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Characterization of carbon nanotubes using Raman excitation profiles
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Resonance Raman excitation profiles for several radial-breathing modes in carbon nanotubes have been
measured using tunable lasers. It is shown that theline shapesof the excitation profiles are a powerful tool for
the characterization of the nanotubes. In particular, profiles that follow theoretical predictions for asingle
one-dimensional singularity in the joint density of states can be assigned to armchair tubes. These assignments
do not rely on the quantitative details of electronic structure calculations.
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Single-walled carbon nanotubes~CN’s! consist of single
graphite~graphene! sheets rolled into a tube. Geometrical
there are infinitely many ways in which this can be acco
plished. The resulting CN’s can be conveniently charac
ized by two roll-up indices~n,m!.1 It is well known1 that the
CN properties depend on the precise value ofn and m, so
that a significant effort has been devoted to the developm
of characterization methods capable of determining these
dices. Direct experimental approaches such as elec
microscopy2–4 or scanning probe microscopy5–7 are very
powerful but often impractical, and the need is acute
quick, contactless methods. Optical spectroscopy migh
expected to fill this gap. In particular, the CN characteris
vibrational frequencies can be determined with high pre
sion using techniques such as Raman spectroscopy, an
measurements can be compared with calculations base
density functional theory~DFT!.8 The state-of-the-art accu
racy of DFT calculations is such that for ordinary syste
the underlying structure can be easily identified. CN’s, ho
ever, are special in that their strongest Raman-active mo
are insensitive to the details of their structure. The rad
breathing mode~RBM! frequenciesvRBM in these systems
depend almost exclusively on the tubes’ diameters, and
C-C tangential modes have comparable frequencies fo
CN’s due to the very similar local carbon environments.1

While simple vibrational spectroscopy is unlikely to lea
to a complete~n,m! identification, the sensitivity of Rama
spectroscopy to theelectronicstructure of the material pro
vides an additional characterization tool. Resonant enha
ments in the Raman cross section can be observed whe
incident photon energy approaches the energy of interb
optical transitions associated with critical points in the jo
density of electronic states~JDOS!.9 The optical transition
energies can be extracted from an analysis of the reson
excitation profiles ~REP’s! for Raman-active vibrationa
modes, and the combination of electronic energies and vi
tional frequencies should make it possible to identify t
CN’s completely.

The resonant nature of Raman scattering in CN’s was
demonstrated by Raoet al.10 Following this work, resonance
Raman spectroscopy has been frequently used for
characterization.11–15 In particular, it has been shown tha
Stokes/anti-Stokes Raman spectra are dramatically diffe
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near resonance,16,17 and ~n,m! assignments have been ma
based on vRBM and Stokes/anti-Stokes intensity rat
measurements.18–21 However, the reliability of such assign
ments is uncertain, since our current understanding of
electronic structure and the resonance Raman proces
CN’s is still quite limited. Predicted Stokes/anti-Stokes i
tensity ratios depend both on the theoretical expressions
for the REPs, as well as on the accuracy of the underly
electronic structure models. Critical parameters in the th
retical REP expressions are the energy separationEt between
the one-dimensional singularities in the valence and cond
tion bands, and its broadeningh, which is related to the
lifetime of the virtually excited electron-hole pair. The fir
parameter is needed for~n,m! assignments via a calculatio
of the electronic structure, but the second parameter has
shown to affect the predicted Stokes/anti-Stokes ra
considerably.21

