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Photoexcited electron relaxation processes in single-wall carbon nanotubes
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The relaxation processes for photoexcited electrons in single-wall carbon nan@\RJs are discussed
in connection with recent photoluminescence excitatlloE) spectroscopy experiments. The electron-phonon
(e-ph) interaction of SWNTSs is calculated for each phonon mode as a function of photoexcited electron energy.
Because of the cylindrical surface of a SWNT, the twisting and radial breathing phonon modes are responsible
for the e-ph interaction in the lower phonon energy region. Optic phonon modes are also responsible for the
relaxation of photoexcited electrons. Compared with graphite, the relaxation of electrons is much faster in
SWNTs because of their cylindrical shape. We identify and explain some aspects of both photoluminescent and
Raman processes appearing in PLE plots for SWNTs.
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I. INTRODUCTION Generally, the recombination of an electron and a hole by

Isolated semiconducting single-wall carbon nanotube§Mitting aphotonhas a much slower spe¢d ns than the
(SWNTS show fluorescenceFL) or photoluminescence relaxation by emitting ahonon(0.1 psg in most direct gap
(PL) at the energy gd known askE,;, whose energy de- semiconductordt Thus we can expect the band-gap PL to
pends on the chiralityn,m) of the SWNT? Bachilo et al. ~ occur at the energy minimum after many phonon emission
plot the PL intensity as a function of the excitation and theprocesses. However, we expect PL also to occur before going
emission wavelengttor energy in which many bright spots to the E;; energy and this process is callbdt electron lu-
can be assigned to specifin,m) values for individual ~minescenceThis process may occur when the lower-energy
SWNTs? We refer to this plot hereafter as the two- states in the conduction band are occupied by photoexcited
dimensional photoluminescence excitation plot simply  electrons. In our previous pap&rwe discussed the relax-
the PLE ploj. Each spot on the PLE plot corresponds to theation of excited electrons in graphite, in which the emission
photo absorption &E,, and the photo emission B4, which  and absorption relaxation rates become almost the same at a
is known as the Stokes shift of PL. A photoexcited electron iscertain energy at which the electron-hole pairs recombine
relaxed by phonon emissig) from an energy subband for with each other. The reason why we get the same relaxation
E,, to that forE,; (interband transition, EBand then(2) the  rate for the emission and absorption processes is due to the
electron is relaxed within the subbandmf; to the bottom of  fact that the density of statéDOS) of graphite decreases to
the conduction band &, (intraband transition, AB>8 A zero with decreasing electron energy in the conduction band
similar relaxation process occurs for a photoexcited hole ir(sand clock effegt!? This is the reason why graphite emits
the valence band. In the case of hole relaxation, we also neddr infrared light in spite of the absence of an energy gap at
the emission of phonons. the Fermi level.

For the electronic energy bands of a semiconducting Moreover, we have a Raman process that occurs indepen-
SWNT, we know that the energy subbands are twofold dedently and involves a virtual state in the photon emission
generate, which originates from the one-dimensioii&)) process. Thus many kinds of spectra should be seen in the
Brillouin zone (BZ) of a SWNT (or a cutting lind) near the PLE plot associated with the many different photo-excited
K andK’ points in the graphite two-dimensiondD) BZ.®  relaxation processé$.In this theoretical work, we consider
Thus the emitted phonon consists of either intrava(l&y) the possible relaxation processes in semiconducting SWNTs
or intervalley(EV) scattering fo{(K to K), (K’ toK’)} {(Kto by calculating electron-phonon matrix elements.

K’), (K’ to K)}, respectively, which correspond to phonons In Sec. Il we first enumerate the possible photoprocesses
near thel’ andK points of the 2D BZ of graphit&? and show how we can see each of them in the PLE plot. In

Thus we will consider four different electron-phonon scat-Sec. Il we quantitatively evaluate the relaxation time of a
tering processes: ABAV, ABEV, EBAV, EBEMFig. 1). photoexcited electron for each phonon mode as a function of
Strictly speaking, ABEV scattering is not an intraband scatthe electron energy relative #;;, and we try to understand
tering process, since the two energy subbands are separatetiat is happening in the PL process and in fast optics ex-
from each other in th& space of 2D graphite. However, we periments. In Secs. IV and V a discussion and summary are
hereafter call them “AB” for simplicity. given.
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FIG. 1. Four different kinds of photoexcited electron relaxation
processes which connect the two conduction baigsand E,) at
theK andK’ points of the two-dimensional Brillouin zone. ABAV
(intraband, intravalley EBAV (interband, intravalley ABEV (in-
traband intervalley EBEV (interband, intervalley scattering
processes.

