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ABSTRACT The coupling between electronic and nuclear degrees of freedom in low-dimen-
sional, nanoscale systems plays a fundamental role in shaping many of their properties. Here, we
report the disentanglement of axial and radial expansions of carbon nanotubes, and the direct role
of electronic and vibrational excitations in determining such expansions. With subpicosecond and
subpicometer resolutions, structural dynamics were explored by monitoring changes of the electron
diffraction following an ultrafast optical excitation, whereas the transient behavior of the charge
distribution was probed by time-resolved, electron-energy-loss spectroscopy. Our experimental
results, and supporting density functional theory calculations, indicate that a population of the
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excited carriers in the antibonding orbitals of the nanotube walls drives a transient axial deformation in ~1 ps; this deformation relaxes on a much longer
time scale, 17 ps, by nonradiative decay. The electron-driven expansion is distinct from the phonon-driven dynamics observed along the radial direction,

using the characteristic Bragg reflections; it occurs in 5 ps. These findings reveal the nonequilibrium distortion of the unit cell at early times and the role of

the electron(phonon)-induced stress in the lattice dynamics of one-dimensional nanostructures.
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he interaction between electrons and

the lattice is at the origin of a variety

of phenomena in the condensed
phase, and it is fundamental for transport
and optical properties.' ™ Carbon nano-
tubes are one-dimensional nanostructures,
whose remarkable properties®” make them
promising building-blocks for the design of
a new generation of nano- and optoelec-
tronic devices.® " Because of their peculiar
electronic and atomic structures, they are
considered as prototypical systems to in-
vestigate electron—Ilattice interaction at the
nanoscale. However, despite the continued
interest and the plethora of studies on the
subject, understanding of the underlying
processes remains the subject of many
studies.3~>1271% For example, the extent
of spatial localization and charge-carriers
delocalization in correlation with the defor-
mation of the unit cell in the nonequilibrium
regime, which are important to the efficacy
of electron mobility'” and electric conduc-
tion,'® are still in need of further investigation.
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Optical reflection,'?® Raman spectros-
copy?’ % and photoemission'*** studies
have provided valuable insights into the
initial electronic processes and dynamics
of optical phonons in carbon nanotubes.
However, because of selection rules, optical
methods excite the system only to the
center of the Brillouin zone (I" region),
where momentum conservation is fulfilled,
thus limiting the information on the
(acoustic) phonons excited toward the zone
boundaries. Moreover, although variations
of Raman frequencies might provide some
information on lattice deformation,®® when
the dynamics evolves out of the equilibrium
state and is not driven by the phonon
excitation, it becomes challenging to obtain
structural changes directly, because the
Raman response to the optical excitation is
determined by an intricate interplay of
many factors.?**> When observed with
atomic-scale spatial and femtosecond tem-
poral resolutions, the nonequilibrium struc-
tural changes and relaxations can be directly
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studied in the nanoscale systems. It is worth noting
that the wavelength used in optical probing far ex-
ceeds the interatomic distances, rendering complete
structural determination very challenging. Time-resolved
diffraction, using ultrashort electrons or X-ray pulses,
whose wavelengths are in the scale of picometers and
angstrom, respectively, provides the means for the direct
probing of structural dynamics, and it has been success-
fully applied in numerous nanoscale systems.?~33

Here, we investigate the lattice and charge distribu-
tion dynamics in carbon nanotubes by employing
ultrafast electron crystallography (UEC) and femtose-
cond electron-energy-loss spectroscopy (FEELS). By
measuring the temporal changes of the electron dif-
fraction for multiwalled tubes we monitored the lattice
evolution along the radial and axial directions. Addi-
tionally, the accompanying transient change of the
charge distribution was examined through FEELS in
single-walled tubes. We found that a population of
carriers in the antibonding orbitals of the nanotube
walls leads to a nonequilibrium lattice deformation
along the tube axis on a time scale of ~1 ps mediated
by C—C bond weakening, whereas along the radial
direction the structural dynamics is driven by the
excitation of (acoustic) phonons in 5 ps. The approach
described here represents a unique methodology for
the unraveling of electronic- and vibrational-induced
changes of the unit cell in nanostructured materials.
Also, to date, this is the first direct visualization of
electron-driven ultrafast bond dilatation reported for
carbon nanotubes.