In this communication we report detailed studies of RE
in CN’s using tunable laser sources. These measurem
make it possible to determine the transition energyEt and its
broadeningh with great accuracy. Moreover, the entire RE
line shapes can be compared with theoretical predictions,
we find that these line shapes provide additional charac
ization information that is largely independent of the deta
of the electronic structure. Using standard resonance Ra
theory, Richter and Subbaswamy22 have calculated REP’s fo
~n,n! armchair tubes with diameters of practical interest. F
these tubes the singularities in the JDOS are separate
more than 1 eV. The calculated REP’s are symmetric cur
around an energy value close to the JDOS singularity. C
culations for zigzag or chiral CN’s are not yet availab
However, these tubes present closely spaced singular
~less than 0.3 eV for tube diameters larger than 1 nm! that
can be explained in terms of trigonal warping in th
graphene band structure.23 The combined contribution from
these singularities is likely to lead to complicated profil
due to their proximity and mutual interference. Therefore
description of the resonance process in terms of a sin
isolated singularity is expected to be valid only for armch
tubes. Our experimental results show that indeed so
REP’s can be explained in terms of a single one-
mensional~1D! singularity, whereas others show more stru
ture. The former are therefore assigned to armchair tube
©2002 The American Physical Society02-1
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The ability to distinguish armchair from chiral tube
based on the line shape of their REP’s is very significa
since~n,m! assignments based solely onvRBM andEt values
require predictions of interband transition energies with
accuracy that in some cases must exceed 0.1 eV. Th
beyond our current understanding of the electronic struc
of CN’s. Excitonic effects are of the same order of mag
tude as the required accuracy,24,25 and even if these effect
are accounted for in an effective way by using empiri
band structure models with adjustable parameters, there
universal agreement as to the value of these paramete
popular approach for CN’s consists of calculating t
p-symmetry bands in a graphene sheet using a nea
neighbor tight-binding~NNTB! model with a single matrix
elementVppp ~also calledg0 or t in the literature!. The 1D
CN band structure is then obtained by ‘‘folding’’ th
graphene band structure in a way that satisfies the
boundary conditions.1 The precise value ofVppp is contro-
versial, as summarized in Ref. 23. Values ranging from 2.5
2.9 eV have been deduced from a variety of experime
techniques.

In Fig. 1 we present theoretical evidence suggesting
the discrepancies between different experimental determ
tions of Vppp may not be entirely due to experimental ar
facts. We use the DFT method developed by Sankey
Niklewski26 as described in Ref. 8. Even though interba
transition energies are generally unreliable in DFT, the in
in Fig. 1 shows that our calculated graphene band structu
in very good agreement with the experimental band struc
of graphite.27,28 We have used the same first-principl
method, which automatically incorporates effects such
bond relaxation and orbital rehybridization, to calculate
electronic structure of several CN’s. We then fit the sim
NNTB model to either our calculated band gaps~semicon-
ducting tubes! or to the lowest van Hove singularity in th
JDOS~metallic tubes!. The results are given by the circles
Fig. 1, and one sees that the first-principles results are
consistent with a single value ofVppp .

FIG. 1. The inset shows experimental angle resolved photoemission
for graphite~Refs. 27 and 28! compared with a first-principles calculation o
the electronic structure of graphene. We used the same first-princ
method to calculate the atomic positions and electronic structure of sele
nanotubes, and fit the resulting band structures with a simple NNTB mo
The solid ~empty! circles show our fit values for the parameterVppp for
semiconducting~metallic! tubes.
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Our sample containing single-walled CN’s was synth
sized by pulsed laser vaporization~PLV! of carbon targets
using Ni/Co catalyst particles.29,30 A transmission-electron-
microscopy~TEM! analysis indicates that the mat of carbo
ropes contains an ensemble of tube diameters with a m
near 1.25 nm, consistent with previous work on PLV-grow
samples.10,30,31The material is separated through sonicati
and then suspended in water with the aid of a surfactan
drop of the liquid is placed on a silicon substrate and allow
to dry under ambient conditions.

Room temperature Raman spectra were collected in
backscattering geometry using a Spex .85 m double mo
chromators with charge-coupled device~CCD! detection.
The samples were probed with incident energies of 1.87
2.204 eV using Ar-ion pumped dye lasers. The incident
wer was maintained near 10 mW to prevent sample heat

Figure 2 shows a typical Raman spectrum in the vicin
of the RBM band. Seven different modes are clearly o
served in each spectrum over the excitation energy range
order to provide consistency in the fitting procedure betwe
spectra, we applied constraints similar to those used by
mentaet al.12 From the Raman spectra we determined RE
for all modes in Fig. 2 by simply plotting—as a function o
the laser photon energy—the peak intensity~area! normal-
ized to the incident power. Some of the measured REP’
such as the ones corresponding to the 195- and 200-c21

modes in Fig. 3~a!—are smooth curves with a single max
mum. Other REP’s are clearly more complicated, as see
Fig. 3~b! for the 188-cm21 mode.

