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Cooperative inter- and intra-layer lattice dynamics
of photoexcited multi-walled carbon nanotubes
studied by ultrafast electron diffractionft
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Huanfang Tian,® Huaixin Yang®® and Jiangi Li**°<

Optical tuning and probing ultrafast structural response of nanomaterials driven by electronic excitation
constitute a challenging but promising approach for understanding microscopic mechanisms and appli-
cations in microelectromechanical systems and optoelectrical devices. Here we use pulsed electron diffr-
action in a transmission electron microscope to investigate laser-induced tubular lattice dynamics of
multi-walled carbon nanotubes (MWCNTSs) with varying laser fluence and initial specimen temperature.
Our photoexcitation experiments demonstrate cooperative and inverse collective atomic motions in intra-
layer and interlayer directions, whose strengths and rates depend on pump fluence. The electron-driven
and thermally driven structural responses with opposite amplitudes cause a crossover between intralayer
and interlayer directions. Our ab initio calculations support these findings and reveal that electrons
excited from & to n* orbitals in a carbon tube weaken the intralayer bonds while strengthening the inter-
layer bonds along the radial direction. Moreover, by probing the structural dynamics of MWCNTSs at initial
temperatures of 300 and 100 K, we uncover the concomitance of thermal and nonthermal dynamical
processes and their mutual influence in MWCNTSs. Our results illustrate the nature of electron-driven non-
thermal process and electron—phonon thermalization in the MWCNTSs, and bear implications for the intri-
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Introduction

Novel nanostructured materials with fast electronic responses
are currently actively pursued for building miniaturized opto-
electronic devices with high-speed circuitry performance. The
candidate materials are one-dimensional (1D) carbon nano-
tubes (CNTs)"® and two-dimensional (2D) graphene and tran-
sition metal dichalcogenides (TMDCs).*® A detailed micro-
scopic understanding of their ultrafast carrier relaxation and
lattice dynamics is the key for designing and engineering
novel carbon-based optoelectronic devices.'® Ultrafast optical
spectroscopy techniques'’'* have been extensively used to
study carbon-based materials and provided crucial infor-
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cate energy conversion and transfer in materials at the nanoscale.

mation about their electronic dynamics.”*'* However, due to

the insensitivity of optical spectroscopy to structural changes,
the direct information of lattice response after laser excitation
is largely inaccessible, which is crucial for application in
microelectromechanical systems (MEMS). Studying the ultra-
fast structural dynamics requires not only sufficient time
resolution but also efficient means for atomic structure deter-
mination. Ultrafast X-ray diffraction (UXRD)"™*” and ultrafast
electron diffraction (UED)"®"® provide a direct access to lattice
dynamics with high spatiotemporal resolution and give
insights into the thermally/carrier-driven atomic structural
dynamics in femtosecond to picosecond time scales. Probing
ultrafast structural response induced by electronic excitation,
i.e. a nonthermal effect, is generally considered to be a great
challenge due to the process being very fast with very small
amplitudes of lattice response. With modest excitation below
the melting threshold in UED experiments, a carrier-induced
lattice contraction followed by a large thermal expansion was
reported in the interlayer direction of graphite.'>*® At low exci-
tation densities in UXRD experiments, the above band-gap
optical excitation in the TMDCs leads to an unexpected large-
amplitude, ultrafast contraction between the two-dimensional
layers arising from a dynamic modulation of the interlayer van
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der Waals interactions.” A recent report®' has revealed the
reversible structural dynamics of multi-walled carbon nano-
tubes (MWCNTS) involving a striking electron-driven lattice
expansion along the axial direction. We note that in ref. 21 the
nonthermal lattice responses are only observed in the axial
direction (covalent bonds within the carbon intralayer) for a
single laser fluence, while the nonthermal effect in the radial
direction (van der Waals bonds in the carbon interlayer) is
absent. Moreover, the observed nonthermal axial expansion
time constant is ~1.3 ps and then the recovery of the axial
lattice takes about 17 ps. In this time span, the thermal
process of hot electrons thermalizing phonons is expected to
occur concurrently, that is, the nonthermal atomic motions
are inevitably affected by the thermal process via electron-
phonon scattering.

