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Joint density of electronic states for one isolated single-wall carbon nanotube studied
by resonant Raman scattering

A. Jorio! A. G. Souza Filhd;* G. Dresselhau$M. S. Dresselhaus? R. Saito® J. H. Hafne®® C. M. Lieber®
F. M. Matinaga’ M. S. S. Dantag,and M. A. Pimenta
IDepartment of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139-4307
2Department of Electrical Engineering and Computer Science, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139-4307
SFrancis Bitter Magnet Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139-4307
4Departamento de Bica, Universidade Federal do CearBortaleza - CE, 60455-760 Brazil
SDepartment of Electronic-Engineering, University of Electro-Communications, Tokyo, 182-8585 Japan
Department of Chemistry, Harvard University, Cambridge, Massachusetts 02138
"Departamento de Bica, Universidade Federal de Minas Gerais, Belo Horizonte - MG, 30123-970 Brazil
(Received 21 December 2000; published 6 June 2001

Resonant Raman scatterif@RS measurements made with a tunable laser provide a highly reliable tech-
nigue to study the shape of the joint density of electronic sta®©9 of isolated single-wall carbon nano-
tubes(SWNT9. RRS can be used to determine the energy value for the one-dimen§ldhavan Hove
singularities of a SWNT with a precision better than 5meV, thereby providing important information that
could be used for subsequent measurements on this same SWNT. With RRS, the measured width of the JDOS
is on the order of~0.1—-1.0 meV, further demonstrating that SWNTSs really provide a remarkably good model
for 1D mesoscopic systems.
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One dimensional1D) systems are predicted to exhibit (I",~0.1e\) and do not reflect the extremely high quantum
very interesting physical properties arising from the quantuntonfinement expected from theory, due to the interaction be-
confinement of electrons in the 1D lattice. Due to this quantween the STS tip and the single 1D molecule, which per-
tum confinement, the density of electronic statB©S) in  turbs the 1D electronic structure of the SWNT.
1D systems exhibits van Hove singularities, where, in the RRS has been extensively used to study the 1D character-

case of a perfect infinite 1D lattice, the DOS goes to infinity!Stics of bulk samples of SWNTS.Due to the quantum con-
nement of the DOS, strong resonant effects occur in the

f Il-defi lues. Th fi t of a largé! ; _
or well-defined energy values © confinement of & argi(aman scattering from an isolated SWNT when the energy

number of electronic states into a single energy value resul oo ; .
in striki hvsical ¢ h ¢ v hiah opti f the incident or scattered light matches an electronic tran-
In striking physical properties, such as extremely nigh opticag;,, E; between van Hove singularities in the valence and

absorption and emission, enhanced thermoelectric pOwWegsnqyction bands, thereby strongly enhancing the Raman
quantized electronic conductivity, etc. Applications based orsjgng|56.13.14
these properties could lead to important new technological The resonant Raman intensity is proportional to the joint
devices. density of electronic statddDOS. Therefore, the use of the
Since their first observation in 1993 single-wall carbon  resonant Raman spectra of isolated SWNTs to study their
nanotubes(SWNT9 have attracted much attention in the JDOS, and consequently their DOS is theoretically possible,
physics community, because of the remarkable electronignd much effort has therefore been given to measuring such
and mechanical properties theoretically predicted for thes&aman spectr%tr’.‘. RRS has an advantage over techniques
1D mesoscopic systemié. Although experiments, such as SUch @s STS, since RRS uses light to probe the DOS of
resonant Raman scatterif@RS®~’ and optical absorptiof, SWNTs and is not expected to significantly perturb their 1D

h h th f i fi t effect electronic structure. Recently, the production of isolated
ave shown the presence of quantum confinement effects NTs by a chemical vapor depositig@VD) method®

the DOS of SWNTs, it is very difficult to properly charac- ,54e it possible to measure isolated SWNTs lying on a
terize the DOS experimentally, because of the difficulty OfSi/SiOZ substraté®? Good agreement between the observed
making detailed measurements on a single moleeulenm  (adial breathing modéRBM) frequencies ¢ggy) and theo-

