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Optical Transition Energies for Carbon Nanotubes from Resonant Raman Spectroscopy:
Environment and Temperature Effects
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This Letter reports the laser energy dependence of the Stokes and anti-Stokes Raman spectra of
carbon nanotubes dispersed in aqueous solution and within solid bundles, in the energy range 1.52—
2.71 eV. The electronic transition energies (E;;) and the radial breathing mode frequencies (wgrgy) are
obtained for 46 different (18 metallic and 28 semiconducting) nanotubes, and the (n, m) assignment is
discussed based on the observation of geometrical patterns for E;; versus wgrpy graphs. Only the low
energy component of the E¥ value is observed from each metallic nanotube. For a given nanotube, the
resonant window is broadened and down-shifted for single wall carbon nanotube (SWNT) bundles
compared to SWNTs in solution, while by increasing the temperature, the E§2 energies are redshifted
for S1 [(2n + m) mod 3 = 1] nanotubes and blueshifted for S2 [(2n + m)mod 3 = 2] nanotubes.
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Single wall carbon nanotubes (SWNTs) have been the
focus of intensive work for fundamental studies, and are a
potential nanomaterial for applications involving inter-
disciplinary fields, joining physics, chemistry, and biol-
ogy [1]. Different kinds of SWNTs, as determined by
their tubular structures, i.e., diameter (d,) and chiral
angle (), exhibit different properties [1]. The character-
ization of nanotube structures, given by their indices
(n, m) is, therefore, of major importance for the develop-
ment of carbon nanotube science and applications.

Resonance Raman spectroscopy (RRS) [2], optical ab-
sorption [3], and photoluminescence (PL) [4] are tech-
niques that have been used for the nondestructive (n, m)
characterization of SWNT species. For the spectroscopic
assignment of the two SWNT indices (n, m), experimen-
tal determination of two nanotube properties is neces-
sary: the electronic transition energies E;; i = 1,2,3, ...,
giving the number of the electronic transition energy
relative to the Fermi level of the unperturbed SWNT)
and the nanotube radial breathing mode (RBM) fre-
quency (wgrpym) [2]. Therefore, once one measures a set
of these two SWNT properties, a structural assignment
can be made by using a model for the (E;;, wggym) to (n, m)
transformation. In this Letter we present extensive Stokes
and anti-Stokes RRS measurements, leading to a high
accuracy characterization of (E;;, wggy) pairs for 46 spe-
cific (n, m) SWNTs based on the observation of geomet-
rical patterns in a E;; vs wrpm plot. We here discuss the
dependence of E;; and wgpy on nanotube structure, and
on environmental and thermal effects.

Figure 1 presents Stokes resonance Raman measure-
ments of carbon nanotubes grown by high pressure gas-
phase decomposition of CO (HiPco) process, dispersed in
aqueous solution, and wrapped with sodium dodecyl sul-
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PACS numbers: 78.30.Na, 63.22.+m, 78.20.Bh, 78.66.Tr

fate (SDS) [5], in the frequency region of the RBM
features. We use a Dilor XY triple-monochromator spec-
trometer and a tunable laser system which allows an al-
most continuous change of the excitation laser energies
(Ejaer) 1n the range between 1.52 and 2.71 eV with 76
values of Ej,, available. This quasicontinuous variation
of Ej,; provides us with detailed information about the
evolution of the RBM Raman spectra as a function of
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FIG. 1 (color online). RBM Raman measurements of HiPco
SWNTs dispersed in SDS aqueous solution [5], measured with
76 different laser lines Ej... The nonresonance Raman spec-
trum from a separated CCl, solution is acquired after each
RBM measurement, and is used to calibrate the spectral
intensities and to check the frequency calibration.
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E\..- Several RBM peaks appear in Fig. 1, each peak
corresponding to a carbon nanotube in resonance with
E\.r» thereby delineating for each nanotube the reso-
nance window (Raman intensity as a function of the
energy in the range where the RBM feature can be ob-
served). The same procedure is performed for HiPco
SWNTs in bundles (as grown, not dispersed in solution),
and both Stokes and anti-Stokes spectra are taken.

This experiment can be used to determine, from RRS
measurements, the two sets of information (E;;, wggy) for
each (n, m) nanotube. The frequency determination wggy
is directly given in the Raman spectra with 1.0 cm™!
accuracy. The electronic transition energy determination
E;; is obtained by analyzing the resonance window for
each RBM peak, as discussed below.

