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Strength of radial breathing mode in single-walled carbon nanotubes
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We show byab initio calculations that the electron-phonon coupling matrix eleroeht,, of the radial
breathing mode in single-walled carbon nanotubes depends strongly on tube chirality. For nanotubes of the
same diameter the coupling strend;1&l7(eph|2 is up to one order of magnitude stronger for zigzag tubes than for
armchair tubes. Fainy,ny) tubesMe p, depends on the value @fi; —ny) mod 3, which allows us to discrimi-
nate semiconducting nanotubes with similar diameter by their Raman scattering intensity. We show measured
resonance Raman profiles of the radial breathing mode which support our theoretical predictions.
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The radial breathing modéRBM) is without doubt the tubes the matrix elements allow us to distinguish between the
best known feature in the Raman spectra of carbon nandn;—n,) mod 3=+1 nanotube families. A similar intensity
tubes. In this vibration all carbon atoms move in the radialdifference is expected for the two transitions of metallic
direction creating a breathinglike deformation of the entirenanotubes in each branch of the Kataura ptoive show
tube. This mode is unique to single-walled carbon nanotubesxperimental evidence of this intensity difference based on
and is taken as indicative of the presence of nanotubes in measurements of resonant Raman profiles of the RBM of
sample. Moreover, the frequency of the radial breathinghanotubes in aqueous solution. The relative Raman intensi-
mode is proportional to the inverse diameter of the thbe.ties can independently confirm &mn,,n,) assignment ob-
Raman scattering is therefore often used to determine thgined, e.g., by photoluminescence.
diameter or diameter distribution in nanotube samptésn In the expression for the Raman-scattering cross section
detail, the relation between nanotube diameters in redrom perturbation theory the square of the electron-phonon
samples and the radial breathing mode spectrum is morgatrix element§.M, /2 appears in the numerator. The in-
complicated, because of the resonances in the Raman procasssity of the Raman signal in full resonance is scaled by the
and additional force constants coming from the tube-tubelectron-phonon couplintf. When calculating these matrix
van der Waals interaction in bundled nanotubg&Further-  elements both electrons and holes must be taken into ac-
more, the RBM eigenvector has a small nonradialcount. To every electron excited into a conduction band
component.® and interacting with a phonon corresponds a hole in the va-

It was suggested to use the RBM to find not only the tubdence band. Adding up the two contributions, i.e., assuming
diameter but also the chiral angle, i.e., to identify a particularstrict electron-hole symmetry, we obtain for the electron-
(n,ny) nanotubé:®%n; andn, specify the chiral vectot  phonon matrix element
=n;a;+Nn,a, around the circumference of a nanotube in
terms of the graphene unit cell vectag and a,. This as- Mepn= (kelHeprlke) = (kv[He pilkv), 1)
signment relied mostly on the frequency of the RBM, someyyhere the minus sign comes from the opposite charges of
times combined with an argument about the resonant enygles and electrons.
hancement of the Raman intensity for the laser excitation Tpe diagonal matrix elements of the electron-phonon cou-
energy! It was, however, always assumed that the electronpjing HamiltonianH,,, for optical phonons can be obtained
phonon coupling of the RBM is independent of the chirality from the shift of the electronic bands under deformation of

of a tube!! This means that far from resonance or exactly iNthe atomic structure corresponding to the phonon-pdfiern
resonance the scattering intensity of the radial breathing

mode is expected to be the same for different,n,) nano- ; h  IER(K)
tUbeS On| 1 i <kvb|HIe— h|k=b> = i E Ela ’ (2)
. y recently a smaller matrix element for armchair P V 2m Nokay Ay

tubes than for zigzag tubes was suspected from measure-
ments of the RBM signal strength of a series of carbon nanowhere the sum runs over all atoms in the unit celiandb
tubes in solutiort?13 denote, respectively, the wave vector and band index of the

