related with SWNTs. Indeed, this
phenomenon has been observed in other materials when these
have been subjected to light scattering experiments in which
the energy of the excitation light has coincided with the energy
of an electronic transition. Here, the third-order dielectric
susceptibility becomes different to zero, X(S) # 0, which
is the necessary requirement for the generation of nonlinear
optical processes. Recently, this has been the basis for
accurate identification of an abnormal aSR emission as having
the characteristics of coherent anti-Stokes Raman scattering
(CARS) for different materials such as SWNTs, double-walled
carbon nanotubes, glassy carbon, copper phthalocyanine and
poly(bithiophene) [10, 11]. Normally, at resonant excitation
when x©® = 0, the abnormal aSR emission generated by a
CARS process is observed for all lines of the Raman spectrum,
its intensity varying with the square of the exciting laser
intensity, film thickness and Raman shift 2 [10, 11].

Returning to the SWNTs it should be pointed out that
most of the anti-Stokes Raman studies have been focused
on the behavior of the Raman bands situated in the interval
from 1100 to 1700 cm~!, i.e., where the D and G bands
are found, and little attention has been paid to the bands
associated with the radial breathing modes (RBM). For the
nanotubes of a distinct diameter, when the photon energy of
the excitation light corresponds to a transition between the
van Hove singularities (Ej) the intensity of RBM is much
enhanced [1-3].

Such a situation is encountered for the SWNTs of about
1.35 nm diameter for which the laser excitation light of 676.4
and 1064 nm produces an interband transition between the £
and E3, van Hove singularities of metallic and semiconducting
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Figure 1. Scheme of the luminescence emission from the E3, state
of semiconducting SWNTSs populated by the phonon relaxation of
the optical E5, excited level.

nanotubes, respectively [1-3]. Once excited, the metallic and
semiconducting nanotubes return directly and indirectly to the
ground state. For the latter tubes other radiative processes
are observed simultaneously with the Raman scattering.
Hot luminescence and relaxed fluorescence are the main
phenomena that may occur when the system exchanges energy
with its environment [12]. The redistribution of the optical
absorbed energy among the system’s excited states before it de-
excites by luminescence implies a supplementary depopulation
of the upper vibration levels of the electronic excited state
through mechanisms other than spontaneous Raman scattering.
This manifests itself as a cooling of the system.

As in [13], figure 1 illustrates another de-excitation mode
for the E5, state by the electronic relaxation from E3, to
Els1 followed up by the luminescence emission at Elsl. In
these conditions, due to the supplementary depopulation of the
upper vibration levels of the E3, electronic excited state, the
Maxwell-Boltzmann (M—-B) law:

Ianti-Slokes <(UO - Q>4 (hQ>l
= exp | — ey
Istokes wo + 2 kT

no longer applies. Thus, the aSR intensity deviates from
that predicted by the M-B formula; it becomes weaker as a
result of supplementary depletion of the ES, state due to the
transition towards EIS]. Such a phenomenon has to be quite
similar to that observed for isolated atoms and molecules under
resonant optical excitation [14]. In semiconducting materials,
the excitonic resonance substitutes the atomic resonance [15].
Due to quantum confinement, the electronic density of the
nanometric systems, for example the van Hove singularities
of carbon nanotubes [1-3], are characterized by very thin
levels, which could be involved in generation of a quantum
cooling process. At a fixed sample temperature, the population
of the E 151 electronic level is accomplished by the electronic
transition E;z — E 151 resulting in a depletion of the former
level. Thereafter, the Raman scattering process at the E3,
occurs in conditions of an underpopulation of the respective
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electronic level. In this context, the I,s/Is ratio associated with
the isolated component of the Raman band associated with the
RBM must be smaller than that prescribed by the M—B law.

The equation (1), where wgy, 2,h,k and T are the
excitation light frequency, the wavenumber of the Raman line
(cm™1), the Planck constant, the Boltzmann constant and the
temperature, respectively, is entirely applicable in the case of
the metallic nanotubes which return directly to the ground state
of the EM level.

This current work seeks to demonstrate experimentally
this particular behavior of the anti-Stokes Raman spectra as-
sociated with radial breathing modes (RBM) of semiconduct-
ing and metallic nanotubes when they are resonantly excited
by the transitions E3, and EM, respectively. The smaller than
predicted value of I,5/Is observed for the radial Raman bands
of isolated semiconducting SWNTs at thermal equilibrium is
interpreted as resulting from an optical cooling process occur-
ring via the transition E5, — E3| as an additional depletion
route of the E;z state. It is interesting to note that such a phe-
nomenon illustrating an optical cooling of the SWNTSs has not
been previously observed.

