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We investigate the electron-phonon (e-ph) interaction in single-wall carbon nanotube samples at room
temperature using femtosecond time-resolved photoemission. By probing electrons from the vicinity of
the Fermi level we are able to study the e-ph interaction in the metallic nanotube species only. The
observed electron dynamics can be used to calculate e-ph scattering matrix elements for two likely scat-
tering scenarios. forward scattering from twistons and backscattering by longitudinal acoustic phonons.
The corresponding matrix elements reveal an intrinsically weak e-ph interaction approximately 50%

smaller than predicted by tight-binding calculations.

PACS numbers: 78.66.Tr, 71.38.+i, 72.15.Lh, 78.47.+p

The electron-phonon (e-ph) interaction in carbon nano-
tubes gives rise to avariety of phenomena such as the tem-
perature dependence of the electrical conductivity [1], the
thermoelectric power [2], and possibly superconductivity
[3]. Electron-phonon interactions can also induce subtle
changes in the electronic band structure and open a small
band gap at the Fermi level of metallic single-wall carbon
nanotubes (SWNTs) [4,5]. Carbon nanotubes have fur-
thermore been found to sustain very large current densities
of 10’-10% A/cm? at room temperature without suffer-
ing current induced damage [6,7], indicative of weak e-ph
interactions that result in balistic electron transport over
long distances.

The strength of the e-ph interaction naturally plays a
key role in these effects. However, a determination of the
corresponding matrix elements from conventiona trans-
port studies, for example, is difficult due to the unknown
residual resistivity, high contact resistances, the complex
current path in SWNT samples of mixed tube types, etc.
The intrinsic rate of energy transfer between electrons and
|attice, however, should not be influenced by these effects.
Here we present a direct measurement of the e-ph energy
transfer in SWNTsat room temperature. Thisenergy trans-
fer can be obtained by studying the nonequilibrium elec-
tron dynamics after the system has been perturbed by rapid
heating of the electrons with afemtosecond laser pulse[8].
By analyzing the dynamics of the electron distribution in
the vicinity of the Fermi level we can determine the e-ph
interaction in the metallic nanotube species. The resulting
matrix elements are found to be considerably smaller than
predicted by tight-binding calculations.

The sample preparation and experimental setup have
been described elsewhere [9,10]. In short, the bucky-
paper samples used in this study are produced from com-
mercial SWNT suspension (tubes@rice, Houston, Texas)
and contain a mixture of metallic and semiconducting
SWNTs, in which the diameter distribution is sharply
peaked at 12 A [11]. Photoelectron spectra are obtained
by means of the time-of-flight technique with an energy
resolution of about 10 meV. The duration of the visible
pump (typically 2.32 eV) and frequency doubled probe
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pulses was 85 fs. The pump pulse fluence of typicaly
50 wJ/cm? is about an order of magnitude larger than the
probe pulse fluence. For a review of the time-resolved
photoemission technique, see Ref. [12]. To ensure repro-
ducibility of the data, the experiments were performed at
various spots on each of several different samples.

We start the discussion of our results with a calculation
of the average density of states (DOS) of the bucky-paper
samples. This is obtained by summing up the weighted
DOS of al constituent nanotube types as determined by the
diameter distribution given in Ref. [11] (we assume that
chiral angles are distributed randomly). The DOS of the
individual tubes is obtained from the electronic structure
of graphene by zone folding its 2D band structure into the
1D Brillouin zone of the nanotubes [13]. The resulting
average DOS for a nearest neighbor C-C hopping integral
vo Of 2.6 eV is shown in the top panel of Fig. 1 together
with the DOS of the (9,9) nanotube—a highly probable
metallic species within these samples. The spikes in the
average DOS originate from the van Hove singularities of
the various tube types. The cluster near =0.27 €V can
be assigned to semiconducting nanotubes with an average
band gap of about 0.22 X vy, = 0.57 eV. Between these
spikes the average DOS is found to be constant since only
metallic nanotubes contribute in this energy range. This
becomes clearer in the middle panel of Fig. 1, where the
DOS is plotted on an expanded energy scale. As discussed
previously [9], spectral features in the bucky-paper DOS
are broadened due to a combination of effects, such as
the short lifetime of higher energy electrons and tube-tube
interactions. In addition to this, the high sensitivity of
photoelectron spectroscopy to the alignment of the band
structure of individual tubes with respect to the vacuum
level, in combination with possible impurity- or “self”-
doping induced band shifts, leads to a further smearing
of these structures in our spectra. Nevertheless, we expect
the photoel ectrons from the vicinity of the Fermi level to
originate predominantly from metallic nanotubes.