RESULTS AND DISCUSSION

The experimental UEC description is given in the
Experimental Section. Briefly, ultrashort electron pulses
are focused on the sample in a normal incidence, and
diffraction is performed in the transmission geometry. The
dynamics are initiated by laser pulses at 800 nm (120 fs,
1 kHz), and the diffracted electrons are probed at different
delay times between the optical and the electron pulses.
The multiwalled carbon nanotubes were prepared ac-
cording to the procedure reported in previous works>*>>
and described in the Experimental Section.

From the electron microscopy images (see Figure 1a),
we determine their diameter to vary between 10 and
20 nm. Several studies®*™° have shown that the
energetically stable structure for multiwalled tubes
with external diameter larger than 10 nm is a mixture
of a “Russian-doll” structure (closed concentric tubes)
and a “scroll” structure (rolled-up graphene sheets).
The preservation of helicity, rather than the utilization
of van der Waals forces, represents the organizing
principle for the tubes, making this hybrid structure
most likely to form under common synthesis con-
ditions.>® Nevertheless, it is important to stress that
the atomic structure within the nanotube walls is not
affected by their particular interplanar arrangement.

VANACORE ET AL.
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Figure 1. Morphology and diffraction. (a) Representative
electron microscopy image of the investigated multiwalled
carbon nanotubes. (b) Debye—Scherrer diffraction pattern
of the nanotubes network. (c) Experimentally measured
(black +) and theoretical profiles (blue solid curves) of the
diffraction intensity as a function of the scattering vector, s
(rocking curve). (d) Experimental rocking curve after sub-
traction of an inverse polynomial background. The (00/) and
(hkO) reflections are associated with the radial (interplane)
and axial (in-plane) directions, respectively.

The diffraction pattern, shown in Figure 1b, consists
of Debye—Scherrer rings since the sample is a network
of randomly oriented tubes. After azimuthally aver-
aging the ring pattern (see Figure 1c—d), the peaks are
indexed on the basis of hexagonal graphite: (00/) and
(hkO) reflections are associated with radial (interplane)
and axial (in-plane) directions, respectively (see Experi-
mental Section for more details).

The transient behavior of the Bragg reflections
mirrors the lattice dynamics. In kinematic theory, the
diffraction intensity, /, is proportional to the square
modulus of the structure factor, F; that is, | o |F|2. F
depends on the displacement of the atoms, u;, and is
given by

F =3 g explis- (R +uj(1))] (1)

J

where s is the scattering vector, R; is the equilibrium
position of the jth atom, and {; is the atomic scattering
factor. Any lattice motion able to change the atomic
displacement, like those of optical and acoustic pho-
nons, can cause the diffraction intensity to change. In
fact, when phonons are excited, the vibration of atoms
around their equilibrium position, which is described
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Radial Dynamics
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Figure 2. Radial dynamics and diffraction behavior with fluence. (a) Transient evolution of the intensity (blue squares) and
peak position (red squares) change for the radial (002) reflection at 48 mJ/cm?. The solid curves represent the best fit of the
experimental data with single-exponential functions. The change of the peak position is defined as [so — s(t)1/so, Wwhere soand s
are the peak positions before and after the optical excitation, and is expressed in units of 102, This can be directly correlated
to the lattice change [d(t) — dol/dy, where d is the interatomic distance, along the (002) direction. (b) Experimental (data
points) and calculated (solid curves) fluence dependence of the intensity (left panel) and peak position (right panel) measured

at long delay times (At = 100 ps) for the (002) reflection.

by the mean-square displacement (uf), leads to a net
nonuniform displacement within the lattice, and con-
sequently to the loss of electron interference respon-
sible for the decrease of diffraction intensity. However,
a homogeneous deformation (expansion/contraction)
of the lattice (i.e., u; being independent of j) changes
only the phase of the structure factor, such that
the intensity is not affected, although it will modify
the scattering vector of the Bragg peaks according to
the relation: [so — s(t)1/so = [d(t) — dol/do, where d is the
interatomic distance and the subscript “0” indicates the
corresponding quantities before laser excitation.