2. Experimental details

We have used SWNTs of about 1.35 nm diameter produced
by arc discharge [16, 17] and chemical vapor deposition
(ALDRICH) techniques. They are resonantly excited by laser
light of 676.4 and 1064 nm that supply the transitions in the
states EM and E3, of metallic and semiconducting nanotubes
respectively. Raman spectra were obtained using the surface
enhanced Raman scattering (SERS) technique. SERS spectra
were recorded in backscattering geometry, in air, using a
Jobin Yvon T64000 Raman spectrophotometer and a Bruker
RFS 100 FT Raman spectrophotometer, respectively. Both
spectrophotometers were fitted with a microprobe allowing the
laser light to be focused to a dot on the sample with micrometer
accuracy. A microscope objective of 0.55 numerical aperture
was used. The Stokes and anti-Stokes pair spectra were
recorded under the same conditions. We used films of
about 150 nm thickness deposited on a SERS active support.
SWNTs films were obtained by evaporating a solvent (toluene)
from a uniformly distributed emulsion of nanotubes on rough
Au substrates. Gold SERS active substrates, with a mean
roughness of about 30—100 nm, were prepared by the vacuum
evaporation [18].

3. Results and discussion

The Raman bands associated with RBM are very sensitive
to the excitation wavelength. At resonance, i.e. when
the photon energy of the excitation light corresponds to a
transition between the van Hove singularities (Eji) in the
valence and conduction bands of a distinct nanotube, the
intensity of the RBM is much enhanced. Assuming a thermal
equilibrium state, the whole structure of the Raman bands
associated with the RBM, formed by the contribution of
isolated and bundled tubes, can be described in the aSR
side by equation (1). Figure 2 presents the SR and aSR
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Figure 2. Stokes and anti-Stokes micro-SERS spectra of SWNTSs at
dexe = 1064 nm and 676.4 nm with 25 mW exciting light power
focused onto a spot area of about 1 wm?. The red curves, showing a
lower intensity for bands at —176 and —194 cm™', represent the
anti-Stokes spectra calculated applying the Maxwell-Boltzmann
formula to the Stokes spectra. Thin films of SWNTs (about 50 nm
thickness) were deposited on gold substrates with a mean roughness
of about 150 nm.

spectra associated with the RBM of SWNTs of about 1.35 nm
diameter at the laser excitation wavelengths of 1064 and
676.4 nm which activate the ES, and EM interband transitions
between the van Hove singularities of semiconducting and
metallic nanotubes, respectively [1-3]. For the semiconducting
nanotubes, revealed by the excitation with 1064 nm, the two
components of the RBM band, inge (~162 cm™") and Thundie
(~176 cm™"), behave differently on the anti-Stokes side than
the theoretical expectations based on thermal equilibrium;
Lgngle exhibits a diminishment while the Ipynge shows an
enhancement. The same SWNT samples under laser light
of 676.4 nm, that ensures the resonant excitation of metallic
nanotubes, display Ignge at ~176 cm™! whose anti-Stokes
replica entirely coincides with that calculated using the M—
B formula. We find that for the metallic nanotubes, Iyundie
at about 194 cm™! appears as a shoulder whose intensity on
the anti-Stokes side increases almost quadratically with the
film thickness and exciting laser intensity. Such a result is
intriguing. At thermal equilibrium, the (/,s/Is) ratio must
reflect the temperature dependence of the relative phonon
populations. In these conditions, if an eventual change of the
sample temperature under focused laser light takes place, then
the I,s/I; ratio is predicted to vary in a similar fashion and in
the same sense for both components of the radial bands, Ingle
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Figure 3. (a) Micro-SERS spectra of SWNTSs at L. = 1064 nm
under different laser excitation powers (from bottom to top: 25, 50,
100, 150, 200 and 250 mW) focused onto a spot (area about 1 rm?)
of the sample. (b) The growth in the anti-Stokes side of the Raman
spectra associated with the RBM of isolated nanotubes, L. (full
circle), and bundled nanotubes, Iyynae (Open circle). (¢) The growth
with the laser exciting power of the wide band at ~3100 cm™!