®

Il. CLASSIFICATION OF THE RELAXATION PROCESSES

First we discuss the relaxation processes withir{rgm)
semiconductor SWNT and neglect relaxation processes tc
the other nanotubes. As discussed in the Introduction, man)
possible processes for different kinds of phonons are in-
volved in electron-phonon scattering processes. Most of th
PL signal is observed at the energy, in which both elec- . .
trons and holes are relaxed to the conduction band minimum FIG. 2. Possible ABAV p_roces_se@) PL, (b) two-phonon emis-

. X sion, (c) hot-electron emissior(d) incident resonance one-phonon

and the valence band maximum, respectively, before recomy

L : . . . aman procesgg) scattered one-phonon Raman procéBshot-
bination. Since the joint density of staté3DOS at E;; is

. . . electron Raman process.
singular(known as a van Hove singularity, viiShe PL at
E,;, has the strongest intensity. When we see this lumines- o .
cence in an experimental PLE pldhe excitation energi,y and S2 families of SWNTs are defined by ni@atm,3)

as a function of the PL enerdsp, ), the PL intensity appears El’ and 2, respectively. For s?"nall déﬁ:;?ier SVt\/N'tI'?, the
along the vertical line offp =const andg,, can have any 11 energy appears on a curve for ea =constant fam-

I ily in the PLE experiment®
value satisfyinggq,= E;1. : , .
If an elg:trgriexis relllaxed from an energy statekabf After some calculation, we get the following formulas for
the energy dispersion relatid(i,k) to E(j,k+q) by emit- the u values for EV phonons for transitions from energy

ting a phonon with wave vectay of the 1th phonon branch bandsE; to E; (see Fig. 2, which are listed in Table I. It is
hw”(w,q), the energy momentum conservation should sat-nOtecI that t.hq“ v_alues in Table | are . normallsqattermg
isfy v processes in which the electron is scattered within the 1D
BZ. WhenT is large, the length of the 1D BZ becomes short,
E(i,k) - E(j,k+ Q) = 0" (u,q). (1) a_nd thus Um_klapp scattering can be expected. In Table I, we
) i . did not consider these Umklapp scattering processes. In the
The intraband and interband transitio#s3 and EB corre-  nmerical calculations, we have considered all possible pho-
spond toi =j andi # j, respectively, while the intravalley and o energy subbands for momentum-energy consetyed
intervalley transitiongAV and EV), respectively, correspond vectors, including umklapp processes. As we can imagine,
to zone centefq~0) and zone boundarfg~T'K) phonon  the numbers of energy-momentum consergedectors are
modes!® . _ generally 12 for AV and 12 for EV, which correspond to the
The wave vectork in Eq. (1) are defined by 1D wave g phonon modes in 2D graphite. If no phonon energy exists
vectors. In the zone-folding scheme from 2D graphite, theggy g certaing value, there are no energy-momentum con-
2D wave vectok can be expressed tky=uK,+kK,, where  servedq vectors. Among the 19 vectors, 6q vectors exist
pu=1,... N, and -w/T<k<#/T, thereby definingu in Eq.
(1).2 HereK, andK, are, respectively, the reciprocal latticé  TaBLE |. The u values for intervalleyEV) phonon scattering
vectors along the circumferential and axial directions, &nd or 51 and S2 semiconducting SWNTSs. Note that thealue for
andN are, respectively, the 1D translational vector and thez, . E, for EBEV is the same as that f&, —E, (see Fig. 1 for
number of hexagons in the 1D nanotube unit édlecause  definition of E,,Ey).
of energy-momentum conservation of the electron and the
phonon, the emitted phonon has the subband indej-i.3° Transition  Symbol s1 s2
In the case of AV phonon emission, the symmetries of the
phonons areA (u=0) and E; (u=+1), respectively, for ~Ei—E1  ABEV  (2n+m-1)(2/3)  (2n+m+1)(2/3)
ABAV and EBAV scattering® For EV phonon emission, the  E,—~E, ABEV  (2n+m+2)(2/3)  (2n+m-2)(2/3)
w values depend ofn,m) and more specifically on the par- g g,  EBgv (@n+2m+1)(1/3)  (an+2m-1)(1/3)
ticular 2n+m=constant family of each SWNT. Here the S1
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~ (a)* two-phonon emissioprocess wher&,,=E;+ 2 w.
Figure 2c) represents a hot-electron luminescence pro-
cess. When an electron and hole pair has the danextor
(e) for an instant of time, there is a probability for the electron
() (c) and hole to recombine at a higher energy point than This
can be seen by the horizontal line in Fig. 3 and Ey.
{b) >E;,;. In general, there is no restriction &y, for observing
Q a hot-electron process. However, when progbssan occur,
then procesgc) may become strong, since there are then
.................................................. S many electron-hole pairs waiting to recombine in a lumines-
En cence proces@ve showed that the photon relaxation time is
much longer than the phonon relaxation tim&hus slow
electrons and holes cannot go to the energy extrema because
FIG. 3. Schematic view of PLE diagrars) to (f) correspond to ~ Of the Pauli exclusion principle and then a hot-electron lumi-
the processes of Fig. 2. Linda and Q are Raman and Rayleigh nescence process is expected. Thus it would be interesting to
processes, respectively. observe PL experiments by illuminating the sample with
photons of energ¥;,; in which we would expect a strong hot