In this article, UED techniques are used to follow both the
radial and axial responses of MWCNTSs upon laser excitation.
We find that nonthermal atomic motions in MWCNTs result
in rapid intralayer expansions and interlayer contractions. The
cooperative and inverse collective atomic motion in intralayer
and interlayer directions provides a true time-resolved three-
dimensional (3D) visualization of electron-driven atomic
motions and gives insights into the characteristics of nonther-
mal lattice response in highly anisotropic structures. By
probing the lattice dynamics of specimens at different initial
specimen temperatures (300 and 100 K), we observe a dramatic
difference in lattice responses for the two temperatures used,
and explain the underlying physics as being the concurrence
and mutual influence of thermal and nonthermal processes in
the highly anisotropic CNT system. Our results should contrib-
ute to the understanding of ultrafast electronic and atomic
dynamics in MWCNTs that could lead to efficient ways of
control of both electron and atom degrees of freedom for ultra-
fast device applications.

Materials and methods
Source of MWCNTs and TEM specimen preparation

The MWCNT samples used here were synthesized by catalytic
cracking of natural gas (Chengdu Organic Chemicals Co. Ltd),
which are a mixed type comprised of both metallic and semi-
conducting ones. For UED experiments, MWCNTs were dis-
persed in ethanol using an ultrasonicator, and a few droplets
of a suspension were cast onto a 2000-mesh copper grid. A
second 400-mesh copper grid was placed on top of the
2000-mesh grid to sandwich the specimens to enhance their
mechanical stability during laser excitation. As a result, the
specimen consisted of a woven porous network of randomly
oriented nanotubes. The MWCNT samples have an average
diameter of 40 + 10 nm and typical lengths of 10-20 pm.

UTEM instrument and experiment

The UED experiments of MWCNTs were performed using our
home-built ultrafast transmission electron microscope (UTEM)
modified from a JEOL-2000EX microscope, as shown schemati-
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Fig. 1 Schematic illustration of ultrafast transmission electron
microscopy (UTEM) and reversible ultrafast structural dynamics of multi-
walled carbon nanotubes (MWCNTSs). (@) Pump—probe scheme in the
UTEM. The pump laser (520 nm wavelength, 300 fs duration) initiates
the ultrafast process and sets the time as zero. A second probe laser
(347 nm wavelength, 300 fs duration or 355 nm wavelength, 10 ns dur-
ation) is used to generate pulsed electrons for taking diffraction patterns
with time At. (b) Transient 1D electron diffraction profiles radially inte-
grated from a 2D diffraction pattern. The upper panel shows the as-
obtained diffraction profile and the baseline (red curve). The lower panel
shows the baseline-subtracted diffraction profile. The insets in (b) are
the typical pulsed electron diffraction pattern and atomic model of
MWCNTSs with the radial and axial directions and crystallographic planes
of (002) and (100) indicated. (c) A temporal phase diagram of the revers-
ible structural evolution of photoexcited MWCNTs for a fluence of
45mJ cm™2,

cally in Fig. 1a. The electron gun was operated at 160 kV with a
LaB, photocathode, driven by 300 fs laser pulses (347 nm) or
10 ns laser pulses (355 nm) at suitable repetition rates in the
femtosecond (fs) or nanosecond (ns) stroboscopic imaging
mode, respectively. The photo-induced structural dynamics
was initiated by a second 300 fs pump laser (520 nm) with a
variable fluence of up to 120 mJ cm™>. The laser spot at the
sample has a size of about 100 pm (1/e* of the peak intensity).
The electron beam was spread uniformly to around 20 pm and
a collection of randomly oriented tubes with 5 pm diameter by
a selected area aperture were used for electron diffraction.
Time-resolved electron diffraction patterns were recorded
using a charge coupled device (CCD) camera with an exposure
time of 10 seconds for each diffraction pattern. The overall
temporal resolution for the femtosecond stroboscopic mode
was found to be about 1 picosecond. More details about the
characteristics and the performance of our UTEM have been
previously reported.”*>®

This journal is © The Royal Society of Chemistry 2018
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Analysis of ultrafast electron diffraction

A typical 2D diffraction pattern of MWCNTs (inset in Fig. 1b)
is radially integrated into a 1D diffraction profile, as shown in
Fig. 1b, in which the upper panel is the as-obtained diffraction
profile and the lower panel is the one after baseline (red curve)
subtraction. The diffraction baseline was fitted with a three-
exponential function and subtracted from the as-obtained 1D
diffraction profile. The change in lattice spacing, Ad/d = —AR/R,
can be deduced using the formula Rd = L4, in which R is the
radius of the diffraction ring, d is the lattice spacing, L is the
camera length, and 4 is the de Broglie wavelength of electrons.
The measurement precision for the lattice change by evaluat-
ing the peak shift of the diffraction profile was estimated to be
0.25%o0. The inset of Fig. 1b depicts the tubular structure of
MWCNTs with two distinct chemical bonds, ie., the strong
covalent bonds within the (100) intralayer, and the weak van
der Waals bonds within the (002) interlayer.

