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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 nanotubéSWNTS 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 G’ bands observed in the Raman spectra of isolated semiconducting nanotubes. By using a laser
excitation energy of 2.41 eV, we show that both dand andG’-band frequencies are dependent on the
wave vectoik;; where the electrons are confined in the one-dimensional subludrtde electronic structure of
SWNTs. By making use of then(m) assignment for each tube, we theoretically correlate the observed
frequency dependences for tBe and G'-band modes with the electronic structure predicted for eacim)
pair and we determine the dependencevgfand wg: on the diameter and chirality for individual electronic
transitionskg;; for nanotube bundles. We use tbe and G’-band dependence on electron wave vegipto
predict the dominant phonon wave vectpselected by the quantum-confined electronic statand to explain
the anomalous dispersion observed dgy andwg in SWNT bundles as a function of laser excitation energy,
yielding excellent agreement between experiment and theory.

DOI: 10.1103/PhysRevB.65.035404 PACS nunider78.30.Na, 78.30:]

l. INTRODUCTION louin zone K point). The D-band andG’-band features are

) ) _ also observed in the Raman spectra of single-wall nanotube

The disorder-induce® band that appears in the Raman j,ngle§-8 and more recently in isolated single-walled car-
spectra ofsp? carbon materials was first observed in 1970. bon nanotube¢SWNTS.?
This band is only activated in the Raman spectruns A Of special interest in the study of the dispersivandG’
carbons in the presence of heteroatoms, vacancies, graiands is the information about the electronic structure of
boundaries, or any defect that lowers the crystal symmetry o§\wNTs that is conveyed by their phonon spectra. To explain
the quasi-infinite lattice, thus relaxing tige-0 zone-center o the details of the electronic structure of SWNTs can be
selection rule for first-order Raman scattering. The most inprobed by the phonon spectra and to determine how the
teresting characteristic of the disorder-indu€etand and of quantized electronic states affect the disper&vband and
its second-order relate@’-band feature in the Raman spec- g’-pand features in the SWNT Raman spectra are the goals
tra of sp?-bonded carbon materials is their strongly disper-of the present paper. We thus present here a study of the
sive behavior as a function of laser excitation enefghter.  disorder-induced D-band frequency and its overtone
The G’ band is indeed an intrinsic feature 8p? carbons, G’-pand frequency in isolated SWNTs by correlating the
which is always observed in the Raman spectra, even wheghonon properties with the calculated electronic structure
the D band is abserft. implied by the f1,m) indices. An earlier study of th® band

The Ejserdependence of thep and wg: bands has been  for isolated tubelreported that th® band is observed only
interpreted as due tolkaselective resonance process that oc-for nanotubes for which the laser energy is in resonance with
curs between the linearly dispersive and 7* electronic  interband transitions between van Hove singularities in the
states* The physical origin of thisk selection condition one-dimensionallD) density of electronic statésTo gain a
was explained by a double-resonance process which involverore precise understanding of tBeband properties of iso-
a resonance not only with the incident or scattered photonsated SWNTs, as compared to earlier studies on an ensemble
but also with an intermediate intraband scattering protessof isolated SWNTS, the present experiments were carried
The phonons that contribute to tbeband andG’-band fea- out using a very dilute nanotube density sample to ensure
tures come from the boundary region of the graphite Bril-that all the features in the Raman spectrum come from one
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face. The scattered light was analyzed with a Renishaw spec-
trometer 1000B, equipped with a cooled charge-coupled de-
vice (CCD) detector.
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Ill. RESULTS AND DISCUSSION
/ww//\\'w« The observation of Raman spectra from just one nanotube
is possible because of the very large density of electronic
states close to the van Hove singularities of the 1D SWNT
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sisio, electronic structuré? When the incident or scattered photons
100 200 300 are in resonance with an electronic transitiép between
Frequency [om”] L‘ S5 prre van Hove singularities in the valence and conduction bands,
%NJ} L‘ Frequency [om] the Raman cross section becomes very large due to the