on the same side relative to the van Hove singglapint in  luminescence signal.
the phonon energy dispersion, and the othgn@ctors exist From (d) to (f) in Fig. 2, we show Raman processes ob-
on the other side of the VH§ point. In the ABAV process, Served in the PL experiment. Figuréd? shows the incident
there are two zero frequency, energy-momentum conserve@sonance conditiort&p, , Ee,) =(Ey;~%iw,Eyy), which gives
phonon modes, and thus the numbexofectors is reduced @ bright spot at(d) in Fig. 3. For a generak,, a strict
to 10. resonance condition, gives a PLE signal at the points
In Fig. 2, we illustrate the possible ABAV scattering pro- (EpL,Eex)=(Eex—fiw,Eey) for Ejj<Eex<Ejj+fiw which
cesses. We show the relaxation processes only for the sar8&/€s a line with a 45° slope, as shown Byin Fig. 3.
side of the VHSs relative to the energy minimum for simplic-Another 45° slopeQ in Fig. 3 is Rayleigh scatteringEe,
ity. The processes frorta) to (c) correspond to PL processes =Ep). For a higher energy oEg, than E,;, the scattered
and from(d) to (f) correspond to Raman processes in whichresonance conditiofFig. 2(e)] can be expected and the cor-
we expect virtual states denoted by dashed lines. Fig@e 2 responding PLE spot i$Ep, ,Eq)=(E;1,E;1+7iw) [(€) in
represents the normal PL process occurring at the erigrgy Fig. 3] and the 45° line afEp|,Eg)=(Eex—fiw,Egy) for
in which both an electron and a hole relax to their respectives,, > E;;+Aw is shown byP in Fig. 3. The combination of a
energy extrema by emitting many phonons. In the schematihot-electron and Raman process is shown in Fif). Zhis
PLE plot[see Fig. 8a)], a bright spot can be observed in the process gives a horizontal line in the PLE plot at an energy
experiment at(Ep| ,Ee,)=(E11,E,y) for the normal PL pro- E;;-Aw<Ep, as shown in Fig. @). Again this horizontal
cess. line might be seen only for a speci}, which corresponds
Before completing the normal PL process in Figa)2 to the(b) or (e) processes of Fig. 2 in which we also expect
some electrons will be lost before arriving Bf; by a hot- a peak on the vertical line d&p =E;;.
emission procesisee Fig. 2c)]. Then the condition to have A recent PLE experiment for #&6,5 enriched DNA-
a bright spot for the normal PL process is that electrons ararapped SWNT samplté exhibits the peaks and the lines
excited to a VHS, e.gE,,, to enhance the optical absorption shown in Fig. 3 in the schematic PLE pf6tBy using the
intensity. When the laser energy is smaller tiigp, we can  calculated phonon frequencies, we can predict the energy
still see PL aE&;4, but now by the process in Fig(ld, shown  positions by analyzing the relaxation routes for the ABAYV,
by the vertical line in Fig. 3. EBAV, ABEV, and EBEV processes. Moreover, a double
Figure Zb) corresponds to a special case where the initiaresonance Raman condition can be expected in which two
state has the same energy as a phonon energy d&hevin phonons are involved in the Raman proc¥ss.
this case, an electron and hole can each jump to their respec- So far we do not consider relaxation from or to another
tive energy extrema directly by emitting this special phononSWNT. If the sample is enriched with a single,m) SWNT,
and thus we can expect a peak @p_,E.)=(E;1,E;1  the spectra would not be changed. However, when we have a
+2hw) [see(b) point of Fig. 3. Here we use the fact that the relatively large diameter SWNT near a given SWNT of
conduction and valence energy bands are almost symmetrimaller diameter, we can expect a relaxation process to occur
relative to the Fermi energy so that the same phonon mode for the larger diameter SWNT, since the larger SWNT has a
involved for both electrons and holes in procébs The smallerE;; value[see Fig. 48)]. As a result, we will see two
reason why we expect a peak at this energy at pdipis  vertical lines atE;; and E;,, respectively[Fig. 4(b)]. The
that the energy-momentum condition for this phonon modedright spots due to thevo-phonon emissioprocess are in-
will not be satisfied for an energy below or above this energydicated on the vertical line at the larggg, in Fig. 4(b). A
at point(b). An easy example for understanding this in nor-series of bright spots due tone-phonon emissioprocess
mal life is the fact that the traveling time to a destination isalso exist on the vertical line at the smallef; and are not
small (fast processonly from the express-train stopping shown in Fig. 4b). The spots on the vertical line at a smaller
stations. Hereafter, we call the process in Figb)2a  E;; value may be brighter since some electrons will relax
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It seems that a double resonance process for overtone
phonon modes cannot be distinguished from pro¢bssn
Fig. 2, from an energy point of view, since both processes
reduce the electron energy b¥i@ However, these two pro-
cesses are different from each other as to whether or not
there are virtual states. In fact, we expect a gppin Fig. 3
for thetwo-phonon emissioprocess of Fig. 2 on the vertical
line at Ep =E;4, while we expect for a double resonance
overtone process corresponding to a line with nearly 45° in
FIG. 4. (8 Internanotube transition from a smaller diameter Fig. 3, for which, the energy conditiofEs=Ep +%(w;
SWNT with a largerEy; to 2 SWNT with a smalleEy . (b)) Onthe 4, ) wil| be satisfied. The departure from 45° reflects the
Liﬁi;aggnsof‘gipﬁ;;g ffgrr:ea dﬁmmy Sp(:jts Ithf]\re observed yishersive character of the double resonance Raman process,
g phonon mode of the smaigy e.g.,G’ band, as the excitation energy is varied.