Results and discussion

Structural dynamics of photoexcited MWCNTS in a reversible
cycle

To be assured that the structural dynamics of MWCNTSs is
reversible for stroboscopic observation, we first monitor the
structural responses of photoexcited MWCNTS at a long time
delay of up to 100 ps at 10 kHz repetition rates within the fs
and ns stroboscopic imaging mode. Fig. 1c shows the temporal
changes of interlayer spaces (Ad/dyo,) and intralayer spaces
(Ad/d,0) of MWCNTs for a fluence of 45 mJ em ™2, illustrating
a full cycle of structural dynamics with distinct sequences:
rapid electron-phonon driven transient process at an early
time, then a new thermal quasi-equilibrated state, and a rela-
tively slow thermodiffusion process at a longer time. In the full
cycle, the MWCNTs exhibit a strong anisotropic behavior of
lattice dynamics due to their distinct chemical bonding.
The time span for such a full dynamical cycle is determined
to be ~1 ps in the MWCNTs (Fig. S1 in the ESI}), which is
determined by the thermal diffusion process of materials
and heat transport between the materials and the supports.
Therefore, we set the repetition rate of the pump laser to be
100 kHz (i.e. the pulse repetition interval of 10 ps) to ensure
reversible processes for stroboscopic observation in the follow-
ing study.

Cooperative radial contraction and axial expansion in
MWCNTs driven by electronic excitation: experimental
observation

Fig. 2a shows the temporal evolution of the lattice spacings for
the (002) and (100) planes. At longer time delays (>30 ps) both
the radial and axial directions expand as the hot carriers ther-
malizing the lattice. One can estimate the temperature rise AT
to be ~500 K using the thermal expansion coefficient®®>” agg,
= ~3 x 107° K" and the radial (002) spacing expansion of
1.5% at 30 ps. Strikingly, at an early time ¢ < 5 ps the axial
(100) spacings exhibit a rapid expansion and then a partial

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Experimental and theoretical investigations of ultrafast structural

changes of MWCNTSs upon pulsed fs-laser excitation. (a) Time-resolved

structural changes as obtained from UED with a fluence of 45 mJ cm™2,

illustrating nonthermal lattice motions in both the axial and radial direc-
tions. (b) The nonthermal components extracted from (a) after the sub-
traction of the thermal contribution (a single-exponential with a time
constant of 5 ps) to the total lattice change. The nonthermal responses
are fitted with a fast exponential response (1 + 0.5 ps) and a slow expo-
nential decay (4 + 1 ps). (c) Calculated lattice changes for a single-
walled carbon nanotube as a function of effective electron excitation,
illustrating the essential different features driven by n to n* excitation.
The inset shows the atomic model of a single-walled carbon nanotube.
(d) Alteration of the electron density between the ground and excited
states (following electron excitation from = to n*). The charge density
decreases in the axial direction (yellow isosurfaces) and increases in the
C-C bonds along the radial direction (purple isosurfaces).

recovery; in contrast, the radial (002) spacings exhibit a rapid
contraction, followed by a thermal phonon-driven large ampli-
tude expansion. The thermal response caused by the electron-
phonon coupling process predicted using the two-temperature
model is demonstrated as a single exponential process. In
order to quantify the nonthermal process, we subtract the
thermal phonon-driven component (approximated by an expo-
nential function with a time constant of 5 ps) from the total
lattice changes (Fig. 2a) to yield the nonthermal electron-
driven component (Fig. 2b). For the evolution of the lattice
spacing along the axial direction, it can be fitted with the com-
bination of a fast exponential increase with a time constant of
1 + 0.5 ps and a slow exponential decay of 4 + 1 ps, as dis-
cussed previously.>' Similarly, the dynamical changes of the
interlayer spacing along the radial direction can be character-
ized by a fast exponential decrease and a slow exponential
expansion with the same time constants as for the axial direc-
tion. The time for reaching the maximal nonthermal effect of
both the axial and the radial directions is estimated to be
~3 ps. The experimentally observed nonthermal lattice
dynamics of both the radial and axial directions in MWCNTs,
as driven by electronic excitation, demonstrate cooperative and
inverse collective atomic motions and provide a four-dimen-
sional (4D) view of atomic motions at the nanoscale.
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Theoretical verification

