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Excitons and exciton-phonon coupling in metallic single-walled carbon nanotubes:
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The first four transitions (upper and lower branches of E’ll”l and E%) for a broad diameter range (0.7-4 nm)
of metallic single-walled carbon nanotubes are studied in the 1.26-2.71 eV energy range using resonance
Raman spectroscopy of their radial breathing modes (RBMs). A scaling-law analysis of transition energies
from 77 spectral features suggests that the transitions are excitonic in nature and that relative scaling of
electron self-energies and exciton binding energies in metallic nanotubes closely matches that found in semi-
conductors. The previously elusive upper-branch signatures are observed at large diameters (>1.3 nm) for
several chiralities for both E}} and E3, excitation. These results are discussed as a consequence of the nodal
behavior of exciton-phonon coupling. Additionally, while theoretical calculations for the (n,m)-dependent
matrix elements predict that the RBM intensity should decrease with increasing diameter, the opposite behavior
is observed experimentally. We show that this is a consequence of an increase in the resonance Raman

broadening factor I' as diameter decreases.
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I. INTRODUCTION

The one-dimensional (1D) nature of single-walled carbon
nanotubes (SWNTSs) results in unique materials and elec-
tronic and optical properties of particular interest for future
nanoscale electronic and photonic applications."? Given their
high conductivities, metallic SWNTs are envisioned for uses
ranging from high-efficiency electronic interconnects to
transparent conductive thin films.? Suitability for such appli-
cations is ultimately determined by the underlying electronic
structure of the nanotubes and its interaction behavior with
the phonon density of states through electron-phonon cou-
pling and its impact on transport characteristics.* Of recent
interest are predictions for the occurrence of strongly bound
excitons that suggest nanotubes as model systems for prob-
ing novel exciton behavior in 1D metals.’

Optical studies of semiconducting SWNTs have been
critical for developing an understanding of their chirality-
dependent properties in terms of excitonic behavior.® By
comparison, only limited spectroscopic data are available on
metallic nanotubes. Of the two branches created by trigonal
warping splitting of the metallic optical transitions (E’lu1 . and
EM . for lower and higher branches, respectively),”® early
single-nanotube Raman studies’ have yielded some results
for E’l'/l1 1» which has been complemented by more recent, but
limited, probing of higher-order transitions with Rayleigh
scattering techniques.!® While single tube studies have pro-
vided important data, in many respects, ensemble measure-
ments remain important for large-scale screening of proper-
ties. Such measurements [via resonance Raman spectroscopy
of the SWNT radial breathing modes (RBMs)] on small-
diameter (0.6—1.3 nm) metallics exist, but are limited to E,,
while the upper-branch signatures remain elusive.''"'3 The
inability to detect the upper branch in Raman measurements
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has been related to weak exciton-phonon coupling.'>!'* How-
ever, this coupling behavior can be complex!>~!7 and needs
to be probed further experimentally. Furthermore, the experi-
mental demonstration of even the existence of excitons in 1D
metals is only now being addressed.'8

In this paper we present a determination of 77 metallic
SWNT transition energies (in the 1.26-2.71 eV energy
range) determined from resonance Raman spectroscopy of
the RBM. Transitions measured include upper and lower
branches as well as energies for the E}, level. The data are
used to evaluate the success of recent extended tight-binding
(ETB) calculations on these states. Scaling-law behavior!®-?
of the energies matches that found for excitonic transitions in
semiconducting SWNTs, strongly suggesting the existence of
excitons in these 1D metallic systems. Surprising diameter-
dependent intensity behavior is also observed. In particular,
we now observe the upper-branch features but only for the
larger-diameter (>1.3 nm) nanotubes. Additionally, upper-
branch intensities are found to be significant, while overall
the RBM intensities tend to increase with diameter, in con-
trast with current theoretical models.'#~!7 These observations
are consistent with expectations based on the occurrence of
nodal behavior in the exciton-phonon coupling elements!6-2!
and with our observations that the resonance Raman broad-
ening factor I' increases significantly as nanotube diameter
decreases.