SWNT. In order to know the relative intensity of the PLE peaks,

from the largerE,; SWNT to the smalleE;; SWNT. When Wwe need to do quantitative calculations of the pertinent
a horizontal line generated by the lar§g, SWNT crosses electron-phonon interactions. The electron-phonon interac-
the smallerE;; SWNT vertical line in the PLE plot, we ex- tions were studied, focusing on the conductivity and low-
pect a small peak D at the crossing point, which correspondenergy electronic structure of SWN352? So far we have

to the relaxation to the small&;, SWNT, even though the developed a program to calculate electron-phonon interac-
Eex does not correspond to either tt®, (c), or (e) processes tions and we have applied this calculation to grapHit&.In

of Fig. 2 for the smalleE;; SWNT. Thus when we measure the following, we show how to modify the program so that it
the PLE spectra for a mixed semiconductor SWNT samplejs suitable for a SWNT. In the next section, we show the
we must be careful for such “dummy peaks” which occur byformula for the electron-phonon matrix elements and some
optical excitation of onén,m) SWNT and photon emission ca|culated results that explain the experimental results ob-
by another(n’,m’) SWNT of larger diameted, and there-  served for the PLE plots for 6,5 SWNT

fore smallerE;, value. The interaction between two SWNTs

can be mediated either by photon radiation or by an electron

Ex

(b)

tunneling process. It should be very interesting to control IIl. ELECTRON-PHONON MATRIX ELEMENT
these processes between two SWNTs in the experiments. AND RELAXATION TIME
When we have a semiconducting SWNT near a metallic
SWNT, e.g., in a multiwall nanotubd®WNT) or a bundle of A periodic displacement of atoms around the equilibrium

SWNTs with at least one shell of metallic nanotube, we carsites gives rise to electron-phonon interaction that can be
expect electrons and holes at the energy extrema of the semieated in first-order time-dependent perturbation theory. The
conducting nanotube to tunnel to the metallic bands of thelectron-phonon matrix elemebtthus obtained is given be-
metallic nanotube. The electrons and holes at the metalligyy in Eq. (10). In order to estimat®, we need to know the
bands then relax to the Fermi level to combine without PLejectron wave function coefficier@, which is obtained by
emission. There is almost no hot-electron emission in th%iagonalizing a X 2 Hamiltonian matrix. The phonon ei-
process of electrons and holes for metallic bands relaxing envectore(q) in Eq. (10) described below is obtained by

tmhgtr'izxe;(r;' t:wee\lfrlwe(:zl;ﬁict%szgg\?\?eeia?\f etgt?m%‘igctﬁlet{ﬁsﬁg'l?ndiagonalizingN 6 X 6 dynamical matrices. The atomic defor-
: mation potential vectom is a three-center integral and we

ing rate of electrons between walls of a multiwall nanotubes o - .
by 1/r=(2m/#)|H’ |20, wherer is the relaxation timeH’ the evaluate this integral by fitting the carbom,2orbital and

electron interaction between two walls, apdhe density of carbon atomic potential by a set of Gaussians. With the help

states for electronic energy bands of a metallic nanotube. B f the matrix elemenD, the electron scattering probability
considering that ther electron hopping integral along ttee y phqnqns IS calculated by thg Fermi goldeln ru!e and the
axis of graphite is about 0.35 920 we can take|H'| resul_t is given in Eq(15) from which the relaxation time can
~0.35 eV. The density of states per carbon per spin can b@ad”y be estimated.

estimated by = p(eg) =a/ (#?t|d,) with the transfer integral
[t|=2.9 eV. It follows thatr=(8.4x 1073t|d,)/a ps. For a
metallic shell with a diameter about 1 nm, the tunneling ) i ) ) i )
speed is on the order of 0.1 ps. From the following discus- The dynammal matrix for. p?onon dispersion relations in a
sions we can see that the phonon relaxation rate in SWNTSWNTS is a &< 6N matrix.” However, due to theCy
can reach 0.01 ps. Thus the electron tunneling speed gymmetry? the phonon eigenvector for th& A (or B) atom
slower than the phonon emission speed but much faster th&in be expressed by

the photon emission speed. As a result, we expect that the V() = aldRigl 1G-0)a?

bright spots on the vertical line at enery; of the semicon- €lo(0) = 1TV Tel, (), @
ducting nanotube will disappear, while the horizontal lineswhereo=A,B, andRj; is the coordinate of th¢" A (or B)
(see Fig. 3will still exist. Therefore, MWNTs with metallic atom measured from thé&h A (or B) atom andU is a rota-
shells provide a good material to observe hot-electron lumition matrix around the axis. With the help of Eq(2), the
nescence processes directly. 6N X 6N dynamical matrix is decoupled to becoriet X 6

A. Deformation potential vector
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matrices. We can then work within the graphite unit cell,

which has only on€¢A,B) atom pair.

