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HIGHLIGHTS

An improvement over current

state-of-the-art UEM by an order

of magnitude

Subnanometer sensitivity at

picosecond precision in real-

space wide-field imaging

Direct mapping of the acoustic

vibrations of nanoparticles at a

single-particle level

Control of the photoinduced

activity with local selectivity at the

nanoscales
Combination of a direct electron detector with ultrafast electron microscopy

enabled direct visualization of acoustic vibration of a single plasmonic

nanostructure at high spatiotemporal limit, resolving the time-dependent Å-scale

displacement to a few-picosecond precision. This made possible the proposal that

the launching of the acoustic vibration is related to the activation energy,

associated with the (in)commensurability of two crystalline lattice planes at the

interface.
Kim et al., Matter 1, 481–495

August 7, 2019 ª 2019 Elsevier Inc.

https://doi.org/10.1016/j.matt.2019.03.004

mailto:sangwoohan@kaist.ac.kr
mailto:ohkwon@unist.ac.kr
https://doi.org/10.1016/j.matt.2019.03.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matt.2019.03.004&domain=pdf


Article
Ultrafast Electron Microscopy
Visualizes Acoustic Vibrations
of Plasmonic Nanorods at the Interfaces
Ye-Jin Kim,1,2 Hayoon Jung,3 Sang Woo Han,3,* and Oh-Hoon Kwon1,2,4,*
Progress and Potential

Since the achievement of atomic

spatial resolution in imaging

materials, prolonged efforts have

been devoted to capture the

dynamics therein. Whereas

conventional microscopy is

conducted in a time-integrated

manner limited by the camera

frame rate, introducing pulsed

electrons to microscopy provides
SUMMARY

By integrating a direct electron detector with ultrafast electron microscopy and

controlling the quality of the pulsed electron beam, unprecedented spatiotem-

poral resolution in real-space imaging was achieved under practical pump-

probe measurements. As a proof-of-principle demonstration of this new

technique, the acoustic vibrations of plasmonic nanorods that were one nano-

meter amplitude or less and picosecond period upon femtosecond-pulsed

photoexcitation were studied at the frictional interfaces. The subnanometer

sensitivity in visualizing individual mechanical movement captures new details

about acoustic vibrations such as the initial launching of the vibrations and the

suppression and release of the vibration at the interfaces.
unique timing control liberated by

the intrinsic timescale of the

displacement of atoms. In this

work, with the aid of a highly

sensitive camera, the spatial

resolution of an ultrafast electron

microscope was improved by an

order of magnitude, imaging

acoustic vibration of individual

nanorods with the sensitivity of

several angstroms. We are now

one more step closer to filming

atomic motions. Once realized,

the time-resolved imaging with

truly atomic spatiotemporal

resolution would also yield a

wealth of quantitative knowledge

pertaining to structure, dynamics,

and function in highly correlated

systems.
INTRODUCTION

Determining molecular structures at or nearly at atomistic detail is critical for chemistry,

materials science, and biology. Transmission electron microscopy (TEM) has revolution-

ized our understanding of structure of materials ranging frommolecules to architectures

in macroassemblies. With these powerful techniques, nanometer-sized solids can be

imaged with angstrom-level resolution in two-dimensional (2D) and 3D spaces.1–5 The

next revolutionary step inmolecular imaging is the extension of TEM to include time res-

olution, which opens the door to studyingmolecular motion and perhaps even chemical

reactions. Recent advances in ultrafast electron microscopy (UEM) allow time-resolved

studies up tohundredsof femtoseconds. Inprinciple, these techniques canbeemployed

to study ultrafast structural dynamics of materials with unprecedentedly precise local

sensitivity.6–8 In the scanningmodewith secondary electrons beingprobed, thediffusion

dynamics of charge carriers can also be imaged selectively at surfaces.9–11

Unfortunately, the use of a pulsed electron beam inUEM,whose duration determines

the exposure time of an object and with that the time resolution, is accompanied by

intrinsic space-charge effects12 that reduce the spatial resolution back to several

nanometers when the electron beams utilized are dense. The resolution deteriorates

even to a few tens of nanometers with the application of femtosecond electron

packets in conventional pump-probe measurements. This fundamental flaw has

severely limited the application of UEM mostly to the tracking of time-dependent

change of diffraction contrast and the large-amplitude displacement of materials,

whichwas sufficient to examinemechanicalmotion of nm-to-mm-sizedobjects, phase

transitions, and the propagation of sound wave in thin solids,13–18 for example.

