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The electron-phonon matrix elements are calculated for the radial breathing(RBNB and theG-bandA
symmetry mode of single-wall carbon nanotubes. The RBM intensity decreases with increasing nanotube
diameter and chiral angle. The RBM intensity at van Hove singklgmints is larger outside the two-
dimensional Brillouin zone around th€ point than inside the Brillouin zone. For tl@& band A symmetry
mode, the matrix element shows that all semiconducting nanotubes have nonzero LO mode intensity, and the
LO mode generally has a larger intensity than the TO mode, while the ratio of the intensity of the LO mode to
that of the TO mode decreases with increasing chiral angle. In particular, zigzag nanotubes have zero intensity
for the TO mode, and armchair nanotubes have zero intensity for the LO mode. Using the matrix elements thus
obtained, the resonance Raman excitation profiles are calculated for nanotube samples under different broad-
ening factory regimes. For semiconducting nanotubes, the excitation profiles for the RBM are consistent with
experiments. For metallic nanotubes, a quantum interference effect in the Raman intensity is found for both the
RBM and LO modes. For the RBM and LO modes, different kinds of excitation profiles are discussed for
nanotube samples in the large and smalégimes by considering the electron-phonon matrix element and the
trigonal warping effect. For nanotube samples in the laygegime, a shift in the energy of the peak in the
RBM intensity relative to the corresponding peak in the joint density of states is found.

DOI: 10.1103/PhysRevB.71.205420 PACS nun®er78.67.Ch, 78.40-q, 78.30-]j

[. INTRODUCTION nonorthogonal tight-binding modélwere used to derive the
electron-phonone-ph matrix element(M) for the RBM,
Raman spectroscopy has provided a noninvasive, contadizhere the deformation potential was assumed to be equal to
less method of sample characterization, and a method fahe first derivative of the transition energy with respect to the
studying the electronic and vibrational properties of single-nanotube radius. In a previous paperhe nonresonant
wall carbon nanotube&§SWNTS.12 Resonance enhancement hond-polarization theory was applied to calculate@band
in the Raman cross section can be observed when the energaman intensity, and the calculated chirality dependence of
separationg;; for an optical transition is close to the laser the G-band intensity was shown to be consistent with the
excitation energyE,.! As for the first-order Raman pro- experimental result$
cesses, the RBM and the-band mode are known to have  So far we have developed computer programs to calculate
strong intensity in the lower(near 100—400 cft) and  the e-ph interaction in graphite and SWNTs based on first-
higher (~1600 cm*) frequency regions, respectively. In the order, time-dependent perturbation thebry We have ap-
radial breathing modéRBM) mode, all carbon atoms move plied these e-ph matrix elements to study the relaxation pro-
coherently in the radial direction. The RBM frequency is cesses for photoexcited electron-hole pairs in graphite and
proportional to the inverse diamete@t?) of the tube and can  SWNTs!®2°The calculated relaxation time is consistent with
be described by an empirical relatidhRaman spectroscopy experiment$2-27In graphite we find far infrared light emis-
for the RBM is therefore often used to determine the diam-sion at a certain energy close to the Fermi lé¥éh SWNTs,
eter or diameter distribution in SWNT sampi€ésind is fur-  various kinds of phonon-assisted electron-hole relaxation
ther used to assign the chiral indér,m) of individual  processes in the photoluminescence excitation spectra are
SWNTs by considering their resonant transitiérs. predicted, including a one-phonon process, a hot-electron lu-
The Raman-activ& band consists of\,E;, andE, sym-  minescence process, a Raman process, and these processes
metry mode$:1% Each symmetry mode splits into a TO can well explain the photoluminescence excitation spectra
mode and a LO mode because of both a zone foldittand ~ observed experimentalf:>°

a curvature effect? Experiments have provided strong evi-  In this paper, we further apply the e-ph matrix elemevts
dence for the importance of SWNT chirality for tiieband  to a calculation of the first-order Raman intensity as a func-
Raman intensity>16 tion of E,.2° The chirality dependence of the matrix element

Theoretically, both amb initio'” and a symmetry-adapted at E; is studied in detail for both the RBM an@-band
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modes. For thé& band, due to the depolarization effect, the thermore, the matrix elements have smaller values for the
electronic response for light polarization perpendicular to thénigher energy peaks. These results can help us to understand
tube axis is strongly suppress&dCorrespondingly, polar- the disappearance of the upper energy peak signals in the
ized Raman measurements show that @and Raman experimental measurements on metallic nanotgbes.
scattering is the strongest in the case where both the incident Motivated by the observations that for metallic nanotubes
and Scattered ||ght p0|al‘i2ati0ns are parallel to the tuthe energy Spacing between the two peaks in the RBM inten-
axis* Thus, we here restrict ourselves to consider onlyhe ity is decreased by the quantum interference effect, we find
symmetry, which is expected to have the largest intensity, this work an approach for correcting the experimental data
The dependence of the matrix element on chirality can wellg ohiain reliableE; energies from measured Raman spectra
explain the dependence % gge Raman intensity on chirality). atallic tubes.

observed by experiments:® We should mention that in this paper we will not consider

The optical transition energids; can be obtained by both . . .
resonance Raman spectroscopy and photolumineségffce. exciton states, which have been recently poinied out to be
relevant for describing the optical spectra of small diameter

In Raman spectroscopy, tt& energies can be obtained by 39 : .
analyzing the StoketS) or anti-StokegAS) Raman intensity SWNTs>® So far all Raman scattering theories that have

peak positions or by measuring the anti-Stokes and Stokd&€n Proposed are free electron-hole theories, that is, they
Raman spectra on the same isolated SVINT. neglect excitonic effects. Very recent theoretical works show

For a sodium dodecyl sulfatéSDS wrapped SWNT that without exciton states, the calculated RBM Raman in-
sample, the RBM resonance Raman spectroscopy window f§nsity in SWNTs can still explain many experimental mea-
about 0.06 e(Ref. 33 and the two peaks corresponding to surements weft/“? indicating that except for the absolute
the incident and scattered resonance conditions cannot B@lues, the relative Raman intensities may not be so sensitive
resolved, because the resonance window, i.e., the broadeniifg excitonic effects, since the optical matrix elements are
factor, y (=0.06 eV} is too large®® By calculating the reso- ©only weakly dependent on enerjylf excitonic corrections
nance Raman excitation profilg®RRP3, we find in the are needed, we believe that these corrections will be smaller
present work that for the SDS wrapped samples, the peaR hanotubes with a large diamete}>1.1 nm. We do not
positions for the RBM intensity are neither Bf, nor atE; focus on small diameter tubes, although we will refer to
+Egrgy (WhereEggy is the RBM phonon energybut rather small diameter nanotubes as appropriate throughout the pa-
are atE; +(Eggy/2), which indicates the importance of find- Per. Furthermore, due to the'ir increase_d screen_ing, we expect
ing a proper correction factor for the experimental method§Xcitonic effects to t_)e less important in _metal_llc _nanotubes.
in order to get reliabl&;; energies from Raman spectroscopy Actually, the theoretically calculated exciton binding energy
for samples with largey values. for the metallic(3,3 tube is 10 times smaller than that for

