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Effect of quantized electronic states on the dispersive Raman features
in individual single-wall carbon nanotubes

A. G. Souza Filho,1,2 A. Jorio,1 G. Dresselhaus,3 M. S. Dresselhaus,1,4 R. Saito,5 A. K. Swan,6 M. S. Ünlü,6 B. B. Goldberg,6,7
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This work reports how resonance Raman experiments are used to study details of the electronic structure of
individual single-wall carbon nanotubes~SWNTs! by measuring the phonon spectra and how the quantized
electronic structure affects the dispersive Raman features of SWNTs. We focus our analysis on the dispersive
D and G8 bands observed in the Raman spectra of isolated semiconducting nanotubes. By using a laser
excitation energy of 2.41 eV, we show that both theD-band andG8-band frequencies are dependent on the
wave vectorkii where the electrons are confined in the one-dimensional subbandi of the electronic structure of
SWNTs. By making use of the (n,m) assignment for each tube, we theoretically correlate the observed
frequency dependences for theD- andG8-band modes with the electronic structure predicted for each (n,m)
pair and we determine the dependence ofvD andvG8 on the diameter and chirality for individual electronic
transitionsEii for nanotube bundles. We use theD- andG8-band dependence on electron wave vectorkii to
predict the dominant phonon wave vectorq selected by the quantum-confined electronic statekii and to explain
the anomalous dispersion observed forvD andvG8 in SWNT bundles as a function of laser excitation energy,
yielding excellent agreement between experiment and theory.

DOI: 10.1103/PhysRevB.65.035404 PACS number~s!: 78.30.Na, 78.30.2j
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I. INTRODUCTION

The disorder-inducedD band that appears in the Rama
spectra ofsp2 carbon materials was first observed in 1971

This band is only activated in the Raman spectrum insp2

carbons in the presence of heteroatoms, vacancies, g
boundaries, or any defect that lowers the crystal symmetr
the quasi-infinite lattice, thus relaxing theq;0 zone-center
selection rule for first-order Raman scattering. The most
teresting characteristic of the disorder-inducedD band and of
its second-order relatedG8-band feature in the Raman spe
tra of sp2-bonded carbon materials is their strongly disp
sive behavior as a function of laser excitation energyElaser.
The G8 band is indeed an intrinsic feature ofsp2 carbons,
which is always observed in the Raman spectra, even w
the D band is absent.2

The Elaserdependence of thevD andvG8 bands has been
interpreted as due to ak-selective resonance process that o
curs between the linearly dispersivep and p* electronic
states.2–4 The physical origin of thisk selection condition
was explained by a double-resonance process which invo
a resonance not only with the incident or scattered photo
but also with an intermediate intraband scattering proce5

The phonons that contribute to theD-band andG8-band fea-
tures come from the boundary region of the graphite B
0163-1829/2001/65~3!/035404~6!/$20.00 65 0354
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louin zone (K point!. TheD-band andG8-band features are
also observed in the Raman spectra of single-wall nanot
bundles6–8 and more recently in isolated single-walled ca
bon nanotubes~SWNTs!.9

Of special interest in the study of the dispersiveD andG8
bands is the information about the electronic structure
SWNTs that is conveyed by their phonon spectra. To exp
how the details of the electronic structure of SWNTs can
probed by the phonon spectra and to determine how
quantized electronic states affect the dispersiveD-band and
G8-band features in the SWNT Raman spectra are the g
of the present paper. We thus present here a study of
disorder-induced D-band frequency and its overton
G8-band frequency in isolated SWNTs by correlating t
phonon properties with the calculated electronic struct
implied by the (n,m) indices. An earlier study of theD band
for isolated tubes9 reported that theD band is observed only
for nanotubes for which the laser energy is in resonance w
interband transitions between van Hove singularities in
one-dimensional~1D! density of electronic states.9 To gain a
more precise understanding of theD-band properties of iso-
lated SWNTs, as compared to earlier studies on an ensem
of isolated SWNTs,9 the present experiments were carri
out using a very dilute nanotube density sample to ens
that all the features in the Raman spectrum come from
©2001 The American Physical Society04-1
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and the same resonant SWNT. In this way, the (n,m) indices
can be determined from an analysis of the radial breath
mode ~RBM! feature for the nanotubes under investigati
for their D-band andG8-band characteristics. This procedu
allowed a detailed study at fixedElaserto be carried out of the
vD andvG8 dependence on the (n,m) indices. Based on the
physical origin of theD and G8 bands, whereby a double
resonance process selects the dominant phonon wave
tors, our results show how the electrons and phonons
strongly coupled under resonant conditions, thus revea
that the van Hove singularities play the dominant role
determining both theD-band andG8-band intensity and fre-
quency in isolated SWNTs. By using this property, we rep
duce the anomalous dispersion observed in theElaser depen-
dence ofvD andvG8 in SWNT bundles.6,8,10