In order to understand the lattice dynamics driven by the
photoexcited electrons, we performed an extensive investi-
gation on the effects of the laser pulse on the electronic struc-
ture and chemical bonding in a carbon nanotube using
ab initio DFT calculations. The Vienna ab initio simulation
package (VASP)*® for the projector augmented-wave (PAW)
approach®® was adopted for our DFT calculations. The
exchange-correlation function is described using the general-
ized gradient approximation in the parameterization of the
Perdew, Burke, and Ernzerhof (PBE) functional.’® The cut-offs
of wave function and charge density are 600 and 900 eV,
respectively. The single-walled carbon nanotube, as used for
the theoretical analysis of intralayer atom motions, is mod-
elled using a unit cell with 24 carbon atoms in a 19.889 x
19.889 x 2.465 A® hexagonal lattice, where sufficient vacuum is
introduced around the nanotube to avoid interactions among
neighboring images because of the translational periodicity
(see the inset of Fig. 2¢). In this model, the unit cells are fully
optimized using a k-mesh with a density of one point per
~0.03 A~ to obtain the change of the nanotube along the axial
and radial directions caused by electronic excitation. For the
relaxation of all the cases, the forces exerted by each of the
atoms are well converged below 0.01 eV A, and the total ener-
gies are converged below 107> eV per cell.

The electronic structures of MWCNTs consist of a ¢ band
with a very large bandgap and a n band around the Fermi
level. Hence, the optical excitation at 520 nm (2.4 eV) promotes
electrons from the = to the n* states. The photoexcitation effect
is simulated by a fixed partial electron occupancy, i.e., a frac-
tion of electrons from the highest occupied state are moved to
the lowest unoccupied state. Fig. 2c depicts the changes in
lattice spacings of the carbon nanotube as a function of
excited electrons, in which upon increasing the excitation
level, the axial expansion (black squares) and radial contrac-
tion (red circles) are clearly revealed. At the excitation level of
one electron (from = to n* orbitals), the axial direction of the
nanotube expands by about 5.3%o0, while the radial direction
shrinks by 1.8%eo. It is also informative to show the changes in
the unit-cell volume as a function of the excitation level (blue
triangles in Fig. 2c).

Fig. 2d shows the charge density p difference between the
ground and excited states for a single-walled carbon nanotube,
in which the charge densities of n-bonds on carbon rings
decrease (purple isosurfaces), while those of the o-bonds
(yellow isosurfaces) increase. The charge density changes upon
electronic excitation for the two types of bonds exhibit an
opposite behavior of charge redistribution. The depopulation
of electrons (in the band picture from = bands to unoccupied
n* bands) in the n-bond upon laser excitation weakens the
intralayer C-C bonds, which explains the expansion in the
(100) axial direction observed in experiments. On the other
hand, the gain in the charge density of the o-bond perpendicu-
lar to the axial direction strengthens the interlayer interaction
and shortens the interlayer spacing, in accordance with the
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experimentally observed radial contraction of MWCNTs upon
photoexcitation.

Laser fluence dependence of the nonthermal process in
MWCNTSs

We now proceed to study the fluence-dependent structural
dynamics of MWCNTS. At an early time (¢ < 5 ps), the magni-
tudes of both the radial contractions (Fig. 3a) and of the axial
expansions (Fig. 3b) depend strongly on the applied pump
laser fluence: a trend that a higher fluence leads to enhanced
nonthermal lattice changes. It is noteworthy that the magni-
tude of nonthermal response along the (100) axial direction is
much larger than that along the (002) radial direction, which
is supported by our ab initio calculations (Fig. 2¢). Fig. 3¢ plots
the fluence-dependent maxima of nonthermal radial contrac-
tions in Fig. 3a and axial expansions in Fig. 3b, to illustrate the
nature of nonthermal transient lattice changes driven by elec-
tronic excitation. The features of electron-driven radial contrac-
tion and axial expansion of MWCNTs are essentially correlated
with the highly anisotropic electronic bonds in the tubular
structure, i.e., the interlayer van de Waals bonds and the intra-
layer covalent bonds. Note that while the electron-driven axial
expansion exhibits a nearly monotonic behavior with respect
to the applied fluence of up to 45 mJ cm™>, the fluence-depen-
dent radial contractions show a nonlinear feature with
threshold-switching effects, as also seen clearly in Fig. S2d in
the ESL.}