In this paper we show that, contrary to the widespreadelectronic statei, indexes the phonorM is the atomic mass,
assumption, the electron-phonon coupling strength of the rae; is the polarization vector of the phonon, normalized as
dial breathing mode depends on the diametetchirality of ~ X,e,€,=48;, Ex(k) is the electronic energy and, is the
the nanotube. Irab initio calculations we find the squared atomic displacementN is the number of unit cells in the
electron-phonon matrix elements in zigzag tubes to be up teystem(1 in our calculation
one order of magnitude stronger than in armchair tubes for We calculated thé'-point phonon spectrum and the band
the same optical transition energy. In semiconducting nanostructure of several isolated nanotubes in their minimum-
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affect the electronic system. It is clearly seen that

FIG. 1. Calculated band-energy changessolute valug per |(9Eb(k)/.(9u| for zigzag. tubes is up to 2.5 times larger than for
unit change in radius for zigza@ircles and armchair tubegtri-  @rmchair tubes. The inset of Fig. 1 shows the energy change
angles. Lines are linear fits of the data corresponding to the indi-for the first transition of tubes all with diameter8 A but
catedk value[as defined in the horizontal axis of Fig(cP]; they  different chiralities; in particular, thé8,4) tube lies between
include the origin as a data point. Inset: Band-energy changéhe armchair and the zigzag values. The assumption of a
|9ER(K)/ u| for the first optical transition of nanotubes with diam- chirality-independent electron-phonon interaction is thus in-
eter~8 A as a function of the chiral angle. correct. Our results suggest the use of relative Raimitzm-

sitiesfor discriminating chiralities.
energy configuration and under deformation due to the RBM In Table I, the calculated matrix elements and RBM fre-
to obtain the change of the electronic energies in 3}’  quencies are summarized; we foungg,~ C,/d+C, with
The RBM eigenvector was obtained from finite differences;C;=232 cm*nm in excellent agreement with the
it has a small nonradial componéftwhich lowers the cal- literaturé32*andC,=-6 crmi’. The largest difference in the
culated matrix elements by30%. All calculations were per- matrix elementsM ,, between zigzagboldface and arm-
formed with the SIESTA codé within the local density chair nanotubes of similar diameter and, hence, the same
approximation'® The core electrons were replaced by nonlo-RBM frequency, is found for thél1,11) and the(19,0 tubes.
cal norm-conserving pseudopotenti#lsA doubleZ, singly ~ The matrix element\15 of the (19,0 tube is by a factor of 3
polarized basis set of localized atomic orbitals was used folarger thanM of the (11,11 tube although the two transi-
the valence electrons, with cutoff radii of 5.12 a.u. for the tion energies are similaisee Table)l Since the Raman sig-
and 6.25 a.u. for th@ andd orbitals?* Sixteenk points in  nal is proportional thephF, we expect the RBM intensity
the k, direction were included for metallic nanotubes andto be nine times larger for thél9,0 than for the(11,11)
threek points for semiconducting tubes. Real-space integrananotube from the difference iUMeph| alone. For different
tions were done in a grid with a cutof270 Ry. transition energies this ratio could be even larger.

In Fig. 1 we show the energy changéE,(k)/du The matrix elements of zigzag tubes show another inter-

o by

TABLE |. Calculated diameters, RBM frequencies, and electron-phonon matrix elesnigs (in eV) for the first optical transitionéb
initio calculated energies in eV in parenthégesThe matrix elementéboldface for zigzag tubgsvere rounded to 0.001 eV. Rows labeled
M _4 correspond to the first four optical transitions for light polarized parallel to the nanotube axis. A “—" indicates a lack of the transition
or a band shift which could not be evaluated for technical reasons. NotéA@at, is normalized to the unit-cell volume.