We can write an expression for the interaction Hamil-

tonian for the electron-phonon coupling in the féfm

Heph= (W (r k" 0[V(r,H[¥(r k1)), 3

whereW(r ,k,t) andW¥(r ,k’,t) are the initial and final elec-
tron states, respectively, ar¥/(r ,t) is the deformation po-

tential. Here we focus on the electron-phonon interaction for
electrons in the conduction band. The wave function
W(r,k,t) for conduction band electron states in SWNTSs is

given by

Ny
W kD = % S S celkReot g —RY, (4)

VNys=AB R

where w(k)=E(k)/%, ¢(r—Ry) is the 2, orbital of carbon,

andN, is the number of graphite unit cells in the SWNT. The

coefficientCy(k) and energyE(k) are obtained by diagonal-
izing the 2x 2 Hamiltonian matrixX The deformation poten-
tial 6V(r,t), including all atoms in the SWNT, is given by

N

é\/(r,t):— E Euu(qu)' VU(I’_RO.),

0=AB R,

5

whereu(R,,q) is the atomic displacement andr -R,,) is
the atomic potential at thR,, site. In terms of the phonon
eigenvectore’(q), we get an expression for the atomic dis-
placement

UR,0) =53 A(REEIR IR, el()], (6
q,v

whereA,(q) is the atomic vibration amplitudey,(q) is the
phonon eigenvalue, and Re] denotes the real part of a
complex function. The atomic vibration amplitude(q) is
expressed by

A 1/2
Aq) = [m] , (7)

whereM is the carbon atom mass. By considering the rela-

tionship,
(W(r,k",0)| Vo(r =R))|W(r,k,t))

= IRRIHIY(R, -R,)
o

XU(r,k", 0] Vo(r -R)[W(r k1), (8)
the e-ph Hamiltonian can finally be expressed as
1 !
Hopn==5 2 2 A @)D, (kk")
Kk’ Qv
x [eilek)-ul0-0,@lt 4 grilok oo @l s, o
9

Here we have introduced a matrix eleménik ,k’),

PHYSICAL REVIEW B 71, 045417(2005

NU
Dykk)= 2 X C,(k)C{km,(Ry,RY -€:(q)

ss',0=AB R/ Rg

x ik Ry~ )k Rsr ) (10)
in which r, is the atomic potential site for a given graphite
unit cell, andm in Eq. (10) is the atomic deformation poten-
tial vector,

m,(R¢,Ry) =f ¢(r =Rg) Vo(r —r,)¢(r - Rydr,

11

and M (k,k")=A,(q)D,(k,k’) gives thee-ph matrix ele-
ment. The scattering probability from an initilal state to a
final k' state is given by the Fermi golden rule,

12 7T !
W e = )|Dv(kuk )AL = ne)ng

2NMw,(q
X{ng ,(EK") —E(k) ~fw,(q)) +(ng,
+1)A(E(K") = E(k) + i, ()} - k-

The first and second terms in E¢Ll2) correspond to the
absorption and emission probabilities, respectively, and the
two & functions provide for energy and quasimomentum con-
servation. For the optical excitation of an electron, we can
setn,=1 andn,,=0, while n*(q) is determined by the Bose-
Einstein distribution function. For phonon emissiaoy,, is
given by

12

1
Mg, = o+ 1 (13
and for phonon absorption we have
1
M= o7 (14

Here B=1/kgT andkg is the Boltzmann constant. The scat-
tering probabilityW, from an initial statek to all possible
final statesk’ is given by

{ }_1

we S ID,(k,k")?
k= 8aMd; 7 w, (k' ~k)

Nw(k') - (k) - w,(k" -k))

b, (k'-k) _ 1

X {
L dok) — oK) + o,k ~k)
1- e—ﬁﬁwv(k’—k)
whereS=1/3a%/2 is the area of a 2D graphite unit cedl, is
the nanotube diameter, and the summation in(E§). is over
a series of points on cutting lines that satisfy both energy and
momentum conservation. From E@.5), we can obtain the
relaxation time for each phonon mode as well as the total
relaxation timet?
We fit the carbon R, orbital and the carbon atomic po-

tential by a set of Gaussians to calculatg in Eq. (11). The
resulting integrals can be evaluated analyticllfthe de-

dE(u’ k')
dk’

(15

045417-5
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(b) 60 12 (@) )
T 1

40 - x3 1 ZM
T x5
3 X6 \6

201 —4__ x6 T 4 xB
5

1/t [1/ps]

5 x6 x6
016 x6 T6 X6
05 055 06 065 05 055 06 065 0.7
E.-E, [eV] E,—E, [eV]

FIG. 6. The electron relaxation rate dependence on the initial
electron state energy for(&,5 nanotubefa) and(b) correspond to
ABAV and ABEV processes, respectively. (a), the lines labeled
from 1 to 6 are for the RBM, TW, oTO, LO, LA, and TO phonon
modes, respectively. I(b), the lines labeled from 1 to 6 are, respec-
tively, for the oTA, iTA, oTO, TO, LA, and LO zone-boundary
modes. LA, iTA, TW, RBM, oTA, oTO, LO, and TO represent
longitudinal acoustic, in-plane transverse acoustic, twisting, radial
breathing, out-of-plane transverse acoustic, out-of-plane transverse
optical, longitudinal optical, and transverse optical modes,
respectively.