strong coupling which occurs between the electrons and
phonons of the nanotube under these resonance conditions.
When the resonance involves a scattered photon, only the
FIG. 1. Two typical Ramal-band and3-band spectra obtained Phonon that is involved in such a process will be enhanced in
from single isolated SWNTs usirf..=2.41 eV. The upper and the experimentally observed Raman spectrum. However,
lower spectra are for thél4,10 and (13,11 nanotubes, respec- when theincidentphoton is resonangll the phonons in the
tively. Inset(a) shows an atomic force microscopgFM) image of ~ Raman spectra are enhanced through the electron excitation
the isolated nanotubes on a Si/giSubstrate used in this study, process by théE .., photons. In this work we only discuss
where only four tubes are observed in a 28n” area. Insetb)  isolated SWNTs resonant with the incident photon, because
shows the spectra for each tube in the frequency range of the radiglis essential for the radial breathing mode to be resonantly
breathing mode which is used for obtaining timer()) identification enhanced, so that it can be used to make then) assign-
of these tubes. The Raman frequencies are displayed in units ¢fent for the SWNTs that are investigated for thBiband
cm 1. Inset(c) shows the Raman spectra in the region of @fe and G'-band characteristics. Once,n) is identified, we
band for the(14,10 and(13,1]) nanotubes. can theoretically calculate the electronic structure for the
nanotube under investigation.
and the same resonant SWNT. In this way, thex{) indices Figure 1 shows the Raman spectiacluding the RBM,
can be determined from an analysis of the radial breathinghe D band, theG band, and thes’ band for two isolated
mode (RBM) feature for the nanotubes under investigationsywNTs, with nanotube indices identified &%4,10 and
for their D-band and3’-band characteristics. This procedure (13,12, using a previous|y reported method, based on the
allowed a detailed study at fixesl,se to be carried out of the  properties of the RBM under resonance Raman conditions
wp andwg: dependence on the(m) indices. Based on the for isolated SWNTS2 The G-band profiles for both SWNT
physical origin of theD and G’ bands, whereby a double- spectra in Fig. 1 are typical of semiconducting tubts?
resonance process selects the dominant phonon wave vegnd for both spectra, the splitting of the two most intense
tors, our results show how the electrons and phonons argomponents is the same (21 ch). This is expected, since
strongly coupled under resonant conditions, thus revealingoth tubes have almost the same diameter as implied by their
that the van Hove singularities play the dominant role inphserved RBM frequencié&!’ For the isolated SWNTs
determining both thé®-band and3’-band intensity and fre-  studied in this work, thé@-band intensity is either low com-
quency in isolated SWNTs. By using this property, we repropared to that of th& band, as in the lower spectrum in Fig.
duce the anomalous dispersion observed inEpg,depen- 1, or completely abserisee upper spectrum in Fig), indi-
dence ofwp and wg: in SWNT bundle$:*+° cating that the isolated SWNTs are highly ordered and con-
tain few defects in their 1D crystalline lattice. However, for
all semiconducting tubes measured in this work,@ieband
is always observed with frequencies of about? and the
The upper inset to Fig. 1 shows an atomic force micro-G'-band feature is always intense, thus confirming that the
scope(AFM) image of the isolated SWNT sample used in G’ band is independent of whether the nanotube lattice has
this work, where in a 25um? area we can observe only four defects or not.
isolated nanotubes<{1 SWNT/um?), each SWNT with Once the ,m) indices are appropriately identified for
~1.0 um in length. The AFM image of the whole sample each isolated tube, we can now study tBeband and
shows a homogeneous spacial distribution of SWNTs witf3'-band frequencies as a function of their,if1) indices,
diametersd, varying from 1.0 to 3.0 nm. The details of the which means study abp andwg: as a function of diameter
sample preparation are reported elsewfi&Raman spectra d; and chiral angle. The assigned tubes in the present paper
from each isolated SWNT were obtained by scanning théhat are resonant witk3, in order of increasing reciprocal
sample in steps of 0.5um under a controlled microscope diameter 1d, are: (19,6 [d;=1.79 nm, §=13.37, (13,12
stage. The spectral excitation was provided by an Ar iorfd;=1.72 nm, #=28.7°, (17,7 [d;=1.70 nm, 6=16.57,
laser, using the 514.5 nm laser lin& {;=2.41 eV} and (14,10 [d;=1.66 nm, #=24.59, (13,1) [d;=1.65 nm,
with a power density of~1 MW/cn? on the sample sur- 6=27.29, (17,6 [d;=1.64 nm, #=14.69, (18,9 [d,
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situation is different fromsp? materials since to observe the
D-band spectra experimentally, it is necessary for a reso-
nance to occur with the 1D van Hove singularities in the
joint density of stategJDOS which yields an additional
divergence beyond the double-resonance terms given in the
Raman intensity formula described in Ref. 5. Then, the van
Hove singularity for the electronic stat&s; will strongly
constrain thek vector involved in the double resonance pro-
cess, and because of the relation between the electron and
phonon wave vectors under double resonance conditions,
this constraint will affect the selection gfvectors involved
in the double resonance process responsible foDtiand
frequency.