Experimentally, there are other kinds of SWNT samplesthe (8,0 tube, a semiconducting tub&By not focusing in
namely, SWNTs on a Si substrate or freely suspendeéhis paper on small diameter nanotubes, the results obtained
SWNTSs, where the broadening factgris 10 times smaller here for the quantum interference effect for metallic nano-
than that for the SDS wrapped samplé&or such a kind of tubes are informative without considering exciton states.
sample, it is possible to resolve the incident and scattered In Sec. Il, we show how to calculate the e-ph matrix ele-
resonance peaks in the RBM Raman spectra. Thus, we studjents. In Sec. lll, we study the chirality dependence of the
here the RRPs for samples in both the large and small €-Ph matrix elements for first-order Raman processes. In
regimes. Secs. IV and V, the resonance Raman excitation spectra for

In comparison to semiconducting nanotubes, metallidhe RBM andG bandA symmetry mode are calculated, re--
nanotubes have different characteristics in both Raman spegPectively. In Sec. VI, the theoretical results are discussed in
troscopy and photoluminescence. The lack of an energy gagPnnection Wl.th possible future experiments. In Sec. VII, a
at the Fermi energy induces a quenching of photoluminesSummary Is given.
cence. The presence of free electrons results in an asym-
metrically broadened Breit-Wigner-Fano line shape around
the TO mode frequency foB-band scattering’ More im- IIl. ELECTRON-PHONON MATRIX ELEMENT THEORY
portantly, the trigonal warping effect in metallic nanotubes
introduces two peaks in the joint density of stat#309 for
eachE; transition®® However, the RBM Raman spectra for
metallic SDS wrapped SWNTs only show one peak corre )
sponding to the Ioev%r energy peak iyn the JD@S?\F;Ve fing  CnSymmetry of a SWNTO we can treat the matrix elements

in the present work that the e-ph matrix elements inside an&”'th'n the graphene unit C‘?"’ which has pnly o0&, B)
outside the two-dimensiona(2D) Brillouin zone (BZ) carbon atom-pair. A normalized e-ph matrix element from

around theK point have opposite signs, and thus there is dh€ K t© l;’zoelectromc states coupled by théh phonon is
positive interference effect between these two peaks in th@iVen by

JDOS. The largey value and the positive interference effect

will merge the two peaks into one peak for some of the n=1 v /

metallic nanotubes. Also, the node effect for the higher en- M (kk") = 2A,@D kK, @)
ergy peaks will make the corresponding Raman signals be-

come very weak for nanotubes with large chiral angles. Furin which the amplitude of the phonon vibration is

A periodic displacement of atoms around the equilibrium
sites gives rise to the e-ph interaction which can be treated in
first-order time-dependent perturbation thetpue to the
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TABLE I. The fitting parameters for the@2 wave function and For the RBM andG band modes withA symmetry, the
the atomic potential of carbofiRef. 21) wherel=1,2,3,4 denotes a phonon wave vector for these first order Raman processes is
set of Gaussians. selected ag =0 and thus Eq(3) can be further simplified to

yield
| 1 2 3 4
NU
I 0.050 0.413 1.061 1.046 D,(kk)= X X C,(kCykekRsRI
o) (atomic unit$ 2.165 0.907 0.130 0.387 ss'=AB Rs'Rs
o (Hartreg -2.134  -1.000 -2.000  -0.740 X ex - [Ma(Ry, Ry £ U(pga)Ma(Re, RY],
7, (atomic unitg 0.250 0.040 1.000 2.800 ©)
where + and — are for the RBM and tl&band modes with
1z A symmetry, respectively)(pga) With ga=@g— @, is a ro-
A= 2 : - i
N Mcw,(q) tation matrix around the nanotube axis from Betom to
) o the A atom in the 2D graphite unit cell, and the phonon
and the matrix elemeri, is given by eigenvectors, for the A atom are given by
NU
* 1
Dykk)= 2 2 Cy(k))Cdk)m,(Rg,Ry - €(q) M= -=(1,0,0
ss’,0=AB Ré,RS V2
« @K' (Ry—Ry) gk -(RgRy) 3)

TO 1
. eA = 7(01 1!0
HereN,, m¢, andw, are the number of graphene unit cells V2
in the SWNT, the mass of a carbon atom, and the phonon
eigenvalue for theth phonon, respectively, whil€; ande], o 1
are the electron wave function coefficient and phonon eigen- ea = (0,0,D. (7)
vector, respectivelyRs andRy are the two electron centers, V2
and R, is the atomic potential center. In E3), m is an
atomic deformation potential vector
Ill. CHIRALITY DEPENDENCE
m,(Ry,RY =J H(r —=Ry) Volr —R,)b(r —Rdr. (4) OF THE ELECTRON-PHONON MATRIX ELEMENT
FOR THE RBM AND G BAND A

The deformation potential vectan is a three center integral, SYMMETRY MODES

i.e., with a potential centeR, and two electron centelRy A. RBM electron-phonon matrix element
andR.. |[m,| has a maximum valué~6.4 eV/A) when the
two electron centers are at the same site and the potentia}
center is on a nearest-neighbor $fteSince|m| quickly de-
creases with increasing distance between an electron center M(k) =M(ko) - M(k,), (8)

and the potential center, the electron centers are taken up to, )
the fourth nearest-neighbor in our calculatidfs. with M(ko) andM(k,) the matrix elements for the conduc-

To calculatem, we fit the calculated carbonpg orbital ~ tion and valence bands &f respectively. In Fig. 1, we plot
and the carbon atomic potential to a set of Gaussians. THNOOth curves for the evaluation of the matrix element

electron wave functionp(r —-Ry and the atomic potential along equien.ergy contours of 1.5, 2.0, and 2.5 eV in the 2D
u(r-R,) can thus be expressed by BZ of graphite. The realn,m) SWNTs would appear as

discrete points along the continuous lines in Fig. 1. khe
d(r —Rg) =[(X—Xg)COSpg + (Y — Yo)SiN ¢g] point in the 2D BZ is selected to be ti&, van Hove sin-
(r - Ry? gular (vHS) k point for semiconducting nanotubes with chi-
X1 exp|:——2:|, ral angle 6. Because of the experimentally observéth
I 20, +m) family effect323343we classify semiconducting nano-
tubes into two kinds, i.e., the mg@n+m,3)=1 type | (SI)
1 (r-Rr,)? and mod2n+m,3)=2 type Il (Sll) semiconducting
v(r=Ry) = r-R ; viexp=——5— . O nanotubed? From the Kataura plo34344it is known that
7 ! the SWNT diameters); corresponding td5,=1.5, 2.0, and
where gy is the angle from the positive-axis to the atom at 2.5 eV are in the range of 1.16-1.30, 0.86-1.00, and 0.64—
site Rs. We find that by using four Gaussialfls=1,2,3,4, 0.80 nm, respectively. Thus, the transition energy depen-
both the electron wave function and the atomic potential carlence directly reflects the SWNT diameter dependence. Fig-
be fitted very well. The fitting parameters for these functionsure 1) shows that the value ¢f| generally decreases with
are listed in Table ! Substituting Eq(5) into Eq. (4), the  increasing chiral angle. Moreove¥| increases with increas-
three center integrals fan can be evaluated analytically.  ing transition energys,, indicating thatM| decreases with

The e-ph matrix element for an electron-hole pair with
ave vectork is expressed By
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FIG. 1. The chiral angle dependence of the e-ph matrix elemen

M of the RBM for (a) the E5, transition for semiconducting nano-
tubes, andb) the E}! transition for metallic nanotubes. The matrix
elementM is in units of {7 /(Nymc) with N, andmc the number of

graphene unit cells in the SWNT and the mass of a carbon d@®m.
Upper and lower curves are for Sl and Sll nanotubes, and soli
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the 2D BZ, and generalliyl has an opposite sign outside and
inside the 2D BZ.