To study the fundamental material dynamics at nanoscales, the spatiotemporal

responses of the imaging apparatus must be in the range of angstroms and
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femtoseconds, which was thus far not possible without substantial advances in UEM

instrumentation toward significantly higher resolution in both the time and space

domains. By integrating a direct electron detector with UEM that requires less cur-

rent, i.e., a smaller number of electrons per pulse for acquiring a time-framed image,

we were able to effectively suppress the detrimental space-charge effects and

achieve unprecedented spatiotemporal resolution (Figures 1A and S1). With this

new technique we can reveal unique structural dynamics of individual nanostructures

that are entangled in an ensemble in a single time scan. These new capabilities allow

for seeing mechanical movements at the angstrom scale for the first time in their

native spatial domains and facilitate an in-depth understanding that is needed to ul-

timately enable control over mechanical properties and energy transfer events at the

molecular levels. As a proof-of-principle demonstration, we report the first direct

visualization of plasmonic acoustic vibrations of individual nanostructures in an

ensemble with resolving angstrom-scale structural change (Figure 1B), which consti-

tutes an improvement over current state-of-the-art UEM by an order of magnitude,

still retaining few-picoseconds time resolution.

For this study, gold nanorods (NRs) were selected as plasmonic nanostructures,

because they exhibit high absorption cross-sections and strongly localized electro-

magnetic fields, and offer a route toward coupling light into nanomechanical mo-

tion. We envisioned that the ultrafast photoexcitation of electrons and subsequent

energy transfer to lattice may result in the excitation, launch, and decay of coherent

intraparticle acoustic phonons.19,20 These mechanical motions should be in the

range of spatial and temporal resolution that our newly developed imaging tech-

niques can detect. The study of the dynamics of the coherent phonon coupling in

nanostructures is critical for many applications in ultrasensitive plasmon-based op-

tomechanics,21,22 for instance, and has significant scientific merit. The acoustic vi-

brations of NRs have been tracked previously by observing the modulation of the

characteristic plasmon absorption bands of a single NR or an ensemble of NRs

with uniform shape and size, by using ultrafast optical methods,23–26 or captured

by coherent diffractive imaging.27–30 Because such vibrational properties are

strongly influenced by the size, shape, and environment, direct wide-field imaging

in real space and time with UEM is advantageous for simultaneously mapping the

characteristic vibrations of heterogeneous NRs at a single-particle level with phase

and amplitude information.
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RESULTS AND DISCUSSION

As depicted in Figure 1 and detailed in Experimental Procedures, for the bright-field

imaging of the ultrafast structural response of an individual gold NR in an ensemble

on a few-nanometer-thick graphene support, stroboscopic experiments were per-

formed with 570-fs optical pump pulses of 515 nm and few-picosecond photoelec-

tron packets. In these experiments both the transverse and longitudinal plasmons of

the NRs with the aspect ratio of 1.6 (Figure S2) can be excited. The resulting time-

framed micrographs capturing the moment of the acoustic vibration were taken us-

ing a retractable direct electron detector in counting mode, which directly detects

incoming electrons without requiring a scintillator. This setup significantly reduces

the point spread function and improves the detective quantum efficiency (DQE) at

high spatial frequencies and the contrast at low frequencies. A high frame rate se-

cures counting either one electron per pixel or none, eliminating the Landau noise