From these measurements, plots of the Stokes and anti-
Stokes Raman peak intensities for each RBM frequency
versus Ej., (i.e., the experimental resonance windows)
are determined. For example, Fig. 2 shows the resulting
resonance windows for the same (n, m) SWNT, in differ-
ent environments, i.e., dispersed in aqueous solution (left)
and within a solid bundle (right). Stokes and anti-Stokes
resonance windows are shifted from each other in energy
due to the difference in the emission energies, given by
the £E,;, term in the equation for the Ej,., dependent
resonance Raman intensity [6,7]:

1 2
(Elaser - Eii - iF)(Elaser * Eph - E[,' - lr) ’
(1)

I(Elaser) o

where the matrix elements for optical absorption,
electron-phonon interaction, and optical emission are
considered here to be constant. Ey;, is the phonon energy
and I' gives the broadening (FWHM) of the resonance
window. Here, we have considered a delta function 8(E —
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FIG. 2. Stokes (solid symbols) and anti-Stokes (open sym-
bols) experimental resonance windows obtained for the same
(n, m) nanotube (wgpy = 244.4 cm™!) dispersed in aqueous
solution and wrapped with SDS (left) and in a bundle (right).
The curves show fits to Stokes (solid lines) and anti-Stokes
(dotted lines) processes using Eq. (1). The left (right) graph was
fit using E; = 2.19 (2.13) eVand I' = 65 (112) meV.
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E;;) to describe each van Hove singularity in the density
of electronic states for a SWNT [1].

The intersection points between the Stokes and anti-
Stokes resonance windows [see arrows in Fig. 2] give the
transition energies E;; accurately (to *£10 meV). The
intensity for the anti-Stokes resonant windows are nor-
malized by the relation Ins/Is = n(Ep,)/[n(Ey) + 1]
where n(Ey,) = 1/[exp(E,,/kgT) — 1] is the Bose-
Einstein thermal factor. For the SWNTs in solution, 7 =
300 K in the Boltzmann factor normalizes the Stokes and
anti-Stokes resonance windows, so that there is no heating
due to laser power. By comparing the resonance windows
for HiPco nanotubes in solution and within solid bundles
(as grown), we observed that the resonance window for
the bundled SWNTs is broadened and down-shifted in
energy in comparison with SWNTs in solution. We have
found I' = 60 meV on average for SDS wrapped SWNTs
in solution and I' = 120 meV for SWNTs in bundles,
while the room temperature value reported for an isolated
SWNTon a Si/SiO, substrate is ' = 8 meV [8]. Another
important observation is a thermal effect due to laser
heating observed for the bundled sample. Stokes versus
anti-Stokes resonance window measurements using low
laser power ( ~ 0.5 mW focused on a 2 um? spot in the
sample) show that the local temperature is T ~ 400 K.

Figure 3(a) shows the diameter dependence of the E;;
calculated using a nearest-neighbor tight binding (TB)
model [1]. Solid circles and squares represent, respec-
tively, semiconducting and metallic nanotubes. The geo-
metrical patterns for carbon nanotube families with
(2n + m) = const (solid gray lines) for E3,, E¥, and E3,
are also shown, and the numbers in Fig. 3(a) correspond
to the values of (2n + m). For semiconducting nanotubes,
it is possible to see separately in Fig. 3(a) the two classes:
S1 [(2n + m)mod3 = 1] and S2 [(2n + m)mod 3 = 2],
deviating in opposite directions from the E;; < 1/d, line
due to their opposite dependence on the chiral angle.
Figure 3(b) plots the experimental results obtained for
E;; vs wgpy for each SWNT observed in Fig. 1. The
(E;;, wrpm) results [Fig. 3(b)] can be compared with TB
predictions [Fig. 3(a)], and the different E;; electronic
transitions for semiconducting (E3, and ES;) and metallic
(EM) tubes, solid circles, and squares, respectively, are
clearly seen. Although the energies do not match due to
the simplicity of the TB method, the geometrical patterns
observed can be compared with the patterns predicted,
and the comparison leads to the (n, m) assignment. From
the (n, m) assignment for E5,, we obtain the relation
wgpm(cm™!) = 223/d,(nm) + 10 for semiconducting
SWNTs in an aqueous solution wrapped with SDS. The
deviation of the experimental points from this relation is
smaller than =1% of wggy. From this relation and com-
paring the geometrical patterns, we obtain the assign-
ment to E3;.