The special 1D electronic structure of each nanotube is
uniquely determined by its diameter and chirafftyn Fig. 3
we plot the equi-energy contours of 2D graphite around the

. . . K point in the Brillouin zone considering the line&rap-
FIG. 2. Distancgk;|/b to theK point plotted as a function of proximation forE(k), where both the valence and conduc-
the reciprocal nanotube diameter for electrons in the 2D Brillouintion pands for thew and =* states are, respectively,

zone of graphite associated with tt@® E3; and (b) E3, electronic symmetric2.° By using zone folding argumen%%,the 1D
transitions between van Hove singularitiésis the magnitude of Brillouin zone for nanotubes is given by a set of cutting
the basis vectors in the 2D reciprocal graphene latiicband fre- lines, which are shown in Fig.(8) for two specially selected
quencies as a function of reciprocal diameter for individual SWNTS’tubes[(lS 12 and (13,19)] with similar chiralities and dif-
for which the(c) E3; and (d) E3, interband transitions are in reso- ¢t e In i:ig.(B) we also show two specially
gance WIthE ase=2.41 eV' The numbers ifa), (b), (c), and (q) . selected tube$(19,2 and (14,9] with different chiralities

enote the slopes of the linear trends represented by the solid “neBi.lt similar diameters. The one-dimensional van Hove singu-
larities of each SWNT come from the flat regiofimth the
maxima and minimgin the dispersion relations along the
cutting lines in Fig. 3. The positions of the extremal points in
the E3, transition, resonant withE,c.=2.41 eV for these
particular SWNTs[or the singularities in the JDO&Ref.
23)], are each indicated by small solid circles and squares in
Fig. 3. We define the distance from tiepoint where the
extrema of theE;; energies occufthe van Hove singulari-
ties) as|k;i|, which is thus seen to depend on nanotube di-
g eter{Fig. 3@] as«1/d,, and on the chiral anglé [Fig.

H;)] due to the trigonal warping effeét.

