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Strong enhancement of the Breit-Wigner-Fano Raman line in carbon nanotube bundles
caused by plasmon band formation
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We investigate the origin of the Breit-Wigner-Fano line in the Raman spectra of individual single-walled
carbon nanotubes and their bundles. Using confocal Raman microscopy and atomic-force microscopy we
found that the Breit-Wigner-Fano line intensity increases strongly with the bundle thickness. We confirmed this
result by Raman investigations of partially decomposed bundles, which were additionally investigated by
transmission electron microscopy. Our random-phase approximation based theory, which identifies the Breit-
Wigner-Fano line as an excited band of plasmon-phonon modes, is fully consistent with the experimental
results.
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Carbon nanotubes are molecular wires that have attractezh individual SWCNTSs revealed that the BWF line can also
increasing attention in the fields of chemistry, physics, elecbe seen in single nanotubes and that the relative intensity
tronics, as well as material scient&Devices such as room depends on the tube diametér.
temperature transistors and chemical sensors made from !N this Rapid Communication we show that the intensity
single-walled carbon nanotubéSWCNT9 have shown the of the BWF line is strongly enhanced in bundles of SWCNTs
potential of this material for future nanoengineerifyDe- due to the formation of a band of plasmons. We correlate the

) : ) . structural and electronic properties of SWCNTs by investi-
spite the progress towards reliable devices, a correlation b%'ating the same individual bundles with confocal Raman mi-

tween the structure of SWCNTs and their electronic properg,oscony and confocal Raman spectroscopy in combination
ties is difficult to establish, because SWCNT samplesyith atomic-force microscopyAFM) and transmission elec-
produced by large-scale preparation techniques are very iRron microscopy(TEM). Moreover, we show results of AFM
homogeneous. Depending on their chirality, the individualmanipulation used to decompose thicker bundles into smaller
tubes can be metallic or semiconducting. Moreover, theynes, resulting in a decrease of the BYBHband intensity
usually appear in bundles containing different kinds of tubegatio. Finally, we present a theory to explain the experimental
with possible electronic interaction. Therefore, it is importantresults.

to study the structure and electronic properties of individual__In order to address the same individual bundles by AFM,
SWCNT bundles in detail. TEM, and Raman microscopy, the SWCNTs (Carb8lex
exington USA were deposited on surface-modified 20-nm-
Raman spectroscopy has proven to be a powerful tool tgwick Si,N, membranes with position markerSAFM im-

probe w?ratlonal modes "’“?d electronic . properties oages were acquired with a Digital Instruments Nanoscope
SWCNTSs: The three most dominant features in Raman Specya in tapping mode and the manipulation of the bundles
tra are the radial-breathing modRBM) in the low- a5 performed with standard silicon tips. TEM pictures were
frequency region (100200 cm), a vibration related to taken with a Phillips EM-420 equipped with a LaBlament
disordered carbon[X line) around 1300 cm*, and theG  and operated at 120 kV. Raman microscopy was performed
lines between 1580—1590 crhthat originate from the tan- with a modified inverted Zeiss microscope as described in
gential vibrations of the carbon atoms. For metallic SWCNTsdetail elsewheré&’
an additional band close to the doublet @& lines After spatial selection it is important to distinguish be-
(~1550 cm 1) can be observed, which can be well fitted by tween metallic and semiconducting tubes. In resonance Ra-
a Breit-Wigner-FandBWF) line shapé” This band results man experiment; it is in principle possible to selectively
from coupling of phonons to the electronic continuum of theaddress only one type of tubes by tuning the excitation wave-
metallic tube® and is commonly used to distinguish betweenlength to an electronic transition of either the metallic or
metallic and semiconducting SWCNTs. However, the naturéemiconducting tubes. Here, we choose a wavelength of
of this coupling has not been fully clarified until now. 647.1 nm to excite mainly the first electronic transiti5ﬁ4l

