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Abstract

The low energy states in metallic armchair carbon nanotubes can decay by the electron—electron Coulomb interactions with
the intraband and the interband excitations. The inelastic scattering rate is very sensitive to the changes in the electronic dis-
tribution and the state energy (or the wavevector). The temperature dependence is linear for the Fermi-momentum state. Such
dependence is hardly affected by the nanotube radius and the Fermi energy. The electron—electron interactions are more efficient
in electronic deexcitations compared with the electron—phonon interactions. The calculated results are roughly consistent with
the experimental measurements from the time-resolved photoemission spectroscopy.
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The quasi-one-dimensional (1D) carbon nanotubes were first discovered by lijima if1]19%he theoretical
study on electronic structures of armchair carbon nanotubes done by Mintmir@¢weds earlier than the experi-
mental discovery. Each armchair carbon nanotube owns very special geometric structures and energy bands. There
exist armchair and zigzag lines along the azimuthal and axial directions, respectively. Its geometry is characterized
by (m, m), wherem is the number of dimers along the transverse direction. An arm¢hair) nanotube is a 1D
metal, with the linear valencer{ and conduction#*) bands intersecting at the Fermi levél{ = 0). The gapless
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feature remains unchanged even in the presence of the curvature effects (the misorientatiormslofals and
the mixing of pzr andsp2o orbitals)[2—7]. The non-armchair carbon nanotubes have narrow or moderate energy
gaps. In addition, they can change into metals in the presence of the magnefig.flux

Armchair carbon nanotubes should be suitable 1D metallic systems in studying carrier dynamics due to the
inelastic electron—electron (e—e) and electron—phonon (e—ph) interactions. The electrical conductivity from the e—
ph inelastic scatterings had been calculated from the electron self-€@grdyt room temperature, the electron
lifetime (r) of the Fermi-momentum staté ) is predicted to be 1.4 ps (or the decay rate + 2.85 meV). In
this work, we mainly study the low-frequency electronic excitations, and the deexcitations of the low energy states
by means of the inelastic Coulomb scatterings. The dependence of the inelastic scattering rate on the deexcitatiol
mechanisms, the temperaturg)( the state energy, the nanotube raditis &nd the Fermi energyF() is dis-
cussed. Comparison with the e—ph interactifjsor the experimental measuremeff§ from the time-resolved
photoemission spectroscopy is also made.

The unique cylindrical geometry determines band structures and thus electronic excitations. There are a num-
ber of theoretica]10-13]and experimentgtl4—19]studies on the elementary excitations. Due to the cylindrical
symmetry, each carbon nanotube exhibits the decoupled electronic excitations of different angular mbisjenta (

The low-frequency electronic excitations are only associated with.theO mode. This mode is very useful in
understanding the many-particle properties of free carriers near the Fermi level. Electrons could be excited from
the occupied states to the unoccupied states by the Coulomb or electromagnefie-fl€ll The excited free
carriers further decay by the inelastic e—e and e—ph scatterings. Recently, the experimental measurements of th
time-resolved photoemission spectroscopy on metallic single-walled carbon nanotubes have been performed tc
research the carrier dynamics of the low energy st@esThe photoexcited electronic distribution returns to the
Fermi—Dirac distribution in about 200 fs (& ~ 20 meV) and then relaxes to the initial temperature through the
e—ph interactions on a 1 ps scale.

The e—e Coulomb interactions may play an important role on the many-particle properties, the electron lifetime
and the electron effective mass. The electron lifetime in metallic and semiconducting carbon nanofube8 at
had been studied by means of evaluating the electron self-ef@9fyThe previous work shows that the energy
dependence of the electron lifetime for various subbands cannot be described by a simple relation. The electror
self-energy was also used to investigate the electron effective mass in semiconducting carbon n§itjtubes
The present study considers the effects of temperature on the electron lifetime in metallic carbon nanotubes. This
allows us to compare with the calculated lifetimes with those estimated from the experimental measy@ments
and compare the e—e and e—ph contributions to the deexcitation rates.