=1.61 nm, #=9.8°, (19,2 [d;=1.59 nm, 6=4.9°], and
(15,7 [dy=1.55 nm,#=18.19. The tubes resonant with,
in order of increasing reciprocal diameterdl/are: (18,1)
[d,=1.47 nm, 6=2.7°], (14,6 [d,=1.41 nm, #=17.09,
(15,2 [d;=1.28 nm, #=6.2°, (15,4 [d;=1.38 nm,
6=11.59, and(11,9 [d,=1.38 nm,§#=26.7°.18
Figures Zc) and 2d) show a plot of the observdd-band
frequencywp (solid circles vs 14, for isolated semicon-
ducting SWNTs resonant withe,se=2.41 eV. Although
these data do not show a definitive pattern, we can see th
wp for isolated SWNTs with 2.41 eV laser excitation have .
values lower than for 2D graphite at the safg,., excita- In Figs. 2a) and 2b) we plot th.e|k“| for several (1,m)
tion for which wp=1355 cm *.1° Noteworthy is the fact S\SNNTS that we observed to be in resonance Ve and
that at the single-nanotube level for the same laser excitatiofyaa+ "€SPectively. By comparing Fig(&@ with 2(c) and Fig.
energy, different SWNTs exhibit differenty , in contrast to  2(0) with 2(d), the agreement between the trendsoip ar;d
observations on othesp? carbon materials where the fre- |Kiil @s a function of I is found to be good for both thiz,
quencywp, is uniquely determined b ... The diameted, and E§3 transitions, in the sense that the magnitude of the
dependences abp, in Figs. 2c) and 2d) appear to be com- slopes in thek;;| vs 14; plots [Figs. 2a) and 2b)] is re-
plex, not being simply related to the diameter dependence dfected in the slopes of thep, vs 14, plots[Figs. 2¢)-2(d)].
the spring constants, as occurs for the radial breathinghe relation between thB-band frequencywp andk;; is
mode?® As we will discuss below, the spread in the datacClearly evident when plotting the results in terms of the chi-
points shown in Fig. 2 is related to the dependencegbn  ral angle dependencg By considering SWNTs with similar
the nanotube electronic structure. diameters, as in the case of those SWNTs that are in reso-
In graphite and othesp? carbons, théd-band frequency nance with one of theE§4 or E§3 electronic transitions, we
is dispersive and the origin of this dispersive behavior wagan analyze th®-band frequencies as a function of the chi-
explained on the basis of a double resonance eff@tius ral angle ¢ determined by ther(,m) assignment. We then
the possible phonon wave vectarghat satisfy the double- plot the resultingwp (solid circles vs chiral angle §) for
resonance conditions can vary from 0 k|2 wherek is the ~ the SWNTs for whichE ,ce—=2.41 eV is resonant with the
wave vector for the resonantly excited electronic states me£§3 [Fig. 4(@] and with theEi4 [Fig. 4(b)] electronic transi-
sured from theK point. In sp? carbons in general, the tions. This difference in behavior is related to different van
D-band frequency will be mainly determined by thevec-  Hove singularities, as discussed below.
tors which satisfyg~2|k|.>?*%?In the case of SWNTs, the ~ We then plot the distandé;| of the van Hove singulari-
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FIG. 4. Measured-band frequencies as a function of chiral
angle # of SWNTs for whichE ,se=2.41 €V is in resonance with
the E3; (a) andE3, (b) interband transitions in the JDOS. The dis-

1.35 tancelk;;|/b to theK point for electrons in the 2D Brillouin zone of

29 graphite, associated with tl®&; van Hove singularities, are plotted

k/o vs 6 for E33 (c) andE 4, (d) for the tubes measured {g) and(b). (e)

FIG. 3. Equi-energy contours of 2D graphite calculated by the2nd(f) correspond tda) and (b) except that the data are for te