(Figure S1). The integration of the direct electron detector with UEM has been

demonstrated to reduce the number of electrons required to record an image

with sufficient contrast,31 thus realizing the lower repetition rate of stroboscopic
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Figure 1. High-Resolution Ultrafast Electron Microscopy

(A) Combination of a direct electron detector with UEM for visualizing acoustic vibrations of nanostructures at high spatiotemporal limit. The optical

pump pulse (515 nm) launches the vibrations of the NRs supported by a graphene substrate and functions as a clocking pulse for the dynamics. The brief,

photoelectron packet generated from a photocathode by the UV pulse (257 nm), time delayed with respect to the clocking pulse, takes a snapshot of the

ensemble of NRs in vibration. The resulting time-framed micrographs were recorded with a retractable direct electron detector. A series of the time-

framed micrographs with equal time steps provides a movie of the structural dynamics. Finally, the ultrafast structural changes are directly visualized

with subnanometer spatial and few-picoseconds temporal resolution.

(B) Local selective mapping of ultrafast structural response of individual NRs realized in UEM. The characteristic lag for the launching and the damping

of the acoustic vibration result from the heterogeneity in the nanostructures and the interface with a substrate, as pictorially presented.
imaging at lowmagnifications comparedwith typical UEMmeasurements.32,33 Here,

a direct detection scheme is applied to minimize the space-charge effects on the

high spatial resolution. In addition, to maximize the usable-electron counts, the

photoelectron pulses at the initial stage of birth were optimized after adjusting

the gun geometry, extraction field, pulse duration, and the number of electrons

per pulse,33–35 as described in Experimental Procedures.

The field of viewwhile probing aNR ensemble is presented in Figure 2A. The time delay

(Dt) of a probe electron pulse was defined with respect to the time when an excitation

pulse reaches a specimen (Dt=0). Time-framedmicrographswere recordedat1-ps steps

from Dt = �20 to 150 ps. To quantify the real-space vibration, we took square profiles

along the transverse axis of aNR, as shown in Figure 2B. From the obtained cross-section

profiles, the time-dependent size of the NR along the axis was determined by fitting the
Matter 1, 481–495, August 7, 2019 483



Figure 2. Identification and Quantification of Acoustic Vibration of Single NR

(A) Bright field-of-view of ultrafast electron imaging. The camera was binned by a factor of four (955 3 920 pixels), and the exposure time was 20 s. The

vibrating NR is highlighted in the square box.

(B) Magnified image of a vibrating NR in (A). The vibration was quantified by analyzing the time-dependent displacement in the square profiles along the

transverse (T) direction. The number of integrated pixels along the longitudinal (L) axis in the square was 25 pixels.

(C) Examples of cross-section profiles (gray) of time-framed images (Dt = 6, 44, and 62 ps for i, ii, and iii, respectively, in D) along transverse axis. The

number of pixels was subdivided up to 900 pixels (1.9 Å/pixel along transverse axis) to resolve the change in the diameter (full width at half maximum

[FWHM]) down to subpixel precision. The cross-section profiles are fitted to a sum of two sigmoidal functions (red) to follow the time-dependent change

in the FWHM of the dip in time. The difference in the pixel position for the FWHM with respect to (ii) is noted in the lower panels.

(D) Acoustic vibration dynamics of the NR in (B) at fluence of 25 mJ/cm2 following the analysis in (C). All the measured displacements are relative to the

at-rest position averaged before time zero (Dt < 0); its standard deviation (STD) is 1.7 Å. The oscillatory feature was apparent from the fit of the real-

space displacement traces to sinusoidal modulation functions (Equation 2 and Experimental Procedures). A fit to a sum of damped sinusoidal functions

is also depicted as a guide to the eye (red line).

(E) Frequency obtained by FFT of the displacement responses in (D). The time range for the FFT was from 0 to 150 ps with 1-ps steps.
intensities with the sumof two sigmoidal functions (Figure 2CandEquation 1). Thediam-

eter of the NRwas estimated as the distance between the half heights of the two edges.