Theintensity of photoelectrons originating from the im-
mediate vicinity of the Fermi level is primarily determined
by the Fermi level DOS and the distribution function
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FIG. 1. Caculated average density of states of the bucky-
paper samples (top panel). The density of states and laser
induced changes in the distribution function near the Fermi
level can be attributed to the dynamics in the metallic nanotube
species of these samples (middle panel). The experimental pho-
toelectron spectrum in the lower panel (correlated signal only)
clearly shows the changes in the electron distribution due to
heating of the electronic system.

f(E, T), according to which the electronic states are occu-
pied. Thisis also illustrated schematically in the middle
panel of Fig. 1. In our time-resolved photoemission
experiments a visible pump pulse initialy generates a
nonequilibrium electron distribution. The excited electrons
rapidly lose energy by various scattering events until a new
equilibrium a a somewhat higher electron temperature
is established a few hundred femtoseconds later. This
distribution can then be probed by a second UV laser pulse
as afunction of the time delay—similar to a pump-probe
scheme previously applied to the electron thermalization
in gold [14]. The lower panel of Fig. 1 shows an experi-
mental photoemission spectrum, where—for clarity—we
have plotted the difference between the newly equilibrated
electron distribution and the unperturbed room tempera-
ture distribution. The energy of the probed electrons with
respect to the Fermi level (E — Epr) is calculated from the
electron kinetic energy Ey;, viatherdation (E — Er) =

Exin + e® — hvprone , Where hvpgope isthe probe photon
energy and e® = 4.52 = 0.05 eV is the sample work
function. The trace in the lower panel of Fig. 1 clearly
reveals that due to heating of the electronic system there
is a depletion of the electron distribution below the Fermi
level and an increase of the electron distribution above the
Fermi level. A fit with a Fermi-Dirac (FD) distribution
(dashed line) gives the best agreement for a fit tempera-
ture of 605 K (the pump-probe delay is 1.0 ps). We find
no significant deviations from FD statistics near the Fermi
edge. This justifies the use of FD dtatistics for the deter-
mination of the electron temperature despite the fact that
isolated individual SWNTs should, in principle, observe
L uttinger-liquid behavior typical for ideal one-dimensional
systems [15]. We suggest that the absence of any obvious
deviations from Luttinger-liquid-type behavior near the
Fermi edge may either be due to tube-tube interactions
or because such differences are too small to be observed
with the present experimenta setup. Deviations from FD
statistics may become evident if these experiments were
performed at very low temperatures—ideally on isolated
individual nanotubes.

The evolution of the electron distribution at increasing
pump-probe time delay is shown in Fig. 2 along with the
best fit to aFD distribution. At zero pump-probe delay the
electron distribution is not yet equilibrated and can only
partially be described by a FD distribution. However, rapid
scattering processes (most likely, electron-electron scatter-
ing) lead to thermalization within a characteristic time of
about 200 fs which is estimated using the linear deviation
of the measured signal from the FD fit. At 0.5 psdelay the
deviation of the measured spectrum from the equilibrium
FD distribution has become negligible. At longer time de-
lays the temperature of the electron distribution continues
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FIG. 2. Evolution of photoelectron spectra as a function of
pump-probe delay. At pump-probe delays of over 200 fs, the
spectra can be well described by a Fermi-Dirac distribution
(dashed lines).
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to decrease towards the lattice temperature of 300 K. As
expected for a metallic system—with alinear temperature
dependence of the electron heat capacity—the peak tem-
perature of the electron distribution was found to scale with
the absorbed energy W as W” with n ranging from 1 to 3.

The observed cooling of the laser heated electron gasis
due to electron-phonon interactions and can be analyzed
with respect to the contribution of different e-ph scattering
processes. The nonequilibrium dynamics of an electronic
system coupled to aphonon bath is frequently described in
the framework of the two-temperature model [16]. Within
this model, the evolution of electron and lattice tempera-
tures T, and T is described by a set of coupled differen-
tial equations. Because of the morphology of the nanotube
samples, we can neglect diffusive transport of charge carri-
ersout of the excitation volume which reaches about 30 nm
into the bulk material and is therefore comparable in size
to typical nanotube rope diameters. The electronic heat
capacity c. = 1.5 mJ/(mol K) of metallic carbon nano-
tubeswith typically 12 A diameter isover 3 orders of mag-
nitude smaller than the | attice heat capacity [17], so we can
also neglect lattice heating. In this case the evolution of
the electron gas temperature at the surface can ssimply be
described by

d

Ce(Te) GT;‘ = —H(T.,T\), (@)

where H(T., T}) is the e-ph coupling term. This coupling
term can be written as

H(Te,T)) = ) hiwg(Wey —
q.k

W;,k) > (2)

where W, , and W, are the transition rates for emission
or absorption of a phonon by the electron in state &, re-
spectively. The summation runs over al electron states
k and phonon modes ¢g. By using the tight-binding e-ph
Hamiltonian given in Ref. [5] we obtain, from perturbation
theory,