We use the tight-binding model and the random-phase approximation (RE}tp calculate ther-electronic
structure and the dielectric functiom)(of armchair carbon nanotubes. The low-frequency electronic excitations
of L = 0, which directly reflect the characteristics of the low energy bands, are investigated in detail, e.g., the
temperature- and momentum-dependencddpendence). They will dominate over the inelastic Coulomb scat-
terings. The decay rate of the excited free carriers is further evaluated froBottlen Rule by Fermi[22]. Our
study shows that the inverse lifetime is significantly affected by the electronic distribution (or the decay channels)
and the state energy, but not the nanotube radius and the Fermi energy. For the Fermi-momentum state, the invers
lifetime is found to depend on temperature linearly. Moreover, the deexcitation rate is much faster than that caused
by the e—ph inelastic scatterings. The calculated results are consistent with the experimental meag@iements

The rr-electronic structure formed by thep2 orbitals is calculated from the nearest-neighbor tight-binding
model. The energy dispersions of the, m) armchair nanotube are obtained from diagonalizing tlke22Hamil-
tonian matrix(3]:

EMk, J) =iyo{1+4cos<@) cos(jjn—J) 4co§<@)}m. 1)

The resonance integral for the nearest-neighbor interactipp 453.033 eV, andb = 1.42 A is the C—-C bond
length. Electronic states are characterized by the axial wave vektot (z/+/3b) and the angular momentum
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Fig. 1. TheL = 0 response functions of th®, 5) nanotube. (a) The real part and the imaginary part of the dielectric function are calculated
atg =0.2 x 10° cm~1 and 7 = 300 K. The inset shows electronic excitations of the linear energy bands. The loss spectra are evaluated at
T =300 K and 30 K for (byy = 0.2 x 10° cm~ and (c)wex = 3yobg /2. The low energy results are also shown in the inset of (b).

(J=1,2,...,2m). h =c andv, respectively, represent conduction and valence bands. The former are symmetric
to the latter about the Fermi levély = 0. The corresponding wave functions are denotediyy, J, ). The
low-frequency Coulomb excitations are mainly determined bytkem linear bands closest to the Fermi level
(the inset inFig. 1(a)). Their energy dispersions can be simplifiedAdyk, J =m) = i%yo|k —kr|, wherekr =
27/3+/3b (= 8515 x 10° cm™1). The special linear bands would induce the novel electronic excitations.

For a hollow cylindrical nanotube, the transferred momentum and angular momentum are conserved during
the e—e interactions. The low-frequency electronic excitations are characterizedlby- 0). The temperature-
dependent dielectric function @f = 0 within the RPA[10] is given by

€(q,L=0,0)=€0—V(q,L=0)x(¢q,L =0, w)
dk ;
:2.4—4ﬂ€210(qr)K0(qr) Z /W|(k+q,],h”|elqy|k, J,h>|2
J,h,h"
i (E" (k+q,J)) — f(E"(k, J))
EV(k+q,J)—EM"k,J)—w—i8"

)
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F(E"(k, J)) =1/[1+ (E"(k, J) — )/ kgT] is the Fermi—Dirac distribution functiott is the Boltzmann con-
stant. The chemical potential keeps zero for an§’ because of the symmetry of the low energy bands about the
Fermi level.eg = 2.4 is the background dielectric constant contributed from high-energy excitations—other than
those excitations within the-electronic structures/ (¢, L = 0) = 4re?Io(qr)Ko(gr) is the bare Coulomb inter-
action of an electron gagy(qr) [Ko(gr)] is the first [second] kind of modified Bessel function of zero order. The
imaginary part of the response function is associated with the integration of the delta functip(ln= 0, w)

in Eq. (6)). Under the Coulomb perturbation &t= 0, there only exist the — ¢ interband excitations from the
occupied valence states to the unoccupied conduction states. Howelet, @tthere are, respectively, free holes
and electrons in the linear valence and conduction bands. Such carriers cause the intraband excitatiohsirom
andc — c. In addition, the RPA had been successfully applied in explaining the many-particle properties of the
related 1D quantum-wire systems, e.g., electronic excitaf@i24]and electron distribution functioi25,26]

A metallic armchair nanotube exhibits rich excitation properties.(bh&) nanotube is chosen for a model study
in understanding the essential features of electronic excitations. The imaginamppartd the real park() of the
dielectric function is shown iffig. 1(a) at7 = 300 K andg = 0.2 x 10° cm~L. The former, which corresponds to
the unscreened single-particle excitations, exhibits a prominent peak at the excitationceé}eﬁg%yobq (equal
to the decay energyge in Eq. (8)). The latter can change drastically from a positive value to a negative value, as
understood from the Kramers—Kronig relations. The zerq ofill occur at the plasmon frequency (), where the
loss function, defined as Im1/¢], is very strongFig. 1(b)). The single-particle excitations become very weak in
the presence of charge screening (the insetgn1(b)); that is, they are seriously suppressed. The whole excitation
spectrum is dominated by the collective excitations (the plasmon). The similar result could also be found in 1D
semiconductor quantum wirga3,24]