It has been shown that the BWF band is sensitive to thef the metallic tubes® However, from theory it is known
local environment because the intensity is different in chemithat this energy1.92 e\j is also in resonance with the third
cally modified tube$and tubes adsorbed on metal particles,electronic transitionE3; of semiconducting tubes between
i.e., in surface-enhanced resonance Raman scatt@riffie 1.6 and 1.8 nm in diametéf.Therefore, in addition to the
results of chemical doping experiments of SWCNTs couldexcitation energy, the diameter needs to be known to clearly
only be explained by the assumption that individual tubes dalistinguish between resonantly excited metallic and semi-
not show a BWF line at afl* However, Raman experiments conducting tubes.
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10 due to decreasing intrabundle interaction. Inset: TEM image of the
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tube, although there is still a possibility of laterally adjacent
" 1 tubes which cannot be resolved by AFM. However, the line
scans of Il and Ill clearly show that these are bundles even
. 1 though the corresponding Raman spectra show a single
s ® ] RBM. Therefore, the investigated bundles either consist of
similar tubes or, more likely, only a fraction of the tubes
ngge . “_ within the bundle can be resonantly excited with the excita-
N 8 ] tion energy of 1.92 eV.
0 _ Most prominently, it can be seen that the intensity ratio of
BWF vsG line (relative intensity changes considerably with
Bundle height (nm) the bundle thickness, while the diameter of the resonantly
excited tubes is quite similar, as judged from the RBM fre-
SWCNT bundles with different thickness. The RBM frequencies for dUeNcy- There s a strong enhancement of this ratio for some
I, I, and Il are w,=180 cni?, w, =184 cm?, and w,  Pundles, such as faill) in Fig. 1@, which could be due to
=174 cnT® with a respective FWHM of 6.7, 3.3, and 3.6 ¢ INCreasing interaction of metallic tubes Wlthln the bundles.
The respective AFM heights are 1.3 nm, 2.8 nm, and 5 nm, whilel herefore, we have measured the AFM height and the Ra-
the width of the AFM profile is mainly given by the tip geometry. Man spectra of 27 different bundles and fitted them with a
(0) Relative intensity of the BWF line v& line for 27 different ~BWF line at ~1560 cm* and a single Lorentzian to ac-
bundles. The relative BWF intensity is always weak for thin count for theG line at~1590 cmt. The results shown in
bundles or individual tubes but varies for thicker bundles. The solidFig. 1(c) clearly demonstrate that the relative intensity is
lines are guides to the eye, and show estimated relative intensitie@ways weak for thin bundles and is, in principle, increasing
for pure metallic bundles and bundles containing isolated or noninwith bundle thickness. The reason why not all thick bundles
teracting metallic tubes. show a strong relative intensity can be understood by the fact
that on average only a third of the SWCNTs is metallic.
The diameter of the investigated SWCNTs can be ob-Therefore, even thick bundles can contain isolated or at least
tained from Raman measurements by the RBM frequencyoninteracting metallic tubes and hence show weak relative
using the relationshipwgrgy(cm 1)=2486H(nm).}” From intensity.
56 thin bundles or individual tubes with only one single To further investigate the effect of intertube interaction
RBM we determined a diameter distribution centered at 1.47pon the Raman spectra, we manipulated SWCNT bundles
nm with a full width at half maximunfFWHM) of 0.25 nm.  with an AFM tip. Since it has already been demonstrated that
From these spectra we considered only those for the followan AFM tip can bend and buckle SWCN{Ref. 18 we used
ing discussion which are consistent with the observation othis technique to partly separate a big bundle into several
metallic tubes §<1.5 nm). This selection of a narrow di- small bundles and/or single nanotubes and compared the Ra-
ameter range is also necessary to concentrate on the bundfen spectra of the same SWCNTs before and after the de-
effects because it practically eliminates the effect of differenttomposition.
individual tube diameters on the relative BWF-line Figure 2 shows Raman spectra as well as AFM and TEM
intensity?2 images of the same individual bundle at two consecutive
Figure Xa) shows the Raman spectra of three differentstages of decomposition. Before manipulation the bundle is
SWCNT (bundles (I, II, and Ill). The AFM height of straight with a length of 500 nifFig. 2(a), I] which is basi-
SWCNT No. I[Fig. 1(b)] is consistent with a single nano- cally the spatial resolution in the Raman images. The corre-

FIG. 1. Raman spectrea) and AFM line scan profilegb) of
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sponding Raman spectruffig. 2(b), |1 shows a very strong 0,06
BWEF line and theG line can only be observed as a shoulder

at 1590 cm®. By AFM manipulation, this bundle could ob-
viously be divided over a length of about 200 ffig. 2(a),

[I]. Since this is within the range of the spatial resolution of ~
the optical microscope, the Raman spectifig. 2(b), I1]
originated from the same bundle which is now partially de-
composed. While a pure bending of the SWCNTs did not
lead to a noticeable change of the Raman spe(tet
shown, the BWFG-line ratio is decreased as a result of G 0,02+
bundle decomposition in Fig.(@/(b) (Il). This effect be- b
comes even more pronounced when the bundle is decom:

posed furthefFig. 2(a), 1ll]. Now theG line at 1590 cm* w
can clearly be resolvelFig. 2(b), III].