II. EXPERIMENT

The upper inset to Fig. 1 shows an atomic force mic
scope~AFM! image of the isolated SWNT sample used
this work, where in a 25mm2 area we can observe only fou
isolated nanotubes (<1 SWNT/mm2), each SWNT with
;1.0 mm in length. The AFM image of the whole samp
shows a homogeneous spacial distribution of SWNTs w
diametersdt varying from 1.0 to 3.0 nm. The details of th
sample preparation are reported elsewhere.11 Raman spectra
from each isolated SWNT were obtained by scanning
sample in steps of 0.5mm under a controlled microscop
stage. The spectral excitation was provided by an Ar
laser, using the 514.5 nm laser line (Elaser52.41 eV! and
with a power density of;1 MW/cm2 on the sample sur

FIG. 1. Two typical RamanD-band andG-band spectra obtaine
from single isolated SWNTs usingElaser52.41 eV. The upper and
lower spectra are for the~14,10! and ~13,11! nanotubes, respec
tively. Inset~a! shows an atomic force microscope~AFM! image of
the isolated nanotubes on a Si/SiO2 substrate used in this study
where only four tubes are observed in a 25mm2 area. Inset~b!
shows the spectra for each tube in the frequency range of the r
breathing mode which is used for obtaining the (n,m) identification
of these tubes. The Raman frequencies are displayed in uni
cm21. Inset ~c! shows the Raman spectra in the region of theG8
band for the~14,10! and ~13,11! nanotubes.
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face. The scattered light was analyzed with a Renishaw s
trometer 1000B, equipped with a cooled charge-coupled
vice ~CCD! detector.

III. RESULTS AND DISCUSSION

The observation of Raman spectra from just one nanot
is possible because of the very large density of electro
states close to the van Hove singularities of the 1D SW
electronic structure.12 When the incident or scattered photo
are in resonance with an electronic transitionEii between
van Hove singularities in the valence and conduction ban
the Raman cross section becomes very large due to
strong coupling which occurs between the electrons
phonons of the nanotube under these resonance condit
When the resonance involves a scattered photon, only
phonon that is involved in such a process will be enhance
the experimentally observed Raman spectrum. Howe
when theincidentphoton is resonant,all the phonons in the
Raman spectra are enhanced through the electron excit
process by theElaser photons. In this work we only discus
isolated SWNTs resonant with the incident photon, beca
it is essential for the radial breathing mode to be resona
enhanced, so that it can be used to make the (n,m) assign-
ment for the SWNTs that are investigated for theirD-band
and G8-band characteristics. Once (n,m) is identified, we
can theoretically calculate the electronic structure for
nanotube under investigation.

Figure 1 shows the Raman spectra~including the RBM,
the D band, theG band, and theG8 band! for two isolated
SWNTs, with nanotube indices identified as~14,10! and
~13,11!, using a previously reported method, based on
properties of the RBM under resonance Raman conditi
for isolated SWNTs.12 The G-band profiles for both SWNT
spectra in Fig. 1 are typical of semiconducting tubes,13–15

and for both spectra, the splitting of the two most inten
components is the same (21 cm21). This is expected, since
both tubes have almost the same diameter as implied by
observed RBM frequencies.16,17 For the isolated SWNTs
studied in this work, theD-band intensity is either low com
pared to that of theG band, as in the lower spectrum in Fig
1, or completely absent~see upper spectrum in Fig. 1!, indi-
cating that the isolated SWNTs are highly ordered and c
tain few defects in their 1D crystalline lattice. However, f
all semiconducting tubes measured in this work, theG8 band
is always observed with frequencies of about 2vD , and the
G8-band feature is always intense, thus confirming that
G8 band is independent of whether the nanotube lattice
defects or not.