For metallic nanotubes, there are two vHSs for egfh
giving rise to a splitting into two peak!, andE), in the
JDOS, which can be understood by the trigonal warping
effect® The vHSk points for the lower and higher energy
peaks,E}l and EM,, exist outside and inside the 2D BZ,
respectively. A plot similar to Fig. (&) for the EQ"l transition
for metallic nanotubes is shown in Fig(k} with upper and
lower curves being for thg});, andE}.,, peaks, respectively.
Figure 1b) indicates that a metallic nanotube has a larger
RBM intensity forE}; than for EY},,. Moreover,M for the
E'f']H VHSs has nodes in the high chiral angle range. Regard-
ing chirality, the node position for thi}},, vHSs is approxi-
mately given by

oN =30.27 - 2.1EY,,. (10

The opposite sign i shown in Fig. 1b) for EY}, andEY,,
nyHSs gives rise to an interesting quantum interference effect
in the RBM intensity for metallic nanotubes, which will be
discussed in detail in this paper. From the Kataura pldE;of

vs d;,334344we know that with a similar transition energy, the
diameter corresponding to thg)] transition for metallic
dnanotubes is larger than the diameter corresponding to the

dashed, and long-dashed curves are for transition energies 1.5, 2185, transition for semiconducting nanotubes. Correspond-
and 2.5 eV, respectively. The inset shows the vHS positions in théngly, for two curves with the same transition energy, the
2D BZ. The SI vHSs are outside the 2D BZ of graphite and the Slicurve in Fig. 1b) has a smallefM| value than the curve in

VHSs are inside the 2D BZ, defined by the symmetry padihend
M. (b) Upper and lower curves are for vHSs with lowg}}, and

Fig. 1(a).
The chirality dependence dfl can explain the chirality

higherEg"lH energies, and solid and dashed curves are for transitiogiependence of the RBM Raman intensity. The experimental

energies 2.0 and 2.5 eV, respectively. The dotsajnand (b) indi-
cate the node positions for the corresponding transition energies

measurements show that the RBM intensity for both metallic
-and semiconducting nanotubes decreases with incredsing
and ¢, and forES, transitions, the Sl tubes generally have a

increasingd,. With the same transition energy, i.e., a similar larger intensity than Sll tube¥.These experimental results

d, value, and the same chiral angle, Sl tubes have a lavjer
than Sll tubes. Furthermore, Sl tubes have positiyevhile
Sll tubes generally have negatii. Close to9=30°, M for
SllI tubes changes its sign and at 30f,becomes the same

are consistent with the present theoretical predictions for the
e-ph matrix element dependence on chirality.

By assuming that the deformation potential for the RBM
is equal to the first derivative of the transition energy with

for both SI and SlI tubes with the same transition energy. Weespect to the nanotube radius, a recminitio'” calculation

should point out thaM has nodes for SlI tubes in the high

pointed out that for a particuldg; transition,|M| is propor-

chiral angle range, and the nodes move to a smaller chiralonal to 1/d,, and for nanotubes with a similak, M| is up

angle range with increasinE;g2 energy (see black dots in

to one order of magnitude stronger for zigzag tubes than for

Fig. . The node position for Sl tubes is approximately armchair tubes. Moreover, the matrix elements of zigzag

given by

Sl

65" = 30.08 - 2.0%5),

9)

with 6y and E5} in units of degrees and electron volts, re-

tubes are found to show either a larger or a smaller magni-
tude with opposite signs. These results are consistent with
the present general results for the diameter and chiral angle
dependence dM| and tube typ€gSI or Sl) dependence of

M shown in Fig. 1.

spectively. Correspondingly, the RBM Raman peaks for Sli

SWNTs with § aroundéy should have very weak intensities.

This node effect needs to be checked by future careful ex
perimental work, not within the scope of the present paper.

The VHSs for theE3, transition exist outside and inside of
the 2D Brillouin zone around th& point for SI and Sl
tubes, respectiveljsee the inset of Fig.(&)]. The chirality
dependence dfl shown in Fig. 1a) for SI and Sll tubes is a

B. G band A symmetry mode electron-phonon matrix element

The matrix elements for th& bandA symmetry(a) LO
and (b) TO modes are shown in Fig. 2, which also shows
smooth curves for the evaluation of the matrix elements
along the equienergy contours of 1.5 and 2.0 eV E@E
transitions for SI and SlI tubes. It is seen thatfor the LO

general result for vHSs outside and inside the 2D BZ for armode has a weak diameter and chiral angle dependence rela-

E; transition. That is|M| decreases with increasimgand 6,

tive to [M|, while M for the TO mode has a strong chirality

so that|M| has a larger value outside the 2D BZ than insidedependence. Figurg&@ also indicates tha¥l has a different

205420-4
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0 - ; intensity to be zero in armchair tubes, which agrees with the

S EEET—— W EwlSeV redictions of group theory

Sl ] —02} \\\ -- E,=2.0 eV | p g p .

— E,=15eV
= 0r E,=2.08V ] = -0.4¢ Sl IV. RBM RESONANCE RAMAN EXCITATION PROFILES
‘Z;L -0.6} \\l‘:;::; The resonance Raman intensity for first-order modes,
-4 (a) 7 _osl® St ] such as the RBM an band, in the Stokes process for a
0 10 20 30 "0 10 20 30 carbon nanotube as a function of laser enefgycan be
0 [degree] 6 [degree] calculated by the formufé

. . 2
FIG. 2. The chiral angle dependence of the e-ph matrix element

E 2

of the G band mode withA symmetry:(a) LO mode and(b) TO Is(E) = C(nph+ D(f) (N_>
mode for theE3, transition. Solid and dashed curves are for the €
transition energies 1.5 and 2.0 eV, respectively. The matrix elemenhereC is a tube-independent constaBy, (=E, ) andE, are
is given in units ofy%/(Nymc) with N, the number of graphite unit - ghsorption and emission photon energies, respectively,
cells in the SWNT andnc the mass of a carbon atort@) Upper =[eFEmn-1]"Lis the phonon thermal factaX,, and T are the
and lower sets of curves are for S| and Sll nanotubes, respectivelylumber of cutting lines and the one-dimensiof®D) unit
(b) Thick and thin curves are for SI and SlI tubes, respectively. vector length of the nanotube, respectivé#(E, ) is the con-