The transient behavior of the radial (002) and axial
(110) reflections is shown in Figures 2a and 3a, respec-
tively. Similar results are obtained for the (004) and
(100) peaks (see Figure S4 in the Supporting Information).
For the radial dynamics both the intensity and peak
position are characterized by a similar time scale: 5.0 +
0.2 ps for the intensity, and 4.5 & 0.2 ps for the peak
position. For the axial dynamics, the intensity also
evolves in 5.0 &+ 0.3 ps, whereas the peak position
exhibits an initial faster change followed by a slower
recovery before reaching its equilibrium value.

To unravel the nature of the observed dynamics, we
first show in Figures 2b and 3b that the intensity and
peak position changes at long delay times (At = 100 ps)
are well interpreted within an equilibrium heating
model (see ref 31, and Supporting Information). The
thermal motions excited by the pump laser lead to a
temperature increase of the lattice. This induces a loss
of Bragg interferences which in turn results in a reduc-
tion of the diffraction intensity. The reduction is quan-
titatively described by the Debye—Waller relation,*'
where the energy scale of the thermal motions is
defined by the Debye temperature, ©p. Using OF =
533 K*' and @3 = 1930 K** for interplane and in-plane
thermal vibrations, respectively, we calculated the

VANACORE ET AL.

intensity change at equilibrium for the radial and axial
peaks. Their trend as a function of the fluence is shown
in Figures 2b and 3b (left panels). A satisfactory agree-
ment with the experimental results is obtained.

Besides the intensity decrease, the thermal heating
also induces a lattice expansion, which is due to the
anharmonicity of the interatomic potential. The
change of the interatomic distance is given by Ad/d, =
J7 " ATa(NdT, where o(T) is the linear expansion
coefficient. For the radial direction, ooy is 26 x 10°°
K~'3¢ and the calculated fluence dependence of the
expansion, plotted in Figure 2b (right panel), well
reproduces the experimental results. For the axial
direction, as shown in Figure 3b (right panel), the
experimentally measured change lies in between the
theoretical curves for graphite*® and single-walled
nanotubes,* as expected for a multiwalled hybrid
concentric/scrolled morphology. It is worth mention-
ing that the relative peak position changes measured
at equilibrium are similar to those reported by Park
et al®® in a previous publication.

Having established that the observed structural
dynamics at long delay times reflect the equilibrium
regime, we can now address the transient behavior at
early times. The time constant for the radial dynamics
(ranging from 4.5 to 5 ps, see Figure 2a) well correlates
with the typical time constant for excitation of acoustic
phonons in carbon nanotubes: 5.3 ps as calculated by
Lazzeri et al,* and 4.4 ps as obtained by Dyatlova
et al.'® In carbon structures, a rapid internal thermaliza-
tion of the excited electrons occurs in 100 fs by
electron—electron scattering.*® After the electronic
system acquires a Fermi—Dirac distribution, the energy
is transferred to strongly coupled optical phonons
(SCOPs),%* which finally decay via anharmonic scatter-
ings to low-energy acoustic phonons on a time scale
of 4—5 r:)5'15,24,45,47
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Axial Dynamics
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Figure 3. Axial dynamics and diffraction behavior with fluence. (a) Transient evolution of the intensity (blue squares) and
peak-position (red squares) changes for the axial (110) reflection at 48 mJ/cm?. The blue solid curve is the best fit of the data
with a single-exponential function, whereas the red solid curve is obtained by the superposition of a fast expansion and a
slower recovery, after subtraction of the phonon-driven contribution (see panels c—d). The change of the peak position is
defined as [so — s(t)]/so and is expressed in units of 1073, This can be directly correlated to the lattice change along the (110)
direction. (b) Experimental (data points) and calculated (solid curves) fluence dependence of the intensity (left panel) and
peak position (right panel) measured at long delay times (At = 100 ps) for the (110) reflection. (c) The transient change of the
peak position is replotted together with a single-exponential rise with a time constant of 5 ps (blue solid curve), which is the
phonon-driven contribution to the lattice change. (d) The data set obtained after the subtraction of the phonon-driven
contribution highlights the purely electron-driven part; it is fitted with the combination of a fast exponential increase and a

slow exponential decay.