Once the (n,m) indices are appropriately identified fo
each isolated tube, we can now study theD-band and
G8-band frequencies as a function of their (n,m) indices,
which means study ofvD andvG8 as a function of diamete
dt and chiral angleu. The assigned tubes in the present pa
that are resonant withE44

S in order of increasing reciproca
diameter 1/dt are: ~19,6! @dt51.79 nm,u513.3°#, ~13,12!
@dt51.72 nm, u528.7°#, ~17,7! @dt51.70 nm, u516.5°#,
~14,10! @dt51.66 nm, u524.5°#, ~13,11! @dt51.65 nm,
u527.2°#, ~17,6! @dt51.64 nm, u514.6°#, ~18,4! @dt
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EFFECT OF QUANTIZED ELECTRONIC STATES ON . . . PHYSICAL REVIEW B65 035404
51.61 nm, u59.8°#, ~19,2! @dt51.59 nm, u54.9°#, and
~15,7! @dt51.55 nm,u518.1°#. The tubes resonant withE33

S

in order of increasing reciprocal diameter 1/dt are: ~18,1!
@dt51.47 nm, u52.7°#, ~14,6! @dt51.41 nm, u517.0°#,
~15,2! @dt51.28 nm, u56.2°#, ~15,4! @dt51.38 nm,
u511.5°#, and~11,9! @dt51.38 nm,u526.7°#.18

Figures 2~c! and 2~d! show a plot of the observedD-band
frequencyvD ~solid circles! vs 1/dt for isolated semicon-
ducting SWNTs resonant withElaser52.41 eV. Although
these data do not show a definitive pattern, we can see
vD for isolated SWNTs with 2.41 eV laser excitation ha
values lower than for 2D graphite at the sameElaser excita-
tion for which vD51355 cm21.19 Noteworthy is the fact
that at the single-nanotube level for the same laser excita
energy, different SWNTs exhibit differentvD , in contrast to
observations on othersp2 carbon materials where the fre
quencyvD is uniquely determined byElaser. The diameterdt
dependences ofvD in Figs. 2~c! and 2~d! appear to be com
plex, not being simply related to the diameter dependenc
the spring constants, as occurs for the radial breath
mode.20 As we will discuss below, the spread in the da
points shown in Fig. 2 is related to the dependence ofvD on
the nanotube electronic structure.

In graphite and othersp2 carbons, theD-band frequency
is dispersive and the origin of this dispersive behavior w
explained on the basis of a double resonance effect.5 Thus
the possible phonon wave vectorsq that satisfy the double
resonance conditions can vary from 0 to 2uku, wherek is the
wave vector for the resonantly excited electronic states m
sured from theK point. In sp2 carbons in general, the
D-band frequency will be mainly determined by theq vec-
tors which satisfyq'2uku.5,21,22 In the case of SWNTs, the

FIG. 2. Distanceukii u/b to theK point plotted as a function o
the reciprocal nanotube diameter for electrons in the 2D Brillo
zone of graphite associated with the~a! E33

S and ~b! E44
S electronic

transitions between van Hove singularities.b is the magnitude of
the basis vectors in the 2D reciprocal graphene lattice.D-band fre-
quencies as a function of reciprocal diameter for individual SWN
for which the~c! E33

S and ~d! E44
S interband transitions are in reso

nance withElaser52.41 eV. The numbers in~a!, ~b!, ~c!, and ~d!
denote the slopes of the linear trends represented by the solid
03540
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situation is different fromsp2 materials since to observe th
D-band spectra experimentally, it is necessary for a re
nance to occur with the 1D van Hove singularities in t
joint density of states~JDOS! which yields an additional
divergence beyond the double-resonance terms given in
Raman intensity formula described in Ref. 5. Then, the v
Hove singularity for the electronic statesEii will strongly
constrain thek vector involved in the double resonance pr
cess, and because of the relation between the electron
phonon wave vectors under double resonance conditi
this constraint will affect the selection ofq vectors involved
in the double resonance process responsible for theD-band
frequency.