sign for the LO mode for Sl and SiI tubes, and furthermorelfibution to the Raman intensity from theth energy band
Sl tubes have a largéM| value than SlI tubes for a similar Which is given by
d; and 0 except ford=30°. Moreover, unlike the case of the MOP( e KIMMOP( 0 K
RBM, |M| for the LO mode remains large, and &t 30°, M I“(EL) :f (,'u’ ) A .
does not become the same, but instead becomes opposite in (B~ Eu(k) —ivI[EL— EL(K) — Epp—iy]
sign for the Sl and SlI tubes. For the TO mode, we can see (12
thatM has the same sign for Sl and SlI tubes, &hd0 for .
zigzag tubes, whilg)M| increases with increasing chiral For f[he anti-Stokes process, the phonon number fadigr
angle. +1) in Eq. (11) should be replaced hy,, and the term Eg,
Comparing Fig. 23 with Fig. 2b), it is seen that the LO in the second factor in the denominator of EtR) should be
mode always has a largi¥| than the TO mode. We should "€Placed by Eg, The optical matrix elemeni® for the
mention here that the chiral angle dependencé/ofor S electron-photon interaction is calculated by using our previ-
and SlI tubes is a general result for vHSs outside and insid@USly published formuld: The experimentally measured
the 2D BZ, respectively, for angg; transition. broadening factory in Eq. (12) is 0.06 eV for the SDS
The M dependence of the chirality shown in Fig. 2 can beVrapped SWNT samplé$, and y is ten times smaller for

used to explain the experimental observations forGeand  isolated SWNTs on a Si substrdfeThus, in our calcula-
intensity  with A symmetry for semiconducting tions, we takey=0.06 and 0.006 eV to model the different

nanotubeds16 Experimental measurements show that the€XPerimental regimes for largg and smally, respectively.

LO mode always has a larger intensity than the TO mode iereafter, we W|I_I mainly discuss the Stokes process. The
SWNTs, the ratio between the intensity of the LO and Toresults for the anti-Stokes process are closely related to those
modes becoming smaller with increasing chiral argfé, for the Stokes process.

Furthermore, experiments show that the TO mode has a very

small intensity at9~0°.1>16 These experimental results are A. Semiconducting nanotubes

consistent with the present predictions from the chirality de-
pendence oM. We should mention that for some special

11

N-1
> IMED)
©n=0

In the case ofy=0.06 eV, the RBM phonon energy is too

. =" small to resolve the two resonance conditions for the incident
cases, the TO mode can have a similar or even larger inten-

sity than the LO mode for semiconducting nanotubes, whic%nd scattered photons, while in the case/s0.006 eV, itis

b lained by the v oh d dth ossible to resolve the two peaks for the two resonance con-
can be expiained by the symmetry phonon modes and e ;o ng. Therefore, for semiconducting nanotubes, we can see
special resonance conditiofis.

X . . . one peak(y=0.06 eV} or two peaks(y=0.006 eV in the
Figure 2 showdM for semiconducting tubes. If we substi- . : . o
tute Sl and SIl in Fig. 2 b)EY'lL and E%H’ respectively, we different y regimes in the RRP for eacﬂ'q? transition.

will get a plot similar to the plot for metallic nanotubes for
EY} energies 1.5 and 2.0 eV. The result tha®¥at30° (arm-
chair nanotubesM for the LO mode has an opposite sign but ~ Figure 3 shows the calculated RBM RRP in the Stokes
the same value for the two VHSs with the same energy outprocess for theE3, transition for(a) an SI type(13,5 tube
side and inside the 2D BZ is important for explaining theand (b) an SlI type(13,6 tube. They value is taken to be
vanishing of the LO mode intensity in armchdand other 0.06 eV to illustrate the large regime. As expected, due to
6~ 30° metallig tubes. Armchair tubes are special metallic the largey value, the intensity peak position is neitheEé;
tubes, which have two vHSs with the same energy outsid@or atE§2+ Ergv but rather is aE§2+(ERBM/2). Thus, when
and inside the 2D BZ around the sardepoint!® Their op-  we try to get theE; transition energy by analyzing the RBM
posite sign and equayl magnitudes causes the LO mode intensity peak position, we should consider the correction

1. Large y case

205420-5
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1 T T 1 \/ T
(a) (13,5) | ®) (13,6) 'E' (@) I (13,5)
—_ -E l/ \\
% > /r \\
5 05 ¢ r o / k
e' Ex | Ep+Erem E. 05 | /’/ . |
% \ >
- 0 Egz EZZTERBM . ‘ g) ) ¢ E22 N \
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FIG. 3. Calculated Raman intensity in the Stokes process for the EL [eV]

RBM vs excitation energ;, for (a) an SI1(13,5 tube andb) an SlI
(13,6 tube and usingy=0.06 eV. FIG. 4. The RBM Raman intensity vs excitation enefgyfor

an Sl (13,5 tube. Solid and dashed lines are for Stokes and anti-
factor Egrgy/2. Comparing Fig. @) with Fig. 3(b), itis seen  Stokes processes, respectively, and the plots arg6r06 eV(see
that with a similard, and 6, the Sl tube has a larger intensity text for normalization of the anti-Stokes cujve

than the SllI tube, which follows from the tube type depen-
dence of the matrix elemeiisee Sec. I)l and is consistent

with experimental observatioriRef. 32.

malized anti-Stokes processes have the same intensity. It fol-
lows that for the largey case®® we can also get an accurate
For theE3, transition, Eq.(12) indicates that the Raman value of theE; energy by the same method as is used for the
intensity is dominated by the states at B8, band edge, small y casé® and no correction factor is needed. The cross-
where the resonance condition is satisfied and the JDOS jgg point for the two curves in Fig. 4 is slightly shifted from
large. The states for thp; band with energies close &,  ES, due to the interference effect between the states in the
also make a contribution to the intensity since the resonance?, and E5, bands. The energy shift should be smaller than
condition is satisfied. However, these states forEfighand 10 meV, as we have mentioned earlier.
are far from theE?, band edge and the JDOS there is much
smaller compared to the JDOS at tle‘1§2 band edge. Thus,
theseE?; band states only provide a weak contribution to the  Because of the small phonon energy for the RBM, to
observed RBM intensity. The interference effect between th@jearly see two separated peaks for the incident and scattered
states at thé&3, band edge and the states for &8 band in  resonance in the RBM intensity profile, the broadening factor
the resonance window will slightly change the RRP shapenoyid be sufficiently small. For &3,5 or a (13,6 tube
and will slightly shift the peak position. Thus, the peak po-yjith Eggy~0.023 eV, the two peaks can be resolved when
sition in Fig. 3 cannot be exactly &5,+Erem/2. But, the 20,006 eV. However, whe increases to be 0.008 eV, the
peak position shift fromEz,+Eggy/2 should be much two peaks can no longer be clearly resolved. Fail@,5
smaller than 10 meV sincErgv/2 is about 10 meV. _tube with Eggy=0.028 eV, the two peaks can already be
The shape of the RRP in Fig. 3 agrees withresolved fory=0.008 eV. The earlier discussion explains
experiment?% In comparison to the JDOS, the asymmetry why it is difficult to observe two clearly resolved peaks even
in the Raman intensity has been decreased due to an intgtyy SWNTs on a Si substrate for largef SWNTs36 The
ference effect among the states at the band edge. The matign intensities for an@) Sl (13,5 and (b) SII (13,6 with
elements are approximately the same for the states at the-0 006 eV are shown in Fig. 5. It is seen that the interfer-
band edge. Thus, the matrix element has a negligible effe@nce effect between tHe$, and ES, bands moves the inci-
on the shape of the RBM RRP and the interference effecfent and scattered peak positions away frel and ES,
comes from the denominator of EQL.2). _ +Epp, respectively, by an energy smaller than 10 meV. This
By doing experiments with the Stokes and anti-Stokesneans that we can get tii energy directly from the RBM