For the axial direction, the (apparent) transient
change of the intensity occurs in 5.0 & 0.3 ps and
may still be interpreted within the phonon-driven
picture described above. However, if the dynamics
were only mediated by the excitation of acoustic
modes, we should expect the peak position to also
change with a time constant of approximately 5 ps,
contrary to the experimentally observed behavior
(Figure 3a). When the phonon-driven component is
subtracted from the peak position change (Figure 3c),
the trend shown in Figure 3d is obtained, from which
we determine a time constant of 1.3 & 0.5 ps for the
initial change and of 17 &+ 4 ps for the final recovery.
This behavior cannot be associated with a phonon-
driven dynamics, and must be related to nonequili-
brium processes that take place within the excited
electronic distribution.

The electronic structure of carbon nanotubes com-
prises a o band, which has a very large gap, and a &
band around the Fermi level.***% Hence, the optical
excitation at 1.55 eV promotes electrons from the
bonding 7 to the antibonding 7* states. The interac-
tion with SCOPs causes the population of hot electrons
to relax toward the energy minimum of the conduc-
tion band at K and K’ points of the Brillouin zone.

VANACORE ET AL.

Theoretical calculations predict an intraband relaxa-
tion time for the carriers in multiwalled carbon nano-
tubes of 1—2 ps,'**° which well correlates with the
measured time constant of the axial expansion (1.3 ps).
On this time scale, a significant portion of the anti-
bonding charge distribution lies in the C—C bonds
within the nanotube walls.

The ultrafast axial expansion, or structural deforma-
tion, is thus the result of an instantaneous in-plane
stress created by the weakening of the interatomic
potential due to the antibonding population (see
schematics in Figure 5b).°° "> It is worth noting that
this electron-driven change of the C—C bond length
creates a homogeneous axial expansion without chan-
ging the symmetry of the nanotube lattice. Thus, only
the phase of the structure factor F is modified, and
therefore, the diffraction intensity, which is propor-
tional to |F|?, is expected to remain unaffected by the
electron excitation, but to be altered by the phonon-
driven contribution, as experimentally observed (see
Figure 3a).

The single-bond picture adopted above is useful to
describe the initial ultrafast axial change. However, a
proper description of the electronic states must con-
sider the energy bands formed by a linear combination
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of  and 7* orbitals over adjacent bond sites. Such
bands are important to consider for the final recovery
that occurs on a much longer time scale, 17 ps
(Figure 3d). Because the diffusion length of conduc-
tion electrons traveling along the nanotube walls is
of a few micrometers,>® and the typical separation
between defects sites is smaller than 100 nm,>%%7
carriers can be efficiently trapped in the energy
states created by defects around the Fermi level.>® A
nonradiative decay, evolving on a time scale of 10—15
ps,>>>%%° therefore, will relax the electronic distribu-
tion from the conduction band toward these trapping
sites. On a similar time scale, nonradiative electron—
hole recombination, mediated by plasmon emission
and Auger scattering,®’ is also likely to occur. These
processes lead to the depopulation of the antibond-
ing states and the creation of a new equilibrium
charge distribution. The electron-driven stress is thus
removed, and the lattice finally relaxes toward the
equilibrium deformation.