(6,0 (10,0 (6.6 (8.9 (11,0 (8,8 (14,0 (15,0 (16,0 (170 (1111 (19,0

V(A3 77.2 210 130 626 254 230 406 467 534 603 436 755
d(R) 4.8 7.9 8.2 8.4 8.7 10.9 11.0 11.8 12.6 13.4 15.0 15.0
w446 287 278 274 257 209 203 188 179 170 151 149
My 0.050 -0.028 -0.015 -0.013 0021 -0.010 0.016 -0.022 -0.017 0.014 -0.005 -0.015
10 (08 (23 (08 (9 (18 (07 (15 (06 (06 (149 (05
M, -0.062 0017 — 0.004 -0.028 -0.015 -0.020 0.013 0.013 -0.016 -0.010 0.012
17 (2.0 @) @3 @&) @) (20 12 @10 (25 (10
My — 0030 —  -0.016 -0.028 -0.017 -0.021 -0.022 -0.018 -0.017 -0.012 -0.016
(2.4 26 (26 @B7 24 (28 (19 (21 (33 (18
My —  -0031 — — 0028 — —  -0022 — 00090 —  -0.016
(3.0 (3.1) (3.2 (2.4 2.7

035416-2



STRENGTH OF RADIAL BREATHING MODE IN.. PHYSICAL REVIEW B 71, 035416(2005

T v
@ . =0 E-165ev | D
r M Ist e e ' '
[+ A - 21 AT transition - | i
< 17,0 —_ 3
K 3 ( \) 5| el CLRY
32l transition s > ]
- IE™ 3'-'-. st
3 w T T = £
3 { & - 1
@
& 0.8} 4
H 1 N I I NI 1 1
06 065 07 075 08 1.6 1.65 1.7 1.75 1.8 200 250 300
k(2na,) «r k (2n) > Excitation Energy (eV) Raman Shift cm™')
o

FIG. 3. (a) Measured resonance Raman profilsgmbols and
fits (lineg) of two different nanotubegb) Raman spectrum with a
laser energy of 1.65 eV.

FIG. 2. (a) Detail of the Brillouin zongBZ) of graphene around
K with the band lines of 419,0 nanotube and thE-KM line. (b)
Electronic bands of graphene alohgK-M in equilibrium (solid
line) and under a deformation of 0.1 A corresponding to the RBM  To confirm our theoretical predictions we performed Ra-
of a (19,0 tube(dashed line, difference enhanced0). (c) Calcu-  man scattering measurements on nanotubes in soR(t@Sn.
lated 9EL(k)/ou for a (17,0 (squaresand a(19,0 (circles tube, Raman spectra were excited with a Ti-sapphire laser, re-
and of graphene deformed to simulate the RBM of18,0 tube  corded with a DILOR XY800 spectrometer, and corrected
(solid ling) and a(17,0 nanotube(dotted ling. for the sensitivity of the experimental setup. We then calcu-

: . 2 i
esting feature: they have either a larger magnitude and arlfait(Ed the squared scattering amplitude; | from the Ra

negative or a smaller magnitude and are positevg., for the man S|gnal. .
(10,0 tube M, =-0.028 andM,=+0.017. A change in sign In Fig. 3@ we show two selected resonance profiles of
is very uncommon in electron-phonon interaction in solid-"adial breathing modes. Using the assignment by Badtilo

state systems. The matrix elements are positive in mosql.27 we identify these resonances as the second tra_nsition of
semiconductor& To explain this unusual behavior we cal- the (%é’]) nanotube withv=+1 and the(11,0 tube with v
culated JES(k)/au of a graphene shee{agq”"'=2.467 A :_—1. We pred|cted a higher Raman intensity for nanotubes
stretching the sheet in the zigzag direction to simulate th&vith »=—1 in excellent agreement with the experimental
radial atomic displacement and adding the nonradial compgdata. As shown in Fig. #E,(k)/du is similar for nanotubes
nent(see Fig 2. with similar diameter, chiral angle, and Approximating the