processes, one can get a so-called accurate experimenfalensity peak position and the accuracy Eyrdetermined in
value of E;.3% For the smally (~0.006 eV} case, the prin-

ciple of this method has already been discusSegor the

2. Small y case

large y case, Fig. 3 indicates that the intensity peak has been — 1000 @ M (35 |®) (136) |

shifted by Eggm/2 away fromE;. Thus, we would like to E En| |ExtEnou

know whether or not a correction factor is needed. ; 500 | 1 E, |EptEopl
Figure 4 shows the calculated RRPs for the RBM for both 3, -

the Stokes and anti-Stokes processes foEferansition for = L

an Sl type(13,5 tube withy=0.06 eV. The normalized anti- Q55713 135 12 13 195 12

Stokes intensity shown in Fig. 4 is obtained by multiplying ' 'EL [éV] ' 'EL[éV] '

the measured intensity byngn+1)/ng, X [(E +Epy)/ (EL

~Eyn)]2 The peaks for the Stokes and anti-Stokes processes FIG. 5. Raman intensity in the Stokes process for the RBM vs
in Fig. 4 are alE§2+ Erem/2 andEgz— Erem/2, respectively. excitation energyg, for (a) an SI(13,5 tube and(b) an Sl (13,6
Thus, theE3, are at the position where the Stokes and nortube and usingy=0.006 eV.
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this way is up to 10 meV. Similar to Fig. 3, the results in Fig. 1 @ ©5)
5 also indicate that with a similat; and 6, an S| semicon- '
ducting tube has a larger intensity than an Sl tube. 051 4

B. Metallic nanotubes

0 ‘ S
26 272829 3 19 2 212223

For metallic nanotubes, the trigonal warping effect in the

I, [arb. units]

energy dispersion relation splits each viES peak in the () (126) (d (11.8)

JDOS into two peakéEY andE,, lower and higher energy

peaks, depending on the SWNT chirali.Metallic zigzag 05y R\

nanotubes exhibit a maximum splitting, while no splitting is y \‘\\_ . e

expected for armchair tubes. The splitting enem};ﬂ"l 0 il AN N

=E)),—E}, for metallic nanotubes is also inversely propor- 1819 2 212218 19 2 21
E, [eV] E, [eV]

tional to d.. We calculate the splitting energy by using the

extended tlght-blnd|n392 ZQOdel’ Whl,\fl:h haS_QXpIICIIIy included FIG. 6. lllustration of the four kinds of RRPs in the Stokes
the curvature effed_f?v “*for the Ey; transition for all me- process for the RBM in metallic nanotub&s (8,5), (b) (13,4, (c)
tallic nanotubes with diameters in the range 0.60th (12,6, and(d) (11,8. The profiles calculated by eliminating the
<1.6 nm. We then obtain a functional forfEy;(dy, 6) for  interference effect between the contributions fré, and EV,
the splitting energy that accounts for both the diameter an@nd the profiles calculated by takini| as the electron-phonon
chiral angle dependence of the splitting energy by fitting thematrix element are also shown by dashed and long-dashed curves.
CalculatedAEg"l(n,m) with The joint density of states are given to show the vHS peak splitting
energy. The broadening factor 5=0.06 eV.
ABY@, 0= "2 4 2L (3 + D—;)coswe) 13) 1. Large y case
It dt dt d'[
In the case of largey (=0.06 eV}, we have four kinds of
The parameters that fit to the calculatddE); are given RRPs for the Stokes process for metallic SWNTs and these
by A;=0.01325 eV nmB,;=-0.03839 eV niy C,=-0.1839 different RRPs are illustrated in Fig. 6. In order to see clearly
eV nm, andD;=0.7521 eV nr. the quantum interference effect in the Raman intensity be-
For semiconducting nanotubes, the interference effect baween the states around tEg), vHS and the states around
tween theE?; andE3, bands is negligible for the RBM, since the E}};, VHS, we also calculate the intensity by completely
the JDOS far from th€3; band edge is small and thus the removing the interference between these two contributions.
intensity contribution from thos&3; band states is small. Equation(11) indicates that to obtain the correct total inten-
For metallic nanotubes, the situation is quite different. Whersity, we should first calculate the two contributiors and
the energy spacing between tB§, andE},, peaks in the 1%+ for the E)}, andE}},, cutting lines[I# is defined in Eq.
JDOS is small, the contributions from both peaks are strong@12)]. Then, we should add the two contributidrs and|#H
and the interference effect between them becomes importardnd take the absolute value squared, |l€-+1#H|2. In this
The matrix elemeni for the RBM has an opposite sign for way, the phase factors iff- and|#+ are considered and thus
the EY), andE},,, vHSs[see Fig. 1b)]. Thus, the sign oM the interference between these two contributions is included.
plays an important role in determining the RRP for the RBMIf we calculate the total intensity by adding the two ampli-
in metallic nanotubes due to the quantum interference effedudes squared, i.e|l#t|?+|1#4[?, the interference effect be-
between these two peaks. The quantum interference effetiveenl#t andl#H is removed. In order to see how the sign of
can be a positive or a negative effect, depending on the magd¥ determines the positive or negative interference effect, we
nitude of the splitting energy introduced by the trigonal also calculate the intensity by takifi| instead ofV as the
warping effect. We know that, in the laser energy range bee-ph matrix element in Eq12). We discuss below the cor-
tweenE}), andE}),,, the Raman intensity has contributions responding excitation profiles.
from both states around})}, and arouncEy},,. If the contri- In Fig. 6(a), the resonance Raman profile is plotted for an
butions fromE}), and from E},, are added together, the (8,5 tube, whose energi}}, is about 2.90 eV. The corre-
intensity is enhanced and this quantum interference effect ispondingéy value for the node foE}},,=2.90 eV is about
a positive effect. Otherwise, if the two contributions are sub-24°, which is close to 22°, the chiral angle of t&5) tube.
tracted from each other, the intensity is suppressed and thiehus, due to the node effedi,5 tubes have a very low
quantum interference effect is a negative effect. Moreoverintensity for theE}, higher energy peak.
Fig. 1 shows that the e-ph matrix elemevitfor the RBM If [M| for the higher energy peak is not small, we have
has nodes inside the 2D BZ. This means that the highethree other kinds of possible RRPs which are shown in Figs.
energy peaks occurring near the nodes will have a very lové(b)-6(d). In the RRP for the RBM for samples with large
intensity. Due to the node effect, the signMf the trigonal  each peak has a width of abouy4Eggy. When the splitting
warping effect and the quantum interference effect, we calenergyAEQ"l< 4y+Eggy, the contributions to the RRP from
have different kinds of RRPs for tHElMl transition for the the lower and higher energy peaks have an overlap and a
RBM in metallic tubes. guantum interference occufsee Fig. €)]. The solid and

205420-7



JIANG et al. PHYSICAL REVIEW B 71, 205420(2005

TABLE II. The conditions and characteristics of the four kinds of RRPs in the Stokes process for the
RBM. The typesR;—R, correspond to the cases shown in Fig®)-66(d), respectively.