The open circles in Fig. 3(b) represent the previously
reported values for E3, transitions in SDS wrapped nano-
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FIG. 3. (a) E; vs 1/d, plot for SWNTs based on the tight

binding model with 7y;=29eV and s=0 [I]
(b) Experimental plot E;; vs wrpy similar to (a) for 46 differ-
ent (n, m) carbon nanotubes measured by resonance Raman
spectroscopy. Solid circles and solid squares, respectively,
denote semiconducting and metallic SWNTs wrapped with
SDS in aqueous solution. Open stars are for SWNTs in bundles.
Open circles are the photoluminescence results for SWNTSs
wrapped in SDS [9] scaled by wrpy = 223/d, + 10. Solid
and dotted lines, respectively, delineate nanotubes belonging
to families of constant (2n + m) and constant (n — m). The
2n + m value for each (2n + m) = const family is indicated in
both figures.

tubes in aqueous solution obtained by PL experiments
[4,9]. Using the relation wggy Vs d; obtained by our
(n, m) assignments, the results show good agreement
overall between the E;; values obtained from RRS and
PL data (taken on similar samples). The largest deviation
between E;; obtained by Raman and PL is 35 meV for the
(6,4) SWNT.

The electronic transition energies for metallic SWNTs,
not observed in the PL studies, are also determined by
RRS (solid squares in Fig. 3(b)]. The formation of fami-
lies of constant (2n + m) is also observed. Surprisingly,
the expected splitting in the EY van Hove singularities
caused by the trigonal warping effect [1,10] is not ob-
served optically for the RBM feature [see Fig. 3(b)]. We
only observe the lower energy component of E} for each
(n, m) SWNT.

The families observed in the geometrical pattern for
the metallic nanotube data are also used to find their
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(n, m) assignments. We obtain the relation wggy =
218/d, + 17 for metallic nanotubes, in agreement with
previous work within the resolution of the spectrometer
[11], leading to an equivalent assignment. Table I shows
the experimental values for wgpy, E, ES,, ES;, and the
(n, m) assignments thus obtained for both semiconduct-
ing and metallic SDS wrapped nanotubes in solution.

The (E;;, wggpm) results obtained for bulk HiPco nano-
tubes in bundles are also presented in Fig. 3(b) by stars.
Interestingly, we observe, for HiPco SWNTs in bundles,
the zigzag SWNT (10, 0) [circled star in Fig. 3(b)] that
had not been previously observed, either by PL studies [4]
or by RRS on SDS wrapped SWNTs. The present obser-
vation of the missing (n,0) SWNT gives support to the
(n, m) assignment presented here, which is equivalent to
the (n, m) assignment previously proposed by Bachilo
et al. [4], since the four expected SWNTs are here all
observed for the (2n + m) = 20 family.

TABLE 1. Experimental E;; (eV) and wggy (cm™!) obtained
by RRS for semiconducting and metallic HiPco SWNTs in SDS
aqueous solution. The accuracy is =10 meV for E; and
+1 Cm_l for WRBM-

(n, m) WRBM E5, E}; (nm)  wppm  Eff
6,4 3375 211 (7,70 2480 2.43
6,5 3096 218 (8,5 2640 2.43
(7,5) 2823 192 (8,8) 2185 222
(7,6) 2630 192 (9,3) 2740 235
8,3) 2979  1.86 (9,6) 2300 224
(8,4) 2800 211 (9,9) 1964 203
(8,6) 2450 172 (10,4) 2392 222
(8,7) 2300 170 (10,7) 2056  2.07
(9,1) 3070 18 (11,2) 2444 219
(9,2) 2900 224 (11,5) 2140  2.06
(9,4) 2570 203 (11,8) 1854  1.90
(9,5) 2420 185 (12,0) 2470 216
(9,7 2164 158 (12,3) 2190 2.04