The plasmon frequency is much higher than the single-particle excitation energy so that the collective excitations
absent in the decay channels. The weak single-particle excitations, which own the transferred momentum and
energy with the linear relatiomey = %’yobq (Fig. 1(c)), will take part in the inelastic decay process (EQ).
Furthermore, the smally, w) excitations predominate over the overall electronic deexcitations. It is very special
that electronic excitations are almost independent of temperature, as shéien fifb) and (c). Both intraband
and interband excitations have the same excitation energies, mainly owing to the intersecting linear valence anc
conduction bands (inset iRig. 1(a)). Moreover, their bare Coulomb interactions are identical (the product of
V(g,L=0)and|(k+gq,J, k"% |k, J, h)|? in EQ.(2)). These two reasons account for the negligible temperature
dependence.

We only focus on the deexcitations of free carriers in the linear bands-of: at anyT. They can interact with
other electrons by the screened Coulomb interactioris 6f0. According to theGolden Rule by Fermi[22], the
inelastic scattering rate or the inverse electron lifetime of(thg = m, h) state is

1

sq,J
h/,h”,h”/,a
x [L= F(E" (k+q, D)]|VE [k, m, b, b, (p, ', W B"), (q, L =0)]|?
x 8(EM (p—q, J) + EM (k+q,m) — E" (p, J)) — E"(k, m)), 3)

where the square of the effective e—e Coulomb interaction is

(Ve [k, m, b, h"), (p, ', W, K", (q, L =0)]|?

V@, L=0)p—q.J " 1e7 ' p, I W)k +q,m, B [k, m, h) |?
a €lg, L =0, (E"(k,m) — EM (k +q,m))] '

(4)
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By using the two relations

S(E" (p—q,J) + E" (k+q,m) — E" (p, J") — E"(k,m))
o
= / dwS(E" (p—q,J) — E" (p, J') — @)8(0+ E" (k + g, m) — E" (k, m)) (5)
—00
and
Im[x(gq, L =0,w)]
mlexp(—w/kpT) — 1]
— Z f(Eh,(p, J/))[l— f(EhW(p _q, J/))]|<[7 —q. J/, /’lm|e_iqy|p, J, h/>|2
p,J’,h/,hW,(f
X(S(Ehm(p—q, J/)_Eh,(pv J/)_w)’ (6)
Eq.(3) is reduced to

e¢]

1 —exp(E" (k+q,m)/kgT)
S ) —
t(k,m,h;T) " [exp(E"' (k +q,m)/kpT) + 1)[exp(—w/kpT) — 1]
_ Vig.L=0 ?
X (—lm[X(Qa L —0, Cl))]) e[q, L =0, (Eh(k,m) — Eh//(k—i—q,m))]
x [k +q, J, "1 1k, T, 1) P8 (w + E" (k + g, m) — E"(k,m)). (7)

The first term related to the temperature dependence can be further calculated, and the second term is proportiona
to the loss function. As a result, E(Y.) is changed into

1 Z coth(wge/2kpT) — tanh((wge — E" (k, m))/2kpT)

rkom b T) o exp(—EM (k. m)/kpT) + 1

x V(q,L=0)|(k+q,m,n"|e"? |k, m,h) |2 Im[—l}, 8)
€(g, L =0, wde)

where the decay energyie = E" (k, m) — EM (k + q,m). There are two kinds of single-particle decay processes,
intraband deexcitationg (~ ¢ andv — v) and interband deexcitations > v). The temperature-dependent term
atT =0 becomes) (E€(k,m) — w)O(E“(k,m) — E°(k + g, m)), i.e., the initial state must be higher than the
chemical potential and the finial state. The= 0 result is the same with that obtained from the electron self-energy
[20]. The contributions due tage > 0 are almost the same with those frasge < 0, because the deexcitations
mainly come from the smallg(, w) electronic excitations. The following discussions will be only focused on the
wde > 0 case.