In Fig. 2(c) we show |dE,(k)/du| for graphene when matrix element for the(14,1) tube by JE,(k)/du for the
stretching it according to 19,0 tube (solid line) and a (16,0 nanotube we find theoreticalip s %/ M54 |2~ 3.
(17,0 tube(dotted ling together with theab initio calculated ~ Experimentally, the ratigw/;"% /WP 2= 4 is in excellent
values for these two tubes. The sign and magnitud&fef,,  agreement with ouab initio result and a uniform distribution
depend on where the optical transition occurs with respect tof chiral angles in nanotube sampfswWe stress that the
the K point of graphene. Th&-point states of arin,0) zig- intensity difference betweer=-1 and +1 tubes is generally
zag tube in the graphene BZ are obtained by dividinglthe observed in our experiment and not limited to the two pro-
-K-M line into n parts[see Fig. 28)]. The states closest to files shown. A more detailed study is underway, but is be-
the K point of graphene have the lowest transition energiesyond the scope of this paper.
The (17,0 tube, e.g., has its first transition to the left of the  Raman-baseth;,n,) assignments performed so far relied
K point and the second one to the right. The energy shift oktrongly on a Raman intensity analysthat implicitly as-
the graphene bands is smaller to the left of Kagoint than  sumed constant electron-phonon coupling. As shown, this is
to its right [Fig. 2(c)]. Therefore for this tubeM,/ M,)| not correct. The most intense peak does not necessarily cor-
<1.The(19,0 tube, on the other hand, has its first transitionrespond to the nanotube closest to resonance. As an example,
to the right of theK point and the second to the left, yielding we show in Fig. 8) a Raman spectrum for an excitation
| M/ My| >1. FurthermoredEy(k)/du is negative to the energy of 1.65 eV. This excitation energy corresponds to the
right of the K point, and positive to the left, explaining the maximum in the resonance profile of tli#4,1) nanotube,
signs of M, In general, all semiconducting tubes can bewhereas theg(11,0 nanotube is excited 25 meV below its
divided into »=(n;—n,) mod 3=+1 families, which behave resonance. The Raman intensity thus depends not only on the
like the (17,0 and (19,0 tube with respect to sign and rela- resonance condition, but also on the particular tubes under
tive magnitude of theMgp, Metallic nanotubes usually study. Differences in Raman intensity due to resonances can-
have two close-by transition energies due to trigonalnot be distinguished from the chiral angle dependence of
warping?® The transition with lower energy originates from Mepn using only a single excitation energy; instead a reso-
the right of theK point, the one with higher energy from its nance profile has to be evaluated.
left. Therefore, the lower-energy transition is expected to A chirality-dependent electron-phonon coupling naturally
give a higher Raman intensity. explains the observations by Stragioal 1 They mapped the
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electronic transitions of metallic nanotubes using Raman exRaman intensities can discriminate between armchair and
citation profiles. Strangely, the armchair tubes were apparzigzag tubes as well as=+1 tube families. The latter we

ently missing in their sample. In contrast, photoluminescenc@emonstrated by measuring the radial breathing mode reso-
experiments on the same type of sampluggested a pre- nance on a -1 and +1 nanotube. The family and chiral-angle

dominance of large-chiral-angle tubes. Our Calcmatio”%ependence of the Raman intensities can be used for a re-

solve this apparent contradiction: the Raman signal of armg o assignment of chiral indices and chirality distributions.
chair nanotubes is small due to a weak electron-phonon cou- We thank F. Hennrich for providing the samples. S.R

pling. . ; .
In conclusion, we calculated the electron-phonon matrix@cknowledges  financial  support by  the  Berlin-
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ing to a larger Raman signal for smaller chiral angle tubesthe DFG(Th 662/8-2. We acknowledge the MCyTSpain
Furthermore, for semiconducting tubes the magnitude anand the DAAD (Germany for a Spanish-German Research
the sign of the matrix elements change systematically foAction; P. O. acknowledges support from Spain’s MCyT
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