Conditions Characteristics Interference Chirality
Ry 6~30.27-2.1EY}, Only EY}, peak  No interference g large
R, 2y+Ergw/2<AE} <4y+Eggy Two peaks Positive effect 6 small
Ry 2y<AEY <2y+Eggy/2 One peak Strong positive effect
R4 AE’}"1< 2y One weak peak Negative effect 0 large

dashed lines in Fig. (6) are the RRPs that are calculated, denominator in Eq(12) is approximately the same for the
respectively, by including an®lOT including the interfer-  two contributions fromg}, and E},,. However,M has an
ence effect. It is seen that the solid line has a larger intensitgpposite sign foE}, andE},,. Thus, the two contributions
than the dashed line in the energy range betwegp and  partially cancel each other and the intensity is suppressed. If
EYy- The reason is that the opposite sigriMinfor the lower  we take|M| as the e-ph matrix element, the two contributions
and higher energy peaks makes the contributions from thgre added together and the intensity is enhanced as indicated
two peaMks add to each other in the laser energy range bgy the long-dashed curve. The earlier discussions for the four
tweenEyy andEjy,. This positive quantum interference ef- Rrps for the RBM are summarized in Table 1.

fect enhances the intensity in thig range. This analysis As we have pointed out, without the attractive effect the
indicates that if we uséM| as the e-ph matrix element, i.e., 0 peaks in Fig. 6 should be &, +(Ergw/2) and EM,,

the e-ph matrix element has the same sign for the lower and (g /2) for the Stokes process. The attractive effect tends
higher energy peaks, the interference effect should becomet reduce the energy spacing between the two peaks by

nelgati:j/ebeffeﬁp Irll/(ljeed, rt]he Ior;]g-das_hedl curve, Wrr]“Ch ishcalERBM/Z and this reduction mainly comes from the change of
cu a_te y_ta_ ingM| as the e-ph matrix element, SM ows that o higher energy peak position. Thus, after including the
the intensity in the energy range betwe}}) andEyy, has quantum interference effect, the two peaks areESl

been reduced by this negative effect. +Ennn /2 M ;
. i . and Ey,,, respectively, for the Stokes process.
Without the quantum interference effect, the two peaks 'nThgrBé\:‘ore, when we trypto obta}i/n it and EM, engrgies

the intensity in Fig. ) should be located &y +Eraw/2Z  f10m the RBM peak positions for metallic nanotubes, there is
and Eyy, +Erpw/2. The positive quantum interference tendsa correction factor ofEggy/2 for the lower energy peak,

to enaance the intensity in the energy range beBED  \yhile there is no correction factor for the higher energy peak,
andEy}, and thus the energy spacing between the two peakshich downshifts byErey/2. The accuracy for thE-ML and
. 1

in the intensity tends to decrease. We hereafter call this effe M . . .
an attractive effect. The matrix elemeMt is larger for the %,rE:VE“H values obtained by this method is better than 10

lower energy peak than for the higher energy plessie upper The anti-Stokes process has a similar attractive effect as

and lower curves in Fig.(b)]. From Eq.(12) itis known that ége Stokes process. Thus, the two crossing points with lower

the intensity around the lower energy peak experiences le : ; . .
. : : .and higher energies, for the Stokes and the normalized anti-
of an effect from the higher energy peak, while the intensity tokes intensities are aEi'}"L and Ei'}AH ~(Enan/2), respec-

around the higher energy peak experiences more of an effe . .
from the lower energy peak. Thus, the attractive effeCtnvely. This means that when we try to use the anti-Stokes to

: : : : M
mainly moves the higher energy peak toward the lower enSIOKES intensity ratio to determine 8§ andEjj, VHSs of

ergy range, and moves the lower energy peak only slightly t(Snetallic nanotubes, there is no correction factor for the cross-
the higher énergy randsee Fig. 60)] ing point in the lower energy range, while there is a correc-

When the splitting energ;AElMl is reduced to be(4y tion factor of Egrgy/2 for the crossing point position in the

+Egrgw)/ 2, the two peaks in the intensity begin to merge an&'glt‘]elr:izng%eriﬂgbiﬁs 4, (12,6, and(11,9 have similar

The atractve effect induced by the Signididecreases e d4Meters but difierent chiral angies. Figureb)86(d) ind-

energy spacing needed for peak mergingeaynm/2. There- cate that the intensity decreases with increasing chiral angle,

fore, even thoughE™ in Fig. 6(c) is as large aglo '13 eV the which follows from the chiral angle dependence of the e-ph

’ 11 ) ) ; matrix element(see Sec. I)l and is consistent with experi-

two peaks can merge to become one peak. Actually, Fa@. 6 mental observatiok-16

(dashed and long-dashed curyskows that when we do not '

consider the interference effect or when we tdke as the

e-ph matrix element, the two peaks can be resolved.
When AE}, <2y, the two peaks have a dominant overlap ~ For the smally case, we have two common kinds of

region. The interference effect then becomes a negative irRRPs for the Stokes process and they are shown in Fig. 7,

terference effect, which tends to suppress the peak intensitwhere the RRPs are calculated by takipg0.006 eV. Fig-

as indicated by Fig. @). This negative effect can be under- ure 7@ is plotted for the(11,8 tube, which has aEQ"]H

stood from Eq.(12). The Raman intensity has contributions =1.96 eV and a chiral angl@=25°. From Eq.(10), 6y for

from both the states arourig}}, and around},,. Ifthe E},  E}},,=1.96 eV is about 26°, which is close to 25°, the chiral

and EQ"]H peaks in the JDOS are very close in energy, theangle of the(11,8 tube. Correspondingly, the higher energy

2. Small y case

205420-8



INTENSITY OF THE RESONANCE RAMAN EXCITATION.. PHYSICAL REVIEW B 71, 205420(2005

1 T .

@) me [0 1 e 1" Vaag [0 T a3e)
w i
g, 05t -'g Ex /\/\Ezz"'ELo
g 5 + .
S, .
— g
- S, E, |ExtE
%8 15 2 19 2 21 22 23 o dotd N2 «10TO
E, [eV] E, [eV] 0 2 e N
11 13 15 11 13 15 17
FIG. 7. lllustration of the two kinds of RRPs in the Stokes EL [eV] EL [eV]

process for the RBM in metallic nanotub@s (11,8 and(b) (13,4
calculated withy=0.006 eV. The joint density of states are givento  F|G. 8. Raman intensity for the Stokes process forGheandA
show the vHS peak positions. symmetry mode vs excitation energy for (a) an SI(13,5 and(b)