At a relatively long time (¢ > 20 ps), at which hot electrons
thermalize phonons to a new thermal equilibrium state
(Fig. S2a and S2b in the ESIf), the thermal phonon-driven
lattice expansion in the new thermal state also exhibits a
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Fig. 3 The fluence dependence of nonthermal structural changes of
MWCNTs. (a, b) Transient evolution of the peak position for the radial
(002) plane and for the axial (100) plane, respectively. (c) Fluence depen-
dence of the maximal nonthermal response for the (002) and (100)
planes taken at a time delay of 3 ps. The solid lines are guide to the eyes.
(d) Regime diagram summarizes the timescale and fluence dependence
of structural changes of MWCNTs upon femtosecond laser pulse exci-
tation. Laser fluence ranges from 0 to 120 mJ cm™2.
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linear response depending on the pump fluence (Fig. S2c in
the ESIf). We also performed experiments with a higher laser
fluence up to 120 mJ cm™? to determine the threshold fluence
above which the irreversible lattice changes occur. Fig. 3d
summarizes the fluence dependence of the lattice dynamics
of MWCNTs with a determined fluence threshold of ~80
m]J cm ™2, above which lattice defects and damage of the tubular
structure set in, as shown in Fig. S3 in the ESL{ and below
which, the MWCNTs undergo reversible dynamical processes
involving rapid nonthermal responses and electron-phonon
thermalization.

Effects of initial specimen temperature on the nonthermal
and thermal responses

Our ultrafast studies on MWCNTs described above and the
results of a previous report*! clearly show that subsequent to
photoexcitation the rapid increase of nonthermal lattice
responses (around 1 or 2 picoseconds) of MWCNTs are fol-
lowed by a relatively slow (tens of picoseconds) nonthermal
lattice relaxation. Consequently, thermal processes via elec-
tron-phonon scattering are expected to occur alongside with
the recovery of nonthermal effects. In order to study the
entangled nonthermal and thermal processes in MWCNTSs, we
designed ultrafast experiments using an in situ cooling holder
to provide different initial specimen temperatures. Fig. 4a and
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Fig. 4 Influence of initial specimen temperature on the lattice
dynamics of MWCNTs. (a, b) Radial (002)- and axial (100)-lattice
dynamics upon pulsed laser excitation with a fluence of 45 mJ cm™2
obtained at initial temperatures of 300 K and 100 K, respectively. The
inset in (a) shows an enlarged region at the early time. (c) The upper
panel displays the intralayer coefficient of thermal expansion (CTE, a,) of
a MWCNT, showing the negative intralayer CTE at a relatively low-temp-
erature range. The lower panel displays the lattice response after a
temperature rise of AT = 500 K from the initial specimen temperatures
of 100 K (black curve A-B) and 300 K (red curve A'-B’), respectively. (d)
The nonthermal components extracted from (b) after the subtraction of
the thermally driven contribution (dashed curves in (b)) to the lattice
change, illustrating visibly different motions for the initial temperatures
of 100 K and 300 K. The axial nonthermal recovery processes are fitted
by an exponential function with the time constants as indicated.
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b show the respective temporal evolution of (002) interlayer
and (100) intralayer spacings for two initial specimen tempera-
tures of 300 and 100 K. In Fig. 4a, the radial expansions at
300 K exhibit a faster electron-phonon thermalization than
that at 100 K, as evidenced by their respective estimated time
constants of 7 =5 + 1 ps for 300 K and 7 = 11 + 2 ps for 100 K.
We attribute these different thermalization rates to the temp-
erature-dependent phonon density of the specimen.
Qualitatively, the lower the specimen temperature the lower
the occupied phonon density, resulting in longer time needed
for  electron-phonon  thermalization, as  previously
discussed.?'* 1t should be noted that at a longer time (¢ >
40 ps) of a new thermal equilibrium, the magnitudes of radial
expansion for both cases of 300 K and 100 K are nearly
identical.