The correlation between the observed axial structur-
al change and the evolution of the charge distribution
can be further examined by monitoring the collective
dynamics of valence electrons using FEELS.®%3 Since
we are mainly interested in the transient change
occurring within the nanotube walls, the FEELS mea-
surements were performed on single-walled nano-
tubes (diameter of ~1 nm; see Experimental Section
for details of sample preparation). The FEELS experi-
ments are extensively described in previous works®%%3
and detailed in the Experimental Section. The static EEL
spectrum is shown in Figure 4a. The feature at 5.5 eV is
the 7t plasmon, whereas the peak centered at 20 eV is
the 1+0 plasmon (due to the collective excitation of all
valence electrons).®* In single-walled nanotubes only
tangential modes are excited,®® and the observed
features represent in-plane surface modes polarized
along the tube axis.>>®%

The time dependence of the spectral bands is
displayed in Figure 4b as a two-dimensional differ-
ence map, where each spectrum is referenced to the
averaged one taken before time zero. The strong
signal around zero time-delay and zero energy-loss
is due to the interaction between the probing elec-
trons and the electric field scattered by the
nanotubes.®” Both the 7 and 740 plasmon bands
undergo a red-shift (reduction of the peak energy),
which indicates a decrease of the in-plane electron
density and thus an expansion of the lattice along the
nanotube axis.®® From the time dependence of the
energy position, shown in Figure 4c for the 7+0o
plasmon, we obtained a time constant of 0.7 +
0.2 ps (see Experimental Section for fitting details).
This behavior is similar to the axial transients
observed in the diffraction data on multiwalled tubes,
confirming that the occupation of z* states results in
an overall decrease of the intrawall electron density

VANACORE ET AL.
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Figure 4. Femtosecond EELS. (a) Static EEL spectrum ac-
quired before excitation (black curve, left axis) in single-
walled carbon nanotubes, together with the EEL spectrum
taken at 6 + 2 ps (red curve, right axis) after excitation at
A=519nm (20 mJ/cm?). The 7and n+0 plasmon resonances
are labeled. (b) Two-dimensional difference energy-time
map referenced to the averaged spectrum taken before
zero-time. (c) Time dependence of the energy shift mea-
sured for the 77+0 plasmon band. The inset shows the long
time scale behavior. We determine a time constant of 0.7 +
0.2 ps for the initial drop and of 1.6 + 0.8 ps for the final
recovery (see Sl for fitting details). The latter value is
different from that found in multiwalled nanotubes
(17 ps), and is consistent with less defect density in the case
of single-walled tubes.

and clearly indicates the general validity of the ob-
served structural dynamics.

To further corroborate our results, we performed
ab initio calculations, based on the density functional
theory (DFT)®° (details are reported in the Supporting
Information). Since we are interested in the change of
the bond length within the nanotube walls, the calcu-
lations were run for single-walled nanotubes. The
electron excitation is simulated by modifying the
occupation of the lowest unoccupied (:7*) and highest
occupied (1) energy bands. Full structural optimization

\
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of the unit cell is then carried out in order to obtain the
change of the C—C bond length.

The calculated lattice expansion along the axial
direction for an increasing 7* occupation is shown
in Figure 5a. Assuming an excitation of one electron
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Figure 5. Ab initio calculations and orbitals picture. (a)
Calculated lattice expansion along the axial direction for a
single-walled nanotube as a function of the electron occu-
pation of the 7* antibonding states. The inset represents the
nanotube structure used in the calculations. (b) Orbital
illustration of the occupation of * antibonding states for
a C—C bond aligned along the tube axis and the relative
effect on its bond length.

T=1-2ps
axial expansion

per absorbed photon, we estimate that the effec-
tive 77* occupation for a fluence of 48 mJ/cm? is about
0.2 electrons per C—C bond, corresponding to a
calculated axial expansion of 1.8 x 107> This value
is close to the experimental result of 1.5 x 1073, as
determined from the diffraction data in Figure 3d,
after subtracting the phonon-driven contribution. As
schematically shown in Figure 5b, a population of the
charge carriers in antibonding orbitals induces a
significant bond length increase for the C—C bonds
within the nanotube walls, which drives the none-
quilibrium axial expansion observed experimentally.
This is further confirmed by the inspection of the
electron density maps (see Figure S2 in the Support-
ing Information), calculated for two C—C bonds with
a zr* occupation of 1e”, as referenced to the ground
state (0e™). The map reveals an increase of the
electronic charge at the atomic sites, whereas a
corresponding depletion is evident in the region of
in-between the C atoms.