in diameter. Most of the experimental studies have been peretical predictions was observed for these SWNTs, based on
formed on bundles of SWNTs, with a distribution of tube a proportionality constant af=248 cm * nm in the theo-
diameters ¢;) and chiral anglesd). Since the energy values retical dependence ofoggy On SWNT diameter @rgy

for the van Hove singularities in SWNTs depend on bdth = «/d,).?° The observation of a measurable Raman signal
and 6 because of trigonal warping effe$’ the highly sin-  from one SWNT suggests that the intrinsic van Hove singu-
gular DOS expected from theory for one SWNT, cannot bdarities in SWNTs must be much sharper than were observed
observed experimentally in such a bulk sample. Scanninin STS experimentst!?

tunneling spectroscopy (STS can probe isolated In this paper, we measure the resonant window for the
SWNTs! 2 put the features observed by STS, due to varresonant Raman scatteringaieisolated SWNT by using a
Hove singularities for isolated SWNTs, are normally broadfrequency tunable lase,. We here report an asymmetric
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FIG. 1. AFM image of the sample. The left image shows the
markers used to localize the spot positi@ashed circlgon the
substrate during the Raman experiment and for further AFM char-
acterization of the SWNTs present in the light spaght image.

shape for thek, dependent resonant window, showing the
importance of including the detailed experimentally deter- ‘ . .
mined JDOS line shape in the resonant Raman theory for 1D ~ —400  -300 -200 100 200 300 _ 400

systems and considering incoherent scattering. Therefore, we Frequency (cm ) Frequency (cm )

show that RRS can be used to characterize the JDOS of a

SWNT with much better resolution than STS measurement%WNTS on a Si/Si@ substrate for several different laser excitation
sutl)i?rI:IgdWSit\:IVNaTtiivr\:eg gsrﬁﬁzrcee?g% ;CVD metrflwod ona Slanergies. From bottom to top, the spectra were takef atl.623,

: _ \CE. gure 1 shows an 1 g31 1640, 1.649, 1.666, 1.685, 1.703, and 1.722eV. The flat
atomic force microscopyAFM) image of the substrate with egion appearing in all Stokes spectra comes from light leakage,
lithographic markers on an>88 um? lattice. We chose t0  and was cut out from the spectra.
put the light spot 1 um diameter close to a mark
(~1 um size in order to achieve good precision in always ably experienced some heating.
returning the light spot to the same position Bs was With the light spot position shown in Fig. 1, we measured
changed. The dashed circle in Fig. 1 displays the positioth€ Raman spectra with different laser excitation energies.
where we put the laser spot, showing the presence of sonfagure 2 shows the Stokes and anti-Stokes Raman spectra of
isolated SWNTgsee right AFM image of Fig.)L From the ~ one light spot for several different excitation laser energies
AFM heights, we measured the diametert)(of the 11  E; increasing from the bottom to the top spectsae cap-
SWNTs that lie within the light spot, witl, ranging from  tion). From Fig. 2, the RBM feature at 173.6 Cfappears
0.7 nm to 1.9 nnithe AFM precision is about0.2nm). The ~ and disappears over the tunable energy rangg pthereby
excitation was provided by a tunable Ti:Sapphire lager ( allowing us to tune over the whole resonant window of one
<10mW on the sampjepumped by an Ar ion lasgi6W). ~ van Hove_ smgularle in the JDOS of this resonant SWNT.
The incident light was filtered with a single monochromator The linewidth for thiswggy=173.6 cm * peak is 5 cm"*,
(Macpherson 1200 g/mmand the scattered light was ana- typical of one isolated SWN#? The points in Fig. 3 show
lyzed with an XY DILOR triple monochromator equipped the peak intensity of the 173.6 crh RBM feature vsE in
with a N, cooled CCD detector. Raman spectra of the sampléhe Stokes and anti-Stokes processes. As we discuss below,
were measured in the excitation wavelengthergy range  these resonant windows reflect the JDOS of the resonant
720nm(1.722 eV} <E;< 785nm(1.585eV with steps of SWNT. , , .
4nm (~0.009eV. All the Stokes and anti-Stokes spectra  Figure 3 shows that the resonant window in the anti-
were corrected to account for spectrometer efficiency at eachiokes process is clearly asymmetric, exhibiting, from lower
laser energy, and the spectra were then normalized by tH higherE,, a very sharp increase in signal, followed by a
303 cni ! Si substrate peak intensities. The anti-Stokes in-Slower decrease. The Stokes signal quality is not as good as
tensities were multiplied byn(w)+1]/n(w), wheren(w)  the anti-Stokes signal due to the frequency dependent spec-
= 1[exp(h w/kgT) — 1] is the Bose-Einstein thermal factor, rometer efficiency that drops off rapidly with increasing la-
 is the frequencykg is the Boltzmann constant, aridis ~ S€ wavelength, being worse in the Stokes frequency region.
the temperature. Although we used a high laser power tglowever, similaie, dependent behavior is observed for both
measure the Raman specffayas found to be close to room résonant windowssee Fig. i}i This asymmetric behavior is
temperaturénot higher than 325 K and this was confirmed Ccaused by the asymmetry in the JD@EE) of one isolated
by changing the laser power from 1 mh?  SWNT. The RBM peak intensity(E,), which is a function