The special 1D electronic structure of each nanotube
uniquely determined by its diameter and chirality.20 In Fig. 3
we plot the equi-energy contours of 2D graphite around
K point in the Brillouin zone considering the lineark ap-
proximation forE(k), where both the valence and condu
tion bands for thep and p* states are, respectively
symmetric.20 By using zone folding arguments,20 the 1D
Brillouin zone for nanotubes is given by a set of cuttin
lines, which are shown in Fig. 3~a! for two specially selected
tubes@~13,12! and ~13,11!# with similar chiralities and dif-
ferent diameters. In Fig. 3~b! we also show two specially
selected tubes@~19,2! and ~14,9!# with different chiralities
but similar diameters. The one-dimensional van Hove sin
larities of each SWNT come from the flat regions~both the
maxima and minima! in the dispersion relations along th
cutting lines in Fig. 3. The positions of the extremal points
the E44

S transition, resonant withElaser52.41 eV for these
particular SWNTs@or the singularities in the JDOS~Ref.
23!#, are each indicated by small solid circles and square
Fig. 3. We define the distance from theK point where the
extrema of theEii energies occur~the van Hove singulari-
ties! as ukii u, which is thus seen to depend on nanotube
ameter@Fig. 3~a!# as}1/dt , and on the chiral angleu @Fig.
3~b!# due to the trigonal warping effect.24

In Figs. 2~a! and 2~b! we plot theukii u for several (n,m)
SWNTs that we observed to be in resonance withE33

S and
E44

S , respectively. By comparing Fig. 2~a! with 2~c! and Fig.
2~b! with 2~d!, the agreement between the trends invD and
ukii u as a function of 1/dt is found to be good for both theE44

S

and E33
S transitions, in the sense that the magnitude of

slopes in theukii u vs 1/dt plots @Figs. 2~a! and 2~b!# is re-
flected in the slopes of thevD vs 1/dt plots@Figs. 2~c!–2~d!#.
The relation between theD-band frequencyvD and kii is
clearly evident when plotting the results in terms of the c
ral angle dependenceu. By considering SWNTs with similar
diameters, as in the case of those SWNTs that are in r
nance with one of theE44

S or E33
S electronic transitions, we

can analyze theD-band frequencies as a function of the ch
ral angleu determined by the (n,m) assignment. We then
plot the resultingvD ~solid circles! vs chiral angle (u) for
the SWNTs for whichElaser52.41 eV is resonant with the
E33

S @Fig. 4~a!# and with theE44
S @Fig. 4~b!# electronic transi-

tions. This difference in behavior is related to different v
Hove singularities, as discussed below.

We then plot the distanceukii u of the van Hove singulari-

n

,

es.
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ties in the 2D graphite Brillouin zone from theK point for
the observed tubes in our experiments where theE33

S @Fig.
4~c!# andE44

S @Fig. 4~d!# electronic transitions can be in res
nance withElaser52.41 eV. The good agreement betwe
Figs. 4~a! and 4~c! and between Figs. 4~b! and 4~d! shows
that vD in SWNTs can be explained in terms of the relati
betweenukii u for the electrons andq for the phonons, which
are resonantly coupled to each other by the double-reson
process.5 By this agreement, we establish that, in the case

FIG. 3. Equi-energy contours of 2D graphite calculated by
tight-binding method around theK point in the 2D graphene Bril-
louin zone. The lines are the 1D Brillouin zone of the nanotube. T
positions of the van Hove singularitiesE44

S are shown~a! for the
~13,12! ~solid circle! and ~13,11! ~solid square! semiconducting
tube with similar chiralities and different diameters and~b! for the
~19,2! ~solid circle! and~14,9! ~solid square! semiconducting tubes
with different chiralities and similar diameters. What determines
frequency of theD band andG8 band is the distanceukii u of these
singularities from theK point. b is the magnitude of the basis vec
tors in the 2D graphene reciprocal lattice. The explicitukii u/b values
are 0.512, 0.494, 0.522, and 0.530 for the~13,11!, ~13,12!, ~19,2!,
and ~14,9! nanotubes, respectively.
03540
ce
f

SWNTs, the double resonance is restricted to thekii states
corresponding to the van Hove singularities.