In Fig. 4b, the axial lattice responses of MWCNTs at initial
temperatures of 300 and 100 K present two prominent fea-
tures: (a) the magnitude of axial thermal expansion (¢ > 40 ps)
for 300 K (~1%o) is much larger than that for 100 K (almost
zero); and (b) the magnitude of axial nonthermal expansion
for 300 K is larger than that for 100 K. The first feature of the
axial responses is in stark contrast to the nearly identical
thermal expansions of the radial response for both specimen
temperatures (see Fig. 4a). To better understand this striking
feature, we invoke the strong temperature-dependent coeffi-
cient of thermal expansion (CTE) for carbon-based materials,
such as graphite**~° and nanotube.>*™** Fig. 4c plots the axial
CTE a,(T) adopted from ref. 35 and the calculated relative
axial changes Ad/d;y, for 300 and 100 K. Interestingly, the
negative CTE for a,(7) in the low temperature range (<300 K)
leads to lattice contraction as the specimen temperature rises.
Using the a,(7T) and the measured lattice temperature rise of
AT =500 K (see the above text related to Fig. 2a), one can cal-
culate the radial thermal changes for initial specimen temp-
eratures (Fig. 4c) of 300 K (red curve marked by A'-B') and
100 K (black curve marked by A-B). It is now clear that the first
feature of different magnitudes of axial thermal expansion for
different initial specimen temperatures is associated with the
peculiar negative part of the axial a,(T), while the radial a.(T)
(not shown here) is also temperature-dependent but always
has positive values.*

Owing to the fact that the occurrence of nonthermal and
thermal processes, especially the nonthermal recovery at tens
of picoseconds, it should be ideal to separate the two contri-
butions for their respective quantification. In such attempts,
the axial thermal parts for 300 and 100 K (their respective red
and black dashed curves in Fig. 4b) are calculated using the
formula Ad(t)/d, = fTT(](t) ay(T)dT, where T(t) = AT(1 — exp(—t/
7)) + Ty, and 7 is the time constant of electron-phonon ther-
malization estimated from Fig. 4a. Fig. 4d shows the axial non-
thermal parts subtracted from the thermal parts, in which the
300 K case shows a higher radial nonthermal expansion than
the 100 K case. Moreover, the rates of increase and recovery of
the axial nonthermal responses for 300 K are also faster than
those for 100 K. It is also noted that for both temperatures,
their respective time constants for the increase of thermal
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expansion in the radial direction are similar to those for the
nonthermal recovery in the axial direction, as evidenced in the
estimated time constants indicated in Fig. 4a and d. This
suggests that the nonthermal electron-driven lattice recovery
process is concomitant with the thermal carrier-phonon relax-
ation. The magnitude of the nonthermal lattice response
depending on the initial specimen temperature could be
associated with the temperature dependence of energy gap
and intraband carrier scattering in solids.'? Future ultrafast
experiments and theoretical analysis should address quantitat-
ively the lattice dynamics of solids involving intricate entangle-
ment of electron-driven nonthermal and phonon-driven
thermal processes.

Conclusions

In the present study, we used the pulsed electron diffraction in
UTEM to follow the nonthermal lattice dynamics of MWCNTSs
in the picosecond time scale with the ability of direct transient
structure determination. Our results reveal the nonthermal
nature of both the radial contraction and the axial expansion
in the MWCNTs upon photoexcitation, thus demonstrating a
4D visualization of electron-driven cooperative atomic motions
in intralayer and interlayer directions, supported by ab initio
calculations. By probing the structural dynamics of MWCNTSs
at initial temperatures of 300 and 100 K, we uncover the con-
comitance of thermal and nonthermal dynamical processes and
their mutual influence in MWCNTSs. Our ultrafast exploration
is expected to be applicable for other highly anisotropic 2D
materials and layered compounds. From the methodological
perspective, the present studies demonstrate that owing to the
large matter-electron scattering cross-sections, the direct
access to atomic structures, and the less-scale facility of even
table-top apparatus, pulsed electron diffraction and
microscopy in the UTEM with fs/ns stroboscopic mode are
powerful tools to obtain a complete temporal phase diagram
of the ultrafast structural dynamics of nanomaterials and the
associated energy transfer at the nanoscale.
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