II. EXPERIMENT

We collect resonance Raman spectral data in the RBM
region from an intact as-produced nanotube vertical array.
The carbon nanotube sample was produced via the water-
assisted CVD “supergrowth” method.?>>> This method pro-
duces millimeter-long isolated SWNTs of high purity with
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FIG. 1. Representative TEM image of nanotubes isolated from a
supergrowth nanotube array.

diameters ranging from 0.7 to 4 nm. A TEM image of a
representative sample of the supergrowth nanotubes is shown
in Fig. 1 and is obtained from nanotubes dispersed onto a
TEM grid. We find the SWNT content to be >99.9% with
double-walled and few-walled nanotubes only rarely being
found. Typical Raman D/G mode intensity ratios are found to
be 0.1-0.2.

Raman measurements are made in a backscattering geom-
etry using two triple monochromator Raman spectrometers
(Dilor XY and SPEX for experiments in the visible and near-
infrared ranges, respectively) with charge coupled device de-
tection. An Ar-Kr laser and two tunable (dye and Ti:Sap-
phire) lasers are used for sample excitation at 125 different
excitation energies (from 1.26 to 2.71 eV). Laser power den-
sities are maintained constant and below heating effect
thresholds (1 mW focused with an 80X objective in the vis-
ible range and 25 mW focused with a 10 cm focal length lens
in the near-infrared range). Raw spectral intensities are cor-
rected for instrument response and v* dependence. We fit
experimental RBM excitation profile intensities (Igxgy) as a
function of laser excitation energy (Ej,;) to Eq. (1) to ex-
tract values for intensity maximum, transition energy (E;),
and broadening factor (I);

M 2
I =C
KBM i iT
Eji— Ejgger — E Eji = Eygger — hwRBM - ?

(1)

In Eq. (1), the parameter M represents the exciton-photon
and exciton-phonon coupling matrix elements and C includes
the effects of experimental acquisition parameters. During
the modeling process, M, E;, and I" are fit as adjustable
parameters, while wggy is fixed at the experimentally deter-
mined RBM frequency.
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III. RESULTS AND DISCUSSION

A. Transition energies for metallic nanotubes

Figure 2 presents a summary of the collected Raman data.
In addition to semiconducting features through the E3, tran-
sitions, we also observe (as highlighted) a broad range of Ellw1
and EY, features. Of particular note is that, for the larger-
diameter metallic species (>1.3 nm, corresponding to in-
verse Raman shift values of >5.7X 107 cm in Fig. 2), we
observe a number of the previously elusive upper-branch fea-
tures in both E}| and E3,. While the TEM image in Fig. 1
shows a number of kink and other defect types in the super-
growth sample, the ability to observe the upper-branch fea-
tures suggests that this is a high quality sample for enabling
spectroscopic observations. Chirality assignments are made
to spectral features by first deconvoluting each of the spectra
into their individual Lorentzian components and pairing the
resultant RBM frequencies (wggy) With their respective ex-
citation energy maxima. As in previously described
approaches,!!"121926 experimental plots of transition energy
Vs wgpm (or inverse diameter) reveal family patterns that
allow the identification of 2n+m=constant spectral group-
ings. Our assignments are facilitated by the comparison of
such a plot to expected positions calculated within an ETB
model?”-?® that accounts for curvature and many-body effects
[Fig. 3(a)]. The one-to-one correspondence of the experi-
mental and calculated features in Fig. 3(a) allows us to as-
sign 77 RBM excitation features to their respective metallic
(n,m) structures (see also, for supplemental information,
Ref. 29).