CONCLUSION

Ultrafast electron diffraction and energy-loss spec-
troscopy are reported here for the enabling of the
spatiotemporal study of charge distribution and lat-
tice dynamics in carbon nanotubes. As illustrated in
Figure 6, the population of the excited carriers in
antibonding orbitals of the nanotube walls leads to a
nonequilibrium deformation along the tube axis on a
time scale of 1—2 ps (Figure 6a), which relaxes with a
time constant of 17 ps by nonraditive decay (Figure 6c).
This behavior is distinct from the dynamics observed
along the radial direction, which is phonon-driven and
evolves in 5 ps (Figure 6b). Because ultrafast electron
diffraction and energy-loss spectroscopy provide the
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Figure 6. Ultrafast structural evolution. Schematic representation of the structural evolution in multiwalled carbon
nanotubes. An electron-driven expansion along the tube axis occurs in 1-2 ps (panel a), which relaxes with a
time constant of 12—17 ps (panel c). Along the radial direction, a phonon-driven larger expansion takes place in 4—5 ps

(panel b).

VANACORE ET AL.

ACRT A RN
VOL.9 = NO.2 = 1721-1729 = 2015 A@@L%{\)

WWwWW.acsnano.org

1726



suitable temporal and spatial resolutions, this ap-
proach should be of general use for unraveling the

EXPERIMENTAL SECTION

UEC Experiments. The setup for UEC experiments at Caltech
has already been described in details elsewhere.”® Briefly,
electron pulses with energy per particle of 30 keV and subpico-
second pulse width are generated in a photoelectron gun
(Kimball Physics, Inc.) after irradiation of a LaBs photocathode
with 120 fs UV laser pulses (1 = 266 nm). The electron beam is
focused in normal incidence on the sample surface. The electron
beam diffracted from the sample is recorded in a transmission
geometry on a phosphor-screen/MCP/CCD assembly. The dy-
namics are initiated by femtosecond laser pulses at 800 nm
(120fs, 1 kHz) with a fluence varying between 10 and 48 mJ/cm?.
The fluence of the excitation laser at the sample position was
calibrated by scanning a knife edge across the laser profile and
recording the passing residual pulse energy. The diffracted
electrons are invoked in the stroboscopic mode and for different
delay times between the optical pulse and the electron pulse.

The preparation of multiwalled carbon nanotubes (MWNTs)
has already been reported in a previous work>3* Briefly, the
nanotubes were grown by chemical vapor deposition (CVD,
Aldrich, >90% purity), which represents the most common and
widely used synthesis technique because of its potential for
their large-scale production.”’ The nanotubes were dispersed in
nanopure water containing sodium dodecyl sulfate via sonica-
tion for several hours. After sonication, the mixture was spun in
a centrifuge and the top layer was decanted and separated from
the denser portion, which was discarded. A droplet of the
decanted mixture was placed onto a 1000-mesh copper grid
and then dried out by annealing at 80 °C in N, atmosphere for
30 min. In Figure S1 of the Supporting Information we show the
Raman spectrum of the investigated multiwalled tubes, which is
in good quantitative agreement with those reported in the
literature for CVD-grown nanotubes (see Supporting Informa-
tion for details).

The diffraction pattern consists of Debye—Scherrer rings
since the sample is a patch of randomly oriented tubes. The
center of the diffraction rings in each pattern was determined
by a Hough transform as used in image theory, allowing us to
compensate for any drift of the electron beam due to transient
electric fields.”> The movement of the transmitted direct beam
was also monitored and exhibited similar behavior as the ring
center. Azimuthally averaging of the ring pattern gives the
diffraction intensity as a function of the scattering vector, s
(rocking curve). The peaks are indexed, on the basis of hexago-
nal graphite, in (00/) and (hkO) reflections.