an Sl (13,6 semiconducting tube wherg=0.06 eV is used in the
peak has a very low intensity due to the node effect. Figurgalculations. The dashed line i@ is the calculated profile by
7(b) is plotted for a(13,4 tube, which represents another eliminating the interference effect between E%and E§2 bands.
kind of RRP. Figure () shows two peaks for the lower and
higher energy vHSs, and each peak is further split into incitube, while for the TO mode thél3,5 tube has a slightly
dent and scattered peaks. For the smadase, in the RRP for  smaller intensity than thel 3,6 tube, which follows from the
the RBM, the intensity width including both the incident and tube type dependence of the e-ph matrix elements ofathe
scattered peaks for one VHS energy peak is about 4bandA symmetry mode shown in Fig. 2. In comparison to
+Egrgm. In order to have a quantum interference effect, thethe intensity for the RBMsee Fig. 3, the intensity for thes
splitting energyAEQ"l should be smaller than 4 Eggy band has a weaker tube type dependence. In addition, we
~0.045 eV, which means,>1.4 nm and#>22°. From note that the two peaks in the intensity in Fig. 8 have been
Fig. 1(b), we know thatM for the higher energy pedlower  shifted in an attractive way fror&5, andEj,+E o. In com-
curves in Fig. 1b)] is small wheng>22°. It follows that  parison with the RBM, the shift energy here is larger. The
even though there is an interference effect for nanotubes witheason is that due to the largeand phonon energy, we have
di>1.4 nm and#>22°, the interference effect should be a broadening intensity width for tHg, transition, where the
weak due to the smaM for the higher energy peak. Thus, two peaks for the incident and scattered resonance have a
we can neglect the interference effect in the RBM intensitylarge overlap in their contributions to the intensity. Thus,
for the smally case. Therefore, for this case, we do not neednore states in th&3; andE5, bands make a contribution to
a correction factor when we try to g&f{ andE}, by ana-  the intensity in comparison to the RBM and therefore the
lyzing the RBM intensity. Moreover, due to the smalalue  shift energy becomes larger. From the solid and dashed
and the lack of a quantum interference effect, this kind of acurves in Fig. 8 for the LO mode, we see that the interference
sample is a good candidate for observation of the RBM ineffect between th&?, and E5, bands tends to enhance the
tensity for the higher energ&i'}"H peak. ratio of the incident resonance peak intensity to the scattered
resonance peak intensity for the LO mode. Thus, unlike the
case for the RBM, to obtain the correct RRP shape for the
LO mode, the e-ph matrix elemelt should be considered,
since M has an opposite sign for thg;; and E5, cutting

The G band Raman intensity for th& symmetry TO and lines.

LO phonon modes is calculated by using Efjl). The G The corresponding RRPs obtained by taking
band phonon modes have much larger energies than for t€0.006 eV are plotted in Fig. 9. For this case the intensity
RBM and thus, even for the large case, the incident and peaks are very close in energy B, and E5,+E, o, which
scattered resonance peaks should be resolved. Experimesiiggests that we can also determineEpenergies properly
tally, by varying the laser enerdy, , the G band intensity is  from the intensity peak positions of the LO mode for freely
observed most of the time, which is different from the RBM suspended nanotubes.
feature which appears and disappears quickllais varied.
This is also related to the lardg,, for the G band phonon
modes, considering the broadening facjor

V. G BAND A SYMMETRY MODE RESONANCE RAMAN
EXCITATION PROFILES

B. Metallic nanotubes

Due to the presence of free electro@band scattering

A. Semiconducting nanotubes from metallic nanotubes shows asymmetrically broadened

. Breit-Wigner-Fano line shapes around the TO mode fre-

Figure 8 shows the RRP for the Stokes process foiGhe quency rangé’ which will not be discussed here. Thus, for

bandA symmetry mode for thE§2 transition for(a) an SI  metallic nanotubes we focus on the LO mode, which has a
(13,5 tube andb) an SII (13,6 tube. The RRP is calculated frequency of about 1590 crh As we have pointed out, if we
by taking y=0.06 eV. Figure 8 shows that the LO mode hassubstitute SI and SlI in Fig.(8) by E}Y, andE},,,, respec-

a larger intensity than the TO mode. Furthermore, for the LGiively, we will get a plot similar to the plot for th& sym-
mode, the(13,5 tube has a larger intensity than thE3,6 metry LO mode for metallic nanotubes. For the LO mode,
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FIG. 9. Raman intensity for the Stokes process forGHzandA N

symmetry mode vs excitation ener@y for (a) an SI (13,5 tube
and (b) an SlI (13,6 tube wherey=0.006 eV is used in the
calculations.
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the e-ph matrix elemeril has an opposite sign outside and
E_[eV] E, [eV]

inside the 2D BZ. Thus, the sign o also plays an impor-

tant role in determining the RRP fo.r the LO mode in metallic FIG. 10. lllustration of the four kinds of RRPs for the Stokes

nanotubes.I_FOt[tge L.O mtc;de, the Irl;tet':]e.renge ?f‘fe(é[ bect?m%?ocess for the LO mode in metallic nanotukias(9,0), (b) (9,3),

more complicated, since there are both incident and scattereg ;5 3 anq(d) (11,8. The profiles calculated by eliminating the

re_tsonance p(_eaks for each VHS _feature and there ,'S aISOirz?terference effect and the profiles calculated by takMg as the

trigonal Warl\ﬁ)lng eﬁﬁCt’ which splits one vHS peg} into electron-phonon matrix element are also shown by dashed and

two peaksE; and Ejy,. ) _ long-dashed curves. The joint density of states are given to show
_For the largey case, the four kinds of RRPs are shown inthe vHS peak splitting energy. The broadening fagte0.06 eV is

Figs. 1Ga)-10d), wherey is taken as 0.06 eV. In the RRP ysed in the calculations.

for the LO mode, the intensity width, including both the

incident and scattered peaks, for one vHS feature is about

4y+E o. If AEQ"1> 4y+E, o, the interference effect between . . .

E%— andE;\./lm is weak and four peaks should be seen. Figuresuppresses the peak intensities and it further separates the

10(a) shows this case for 9,00 SWNT, where four peaks peak positions. Thus, from the solid curve of Fig(d)Qwe
can be resolved. see two distinct peaks but with suppressed intensity.

WhenAEM < 4y+E, o, the positive interference effect in- |t IS worth noting that, for the large case, typefﬂa) and

duces an attractive effect, which tends to enhance the intedb) in Fig. 10 should be observable only wheviy; > 2y
sities of the two middle peakfsee Fig. 1(b) for a (9,3  *ELo~0.22 eV, which means tha should be smaller than
SWNT]. For the case oAE}),<2y+E o, the two peaks in 1nm. For nanotubes witld,>1 nm, we can get only two
the middle region are merged into one peak due to the attrakinds of RRPs, i.e., casés) and(d) in Fig. 10. The proper-
tive effect between tthlMlL scattered an(E'f'lH incident  ties of the four kinds of LO RRPs are listed in Table IlI.

peaks. We show this case in Fig.(@0for the (12,39 SWNT, For the largey case, in order to observe the RRP type
where we can see a central peak with high intensity and twavhere four peaks are resolved, we have to choose small di-
humps on the left and right sides of this peak. ameter nanotubes. However, this RRP type becomes a com-

When AE'i"l is further reduced to bAEQ"l< 2v, the two  mon type for the smally case. By takingy=0.006 eV, we
features, including all four peaks, arouBl, andE},, tryto  find two types of RRPs, which are shown in Fig. 11 and here
merge into one peak, since the broadening fagtis large  Fig. 11(@) represents a common type. Figure(l)lshows
compared to other energigsee dashed curves in Fig.(@ another type of RRP, where the middle two peaks are merged
for the (11,8 tubel. However, in this case the interference into one peak. This type can appear only when the splitting
effect turns out to be a negative interference effect, whictenergyAE)} ~E .