For comparison to theory, it is important to note that all
transition energies determined from this sample, for both
semiconducting and metallic types, are found to be blue-
shifted from energies previously found for other nanotube
sample types.’® This includes a ~40 meV upshift from val-
ues found for surfactant-suspended HiPco nanotubes and
alcohol-assisted CVD samples. This finding suggests mini-
mal environmental interactions for the nanotubes in this
sample including a lack of intertube interactions from bun-
dling, which is known to significantly redshift the observed
transitions.'!3! Further support for minimization of environ-
mental and intertube interactions in the supergrowth sample
is found in our observation of a global downshift in RBM
frequencies relative to previously reported values. This is
due primarily to a decrease in the van der Waals forces be-
tween the SWNTs in our sample and their environment as
modeled and discussed more fully in Ref. 30. These results
are also in agreement with high surface area measurements
(80% of theoretical) on this sample type.?

The experimental points in Fig. 3(a) are in good agree-
ment with their theoretical counterparts and are found to
match well to the expected family patterns. We find that there
is a systematic deviation of the theoretical values from the
experimental points, with values being underestimated at
larger diameters and overestimated at smaller diameter. The
difference between the experimental and theoretical values
as a function of inverse diameter [Fig. 3(b)] shows a strong
linear dependence possibly arising from how diameter-
dependent exciton screening is treated within the theory.
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For eight chiralities we are able to obtain sufficiently clear
spectral features to allow the simultaneous extraction of en-
ergies for both the upper and lower branches (not simulta-
neously available for other metallic species for which the
upper branches were observed; see, for supplemental infor-
mation, Ref. 29) presenting the opportunity to directly evalu-
ate the trigonal warping-induced splitting. In Fig. 3(c) we
plot the difference between the available lower- and upper-
branch energies and compare values to the ETB expecta-
tions. Differences between theory and experiment range from
4 to 60 meV. The splitting shows a linear dependence with
1/d, that approaches zero in the large-diameter limit, in
agreement with expectations.”® Although only one point in
Fig. 3(c) is from Eb), there is a clear break in splitting be-
havior as one goes to higher-order transitions. While further
experimental data are necessary to explore this behavior, the
increased splitting is expected as a result of the asymmetry of
the trigonal warping effect in different directions within the
Brillouin zone, which yields an increased dispersion along
the K-I" direction (compared to that in the K-M direction) as
one moves further from the K point for higher-order transi-
tions. The Eb, energy thus increases faster than E55, and
results in an increased splitting relative to that found for E11W1

B. Excitons in metallic nanotubes

We have found it useful to explore the energies of semi-
conducting nanotubes in terms of a scaling-law analysis that
reveals trends in excitonic behavior.!?3> We apply the same
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FIG. 2. (Color) Two-
dimensional (2D) Raman excita-
tion map showing the RBM inten-
sity as a function of laser
excitation energy and the inverse
of the Stokes-Raman frequency
(proportional to nanotube diam-
eter). Each spectrum composing
the plot has been normalized by
the strongest peak for better clar-
ity of the RBM resonances. The
EM and EY, features are high-
lighted. The upper axis is obtained
considering wgpy=227.0/d, (Ref.
30).

0.6

16

approach to the metallic transitions by plotting (Fig. 4) the
observed transition energies (E.,) [after removing their
chiral-angle (#) dependence by subtracting the term
(B, cos 30)/dt2, where B, is —0.18(+0.29) and —0.60(+0.57)
for EV},(E!,,) and E3, (E5;,), respectively] as a function of
pld, (where p=1,2, 3, 4, 5, and 6 for EY,, E5,, EY}, Exs, Eyy
and E’zwz, respectively, and d, is nanotube diameter) according

to Eq. (2)
c
1+blog— . 2
+b log d,) (2)