For data analysis, the rocking curve is decomposed into a
background (inverse polynomial) and diffraction peaks. Gaussian
profiles were used for the (002) and (004) peaks. However, an
asymmetric line shape must be used for the (100) and (110)
peaks, as proposed by Yang et al.,”* because of the turbostratic
nature of the multiwalled nanotubes, which is related to the lack
of interlayer stacking order.”* The absence of correlation among
the fitted positions of the Bragg peaks is verified by evaluating
the covariance matrix, from which a Pearson's coefficient, p,
of 0.11 is obtained (complete correlation would be present if
pis1or—1).

To ensure that no radiation damage has occurred during the
measurements, we monitored the intensity of the (002) and
(110) diffraction peaks at zero time-delay as a function of the
acquisition time (see Figure S3 in the Supporting Information).
No detectable change is observed in both cases, attesting that
the same degree of crystallinity is preserved during the mea-
surements made here.

The experimental time dependence of the peak-position
change shown in Figures 2 and 3 for the radial (002) and the
axial (110) reflections was similarly obtained for the (004) and
(100) peaks, shown in Figure S4 in the Supporting Information.
For the (004) reflection, we found a single time constant of

VANACORE ET AL.

electronic- and vibrational-induced dynamics in other
nanostructured materials.

4.5 + 0.75 ps. For the (100) reflection, we determine a time
constant of 1.7 & 0.5 ps for the initial change and of 12 + 3 ps for
the final recovery.

It is worth mentioning that in a single nanotube the excited
acoustic modes may generate harmonic oscillations in the
measured dynamics. However, the UEC measurements were
made here on an ensemble of nanotubes, with somewhat
different sizes (diameter ranging between 10 and 20 nm). The
resulting transient is thus determined by an incoherent super-
position of the displacement field for every nanotube, which
is able to preserve the mean atomic displacement along both
radial and axial directions but averages out the harmonic
oscillations in the transients.

FEELS Experiments. The femtosecond EELS data were re-
corded in the second-generation ultrafast electron microscope
(UEM) at Caltech.5>%% A train of 220 fs infrared laser pulses
(A = 1038 nm, 500 kHz) was split into two paths; one was
frequency-doubled and used to excite the specimen with a
fluence of 20 mJ/cm?, and the other was frequency-tripled into
the UV and directed to the photoemissive cathode to generate
the electron packets. These pulses were accelerated in the TEM
column and dispersed after transmission through the sample in
order to provide the energy loss spectrum of the material. The
diameter of the converged electron beam (~200 nm) was
sufficiently large to cover a large enough amount of randomly
oriented nanotubes. The converging and collection angles were
approximately 4 and 7 mrad, respectively.

The preparation of the single-walled nanotubes used in the
FEELS experiment is as follows: the nanotubes were dispersed in
dimethylformamide under sonication for 15 min. The solution
was then drop cast on TEM grids, which were then dried in the
vacuum for 24 h. In Figure S2 of the Supporting Information we
show the Raman spectrum for the single-walled tubes. Their
semiconducting character and the very low amount of defects
are evident from the spectrum (see Supporting Information for
details).

The EEL spectra were carefully corrected for energy drifts by
fitting the zero-loss peak with a Voigt profile. No laser-induced
changes in the zero-loss peak beyond ~1 ps were observed. The
transient changes of the bulk plasmon peak were determined
by minimizing the differences (y?) between an averaged scaled
and shifted spectrum before time zero and the respective
spectra at each time delay. The resulting fitted scaling factors
were close to one for all time delays; the fitted peak shifts are
shown in Figure 4c. The time trace was fitted with the combina-
tion of an exponential decay and an exponential increase, after
convolution with a Gaussian function centered at time zero and
full-width-at-half-maximum (fwhm) equal to 0.5 ps, which takes
into account the experimental resolution. The time constant for
the peak shift is determined to be 0.7 £+ 0.2 ps.
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