FIG. 5. The atomic deformation potential vectors defined by Eq.
(11) as a function of the wave-function position ¢fr-Ry) fora  two casesm, has a nonvanishingn, , component. It is
(10,10 nanotube. The origins ou(r -r,) and ¢(r —R) are fixed  noted that a vector with a second maximum valudnof]
for each figure and are denoted by an open square and cirG in can also be seen in Figs(a@ and 5b).
and(c). (a) and(b) [side view of(a)] are the case having the largest
value of the atomic deformation potential vector, whit and (d) B. Relaxation time and Raman intensity calculation
[side view of(c)] are the case having the second largest value of the

atomic deformation potential vector. As discussed in Sec. Il, the phonon modes in SWNTs can

be labeled by a cutting line index and a 1D wave vecta.
tailed evaluation will be given elsewhere. In graphite, theHowever, it is not easy to get an intuitive picture for a pho-
carbon 3, orbitals are parallel to each other along the out-non mode labeled byu,q). In the lower phonon frequency
of-plane direction, and thusi, has no out-of-plane compo- region, SWNTs have some special phonon modes, which do
nents. It then follows that the out-of-plane phonon modesot have corresponding phonon modes in graphite, and we
have noe-ph coupling in graphité? In SWNTs, on the other have special names for these modés.the higher phonon
hand, the P, orbitals are perpendicular to the nanotube sidefrequency region, although the phonon modes in SWNTs and
wall. Due to the curvature effect in SWNTs),, has a com-  graphite also have different properties, we can find corre-
ponent perpendicular to the nanotube surfaog ), which  sponding phonon modes in graphite for the modes in
contributes to thee-ph coupling for the RBM and oTO SWNTs? Thus we can use the names for the special nano-
modes. In Fig. 5, we show the deformation potential vectorsube modes and the names for graphite modes together to
for a (10,10 nanotube. Equatiofill) indicates that the de- |abel all phonon modes in SWNTs. Hereafter, we will use
formation potential vectom, is a three center integral, i.e., this method to label phonon modes.
with a potential center and two electron centers. Figufas 5 We calculate the relaxation time associated with each
and 3b) show the deformation potential vectors with an mode by using Eq15). The calculated results for each mode
electron center on a nearest-neighbor site of the potentidbr a (6,5 nanotube are shown in Fig. 6. The initial electron
center and Figs. (6) and %d) are for the case with one state energy in Fig. 6 is smaller th&s, and thus the results
electron and the potential having the same center. The defogre for AB transitions with electrons in the conduction sub-
mation potential vector|m,| has a maximum value band forE,,. Itis seen that when the initial electron energy is
(=~6.4 eV/A) when two electron centers are at the same sitdar from E, ,, the relaxation rate is not sensitive to the exci-
and the potential center is on a nearest-neighbor site and feation energy. Furthermore, for the AV process, the relaxation
this casem, , =0 [see Figs. &) and 8b)]. When one elec- rate is dominated by the RBM. The relaxation time for the
tron has the same center as the potential and another electr®BM is about 0.017 ps, which is about 24 times smaller than
center is on a nearest-neighbor site, we have two possibkdat for the LO mode. The TW mode also relaxes fast and the
cases[see Figs. &) and 8d)]. One case is that the bond relaxation time for the TW mode is about 0.067 ps. For the
connecting the two electron centers is along the circumferEV transition, the relaxation rate is dominated by the oTA
encial direction. For this casém,| has a second maximum zone-boundary mode. The relaxation time for the 0TA mode
value (=5.1 eV/A). The other case is that the bond is notis about 0.025 ps. The iTA zone-boundary mode also relaxes
along the circumferencial direction. For this cagm,| fast, i.e, its relaxation time is about 0.077 ps. Summing over
(=3.3 eV/A) has a third maximum value. For both of these all these processes, the electron relaxation time of(6t®
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nanotube is on the order of 0.01 ps, which corresponds to the
experimental observation that optically excited electrons in RBM
SWNTSs can relax td;; within about 0.1 p$:24-26

If the initial and final electron states are identical,
D"(k,k) corresponds to the matrix for the first-order reso-
nance Raman process and ogty0 phonon modes contrib-
ute to thee-ph coupling. For this cas®”(k k) can be writ-

G-band (LO)
ten as

G-band (TO)

L ——

Raman Intensity

14 1.8
Nu * —ik-(Rg—R Elaser[ev]
D,(kk)= X > C,(k)Cyk) x ek ReRIgr
ss'=AB Re'Rs FIG. 7. RBM andG-band Raman intensity dependence on laser
X [Ma(Rg, Ry + U(dga)Mp(Ry,RI],  (16) zggﬁylfirj\fﬁ) SWNT. The calculateé,, value for the SWNT is