Eexpi— (B, cos 3 6)/d* = adgt( o
E}, and E3, for this sample fit this expression closely with
a=1.074 eV nm, b=0.467, and ¢=0.812 nm™! (as repre-
sented by the lower solid line in Fig. 4), while E3; and Ej,
are well fit by adding the value 0.0596p/d, to this expression
(as represented by the upper line in Fig. 4). Kane and Mele?
showed that such a nonlinear scaling relation results from a
renormalization of the Coulomb energy that arises from
treating the close-range many-body interactions of 2D
graphene as a noninteracting quasiparticle. For the 1D nano-
tube system, long-range interactions strongly increase this
quasiparticle gap, but in semiconductors the observed effect
is significantly reduced due to the exciton binding energy.
Thus, while the diameter dependence of the transition ener-
gies is defined by the logarithmic scaling, their absolute en-
ergy position is ultimately determined by the difference be-
tween the electron self-energy and the exciton binding
energy.
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FIG. 3. (Color online) (a) A comparison of experimental (solid
symbols) and ETB-determined (Ref. 28) (open symbols) metallic
transition energies as a function of inverse nanotube diameter for
EZIVIIL (squares), EIIWIH (circles), E%L (triangles), and E%H (dia-
monds). (b) Difference in energy between experimental and ETB-
determined results as a function of inverse nanotube diameter for
EY, (squares), EV, (circles), Eys, (triangles), and Eb5, (dia-
monds). (c) Energy splittings (E%H-Eﬁ) for experimental (solid
symbols) and ETB-determined (Ref. 28) (open symbols) transitions.
Specific (n,m) species are identified. The dashed line is a linear fit
to the EIIVI1 experimental data with (EﬁH-Eﬁ)zo.S/d,—O.l&
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FIG. 4. (Color online) Chiral-angle-dependence-corrected E[1W1
and E2) energies [Eexpi—(B, cos 36)/ d*] for lower (solid symbols)
and upper (open symbols) branches as a function of p/d,, where
p=3 and 6, respectively. Scaling-law trend lines (Refs. 19 and 20)
for E3, and E5, (lower line) and E3; and E, (upper line) observed
in our sample are shown for comparison.

As applied to the metallic SWNTSs, the data for both upper
and lower branches within E} and E}, (see Fig. 4) closely
match the semiconducting trendlines. The excellent represen-
tation of the trend in the metallic transition energies by the
semiconductor logarithmic scaling law is indirect evidence
that the metallic transitions are also excitonic in nature. If
one first assumes no exciton, then it is possible that signifi-
cant metallic screening reduces the E}| self-energies suffi-
ciently to allow for a coincidental overlap with the E}, and
E5, scaling line. A simultaneous overlap of EY, with the E§3
and E§4 scaling line, however, is unlikely in the absence of
the exciton. Lack of the binding-energy stabilization for E%

would cause its scaling line to appear above the E3; and Ej,
line, which (as seen in Fig. 4) is not the case. Thus, the
existence of excitons in these 1D metals is strongly sug-
gested over the full diameter and energy ranges measured
here. This is a somewhat surprising result in that the large
screening expected in metallic systems will not support the
formation of a bound exciton. While this is true in 2D and
three-dimensional systems, it has been shown recently that
this expectation breaks down in the 1D case.” While screen-
ing remains large, it is dramatically reduced in the 1D case
relative to expectations for bulk metals and significant bind-
ing energy remains (on the order of 50 meV),’ indicating the
importance of excitons in 1D metals. It is interesting to note
that similar exciton binding energies are found in bulk semi-
conductors.

The strong overlap of the metallic and semiconducting
trend lines suggests that, despite the increased screening and
reduced binding energy in metallics, the difference between
the electron self-energy and exciton binding-energy contribu-
tions remains nearly the same as in their semiconducting
counterparts. This similarity in behavior between the elec-
tronic types can be understood in terms of the influence the
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FIG. 5. (Color) Resonance Raman Ellwl excitation profiles for upper-/lower-branch pairs of three selected metallic species with (n,m)
indices of (a) (24,0), (b) (25,1), and (c) (27,0). The solid lines are a fit to the data [using Eq. (1) with blue line including Raman interference
effects and green line for no interference] to yield E;; and T' values of (a) no interference: Ellu1 =1411 eV, E11"1H=1.568 eV and I';
=56 meV, I'y=66 meV; with interference: EIIVIIL=1.411 eV, EIIWIH=L569 eV and I';=55 meV,['y=54 meV; (b) no interference: E%L
=1.359 eV, E}j,;=1.494 eV and I';=58 meV, [';=79 meV; with interference: E}},=1.358 eV, E},=1.501 eV and I';=56 meV, 'y
=71 meV; and (c) no interference: E, =1.312 eV, E}, =1.408 eV and T',=64 meV, T';=53 meV; with interference: E}1, =1.310 eV,