tight-binding method around thi¢ point in the 2D graphene Bril- Pand. The solid and open squaresepand (f), respectively, denote
louin zone. The lines are the 1D Brillouin zone of the nanotube. Theé’G’ data for tube§ where th2 band is(solid point$ or is not(open
positions of the van Hove singulariti&, are shown(a) for the ~ POiNts observed in the Raman spectrisee text
(13,12 (solid circle and (13,11 (solid squarg semiconducting
tube with similar chiralities and different diameters i for the ~ SWNTSs, the double resonance is restricted to kfjestates
(19,2 (solid circle and (14,9 (solid squargsemiconducting tubes corresponding to the van Hove singularities.
with different chiralities and similar diameters. What determines the To confirm the chirality dependence af;, we analyze
frequency of theD band andG’ band is the distanckx;;| of these  the experimental dependence of th&'-band frequency
singularities from theK point. b is the magnitude of the basis vec- (wg ~2wp) for the E§3 and E§'4 transitions, as shown in
tors in the 2D graphene reciprocal lattice. The expliii/b values Figs. 4e) and 4f). A similar  dependence is seen in Figs.
are 0.512, 0.494, 0.522, and .0.530 for th8,11), (13,12, (19,2, 4(e) and 4f) for the G’ band, as is found in FigS.(ﬂ) and
and(14,9 nanotubes, respectively. 4(b) for the D band for both th&ES, andE3, transitions. This
result suggests also plotting in Figsedand 4f) the data for
ties in the 2D graphite Brillouin zone from the point for 4, vs 6 for those Raman spectra where we have identified
the observed tubes in our experiments whereBfg[Fig.  (n,m) values, but have n®-band intensity. The resulting
4(c)] andE;?4 [Fig. 4(d)] electronic transitions can be in reso- four additionalG’-band data points shown as open squares
nance withEs.=2.41 eV. The good agreement betweenin Figs. 4e) and 4f) also are consistent with the solid data
Figs. 4a) and 4c) and between Figs.(8) and 4d) shows points. Since the observation of tli& -band feature is not
that wp in SWNTs can be explained in terms of the relationlimited to the presence of structural defects in the nanotube
between|k;;| for the electrons and for the phonons, which lattice, and since thE,.,is fixed in the present experiment,
are resonantly coupled to each other by the double-resonanee confirm that the diameter and chirality effect @g and
process. By this agreement, we establish that, in the case ofug: that we observe in Fig. 4 is intrinsically related to the
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(a) 5(a) show a clear oscillatory behavior @fs, as a function of
3750 Ejaserr TO predict theG’-band dispersion for a particular
2700 | SWNT sample and to compare the predictions with the ex-
2650 |- perimental results, we proceed as follows. First, we consider
2600 the diameter distribution of the SWNT bundle sample that
2550, B % was measured by transmission electron microsodisM)
Epaser [6V] i measurementS. For this particular SWNT bundle sample,
the diameter distribution is represented by the vertical lines
(average diameterdy=1.37 nm and deviation Ad
5,30 : : ‘ =0.18 nm) in Fig. %c), and we assume that only the, (n)
nanotubes in this range df contribute to the Raman spec-
tra. For eaclE s value a different set ofr(;m) tubes will
be within the resonant window, including the incident and
scattered photons associated Wi, }? The resonant win-
dow for the incident photon is given b, 0.1 eV
15 2 25 3 <E;i<Est 0.1 eVwhile scattered photons in the range
Epaser [€V] Elase— Eg'—0.1 eV<E; <Ej,e— Eg'+0.1 eV will con-
©) d.21.37 nm tribute resonantly to the spectra at a lower energy for the
3.0 __Aa-odank ] Stokes process. The energy of the van Hove singulafities
' ¢ ) : and their correspondinds;; values depend on the tight-
binding parametely,.2° For isolated SWNTsy,=2.89 eV
accounts for the observed Raman spectra, but for SWNT
bundles, it is expected that there will be some deviation from
this value due to the effect of the van der Waals interaction
between the tubes in the bundfésRecently, Racet al?®
reported that this interaction is responsible for an upshift of
0.2 eV in theE;; energy transitions. We, however, find that
the data indicate that this shift in the joint density of states
can be taken into account, by using=2.95 eV, which
agrees with the value of;=2.95 eV obtained by Pimenta
0O 10 20 3.0 et al 13 by fitting the resonant window for metallic tubes and
d, [nm] using the same physical sample as was used to measure the
G’ band shown in Fig. @). For each (,m) in the resonant
FIG. 5. (a) G'-band data forwg, for a SWNT bundle sample window of Ref. 13, we calculated tHg, , and then for each

taken from Ref. 6 after subtracting the linear dispersion 242q<__ we obtained the first momeﬁ‘i by weighting eachg, m)

. . I '
*+ 106 ase; from the we: VS Ejaser data shown in the insetb) Cal-  gigmeter by the Gaussian distribution of the nanotubes in the
culated first momerk;;/b for the possible resonant tubes as a func- sample. The resulting average of thésevalues was also
tion of Epge after subtracting the linear dispersior0.03  foynd to be linear irE ., but with a superimposed oscilla-
+0.2E aser (Se€ text (c) The transition energiel;; between van  yinn aqsociated with each; branch. After subtracting the