(10,00  294.0°  2.26" (12,6) 1916  1.92

(10,2) 2650  1.68 (13,1) 2230 202

(10,3) 2527 195 (13,4) 1965 193

(10,5) 2254 158 (14,2) 2005 192

(10,6)  212.0 2.71

(1,1 2578 172 (15,00 2046 1.88

(11, 3) 2319 157

(1,4) 2220 173

(11,7) 189.0 2.61

(12,1) 2369 155

(12,2) 2260 2.69

(12, 5) 197.0 2.60

(13,3)  203.0 1.62

(14,1) 2060 164 255

(15,2)° 1860 2.47

*Values obtained for (10,0) SWNT within bundles.
This SWNT can be alternatively assigned as (14, 4).
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FIG. 4. (a) Dependence of the RBM spectra for HiPco
SWNTs in bundles on the laser excitation power for a fixed
Ejer = 1.72 eV. (b) Dependence of the transition energies on
the laser power density. Gray dots and open circles are for S1
and S2 nanotubes, respectively.

The wgpy value is observed to be the same for semi-
conducting SWNTs in solution and in bundles within
experimental precision. However, an average 70 meV red-
shift in E;; is observed experimentally for the bundled
SWNTs relative to the E;; found for SDS wrapped isolated
SWNTs in aqueous solution, although the redshifts are
different (from 20 up to 140 meV) for different (n, m)
SWNTs. The different redshifts are mainly related to a
strong (n, m)-dependent thermal effect due to laser heat-
ing that causes changes in the E;; values obtained for the
HiPco bundle sample.

To characterize the (n, m)-dependent laser heating ef-
fect on the Raman spectra for the SWNT bundle sample,
measurements have been performed by changing the laser
intensity on the HiPco SWNT bundle sample for eight
different laser energies. The dependence of the RBM
spectra on the laser intensity for a fixed Ej,,, = 1.72 eV
is shown in Fig. 4(a), indicating that the relative inten-
sities of the RBM peaks change by increasing the laser
power, showing that the electronic structure is dependent
on the sample heating. The changes in spectra are revers-
ible, showing that no damage or decomposition occurs in
this heating process. We have determined the transition
energies for each (n, m) nanotube as a function of the laser
power density using the resonance window obtained ex-
perimentally for each RBM peak. The results for the
transition energies as a function of the laser power density
for each of the eight SWNTs assigned in Fig. 4(a) are
presented in Fig. 4(b). The transition energies move in
opposite directions when the laser power increases for
semiconducting nanotubes of the S1 type (dotted lines)
and of the S2 type (solid lines); they undergo a down-
shift for S1 semiconducting nanotubes and an up-shift for
S2 nanotubes (similar to the uniaxial strain-enhanced
effect on SWNT bundles recently reported [12]), thus
explaining the changes in the relative intensities for the
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RBM peaks observed with a single Ej,, [Fig. 4(a)]. The
variation in the E;; value [line slopes in Fig. 4(b)] caused
by an increase in the laser power, is larger for SWNTs
with smaller chiral angles. The lines associated with S1
nanotubes with larger and smaller slopes are indicated in
Fig. 4(b) and represent, respectively, nanotubes (9, 1) and
(8,6), which have the smallest (f = 5.2°) and largest
(@ = 25.3°) chiral angles in Fig. 4.

In summary, we obtain (E;;, wrpgy) for 46 different
(n, m) SWNTs, including 28 semiconducting and 18 me-
tallic SWNTs. The (n, m) assignment based on the ex-
perimentally obtained (E;;, wgrgy) geometrical patterns,
and the RRS-derived results are in agreement with pre-
viously proposed (n, m) assignments for semiconducting
SWNTs, based on PL measurements. Only one low energy
component of the E singularity for each metallic
SWNT is observed for the RBM spectra and the expla-
nation for this result is an open issue. For the same (n, m)
nanotube, the resonance window is redshifted and broad-
ened for SWNTs in bundles as compared to SDS wrapped
nanotubes in solution. By increasing the laser power, the
ES, energies of SWNTs in bundles are redshifted for S1
[(2n + m) mod 3 = 1] nanotubes and blueshifted for S2
[(2n + m)mod 3 = 2] nanotubes, relative to the average
70 meV redshift, showing that the trigonal distortion of
the electronic structure increases with temperature. The
connection between the present results and the results for
double-wall carbon nanotubes [13] and SWNTs on SiO,
substrates [2] is still an open issue.
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