Since the lateral resolution of the AFM images is re- 0.0 ' IE2  2E2  3Ea2
stricted by the AFM tip, additional information of the bundle
geometry after decomposition can be gained from the TEM
picture in the inset of Fig.(®). Although the contrast of this FIG. 3. Plasmon mode dispersions calculated from @gfor
picture is low due to the §N, substrate, it can be seen that an individual metallic(9,0 tube and a bundle consisting of 25
the AFM manipulation leads to the formation of severaltubes. Also shown are the edges of the single-particle continuum
smaller bundles and, therefore, to a system with reduced inSPQ and the frequencies of th@ lines. Shaded areas show values
tertube interactions. of Q needed to assure the strong phonon-plasmon coupling. Inset

In order to understand the dependence of the BWF linghows the calculated Raman respofsee text for detai)s
intensity upon bundle thickness, the coupling of the phonons
with the continuum of states needs to be known in detail. Q
However, a general BWF fit yields unphysi¢akgative val- 0=2Q \/cot +
ues for the coupling parametersy¥ which indicates that a v(Q)
better theory is needed. Therefore, we developed a theory for
the spectral response of the electron gas in the presence of plasmon dispersions calculated from E2).are shown in
phonon excitations for individual metallic SWCNTs and alSOFig_ 3. For a Sing|e metalli€9,0) nanotube there is on|y one
for bundles. We employed the random phase approximatiorplasmon mode while a wide band of plasmons is calculated
and modeled the metallic SWCNT as a conductive cylindefor a bundle of 25(9,00 SWCNTs. A few relevant modes
(along z direction) of diameterd. Details of our calculation  from this band are shown as thin solid lines. This plasmon

will be presented elsewhet®.The problem essentially re- hand forms as a result of the internanotube electrostatic in-
duces to a calculation of the screened Coulomb interactioferactions. A similar p|asm0n band was observed in a two-

via the corresponding Dyson equation, which yields the fol-dimensional array of quantum wiré.
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lowing dielectric function Hybrid plasmon-phonon modes form when these plasmon
modes strongly interact with the phonon modes and this hap-
w?— w0l pens only in the vicinity of the crossing of the phonon ener-
e(Q,Q)=——— +tv(Q)II(2,Q). (1) gies(horizontal lines in Fig. Band plasmon lines. Coupling
W W10

of the Raman photons to these plasmon-phonon modes can
occur only if both the energies and momenta are conserved
Here ) andQ are, respectively, the frequency and the in the process. The momenta involved can be provided not
component of the wave vector of a plasmon in Fermi unitsonly by the Raman photon itsell647 nnj, which corre-
(Er=8.18 eVke=1.47 A°Y). The first term in Eq(1) is  sponds toQ of about 10°“, but also by various inhomoge-
the well-known Lyddane-Sachs-Teller phonon contribuffdn, neities of the system, such as local defect density or finite
with w o andwro the upper and lower frequencies of tBe  nanotubelor bundle length. For example, localized impuri-
lines, respectively. The second term is the electron-gas conies separated by an averaged distahqarovide a discrete
tribution with the bare Coulomb interaction within the spectrum of momenta wit® roughly given byn/I, with n
bundle given by (Q)=Z,v,exdiK-B], with (K,Q) the integer. Sincd is of the order of 300 nnfRef. 25 the cor-
plasmon wave, an8=(pa,,la,) the bundle lattice vector responding effectiv€~nx0.7X 10 3. We model the spec-
(p,! are integerp vp,:(4/772a* N)K(Q,A)(Q.,d) is the  trum strength by a set of Gaussians located at tii@se
Coulomb potential of a single tu&?*?a* the effective Bohr  with amplitudes exponentially decreasing withTherefore
radius, n the linear electron densityA=d for p=1=0  only Q's corresponding to smalh’s provide an efficient
(single tubg, andA=|B| otherwise K, andl, are the modi-  coupling. From Fig. 3 it is clear that while this is insufficient
fied Bessel functions andll;((2,Q) is the noninteracting to excite efficiently the plasmon-phonon mode of a single

susceptibility!®# SWCNT, which requiresQ~102,n>10, the band of
The dispersion in the absence of phonon couplingd  plasmon-phonons is available for the bundle of 25 nanotubes
=w70=0) is already forn=3.
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Coupling to plasmon-phonon modes should lead to acting SWCNTSs in the resulting bundles. Finally, since for-
strong enhancement of the electromagnetic response. Taation of the broad BWF band is sensitive to the spectrum
show this, we calculate the corresponding Raman spéctraof available momenta, variations in nanotube length, local
obtained essentially from the formula of Ref. 26. We re-defect density, etc., this will lead to a large variation of the
placed the relevant bare electron-phonon matrix elemendpectra from one SWCNT to another, which also can change
with the matrix element for the dressed combined electronihe magnitude of the relative BWF line intensity.
phonon interactioR! which involves the dielectric function In summary, we have combined confocal Raman micros-
[Eq. (1)], and accounts for the plasmon-phonon excitationseopy AFM, and TEM to correlate the structure and the elec-