EYi,;=1.412 eV and ;=63 meV, [';=48 meV.

electron and hole effective masses have on the Coulomb en-
ergy. The effective mass is directly related to the curvature of
the energy dispersion within the Brillouin zone. E}! and E3,
and E5, sample similar regions within the Brillouin zone, as

do E% and E3; and E3,. Thus, similar curvatures are experi-
enced and the many-body effects should demonstrate related
behaviors.

C. RBM intensity behavior

The electronic coupling to the RBM is a significant factor
in determining the observed Raman intensities and is of par-
ticular interest for the metallic nanotubes since previous
studies have shown no evidence for the occurrence of
the wupper-branch transitions via resonance Raman
measurements.!1121926 In agreement with these previous re-
sults, we observe no upper-branch features at small diam-
eters (<1.3 nm). However, beginning at diameters of about
1.3 nm and larger, the upper branches for zigzag and near-
zigzag chiralities become evident (see Fig. 2). For all cases
in which upper-branch features are observed, they are
weaker than those of the corresponding lower branch [see for
example Fig. 5(b)] but in some cases approach the lower-
branch intensities [Figs. 5(a) and 5(c)].

Analogously to the semiconducting case, exciton-phonon
coupling is expected to be stronger for transitions originating
in the K-M valley and weaker for those from the K-T'
valley.'* For all metallic SWNTs, the upper branch always
originates in the K-I" valley, giving rise to the expectation
that the upper-branch transitions will be weak and difficult to
observe.!*2 Additionally, the coupling is expected to de-
crease in both branches as the diameter increases.'#~!® That
we begin to see upper-branch features for the larger-diameter
species seems counterintuitive. However, the valley origin
rule provides only part of the picture.

Both analytical expressions'® and numerical evaluations®!
of exciton-phonon coupling have demonstrated that transi-
tions originating in the K-I' valley exhibit nodal behavior
that results in reduced coupling around the node. For appro-
priate chiralities, however, it is possible to push into a cou-
pling regime beyond this node. Such “postnodal” behavior
occurs at larger diameters.'® It has been demonstrated that
for certain semiconducting structures it is possible to obtain
intensities from the K-I" valley that approach those for tran-
sitions originating from the K-M valley.'® Numerical results
show that this behavior at larger diameters is a general prop-
erty for both metallic and semiconducting species with one
consequence of the nodal behavior being that, as the value of
(n-m) increases for a fixed diameter, the exciton-phonon cou-
pling strength increases.!> The largest values of (n-m) can be
obtained for near-zigzag chiralities and also for large-
diameter nanotubes. As with semiconductors, values of
(n-m) exist at large diameter for which metallic upper- and
lower-branch intensities can be closely matched.'>!® These
predictions are supported by the results shown in Fig. 5. The
direct comparison of upper- and lower-branch intensities for
the chiralities shown in Fig. 5 demonstrates that upper-
branch intensities can indeed be quite significant and of simi-
lar strength as the lower-branch features. Additionally, con-
sistent with all descriptions of exciton-phonon coupling in
SWNTs, we observe the upper-branch features for structures
with chiral angles of <10° in nearly all cases.