To confirm the chirality dependence ofvD , we analyze
the experimentalu dependence of theG8-band frequency
(vG8'2vD) for the E33

S and E44
S transitions, as shown in

Figs. 4~e! and 4~f!. A similar u dependence is seen in Fig
4~e! and 4~f! for the G8 band, as is found in Figs. 4~a! and
4~b! for theD band for both theE33

S andE44
S transitions. This

result suggests also plotting in Figs. 4~e! and 4~f! the data for
vG8 vs u for those Raman spectra where we have identifi
(n,m) values, but have noD-band intensity. The resulting
four additionalG8-band data points shown as open squa
in Figs. 4~e! and 4~f! also are consistent with the solid da
points. Since the observation of theG8-band feature is not
limited to the presence of structural defects in the nanot
lattice, and since theElaser is fixed in the present experimen
we confirm that the diameter and chirality effect onvD and
vG8 that we observe in Fig. 4 is intrinsically related to th

e

e

e

FIG. 4. MeasuredD-band frequencies as a function of chir
angleu of SWNTs for whichElaser52.41 eV is in resonance with
the E33

S ~a! andE44
S ~b! interband transitions in the JDOS. The di

tanceukii u/b to theK point for electrons in the 2D Brillouin zone o
graphite, associated with theEii van Hove singularities, are plotte
vs u for E33 ~c! andE44 ~d! for the tubes measured in~a! and~b!. ~e!
and~f! correspond to~a! and~b! except that the data are for theG8
band. The solid and open squares in~e! and~f!, respectively, denote
vG8 data for tubes where theD band is~solid points! or is not~open
points! observed in the Raman spectrum~see text!.
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EFFECT OF QUANTIZED ELECTRONIC STATES ON . . . PHYSICAL REVIEW B65 035404
resonant coupling between the phonons and electrons. Th
fore, we have shown that the resonance with van Hove
gularitiesEii plays the dominant role in determining the i
tensity and frequency of theD band andG8 band in
individual SWNTs.

By using this unique electron-phonon coupling effect,
show below that we can now explain the physical origin
the anomalous dispersion observed in thevG8 vs Elaser data
in SWNT bundles as shown in the inset to Fig. 5~a!.6,8,10The
fit of the experimental data for theG8 band for a particular
SWNT bundle leads to a linear dispersionv̄G852420
1106Elaser which is superimposed on an oscillation th
arises from the different subbands of the SWNTs that
excited with different laser energies, as shown in the inse
Fig. 5~a!.6 The experimental data of Ref. 6 are then plotted
Fig. 5~a! after subtracting the linear dependence that is ch
acteristic ofsp2 carbons. The resulting data points in Fi

FIG. 5. ~a! G8-band data forvG8 for a SWNT bundle sample
taken from Ref. 6 after subtracting the linear dispersion 24
1106Elaser from thevG8 vs Elaser data shown in the inset.~b! Cal-

culated first momentk̄i i /b for the possible resonant tubes as a fun
tion of Elaser after subtracting the linear dispersion20.03
10.20Elaser ~see text!. ~c! The transition energiesEii between van
Hove singularities as a function of diameter~Ref. 24!. The vertical
lines denote the diameter range of the SWNT bundle used in
G8-band dispersion experiments taken from Ref. 6@see inset in~a!#.
03540
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5~a! show a clear oscillatory behavior ofvG8 as a function of
Elaser. To predict theG8-band dispersion for a particula
SWNT sample and to compare the predictions with the
perimental results, we proceed as follows. First, we cons
the diameter distribution of the SWNT bundle sample th
was measured by transmission electron microscopy~TEM!
measurements.13 For this particular SWNT bundle sample
the diameter distribution is represented by the vertical lin
~average diameter d051.37 nm and deviation Dd
50.18 nm) in Fig. 5~c!, and we assume that only the (n,m)
nanotubes in this range ofdt contribute to the Raman spec
tra. For eachElaser value a different set of (n,m) tubes will
be within the resonant window, including the incident a
scattered photons associated withElaser.