(full square).

and Iyundie, regardless of the tube nature, i.e., semiconducting
or metallic. Such a scenario cannot explain why the same
sample shows on the anti-Stokes side a different behavior
for the Raman bands associated with the isolated (/gle) and
bundled (Zpungie) nanotubes, semiconducting and metallic.

The question is thought-provoking, looking at figure 3
where the abnormal Is/1; ratio of Igyge and Iyypgie is still
present in the Raman spectra of SWNTs at Ao = 1064 nm
when the power of the laser exciting light is varied between
25 and 250 mW. In this case, due to a warming process
developed in the micron focused area of the investigated
sample, all Raman lines downshift at ~0.994 Q. This means
a translation of about 2 cm~! for the RBM and 10 cm™!
for the G band, which is in agreement with other reported
experiments in which the sample temperature was increased
up to ~6000 K [19-21]. Contrary to expectation, figure 3(a)
shows a different variation in the aSR side of Iyungie and Iingle,
the former increasing two times faster. Worth noticing is that
on the aSR side gl is always weaker while lyyyqie is more
intense than the values predicted by the M—B formula. The
variations in the aSR side against the laser exciting power
of Igngle and lypungle are summarized in figure 3(b). Clearly,
the two components of RBM increase differently with the
laser intensity, Iyungle two times faster than Iguge. For the
new band peaking at ~3100 cm~! an exponential growth is
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Figure 4. Stokes and anti-Stokes micro-SERS spectra of SWNTSs at
rexe = 1064 nm and two powers of 25 mW (a) and 250 mW (b)
focused onto a spot area of about 1 wm?. The red curves, showing a
lower intensity for bands at —176 and —174 cm™', represent the
anti-Stokes spectra calculated applying the Maxwell-Boltzmann
formula to the Stokes spectra. In (c) we present the variation of the
I,s/ Is intensity ratio for the Raman lines associated with RBM
(162 and 176 cm™") for the isolated (162 cm™") and bundled tubes
(176 cm™") and tangential vibration modes (G band) calculated with
the Maxwell-Boltzmann formula.

observed; figure 3(c). These variations are quite reversible
as the laser intensity (Aexe = 1064 nm) is increased and
decreased, so permanent thermal modification of SWNTs
cannot be considered; for an explanation of the anomaly in
the I,s/Is ratio behavior as well as the appearance of the new
emission band at ~3100 cm™! other physical processes have to
be considered.

Figures 4(a) and (b) detail the Stokes and anti-Stokes
SWNTs SERS spectra at Aexe = 1064 nm under two light
exciting power levels, 25 and 250 mW. The dashed curves
represent the aSR spectra as calculated by applying the M—
B formula to the SR spectrum, and the thin continuous graphs
represent the two deconvoluted radial components, gpgle and
Tvundgle- At thermal equilibrium, when the M-B law operates,
the I,5/1s ratios of different Raman bands, Ingle, Ibundle and
I, vary as shown in figure 4(c). Clearly, the I,s/Is ratio of
Raman bands associated with the two components of RBM
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Table 1. The I,s/Is intensity ratio of Raman lines associated with RBM (/ngie and Jyynaie) for SWNTSs as a function of temperature
(Aexe = 1064 nm) and film thickness (Aexc = 676.4 nm). Experimental and theoretical values (calculated by M—B formula).

Temperature effect on the /,5/ /s ratio of Raman bands associated with RBM of semiconducting SWNT's

Laser power (mW) at
Aexe = 1064 nm
corresponding to the

I,s/Is ratio associated
with Isingle of
semiconducting RBM

I,s/Is ratio associated
with Ibundle of
semiconducting RBM

-1 -1
E3, resonant level Estimated temperature (161 cm™) (176 cm™)
excitation of taking into account the
semiconducting downshift of the Theory, Theory,
SWNTs Stokes—Raman bands (K) M-B law Experimental M-B law Experimental
25 300 0.405 0.236 0.368 0.842
100 ~400 ~0.490 0.255 ~(0.455 0.860
150 ~450 ~0.523 0.260 ~(.488 0.870
250 ~600 ~0.592 0.275 ~(.562 0.882
Equivalent thermal effect in comparison
with the predictions of the M-B law Cooling Heating

Film thickness effect on the /,5/ /s ratio of Raman bands associated with RBM of metallic SWNTs

Aexe = 676.4 nm
corresponding to the E
resonant level excitation of
metallic SWNTSs 25 mW

I,s/ Is ratio associated
with Ll of metallic
RBM (176 cm™})