TN2hw?
H(Tea Tl) = Z / dEk Tq ng;k+qlzeEk/kBTc
q
X (eﬁwtl/kBTc _ eﬁwq/kBT])an(Ek)
X f(Ex + hoy), )

where N = 5 —2— is the nanotube density of states at

the Fermi level, qu is the phonon energy, L is the tube

length, and » and f are Bose and Fermi distributions,

respectively. The e-ph matrix element 4/ % 8k:k+q Calcu-

lated by Jishi et al. [5] depends linearly on the term gy =
% (20 - that gives the change of the nearest neighbor

dlr|
tight-binding matrix element as a function of the lattice
distortion [18]. The cooling of the electronic system is

then calculated from Egs. (1) and (3) for forward scattering
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by twistons (TW scattering scenario) and, alternatively, for
backscattering from graphene derived longitudinal acous-
tic phonons (LA scattering scenario)—as this requires the
use of different phonon dispersionsin Eqg. (3). These scat-
tering processes are illustrated schematically in the inset of
Fig. 3, where the nanotube band structure has been reduced
to the two bands crossing the Fermi level. The phonon
energies are obtained from the dispersion relations of the
corresponding phonon modes of graphene with the sound
velocities vpa = 2035 km/s and vtw = 9.42 km/s
[19]. Best agreement between the measured and calcu-
lated dynamics is obtained for gy = 1.0 A~! (TW sce-
nario) and go = 0.8 A~! (LA scenario) (see Fig. 3). The
small systematic deviation of the calculated decay at longer
time delaysislikely dueto strong excitation of the phonon
modes with ¢ close to 0 (TW scenario) or g = —2kg
(LA scenario), i.e., a noneguilibrium phonon excitation.
Thevauesfor g, obtained from our experiment are con-
siderably smaller than those derived by Pietronero et al.
based on an estimate using the optical spectrum of poly-
acetylene (go = 2.0 A~") and tight-binding calculations
for graphene (go = 2.5 A1) [18]. This difference is re-
duced somewhat if the appropriate overlap integra v, of
2.6 eV isused instead of the too small value of 2.2 eV em-
ployed in Ref. [18]. Nevertheless, a discrepancy of nearly
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FIG. 3. Comparison of the measured cooling of the laser
heated electronic system with calculations for two possible e-ph
scattering scenarios. The inset shows a schematic illustration
of the forward scattering by twistons and the backscattering
by phonons derived from the longitudinal acoustic mode of
graphene. The calculated cooling is plotted below for compari-
son with the experimental data.
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50% between experimental and theoretical values remains.
This gap even widens if the two scattering processes dis-
cussed above represent competitive channels for energy
relaxation. This discrepancy may be indicative of partial
“orbital relaxation” —an effect not accounted for by the
tight-binding approach used in Ref. [18]—implying that
orbitals do not rigidly follow theions as they are displaced
by a phonon.

By using reasonable values for gy and the matrix ele-
ments given in Ref. [5], we also find that backscattering
from twistons is over 2 orders of magnitude too slow to
giveasignificant contribution to the observed energy trans-
fer rate. Scattering from other phonon modes such astrans-
verse acoustic phonons and from optical buckling modes
is, likewise, expected to be too weak to give a significant
contribution to the e-lattice energy transfer rate [5,20].

In conclusion, we have determined the strength of the
e-ph matrix element dominating the energy transfer be-
tween electrons and latticein metallic SWNTs. Two differ-
ent scattering scenarios give equally good agreement with
the observed electron cooling rates: forward scattering
by twistons and backscattering by phonons, derived from
the longitudinal acoustic mode of graphene. Furthermore,
a comparison with similar experiments on highly oriented
pyrolytic graphite indicates an approximately twofold
stronger e-ph interaction in SWNTs. By using Eq. (28)
of Ref. [5] and the e-ph matrix element determined from
experiment, the LA backscattering scenario yields a
surprisingly high room temperature scattering time of
amost 18 ps at the Fermi level. If we use a Fermi velocity
of about 8 A/fs this corresponds to a room temperature
mean-free path of 14 wm which underlines the excep-
tional electronic transport properties of metallic SWNTSs.

Such long mean-free paths may also contribute to the
high stability of carbon nanotubes with respect to current
induced damage.
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