where ¢g, is the rotation angle from B atom to anA atom
in a graphite unit cell around theaxis, and+ is for both the . .
acoustic modes and for the RBM, while is for optical ~ Inversion symmetry. Thus, for such tubes, th_e IR-E_:lctlve 'I_'O
modes. From Eq(16), we can get some interesting results, M0de is expected to have weak Raman intensity, which
Due to the inversion symmetry of graphite, for an atom pair?9rées with experiment.
(R¢,Ry) we can find a corresponding atom péR_,,R;),
for which the phase factor in E¢16) is the same and IV. DISCUSSION
My, 1 (Rs,R9=Umg , (Ry,RY), while Ma(Re,Ry) When we compare the relaxation time of SWNTs with
=-Umg(R,,Ry) and my,(Ry,Ry)=-Umg,(R,,R:). that of graphite, we find that the relaxation time for SWNTs
Wherem,, is the component ofn, along the circumferen- is at least one order of magnitude smaller than that for graph-
cial direction. It follows that the LA, TW, and oTO modes ite. When graphite is rolled up to form carbon nanotubes,
have noe-ph coupling for theq=0 case, which explains the only the longitudinal phonon modes experience little change.
experimental results, that we can only observe the RBM an&from Fig. 6 we can see that the relaxation time for longitu-
G-band Raman spectra for first-order processes. For zigzadjnal modes is 0.1-1.0 ps, which corresponds to the result
tubes, we find thab=0 for the TO mode, indicating that the for graphite?® The tangential modes of a SWNT experience a
TO mode is not a Raman-active mode. For armchair tubed)ig change due to curvature effects, e.g., the iTA mode turns
D # 0 for the LO mode. However, for a wave vectoin an  into the TW mode. In particular, out-of-plane modes turn
armchair tube, we can find a corresponding wave vektor into RBM and oTO modes. As we have pointed out, graphite
which has the same energy lksand is obtained fronk by  out-of-plane modes have ne-ph coupling. However, in
mirror reflection with respect to théMK' line in the 2D BZ  SWNTSs, the atomic deformation potential vectors can have a
of graphite. We find that the matrix elemebtfor the LO  m, ; component and thus the RBM and the oTO modes do
mode is opposite for these two wave vecthrandk’, lead-  havee-ph coupling, especially for small diameter nanotubes.
ing to a vanishing of the Raman intensity for the LO mode.From our calculations, we find that tleeph coupling for the
Thus, the LO mode is also not a Raman-active mode foRBM and the oTO modes can be strong even in nanotubes
armchair tubes. with typical diameters. For example, for tf{£0,10 nano-
The above discussion can explain the dependence of tHabe, thee-ph coupling strength for the RBM and oTO mode
Raman experimental data on chiral antfleThese results are, respectively, about 5 and 2 times larger than for the
also reproduce the predictions of group theory. The LO modéongitudinal modes. In addition, compared with graphite, the
(at q=0) for armchair nanotubes and the TO madéeq=0) relaxation rate for the TW mode is also enhanced by curva-
for zigzag nanotubes ard, modes. According to group ture. In SWNTs the dominant contribution to the relaxation
theory they are therefore not Raman-active mddeskig. 7,  rate comes from the RBM, TW, and oTO modes, which
we show the Raman intensity dependence on laser energy foause SWNTs to have a much shorter relaxation time com-
a (6,5 nanotube. In the calculation, we have used the calcupared with graphite. Therefore the curvature effect enhances
lated relaxation time for each mode for the parametén  the e-ph coupling and decreases the inelastic mean free path
the denominator of the formula for the Raman inten&ity. in SWNTs compared with graphite.
The peaks in the figure come from two resonance processes In Fig. 6 we have shown the electron relaxation rate by
with E;;; namely, the incident resonance Raman process anghonon scattering in an energy region far fré&n. We find
the scattered resonance Raman process. The broader pe#kat the relaxation rate in this figure is not sensitive to the
for the RBM come from the smaller lifetime of this mode. excitation energy. However, when the initial electron energy
The figure also shows that the LO mode has a stronger inis close toE;;, the behavior of the relaxation rate dependence
tensity than the TO mode. As we have mentioned, achirabn the excitation energy is completely different. The results
nanotubes have strict selection rules about vanishing of thare shown in Fig. 8, where a series of peaks are seen. The
Raman intensity because of the existence of inversion synshape of the peaks in Fig. 8 is similar to the peaks in the
metry. For(6,5) tubes, which are not achiral tubes, the strictDOS or in the JDOS in SWNT8? The mechanism of the
selection rules need to be relaxed because of the lack &pikes here is different from those in the DOS and JDOS
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600 5 electrons will combine with holebeforetheir energy sepa-
ration become<;; due to hot electron emission. After the
4 electrons and holes arrive at their respective band extrema,
electrons will combine with holes by emitting light at energy
E.;. The intensity of the emitted light depends on how many
electrons have been lost along the wayEtg.