I,s/ Is ratio associated
with Iyynqe of metallic
RBM (194 cm™)

laser power Theory, M-B law Experimental Theory, M-B law  Experimental
Thin SWNTs film: 60 nm  0.368 0.370 0.355 0.506

Thick SWNTs film: ~#150m  0.368 0.371 0.355 0.948
Equivalent thermal effect

in comparison with the

predictions of M-B law Normal behavior Heating

is very sensitive to the variation of the sample temperature.
For these, at high temperatures, the values of I,5/Is tend
asymptotically towards 0.86, which is the limit value if the
Raman process is governed by the thermal equilibrium rules.
Furthermore, figure 4(c) indicates that the I,s//s ratio of Iggle
is always greater than the I,s/Is ratio of Ipyngie, @ fact which
seems to contradict the experimental data presented in figures 2
and 3(a).

Table 1 summarizes the essential data regarding the
variations of /,s/Is for Raman bands associated with the RBM
components of semiconducting and metallic nanotubes: (i) at
Aexe = 1064 nm as a function of the laser exciting power
and (ii) at Aexe = 676.4 nm as a function of the SWNT
film thickness. In the former case, a comparison between
the experimental values of the I,5/Is ratio associated with the
two components of the RBM, i.e., Lingle and Ipungle, and those
prescribed by the equation (1) evidences opposite deviations,
as resulting from a cooling and heating process associated with
the nanotubes in the isolated and bundled states, respectively.
In this scenario, the cooling effect is understandable as
resulting from a supplementary depopulation of the E3,
state by the electronic transition E5, — E3, followed by
luminescence emission at £ lsl' Thus, the Raman transitions
between the excited and ground E3, levels occur between
vibration states whose populations are no longer described by
the M-B law, the above vibration level being partially depleted
by phonon relaxation towards the Elsl. The explanation of
the heating effect, revealed by a higher value of the I,s//s
ratio associated with the Iyynqe component of the RBM, can

be obtained by appealing to a CARS process that contributes
to the enhancement in all Raman lines on the anti-Stokes
side. Such a situation is clearly observable for very different
materials at resonant optical excitation when x® = 0[10, 11].
For the metallic nanotubes this occurs at Aee = 676.4 nm,
when they are resonantly excited at the EM state. In this
case, because the de-excitation of the E M state occurs directly
only by spontaneous Raman scattering, Ignge has a normal
behavior in the anti-Stokes side, in accordance with the M—
B law. In the complex structure of the RBM, the Raman
band associated with Iyqe appears enhanced, as resulting
from a CARS process. The confirmation of this can be given
observing a quadratic dependence of the I,/ ratio both on
the sample thickness and on the laser exciting intensity. In our
case the former dependence is demonstrated by figure 5 where
one sees that at resonant excitation of metallic nanotubes, the
intensity of Iyynge in the aSR side increases with the SWNT
film thickness. As a distinguishing feature we note that the
same type of variation is observed for the I,s/Is ratio adjacent
to the G Raman band. The latter dependence is sustained by
figure 3(c) where it is shown that lynge increases two times
faster than ygle.

Returning to figure 1, it is normal to suppose that the
luminescence generated at the Els1 level as a supplementary
deactivation path of the ES, excited level must increase with
the laser exciting intensity. In this context, the question
arises of whether the complex emission band formed at about
3100 cm™' (figure 3(a)), which changes reversibly with the
increase or decrease of the laser excitation intensity within
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Figure 5. Stokes and anti-Stokes micro-SERS spectra of SWNTs
thin films of about 150 nm (black) and 60 nm (blue; shows a greater
intensity at —176 cm™!, figure (a)) thickness, at laser

(Aexe = 676.4 nm) power excitation of 25 mW. Using a normalized
scale, in (b) we show the Raman spectra covering the interval
1200-1650 cm™" in which the D (1131 cm™") and G (1590 cm™")
bands are to be found. In (c|) and (d;) we detail the Raman spectra

recorded on SWNTs thin films of 60 and 150 nm thickness. The red

curves, showing a lower intensity for bands at —176 and —174 cm™',

represent the anti-Stokes replica calculated with the equation (1)
applied to the Stokes spectra. In (c;) and (d,) the green curves show
the anti-Stokes Raman spectra associated with the D and G bands.
The increase of the intensity ratio (/,s/1s) of the band G, from 0.1
to 0.6, reveals the operation of a CARS process with a square
dependence on the film thickness [11].

the 25-250 mW range, may be considered as a luminescence
band intrinsically related to the semiconducting nanotubes
resonantly excited with 1064 nm or may be ascribed to
a compound resulting from the thermal transformation of
the nanotubes. In the latter possible scenario, the thermal
transformation of nanotubes is expected to be an irreversible
process that would result in a new compound which would
be gradually developed as the intensity of the laser excitation
increases. The presence of such a compound should be
observable after performing the first cycle of measurements.
However, the presence of such a compound has not been
reported to date, therefore invalidating, at least as yet, this
hypothesis.