(10 MW/cr?) to 10 mWjem? (100 MW/cn?), where we of E;, can be evaluated from(E) according to

FIG. 2. Stokes and anti-Stokes Raman spectra from isolated

found that the Stokes: anti-Stokes intensity ratio for the 521 9(E) |2

and 303 cm? Si peaks remained constant, thgg, peak l(E'):f M - . dE,
did not show a temperature dependent shift, and the intensity (B —E-IT)(E=Epn—E~ 'Fr)|

ratios between the RBM features and the 303 &18i peaks @

also remained constant in both the Stokes and anti-Stokeghere the first and second factors in the denominator, respec-
spectra. The gold marker near the light spot, however, proktively, describe the resonance effect with the incident and
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anti-Stokes Stokes wrem=173.6 cm!. The width of the resonant windows
' ' ‘ ' gives I';/=8meV, in good agreement with previous
d " measurements’?2We found E;; = 1.655+0.003 eV andl
1000 A / in the range of~0.1—-1.0 meV, which is much smaller than
S the widths for the DOS features observed by STS
160 178 500 o 1 (~0.1eV,**2and accounts for the observed asymmetry in
', the resonant window of one SWNT. The upper inset shows a
comparison between the theoretically predicted Stokes and
\ anti-Stokes resonant windows, revealing a shift in these reso-
1 nant windows due to the resonant condition for the scattered
Y photon,E,=E;; = E, for the anti-Stoke¢+) and the Stokes
(-) processes.
» . g From th(icl)ry, tgkingyOZZ.QO eV, ac.c= 0.12404 nm, and
960165 170 175 160 165 170 175 =248 cm "nm in the relationwggy=a/d;,”” we have
E (eV) E (eV) very few possibilities for SWNT indicesy(m) which satisfy
the observedE;;~1.655eV andwggy~173.6 cm?!. The
FIG. 3. Raman intensity vs laser excitation eneByfor the  best candidates are metallic SWNTs withEj that is split
wrew=173.6 cm ! peak in the Stokes and anti-Stokes Raman Pro-py the trigonal warping effe®!® The indices (12,9) have
cesses. Circles and squares indicate two diffeEgntuns on the —1.45nm. EM=1684eV and 1.725eV. ande
same SWNT sample. The line curves indicate the resonant Ramaﬂt AP L Ao
window predicted from Egs(1l) and (2), with E;;=1.655eV,T’, =171.2 cm*; indices (17,2) have dt—1.447nm, Ell
=8 meV, and;=0.5 meV. The upper inset compares the theoreti-= 1.650 €V and 1.817 eV, antggy=172.7 cm !, while
cally predicted Stokes and anti-Stokes resonant windows. Thidices (18,0) haved,=1.43nm, E};=1.655eV and
lower inset plots the JDOS for one isolated (18,0) SWNT With  1.831eV, andwggy=173.5 cm . Therefore, based on a
=0.5meV for all van Hove singularities up to 2.5eV. previously reported method for determininig and 6 from
the measured RBM spectréfrand theE}; value, we iden-
scattered light, where the- (—) applies to the anti-Stokes tify the wggy=173.6 cni? signal as coming from a (18,0)
(Stokes process for the phonon of eneryy, I'; gives the  \wNT. The experimental value &;=1.655eV is in very
inverse I|fet|me for t_he resonant ;catterlng process, Mnd good agreement with thég"l predicted for the (18,0) SWNT
=M;iM¢pMs is considered to be independent Bfin this based on tight-binding calculations. We did not observe the
small energy range, whemd;, M, andMe, are, respec- second van Hove singularity predicted at 1.831 eV because