12 The resonant win-
dow for the incident photon is given byElaser20.1 eV
<Eii <Elaser10.1 eV,12 while scattered photons in the rang
Elaser2EG820.1 eV<Eii <Elaser2EG810.1 eV will con-
tribute resonantly to the spectra at a lower energy for
Stokes process. The energy of the van Hove singularitiesEii
and their correspondingkii values depend on the tight
binding parameterg0.20 For isolated SWNTs,g052.89 eV
accounts for the observed Raman spectra, but for SW
bundles, it is expected that there will be some deviation fr
this value due to the effect of the van der Waals interact
between the tubes in the bundles.25 Recently, Raoet al.25

reported that this interaction is responsible for an upshift
0.2 eV in theEii energy transitions. We, however, find th
the data indicate that this shift in the joint density of sta
can be taken into account, by usingg052.95 eV, which
agrees with the value ofg052.95 eV obtained by Pimenta
et al.13 by fitting the resonant window for metallic tubes an
using the same physical sample as was used to measur
G8 band shown in Fig. 5~a!. For each (n,m) in the resonant
window of Ref. 13, we calculated thekii , and then for each
kii we obtained the first momentk̄i i by weighting each (n,m)
diameter by the Gaussian distribution of the nanotubes in
sample. The resulting average of thesekii values was also
found to be linear inElaser, but with a superimposed oscilla
tion associated with eachEii branch. After subtracting the
linear dispersionk̄i i 520.0310.20Elaser, we plot k̄i i as a
function of Elaser in Fig. 5~b!, and we find thatk̄i i has a
behavior that is exactly the same as is observed in
G8-band dispersion@see Fig. 5~a!#. We therefore can con
clude that the oscillations in Figs. 5~a! and 5~b! come from
the oscillation ink̄i i along each subband, as indicated by t
arrows in Fig. 5~c!. The analysis presented above clea
demonstrates that the properties of the dispersiveD band and
G8 band in SWNTs have some commonality with graphite
general, but the details can only be described if the 1D e
tronic structure is considered in detail. We further conclu
that the confined electronic states in the flat regions of
electronic dispersionE(k), denoted by thekii states for each
Eii singularity, play the dominant role in observing th
D-band andG8-band features in the first place and in dete
mining the values of their frequencies.

IV. CONCLUSION

We have reported a detailed study of the characteristic
theD band andG8 band for isolated SWNTs, including the
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dependence on the electronic structure that is determine
their (n,m) indices. In contrast to all othersp2 carbon-based
materials, theD and G8 bands in isolated SWNTs show
range of different frequenciesvD andvG8 for the same lase
excitation energy,Elaser. The frequency dependence onEii
observed forvD(u) and vG8(u) is a new effect, not yet
reported for other phonons observed in the Raman spec
of isolated SWNTs, wherevRBM andvG for semiconducting
SWNTs depends only ondt and not onu.20,26 In fact, the
observed frequencies arise from the resonant process i
where the van Hove singularities select the initial electro
stateskii within the 1D Brillouin zone that are responsib
for the selection of the phononq vectors, thus giving differ-
ent D-band frequencies for different (n,m) values. Our in-
terpretation of the dependence ofvD andvG8 on dt andu is
then confirmed by the excellent agreement between the
dicted and observed anomalousElaser-dependent dispersio
studies ofvG8 in SWNT bundles.6 We thus conclude that th
resonance with the van Hove singularities in the joint den
of states plays the dominant role in determining the f
au

.
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quency of theD band andG8 band in isolated SWNTs. The
large dispersion ofvG8 gives rise a shift in theG8-band
frequency that is sufficiently large to allow one to u
phonons to study physical phenomena related to the e
tronic structure of SWNTs in some detail by the use of re
nance Raman spectroscopy measurements at the single
tube level.
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