We first see the inelastic scattering rates of the low energy states at room temperature. The dependence on the
wavevector is strong. For the Fermi-momentum state, the interband excitations are the only deexcitation mecha-
nism. Yt (kg) is about 50.9 meV (or ~ 80 fs), as shown ifrig. 2(a). When the conduction-band states gradually
deviate from the Fermi level, their decay rates grow (the solid curve). There are more vacant states at higher en-
ergies according to the Fermi—Dirac distribution function. Such states are responsible for the incre¢assitif 1
|k — kr|. The(k, ¢) states, thép state excepted, can be deexcited by the intraband and the interband excitations.
The ¢ — ¢ intraband excitations dominate the decay processes except for these states very close to the Fermi
level (the inset inFig. 2@)), since they own the small, wqe) transfer, or correspond to the stronger screened
response functiorHg. 1(c)). On the other hand, the— v intraband excitations are the deexcitation channels of
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Fig. 2. The inelastic scattering rates of tt® 5) nanotube. (a) They are calculated for the low energy stat@&s-aB800 K. Also shown in
the inset are those of the conduction-band states from the intraband excitations. (b) The temperature-dependent scattering rates are shown f
different states.

the valence-band states. Their decay rates decline|withk | quickly (the dashed curve) because of the serious
limitation of the electron distribution. /’s are almost vanishing for thé, v) states with energies lower than
AkpT.

The temperature dependence of the e—e inelastic scattering rates is very speoidltte ik state depends
on temperature linearly, as shownkhig. 2(b) (the heavy solid curve). The temperature dependence comes from
the first term in the right-hand side of E(B). The linearT-dependence is associated with the two conditions,
E"(kp,m) = Er = 0 andwge < kzT. Such dependence is identified to be the inverse of-exgkpT) — 1
in Egs.(6) and (7) When thekp state interacts with the valence-band states, the available vacant states for the
latter are proportional to temperature. Apparently, the electron distributions completely determine the temperature
dependence of the inelastic e—e interactions. The similar linear dependence could also be found for the conduction
band states at low temperatutB“(k, m) > kpT), and their scattering rates are enhanced doubly. However, the
valence-band states exhibit the nonlinédadependence, the composite behaviof’odnd the exponential decay
function (exgE?(k, m)/kpT)). This result relies on the distribution functions of the two interacting electrons.

The inelastic scattering rate of the Fermi-momentum state deserves a closer study. All the armchair carbon
nanotubes, as shownfg. 3(a), exhibit the similar behavior, the lineArdependence. The linear bands in metallic
carbon nanotubes are the main reason for the special temperature dependence. The decay rate declines slowly
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Fig. 3. The temperature-dependent scattering rates of the Fermimhametates are calculated for (a) different armchair nanotubes, and (b)
the (5, 5) armchair nanotube at various Fermi energies. The inset in (a) shows the radius dependence of the scatterifigr8@3 kit

the nanotube radius grows (insethig. 3(a)). The e—e Coulomb interactidn(q, L = 0) (Eq. (2)) is weaker in a
larger nanotube, while the smallCoulomb interaction depends on the nanotube radius weakly. Hence, that the
screened response function in E8) is predominated by the small, w) excitations leads to the weak radius
dependence.

The Fermi energy could be altered from zero to a finite value, when metallic atoms or molecules are intercalated
into carbon nanotubes, as done for graphite. The low-frequency screened response faigtitfo)f is hardly
affected by the Fermi energ¥¢ < 1 eV), since the electronic excitations almost remain unchanged for the linear
energy bands. As a result, the decay rate of the Fermi-momentum state is independent of the Fermi energy. This
result further illustrates that the linear energy dispersions determine the electronic excitations and thus the inelastic
scattering rate.

From the above-mentioned calculations, the decay rate of the Fermi-momentum state at room temperature is
deduced to be /& ~ 40 meV for all metallic carbon nanotubes with or without doping. This result roughly agrees
with the characteristic deexcitation rate of the metallic carbon nanotubes from the experimental measurements of
the time-resolved photoemission spectrosd@byApparently, the inelastic scattering rate of the e—e interactions is
much faster than that ( = 2.85 meV) of the e—ph interactioii8]. The e—e interactions are more efficient in the
electron deexcitations. They are expected to play an important role on other physical properties, e.g., the coupling
of the e—e and e—ph interactions.
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We have calculated for armchair carbon nanotubes the inelastic e—e scattering rates. The special linear en
ergy bands make the e—e interactions exhibit the intraband and the interband excitations. They also result in the
temperature-independent loss spectrum. The inelastic scattering rates of the low energy states are dominated b
the small{g, w) single-particle excitations. The dependence on the electronic distribution and the wave vector is
strong. The temperature dependence of the Fermi-momentum state is linear. However, such dependence is hard
affected by the nanotube radius and the Fermi energy. Similar results could also be found in other metallic carbon
nanotubes with linear energy bands intersecting at the Fermi level. The inelastic e—e scatterings are more effi-
cient in the electron deexcitations compared with the inelastic e-phonon scatterings. The calculated results coulc
essentially explain the experimental measurements.
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