tively, the matrix elements for the electron-radiation absorp-,[he laser could not be tuned above 1.722 eV. Inside the

tion, the electron-radiation emission, and the electron- . . — . .
phonon interaction. If the matrix elements for electronicdaShEd circle in the right image of Fig. 1, there is one SWNT

transitions where momentum is not preserved are negligible()"’ith di=1.5:0.2nm which is a gOOd. candidaFe for the
and if we assume incoherent scattering, then the mtris resonant (18,0) SWNT. Another possible candidate would

diagonal, and the square modulus of the Raman tensor can B& the SWNT withd;=1.2+0.2nm(see small arrow on the
taken before integrating ové. right AFM image of Fig. 1, but this tube is perpendicular to
Since a” previoufl dependent studies Of RRS were per- the polal’ization of the applled electric f|e|d, and, due to the
formed on bulk SWNT samples, with a distributiondpand ~ antenna effect/ no signal is expected to come from this
6, theng(E) was approximated by a delta function at the tube.
maximum JDOS value of the van Hove singulafiy:? Finally, the lower inset to Fig. 3 plots the highly singular
However, for one isolated SWNT, the detailed JDOS profileJDOS vsE, for one isolated (18,0) SWNT obtained from Eq.
must be taken into account, agdE) can be expressed by (2) and considering the experimental vallig=0.5meV
taken for all van Hove singularities, sindé& is related to
finite-size effects for each SWNT.
g(E)=Re{z - - In conclusion, by using a tunable laser, it is possible to
T deyoV[(E—Eji—ily)(E+E;+ily) study the JDOS obneisolated SWNT, giving thé&;; value
@ with a precision better than 5meV. The value obtained for
whereac_c is the nearest-neighbor distance between carbogéwp‘la1‘Qr?1§¥éflzcons'der§bly ﬁmalr:erDtgaSn .thgvﬁ:_llj_es
atoms, vy, is the tight-binding overlap integral, and; is obtained wit ;" suggesting that the n N

introduced as a measure of the finite nanotube size effect Oilxglcbtlrtc?scsgon%aﬁDb:ihsae\gotré IES:SZ?é?i’zereti%nir[])togag;agn
the width of the JDOS singularity for tHg;; electronic tran- b by

sition. The sum over takes into account the different van isolated SWNT, thereby providing important mfor_matlon
. e that could be subsequently used for other properties mea-
Hove singularities of one SWNT.

. . . surements on this characterized SWNT.
The line curves in Fig. 3 show plots for the Stokes
(dashed lingand anti-Stokessolid line) resonant windows, The authors thank Professor K. Kneipp for helpful discus-
using Egs.(1) and (2) and E,,=21.5meV obtained from sions. The experimental work was performed in the micro-
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