Hove singularities as a function of diamet&ef. 24. The vertical . . o=
lines denote the diameter range of the SWNT bundle used in thlinear dispersiork;; = —0.03+ 0.2 asen We plotk;; as a

G'-band dispersion experiments taken from Refsée insetin@].  function of Ej,¢ in Fig. Sb), and we find thatk;; has a
behavior that is exactly the same as is observed in the

resonant coupling between the phonons and electrons. TherS. -Pand dispersiorisee Fig. $)]. We therefore can con-
fore, we have shown that the resonance with van Hove sirclude that the oscillations in Figs(& and §b) come from
gularitiesE;; plays the dominant role in determining the in- the oscillation ink;; along each subband, as indicated by the
tensity and frequency of th® band andG’ band in arrows in Fig. %c). The analysis presented above clearly
individual SWNTs. demonstrates that the properties of the dispeBivband and

By using this unique electron-phonon coupling effect, weG' band in SWNTs have some commonality with graphite in
show below that we can now explain the physical origin ofgeneral, but the details can only be described if the 1D elec-
the anomalous dispersion observed in the vs Ej, data  tronic structure is considered in detail. We further conclude
in SWNT bundles as shown in the inset to Fige)s"®1°The  that the confined electronic states in the flat regions of the
fit of the experimental data for th@’ band for a particular ~€lectronic dispersio& (k), denoted by thé;; states for each
SWNT bundle leads to a linear dispersi(ﬁe,=2420 Ei smgulant;l/, play the dom'”a”t r°|e N observ_mg the
+ 106E,5¢; Which is superimposed on an oscillation that D—.bgnd ands’-band feat.ures In the_ first place and in deter-
arises from the different subbands of the SWNTs that ar&nining the values of their frequencies.
excited with different laser energies, as shown in the inset to
Fig. 5a).° The experimental data of Ref. 6 are then plotted in
Fig. 5(a) after subtracting the linear dependence that is char- We have reported a detailed study of the characteristics of
acteristic ofsp? carbons. The resulting data points in Fig. the D band and3’ band for isolated SWNTSs, including their
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dependence on the electronic structure that is determined lguency of theD band andG’ band in isolated SWNTs. The
their (n,m) indices. In contrast to all othesp? carbon-based large dispersion ofvg: gives rise a shift in theG’-band
materials, theD and G’ bands in isolated SWNTs show a frequency that is sufficiently large to allow one to use
range of different frequenciesy andwg for the same laser phonons to study physical phenomena related to the elec-
excitation energyE .., The frequency dependence & tronic structure of SWNTSs in some detail by the use of reso-
observed forwp(6) and wg/(6) is a new effect, not yet nance Raman spectroscopy measurements at the single nano-
reported for other phonons observed in the Raman spectrutube level.
of isolated SWNTs, whereggy andwg for semiconducting

SWNTs depends only od, and not on6.2%2?% |n fact, the

observed frequencies arise from the resonant process itself,

where the van Hove singularities select the initial electronic A.G.S.F. and A.J. acknowledge financial support from the
statesk;; within the 1D Brillouin zone that are responsible Brazilian agencies CAPES and CNPq, respectively. AK.S.,
for the selection of the phonamvectors, thus giving differ- M.S.U., and B.B.G. acknowledge support from Renishaw
ent D-band frequencies for differentn(m) values. Our in- Inc. The experimental work was performed at Boston Uni-
terpretation of the dependencewf andwg: ond; and@ is  versity at the Photonics Center, operated in conjunction with
then confirmed by the excellent agreement between the préhe Department of Physics and the Department of Electrical
dicted and observed anomaloks,s.rdependent dispersion and Computer Engineering. R.S. acknowledges a Grant-in-
studies ofwg: in SWNT bundle$. We thus conclude that the Aid (No. 13440091 from the Ministry of Education, Japan.
resonance with the van Hove singularities in the joint densityThe MIT authors acknowledge support under NSF Grant
of states plays the dominant role in determining the freNos. DMR 01-16042, INT 98-15744, and INT 00-00408.
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