7 If the electrons can arrive d&,; by emitting only one

200 4 8 g phonon, a bright spot will appear in the PLE plots. This
two-phonon emissioprocess is illustrated in Fig.(8). The
condition for this process i€.,=E;1+2hw. The factor 2
comes from the fact that both the electron and hole should

400

1/7 [1/ps]

0 T T T
0 0.1 0.2 0.3 0.4 emit phonons with the same energy. To calculate the intensity
E.—Eis[eV] for this kind of one-phonon emissioRL, we introduce the
formula

FIG. 8. The singularities in the relaxation rate n&gy for a
(6,5 SWNT. The peaks labeled from 1 to 9 correspond to the 1
acoustic, RBM, oTA(nearK), oTO (nearK), oTO, iTA (nearK), lpL = la(Eep) ~le(Eex — 2hw), 17
iLA (nearK), TO, and LO phonons, respectively. T
. where | ,(Ey) and | (Eq—2fiw) are the optical absorption
spectra because here there is only one VHS f&@n). The 554 emission intensities at the initial and final states. The
excited electron relaxes by emitting or absorbing a phonongg|cylated PL intensity is shown in Fig. 9 as a function of
By absorbing a phonon, the electron gains energy and jump@ex_ E,.. A series of peaks can be clearly seen. The peaks
to a higher energy state. By emitting a phonon, the el_ectroq\,ith large intensity are located &, =E;y, Eji+2hwram,
loses energy and jumps to a lower energy state. Obviously: '+ 27 .. The theoretical results correspond well with re-
by absorbing or emitting a phonon, the electron energy Willgent experimental datd.Each peak in the figure has a cor-
move away from or closer tf;,. If the excited electron can esponding experimental peak and the relative intensities of
jump toEy, by emitting only one phonon, the relaxation rate the peaks in Fig. 9 also agree well with the experimental
will be dramatically increased, due to the van Hove singularyata.
ity in the density of states ;. o From Fig. 2, we know that in the PL process an electron
In this case, a high intensity peak appears in Fig. 8 and thgan emit phonons not only by a transition between two real
absorption rate can be neglected. The position of the pealates but also by a transition mediated by a virtual state, in a
reflects the phonon energy for a special phonon mode. They_called Raman process. In Fig. 3 we illustrate how the PL
height and width of the peak reflect theph interaction  py the Raman process can be observed in a schematic PLE
strength. In the Fig. 8 we identify the corresponding phonomyjot. | the experimental PLE plot, we expect to see several
modes for each peak. This interesting finding has |mportar15right spots on a vertical line &p, =E,;, and we can also
implications for PL experiments. By absorbing laser energygee several lines making an approximately 45° angle with the
electrons in the valence band are excited to the conductioEex axis. These lines are due to resonance Raman processes
band. By emitting a phonon, the excited electrons go dowmypserved in the PL spectra. In the Raman process, we have
in energy, moving towards the conduction band extremurTEex:EIaser and Ep, =Ej,co~fiw. Thus we get a simple rela-
and the holes go up in energy towards the valence ba”ﬁ'onship betweerE,, and Epy, i.€., Ee,=Ep +%w. From this
extremum by emitting phonons. In the course of the pro-gquation, we know that the line due to the Raman process
cesses by which electrons and holes go towfg some  makes a 45° angle with thEp, axis. Moreover, from the
measureds,, andEp, values for a point on this line, we can
1 ol all 4 get the phonon energy.
In Fig. 10 we show the calculated PL intensity depen-
15 4 dence onE,, and Ep, for the (6,5 nanotube in which the
intensity is expressed by the thickness of the line. There are

20

=
< 10 1
=
_E ; 0.4
= G-Band
5 3 _
5 ,6 (7 |8 g 0.2
l RBM
9 o
0 . . : . 0
0 0.1 0.2 0.3 0.4 -0.2 Q 0.2 0.4
E.-E, [eV] Ep ~E, [eV]
FIG. 9. The PL intensity by thene-phonon emissioprocess. FIG. 10. PL due to Raman processes. The thickness of the lines
The peaks labeled from 1 to 9 correspond to the same phonorepresents the PL intensity. The results for the RBM @&iband
modes as are labeled in Fig. 8. (LO mode are labeled.
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two lines in the figure, which come from the RBM and portant relaxation processes, i.e., tfwe-phonon emission
G-band phonons. For thé,5 nanotube, the LO mode is process and the Raman process, are pointed out theoretically.
predicted to have a much stronger Raman intensity than thBecause of the cylindrical shape of a SWNT, the deformation
TO mode. Thus thé&-band line in the figure mainly comes potential has a coupling with out-of-plane phonon modes,
from the LO mode. AroundEp =E; and E;3-0.2 eV the  sych as the RBM and oTO phonon modes in SWNTs. The
G-band feature has a large intensity. This is due to two resorg|axation time calculation shows that the RBM and TW
nance conditions Witle,;: EjaseEy3 (the incident resonance  phonon modes give a dominant contribution to the relaxation
Raman procegsand Ej,se=Eji+7iw (the scattered Raman rate among the various intravalley phonon mode processes,
process The RBM phonon energy is about 0.035 eV, whichwhijle the oTA and iTA make a large contribution for the

is relatively small compared to that for the other phononsintervalley phonon mode processes. The PL intensity for
and thus there is a large PL intensity arolifi=E;; in Fig.  these two processes are calculated and reproduce the experi-
10. Both theG-band line and RBM line are found in the mental PLE plot very welt” The Raman intensity is strongly

experimental datd’ Furthermore, we can clearly see two enhanced when the scattering resonance conditions are
large intensity regions for th&-band line in the experimen- gpeyed.

tal PL plots. Some lines with an approximately 45° angle
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