The result is shown in the inset of Fig. 3. tronic interaction of carbon nanotubes within bundles. We

Whil_e for a single SWCNTI(top) only one _sha_rp reSO-  found that the intensity of the BWF line is strongly enhanced
nance is present at the frequency of the longitudinal phonon,] thick bundles of carbon nanotubes and can be reduced
mode w, o, @ broad band evolves below, o for SWCNT

: . upon mechanical bundle decomposition. Our theory explains
bundles of qmiddle), and 25 nanotubeottom). The maxi- Il the experimental data, and shows that the BWF line in

mum of this broad band gains strength, and moves towards : . o
w| o With increasing number of tubes in the bundle. This is ingWCNTfj and the||rdb;mdlﬁs is due to an excitation of plas-
good agreement with the experimental results shown in Fig’.Tlon Modes coupied to phonons.

1(a), where W(_alcould detect an upshift of the BWF maximum  1he authors would like to thank Dr. @ther Philipp for
from 1540 cm * for spectrum No. | to 1567 cml fqr Spec- providing SgN, substrates. This work was supported by the
trum No. lll. It also explains the result shown in Fig. 2, SiNCe BMIBE under Contract No. 03C0302B9

the decomposition of a bundle reduces the number of inter- ' '

*Electronic address: alf.mews@uni-mainz.de 15R. Saito, G. Dresselhaus, and M.S. Dresselhaus, Phys. Rely. B
1s. lijima, Nature(London 354, 56 (1997). 2981 (2000.
2R. Saito, G. Dresselhaus, and M. S. DresselhBbagsical Prop-  16M.A. Pimentaet al, Phys. Rev. B58, R16016(1998.

erties of Carbon Nanotube@mperial College Press, London, 7A. Jorioet al, Phys. Rev. Lett86, 1118(2001).

1998. 18H W.C. Postma, A. Sellmeijer, and C. Dekker, Adv. MatE2,
3H.W.C. Postma, T. Teepen, Z. Yao, M. Grifoni, and C. Dekker, 1299 (2000).
, Science293 76 (200D. _ 19K, Kempa, Phys. Rev. Bto be publishey
J. Kong, N.R. Franklin, C. Zhou, M.G. Chapline, S. Peng, K. 20yse of the Lyddane-Sachs-Teller relation is justified due to the
. Cho, and H. Dai, Scienc287, 622(2000. curvature-induced polarization in SWCNT’s: T. Dumitrica, C.
6M.S. Dresselhaus and P.C. Eklund, Adv. Ph@. 705 (2000. M. Landis, B. I. Yakobson, Chem. Phys. Le860, 182 (2002.
H. Katauraet al, Synth. Met.103 2555(1999. 21p Longe and S.M. Bose, Phys. Rev4B, 18 239(1993.

7
L. Alvarez et al, Chem. Phys. Lett316, 186 (2000. 22 ;
8S.D.M. Brownet al, Phys. Rev. B3, 155414(2001. M.F. Lin, D.S. Chuu, and K.W.K. Shung, Phys. Rev5B, 1430

9 (1997).

Z.Yu and L. Brus, J. Phys. Chem. B)5 6831(2001). 23 )
19 Corioet al, Phys. Rev. B61, 13 202(2000. Q. Li and S. Das Sarma, Phys. Rev4B, 5860(1989.

: ) 24 ;

11H. Katauraet al,, Mol. Cryst. Lig. Cryst.340, 757 (2000. 258' Das Sarma and W. Lai, Phys. Rev3B 1401(1985.
127, Jorio et al, Phys. Rev. B85, 155412(2002. Y. Fan, M. Burghard, and K. Kern, Adv. Matet4, 130(2002.
137, Mews et al, Adv. Mater.12, 1210(2000 5A.G. Souza Filhcet al, Phys. Rev. B63, 241404(200).

. 5 . . d X . 27 . . .
= Koberling, A. Mews, and Th. Basché&dv. Mater. 13, 672 R. D. Mattluck,A Gwd_e tq Feyman Diagrams in the Many-Body

(2009 . Problem(Dover Publications, New York, 1992

161404-4