Richter and Subbaswamy22 find that the dominant contri-
bution to resonant RBM Raman scattering in isolated a
chair tubes corresponds toz-polarized optical transitions~z is
the axis of the CN! between thei th singularity in the valence
band electronic DOS and thei th singularity in the conduc-
tion band DOS. The results of Ref. 22 are presented in
merical form, which makes it difficult to fit the theoretica
REP’s to the experimental data. Fortunately, analytical
pressions for REP’s near resonance can be derived. If
only include a single critical point arising from 1D parabol
bands, the Raman cross section for an armchair tube is

ta

es
ed
l.

FIG. 2. Typical RBM band from our carbon nanotube sample, obtai
with a laser excitation energy of\vL51.989 eV. The dashed curves repr
sent the Lorentzians needed to fit each spectrum.
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ds

dV
5 ~La!S vS

vL
D 2S ePz

mcD 4S m*

M D S 1

\vRBM
D 3UdEt

dRU2

~n11!

3U 1

A\vL2Et2 ih
2

1

A\vS2Et2 ih
U2

, ~1!

whereL is the length of the CN,a50.246 nm,vS and vL
are the scattered and incident photon frequencies,e ~m! is the
electron charge~mass!, Pz is the matrix element for thez
component of the electronic momentum operator,c is the
speed of light in vacuum,m* is the reduced mass of th
virtually excited electron-hole pairs,M is the mass of a car
bon atom,n is the phonon population number, anddEt /dR is
the derivative of the transition energy with respect to
radius of the CN. We have verified that this analytical e
pression provides a very good fit to the numerical res
obtained by Richter and Subbaswamy.22,32 In addition, our
expression provides an absolute value~except for possible
local field effects! for the Raman cross section, and len
itself to first-principles predictions of Raman intensities v
the calculation ofdEt /dR.

At this point we should mention that a nonconvention
theory of Raman scattering has recently been used to ana
REP’s from single CN’s.18,20 The REP’s predicted by this
theory are always asymmetric~even for isolated singulari
ties! and are in good agreement with some experimental

FIG. 3. ~a! Raman excitation profiles~REP’s! for the 195- and 200-cm21

modes in Fig. 1. The solid lines are fits with an expression proportiona
Eq. ~1!. The inset represents the electronic DOS for a~9,9! tube calculated
with the NNTB model usingVppp52.80 eV. ~b! REP for the 188-cm21

mode in Fig. 1. The solid line is proportional to Eq.~1!. It is drawn through
the main peak of the resonance to emphasize the deviation betwee
experimental data and Eq.~1!. We usedEt51.80 eV andh560 meV. The
inset shows the electronic DOS for an~11,8! tube, calculated as discussed
the text.
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servations by the same group. However, since asymme
profiles can also be explained by the conventional theory
a result of interferences and/or superpositions of nearby
gularities~or in terms of an interference between the sing
larity and a nonresonant term which originates from high
lying optical transitions!, we feel that no compelling
evidence has been provided to abandon the well-establis
standard theory of Raman scattering based on the Kram
Heisenberg formulation.33

The solid lines in Fig. 3~a! represent fits with an expres
sion proportional to Eq.~1!. From these fits we obtainEt
51.9160.01 eV andh57065 meV for the two RBM’s.
The agreement between the fits and the experimental da
very good, with only a minor hint of deviations from th
simple profile described by Eq.~1!. By adding a second van
Hove singularity to the expression in Eq.~1! we find that
interference effects induce noticeable distortions if the t
singularities are separated by less than 0.3 eV, whereas
effect is negligible if the separation is much larger. This
consistent with the symmetric profiles computed by Rich
and Subbaswamy for armchair tubes,22 and suggests that in
terference effects can be important in chiral and zigzag tub
Thus we assign the REP’s in Fig. 3~a! to armchair tubes and
the REP in Fig. 3~b! to a chiral or zigzag tube.