One consequence of the upper-branch transition appearing
in close proximity to that of the lower branch is the possibil-
ity of observing Raman interference effects.?!33 We explore
this possibility by fitting the experimental data of Fig. 5 in
two different ways. The first includes interference by sum-
ming the contributions for the two transitions at the ampli-
tude level [before squaring the polarizability in Eq. (1)]. The
second assumes no interference and simply treats the inten-
sity contributions from the two transitions as additive. We
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FIG. 6. (Color online) Plots of maximum RBM intensities (all with E’lw1 excitation) as a function of chiral angle. (a) E’l‘/’l lower-branch
(squares) and upper-branch (circles) intensities (data from near-IR excitation only). RBM intensities for lower branches of selected families
with 2n+m=constant (b) 2n+m=30 (triangles) and 27 (squares) (data from visible excitation only). (c) 2n+m=48 (data from near-IR
excitation only). (d) 2n+m=42 (squares) and 39 (diamonds) (data from near-IR excitation only).

find only minor differences in the results [transition energy
and T are affected by 1-7 meV; and 12 meV in the case of I'
(upper) for the (24,0) chirality] indicating that, for the ob-
served energy splittings, interference effects are minimal. For
structures with larger chiral angle, the splittings will be
smaller, but we anticipate minimal interference effects in
such cases due to the lack of intensity in the upper branch
from minimization of the exciton-phonon coupling for these
chiralities as discussed above.

The general range of intensity behavior of additional
chiralities is shown in Figs. 6 and 7. We note that intensities
for small-diameter (<1.3 nm) E}, features [Figs. 6(b) and
7(c)] and all EY, [Fig. 7(d)] features cannot be directly com-
pared to those for the larger-diameter (>1.3 nm) E} as the
data were obtained from different instruments. Despite the
scatter in the data, which may reflect some degree of non-
uniformity in the populations of any given chirality as well
as inhomogeneous spatial distributions within the sample,

some trends appear. In Fig. 6(a), a general decrease in inten-
sity is observed as chiral angle increases. This is more
clearly seen in Figs. 6(b)-6(d) for which this behavior is
highlighted for specific families of 2n+m=constant. Within
a given 2n+m family, intensity decreases as chiral angle in-
creases, in agreement with theoretical expectations and pre-
vious observations on semiconducting nanotubes.!4-!7
Diameter-dependent trends are shown in Fig. 7. Figure
7(a) shows a general decrease in intensity as diameter de-
creases, with the behavior being more clearly seen for the
specific chiralities shown in Figs. 7(b)-7(d). This trend is
present despite any complicating chiral-angle dependences
(as discussed above), with nanotubes of near-zero chiral
angle [Fig. 7(b)] clearly showing the intensity decrease with
diameter. This trend is surprising as it is the reverse of the
general theoretical expectation that the exciton-phonon cou-
pling contribution to the intensity will decrease as diameter
increases.'*!7 We find that this trend can be understood by
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FIG. 7. (Color online) Plots of maximum RBM intensities as a function of inverse nanotube diameter (1/d,). (a) Eﬁ lower-branch
(squares) and upper-branch (circles) intensities (data from near-IR excitation only). (b) Comparison of lower- and upper-branch intensities of
the four Eﬁ transitions for which both excitation profiles are fully obtainable (data from near-IR excitation). (c) Eﬁ intensities for
small-diameter (<1.3 nm) nanotubes (data from visible excitation only). (d) E% lower- (squares) and upper- (triangles) branch intensities

(data from visible excitation only).

accounting for the diameter-dependent contribution of I' in
the Raman intensity expression [Eq. (1)].

Figure 8(a) shows a plot of I' vs inverse diameter for
the Eﬁ ;, points shown in Figs. 6(a) and 7(a). Included in
the plot are I" values for E3, transitions observed in the same
diameter and excitation energy region. A strong diameter de-
pendence is observed with I' increasing as diameter de-
creases. This is in excellent agreement with previously pre-
dicted behavior based on an evaluation of carrier lifetimes
in metallic nanotubes as determined by electron-phonon
interaction.* The theoretical results of Ref. 34 also suggest
that plasmon excitation in metallic nanotubes will yield an
additional contribution to I" over what is expected in semi-
conducting chiralities, suggesting that I" will generally be
larger for metallics than for semiconductors. Our results
support this conclusion. While Fig. 8(a) shows that semi-
conductor I' values also increase as d, decreases, the semi-