TABLE lll. The conditions and characteristics of the four kinds of RRPs associated with shienmetry
LO mode for metallic SWNTs. The typek;—L, correspond to the cases shown in Fig$a)-66(d),

respectively.
Conditions Characteristics Interference Chirality
L, AEM <4y+Eo Four peaks Negligible d; small
L, 2y+ ELO<AE2"1< 4y+E o Enhanced middle peaks Positive effect d; small
Ly 2y<AE)|<2y+E.o One high peak, two humps  Strong positive effect
Ly AE2”1< 2y Two peaks Negative effect 6 small
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1 @ ' ' ©) TABLE V. The fitting parameters for the intensitg(n,m) for
(12,6) semiconducting nanotubes atfin,m) for metallic nanotubes.
0 Type A (nm) B (nmP) C(m) D (nmd
So05f 1
g Sl -0.03187 —-0.04106 0.07297 0.4163
©
— SIl (6<25°) 0.09683 -0.2997 0.03431 0.4300
0 LL,* \ SIl (=25°) -0.0005478  0.03230 -0.26691 0.01084
1.8 2 22 1.9 2.1 2.3 25 M -0.05525 -0.06549  0.05871 0.7578
E [eV] E.leV] Armchair -0.2634 04302 0 0

FIG. 11. lllustration of the two kinds of RRPs calculated for the
Stokes process for the LO mode in metallic nanotubes for(d@he
(12,6 and (b) (13,49 SWNTs and usingy=0.006 eV. The joint
density of states curves are plotted to show the vHS peak positio

tion. Thus, they have a different set of fitting parameters. The
£fommon constantC in Egs. (14) and (15 is a tube-
independent constant. The fitting parameters in Egd.and
(15) are listed in Table V.

. ) ) Figures 1a) and Xb) tell us that due to the nodes of the
For the samples with smay, the RBM intensity peaks e_ph matrix element for the vHSs inside the 2D BZ, the SII
are clear and one can easily find thg values. For the and metallic tubes around the nodes have a very weak RBM

samples with largey (as defined earligy the incident and  ntensity for theES, andE),,, transitions, respectively. Figure
scattered peaks merge together. A simple and easy way ®tells us that for the SDS wrapped metallic nanotubes, the
find a good estimate for thg; values, rather than by making o peaks in the RRP are merged into one peak when the
a detailed fit, is just to consider the peak position minus th%nergy spacingAEQ"l between the two VHS peaks in the
correction factoiErgy/2. For metallic nanotubes, the quan- Jpos due to the trigonal warping effect is smaller than 2
tum interference effect introduces an additional energy shift, Erew/2~0.13 eV. By summarizing these results, we can
for the intensity peak positions and a proper correction factogassify SiI and metallic tubes into three kinds according to
is also found and listed in Table IV. By using the correctioniheir RBM RRP characteristics for tHeS, and E)} transi-
factors in Table IV, theE; values thus obtained have an tions, respectively. The result is shown in Fig. 12, where two
accuracy up to 10 meV. _ _ curves are drawn, i.e., curves 1 and 2. Above curve 1, the Sl
By taking y=0.06 eV, we calculate the RBM intensity in ypes have a large intensity and metallic tubes show a two-
the Stokes process for S, transition for semiconducting - peak feature. Below curve 2 is a node region, where the Sli
tubes(I3) and theEY), transition for metallic tubeél}") with  tyhes have a very weak intensity and metallic tubes have a
diameters in the range of 0.6—1.6 nm. For Sl tubes and Sl\l'ery weak intensity for the h|gher energy peak, since the
tubes, a functional form df¥(d;, 6) can be obtained by fitting yHSs for these tubes are close to nodes. The region between
the calculated3(n,m) with curves 1 and 2 is a special region, where the SDS wrapped
15,0 AS BS (CS DS metallic tubes only show a one peak RBM feature due to the
R <—2 + —22>c05(30) (14)  strong interference effect. Freely suspended SWNTs or
C d o d o SWNTs on a Si substrate can, however, show two peaks.

For SlI tubes, there are nodes for the e-ph matrix element i NUS; this is a region sensitive to the broadening fagtof

the high chiral angle range. Thus, we have two sets of fitting€ Samples. Sl tubes in this region also are predicted to
parameters fof< 25° andd= 25°, respectively. For metallic show a large intensity. Figure 12 thus can be used to identify

nanotubes, a functional form fd,g/l(dt,e) is obtained by fit- metaII_ic nar!otubes, which may show a two peak feature in
ting the calculatedg"(n,m) with RBM intensity measurements.

IY(d.0) _ A BY (@” D?”)
- =—+ —=+4+| —+ —|co936¢ 15 VIl. SUMMARY
C d ¢ \d SS9 S

VI. GUIDANCE FOR EXPERIMENTALISTS

) ) ) ) In summary, we have used our calculated e-ph matrix el-
Armchair tubes are special metallic nanotubes since the¥ment to interpret first-order Raman processes under various
have two vHSs around the sariepoint for theEy; transi-  experimental conditions. The theory of the e-ph matrix ele-

- ) . ) ment can well explain the observed chirality-dependent prop-
TABLE IV. The peak positions in the RBM intensity and the grties of the RBM andS bandA symmetry mode resonance
crossing point positions of the Stokes and normalized anti-Stokeg 5 14n intensities. For semiconducting nanotubes, the RRPs
RBM intensities.M _andS represent metallic and semiconducting are calculated for both Sl and SII semiconducting tubes in
nanotubes, respectively. the large and smaly (line broadeningregimes. We find that
the e-ph matrix has a negligible effect on the RRP shape for

Type Peak position SIAS crossing point position o REM, while the e-ph matrix must be considered to obtain
IS E>+(Erem/2) ES correct RRP shapes for the LO mode, since the quantum
M EM + (Engu/2), EV, Eit ,EM, — (Ergu/2) interference effect between the states Egy and E3, bands

for the LO mode cannot be neglected.
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1
FIG. 12. Classification of the SlIl and metallic
nanotubes according to their characteristics in the
RBM Raman spectra. Curves 1 and 2 delineate
three regiongsee text
2

@ Sl tube
O Metallic tube

(13,13) ~

Motivated by the observation of the opposite sign in bothcan easily predict whictin,m) tubes are expected to have
the RBM and LO mode matrix elements inside and outsidestrong or weak RBM intensity and whicitn,m) metallic
the 2D BZ, we have studied the interference effect in theubes may show a two peak feature in the RBM intensity
Raman spectra for metallic nanotubes due to the trigonaheasurement.
warping effect. The calculated results can explain the experi- We did not consider exciton effects in this paper. Exciton
mentally observed missing RBM Raman signals for theeffects are important for small diameter semiconducting
higher energy vHS peaks for SDS wrapped metallic nanonanotubes. The influence of exciton effects on the Raman

tubes. Different types of RRPs for metallic nanotubes in thentensities studied here will be addressed in a future work.
large and smally regimes are found.

We calculate the RBM intensity for the5, transition for
semiconducting nanotubes and for &, transition for me-
tallic nanotubes. The functions describing the diameter and R.S. acknowledges a Grant-in-AidNos. 13440091,
chiral angle dependence of the RBM intensity are found. 16076201 from the Ministry of Education, Japan. MIT au-

In summarizing the main results in the paper, we findthors acknowledge support under NSF Grant No. DMR 04-
three different regimes fofn,m) indices according to their 05538, and the Dupont-MIT Alliance. A.J. acknowledges fi-
RBM spectra characteristics. From these three regimes oneancial support from FAPEMIG and PRPg-UFMG, Brazil.
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