So far, we have based our analysis on theoretical res
for isolated CN’s, whereas the tubes in our samples appe
bundles. Calculations of the electronic density of states
bundles of tubes show that the 1D singularities character
of isolated tubes are broadened by at least 0.2 eV.34,35 The
predicted broadenings and distortions might be expecte
have an impact on the measured REP’s, but our meas
broadeningh57065 meV is significantly smaller than th
theoretical predictions. Moreover, our value forh is compa-
rable with direct time-domain measurements of the lifetim
of the excited states,36 suggesting that inhomogeneous broa
ening does not play an important role in our experiments
possible explanation for these observations is suggested
recent comparative study of the electronic structure of cr
tallinelike and compositionally disordered bundles of CN’s37

Bundling effects are large when the electronic states bec
delocalized over the bundle. This is more likely to occur
bundles ofidenticalCN’s, whereas in heterogeneous bund
the mismatch of the electronic states between nearby tu
leads to wave functions which are essentially localized
individual tubes.37 Therefore, one might expect REP’s ob
tained from compositionally disordered bundles to be sim
to those measured from isolated tubes.

For armchair tubes, the first-principles calculations
Kürti et al.38 predict RBM frequencies of 177 cm21 ~10, 10!,
195 cm21 ~9, 9!, and 219 cm21 ~8, 8!. The theoretical results
are supported by the perfect agreement they obtain with
experimental breathing mode frequency in C60. Our experi-
mental RBM frequencies of 195 and 200 cm21 are in good
agreement with the theoretical value for~9, 9! tubes, and this
is corroborated by TEM studies which show that tubes w
the ~9, 9! diameter are present in our sample. The sm
separation between the two experimental frequencies
their nearly identical REP’s rule out any assignment to d
ferent CN species, so that we assign the two observed m

o

the
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to ~9, 9! tubes. This is of course quite surprising, becau
there is only one RBM in an isolated CN. A possible exp
nation within the context of heterogenous bundles is to
sume that the lower-energy mode corresponds to~9, 9! tubes
at the surface of the bundle, whereas the 200-cm21 mode
corresponds to~9, 9! tubes inside the bundle. In hetero
enous bundles the RBM modes are likely to be localiz
because the RBM frequencies of neighboring tubes do
match exactly, as in the homogenous case. If our interpr
tion is correct, then the relative intensities in Fig. 3~a! would
indicate a surface-to-volume ratio of about 0.38, which c
responds to bundles containing on the order of 100 CN
This actually agrees with independent measurements
bundle size in these systems29 and our own TEM results. The
5 cm21 ~2.6%! separation between the peaks assigned to
inner and outer tubes represents a lower limit for the ups
induced by bundling, and compares reasonably well w
theoretically predicted39–42 upshifts in the 2.9–10 % rang
for crystalline ropes. Of course, the observation of virtua
identical REP’s for the two modes requires that the electro
structure of surface and bulk CN’s be very similar. T
model presented by Maaroufet al. does suggest that inter
tube interactions can be suppressed in heterogen
bundles,37 but it is by no means clear that essentially
electronic energy shifts should be observed, while at
same time the vibrational frequency shifts are on the orde
3%. The clarification of this point will require more exper
mental and theoretical work.
,
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We now return to the REP of Fig. 3~b!. The measured
RBM frequency of 188 cm21 is compatible with the rollup
indices~11,8!, ~12,6!, ~16,1! and~15,3!. The inset shows the
electronic DOS for an~11, 8! tube calculated with the NNTB
model usingVppp52.80 eV, which we obtain from a fit to
the results of Fig. 3~a!. We see that there is some agreeme
between the calculated transition energies and the peak
the REP. However, definitive assignments will have to aw
the development of a quantitative theory of REP’s for chi
and zigzag tubes.

In summary, we have studied REP’s for the radial brea
ing modes in CN samples. Our results show that signific
progress toward the identification of CN species can be m
by studying the line shapes of the REPs within the stand
theory of resonance Raman scattering. Our results also
gest that detailed predictions of REP line shapes in chiral
zigzag tubes will make it possible to identify additional C
species. This approach emphasizes the more robust qu
tive aspects of the electronic structure of CN’s, as oppose
the exact values of their optical transition energies, which
believe are very difficult to predict.
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evance of Ref. 37 for the interpretation of our data. T
research was supported in part by NSF under Grant
INT-0072110. J. M. would like to acknowledge support fro
the Iberdrola Foundation~Spain! and an International Trave
Grant from Arizona State University.
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