In this context, analyzing table 1, we emphasize that the
cooling effect revealed by the lower I,s/Is ratio of the radial
Raman band associated with the isolated nanotubes persists
with increased laser excitation light intensity. Observing the

A, =676.4 nm

‘ex

(1.83eV)

Ay, .= 1064 nm
Ef1 (1165 eV)

Absorption/Emission (arb.units)

0.50 0.75 1.00 125 150 1.75 2.00 225 2.50
Energy (eV)

Figure 6. Absorption spectra (full line) of SWNTs used in this paper.
The absorption maxima associated with the transitions E3,, ES, and
EM are indicated in the figure. The intense emission band formed in
the Raman spectrum at ~3100 cm ™' (see figure 3) when the laser
(Aexe = 1064 nm) intensity increases is denoted (dashed curve) as a
band with maximum at 0.78 eV.

absorption spectra of SWNTs used in this work, figure 6, there
are three absorption bands, at 0.68, 1.28 and 1.82 eV, which
are associated with the transitions from the ground state in
the ES, and ES, states of semiconducting tubes and the EM
state of metallic tubes, respectively. On the same graph, the
emission band appearing in the Raman spectra at ~3100 cm ™!
at Aexe = 1064 nm is shown (figure 3). We are tempted to
consider this band, represented by the dashed curve peaking
at 0.78 eV, as resulting from the luminescence relaxation of
the E 151 excited state populated via the electronic relaxation of
the E3, level; figure 1. The main feature of this band is its
nonlinear growth with the exciting laser intensity; figure 3(c).
Such a variation is not surprising; it is similar to the change in
intrinsic luminescence of any direct gap semiconductor when a
thermal matching of the band gap with the laser exciting energy
occurs. In our case, the increase in the sample temperature
caused by the increase of the exciting laser intensity reduces
the separation of the E;z and E 151 energy levels. In this way
the depletion of the former level by the phonon transition
ES, — E3, is facilitated. The deactivation of the latter
level explains the enhancement of the intrinsic luminescence
marked in figure 3(a) by the intense band at ~3100 cm™~!. The
reasoning developed here remains valuable despite the fact that
the emission band at ~3100 cm ™' in figure 3 indicated by the
dashed line in figure 6 is certainly truncated on its low energy
side by the technical limit of the Raman spectrophotometer
used, whose Stokes interval is limited at ~3500 cm™!.

In accordance with other reported data, the matching of
position and profile between E IS] absorption and luminescence
bands of SWNTs [13] is taken as an argument for the emission
band at 3100 cm ™' originating in the radiative de-excitation
of the ES| level associated with the isolated semiconducting
nanotubes.  Other experimental results corroborate this
statement. In this sense we find it sufficient to note that at
rexe = 676.4 nm, when the metallic nanotubes are resonantly
excited, any luminescence growing with increased exciting
laser intensity is absent.
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4. Conclusions

Summarizing all the above we notice that: (i) the Raman
process of the semiconducting SWNT, under resonant
excitation at 1064 nm, when the E;z transition is activated,
evolves in conditions of non-thermal equilibrium similarly to
a quantum cooling process; (ii) this is due to a supplementary
depletion of the upper excited state E;z by the electronic
transition towards the excited E 151 state and thereafter by
luminescence emission in the ground state; (iii) the cooling
effect is detected by a smaller value of the anti-Stokes/Stokes
Raman intensity ratio (l,s/Is) associated with the radial
breathing vibration modes of isolated nanotubes; (iv) a
supplementary a heating effect revealed by an increased value
of the (/,s/Is) ratio associated with the RBM of bundled tubes
is attributed to a CARS process; (v) the vibration cooling effect
is no longer observed when the metallic tubes are resonantly
excited at EM. This is corroborated by the fact that the metallic
nanotubes are not luminescent.
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