conductor behavior is displaced to lower values in compari-
son to metallic nanotubes of similar diameter. When one
considers that it is the E3, values and not the smaller
ES, T values®>3 that we compare to the E}!,, the relative
importance of the plasmon contribution to I' is emphasized.
This highlights an additional parallel found here in compar-
ing metallic and semiconducting nanotube behaviors. In
semiconductors, I' has been found to increase significantly
on going from EY, excitation to E3, and E3;.>>353¢ This oc-
curs for the metals as well, as seen in Fig. 8(b), in which EIZWZL
I" values are found to be a factor of 2 or more greater than
for EYY,.

It is clear from Eq. (1) (and has been previously shown
that such diameter-dependent and transition level effects on
I' will play as important a role in determining the RBM
intensities as the chirality dependence of the exciton-phonon
coupling matrix elements. The increase in I" as diameter de-

)35
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FIG. 8. (Color online) a) Plot of I" as a function of inverse
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squares). I values for semiconductors obtained with E3, excitation
(open triangles) are added for comparison. (b) Plot of I" as a func-
tion of inverse diameter for E%L.

creases will result in a reduction in Raman intensity and thus
provides an explanation for the observed increase in intensity
with diameter shown in Fig. 7. The diameter dependence of
I" overcomes the role played by exciton-phonon coupling in
this case. It is also likely that this diameter dependence in I'
is in part responsible for the loss of upper-branch intensities
at small diameters. In the diameter range for which the
upper-branch features are not observed, I" for the upper
branch is predicted to be significantly larger than that of the
lower branch.* The additional resultant loss in Raman inten-
sity will multiply the effect from the expected decrease in the
exciton-phonon coupling for the upper branch as discussed
above. While for larger-diameter nanotubes we observe I’
values (Fig. 5 and Ref. 29) that are more similar between the
upper and lower branches (also in agreement with theory),3
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the increased upper-branch broadening relative to that of the
lower branch indicates that the postnodal behavior discussed
above is still required to make the upper branches visible in
this regime.

IV. CONCLUSIONS

In summary, the comprehensive analysis of 77 metallic
transitions presented here demonstrates many parallels to the
behaviors found in semiconducting SWNTs. The results of
the scaling analysis underscore that Eq. (2) accurately de-
scribes the transition energies for both metallic and semicon-
ducting SWNTSs. This simple formula can be readily used by
anyone to generate the E; of any SWNT of interest and is
proving to be a powerful tool for extracting new insight into
nanotube excitations.!>3? Our result that excitonic behavior
is supported in metallic SWNTSs, despite the presence of sig-
nificant screening, points toward their use as potential mod-
els for further probing of the unique properties of excitons in
1D metallic systems. Our results also demonstrate the gener-
ality of exciton-phonon coupling descriptions. Coupling of
excitons to the RBMs follows the same principles previously
observed for semiconductors. The metallic intensity behavior
provides additional evidence for the occurrence of nodes in
the exciton-phonon coupling matrix elements and different
regions of exciton-phonon coupling strength. The observed '
effects on intensity indicate a need for further theoretical
studies aimed at understanding the interplay between I" and
the effects of phonon coupling to the electronic structure
(including nodal behavior) in determining Raman intensities
in these systems. Finally, we comment on the particular at-
tributes of the supergrowth sample that have allowed the
observation of the upper-branch spectral features. It is clear
from our results that the correct diameter distribution must
be present in the sample under study with the upper branches
for nanotubes >1.3 nm in diameter being the most easily
observed. Furthermore, our results also point to the impor-
tance of minimizing intertube interactions. It is likely, for
example, that the upper branches may also be observed in
solution-phase surfactant-suspended samples through the im-
proved dispersions and narrower spectral linewidths found
with the use of bile salts.’’
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