The resulting time-dependent angstrom-scale displacement, i.e., acoustic vibration dy-

namics, referenced to the steady state before Dt = 0, is displayed in Figure 2D. From

the trace along the transverse axis, the vibration of the NR was persistent across the

dynamic range of 150 ps. With the standard deviation of the at-rest diameter being

approximately 1.7 Å atDt<0 and the clear periodicity in the displacement, the structural

deformation along the radial direction and the damping of the oscillation were discern-

ible at the angstrom level (see Video S1). The fast Fourier transformation (FFT) for the

vibration shown in Figure 2E yields the frequency as 35GHz. The independent measure-

ments with larger time-step and time-span reproduced a modulation identical to that

shown in Figure 2D (Figure S3).

Assuming the boundary condition of the vibrating NR as a simple free-standing

cylinder, the frequencies for the radial breathing and extensional higher angular
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momentum modes can be estimated by employing continuum mechanics. With

the measured diameter of 70 nm and length of 110 nm of the NR in Figure 2B,

Young’s modulus of E = 64 GPa, and density = 19.3 g/cm3 for a gold NR, the fre-

quencies of the fundamental breathing and extensional modes can be calculated

to be 30 and 10 GHz, respectively.23 Thus, the frequency of 35 GHz in Figure 2E

can be attributed to the fundamental breathing mode. It should be noted that

the acoustic vibration was not immediately launched upon photoexcitation but

triggered by the initial expansion of the NR in the first 25 ps arising from the elec-

tron-phonon coupling (Figure S4), the time window of which is typically not acces-

sible in optical measurements obstructed by nonlinear effects. The absence of the

extensional mode in the vibration trace and FFT in Figures 2D and 2E with our

experimental sensitivity is ascribed to the low aspect ratio of the NR. The observa-

tion of an extensional mode has previously been reported with a higher aspect

ratio of �3.36

To consider the mechanical coupling of NRs with a substrate, we simulated normal-

ized displacement fields for eigenmodes and the corresponding volumetric strains

for each using a finite-element method (FEM), as illustrated in Figure 3A. For the

simulation, the NR was assumed to be anchored to the graphene substrate such

that the bottom portion of the NR is less displaced than its free surface. Similar

to the estimation by using the analytical model, the FEM calculation yielded a

range of radial breathing modes at high frequencies of approximately 30 GHz.

Depending on the strength of the shear stress at the interface between the NR

and the graphene substrate as well as the number of crystal domains with different

elasticities within an NR, lattice distortion can occur inhomogeneously, resulting in

an anisotropic oscillation and breakage of the mode symmetry. The sensitivity of

the vibrational properties to these effects has been reported in single-particle

transient absorption26 and low-frequency Raman scattering studies.37 However,

in a number of optical studies,23–25 where the acoustic vibrations of nanoparticle

ensembles in liquid phase are devoid of complicated boundary constraints, the

aforementioned features could not be signified, and their influences were screened

out owing to the inhomogeneous broadening latent to the large variety of nano-

crystalline structures.

Because the structural deformation of a NR accompanies the change in the lattice

orientation with respect to the optical axis, diffraction-contrast modulation within

the NR can also be observed.13,36 The intensities were extracted at three

square regions of the NR (averaged over 5 3 5 pixels) in Figure 3B, and the phases

of their oscillatory intensities were compared with those of the displacements

(Figure 3C). The oscillations of the displacements along the two transverse axes

(a and b in Figure 3B) are ‘‘in phase’’ regardless of the regions profiled, whereas

the diffraction contrasts oscillate either ‘‘in or out of phase’’ to each other; more-

over, second-order periodicity (65 GHz) also was observed in the intensity trace

of spot 3 in b. For certain lattice planes, the periodic modulation of the diffraction

intensity inside the NR can take a half-period for a complete cycle during the

deformation, depending on the tilt angle of the plane at the initial stage (Fig-

ure S5); this is not the case for the displacement. In all cases, FFTs consistently

exhibit the main vibrational frequency of 33 GHz. The comparison between the

time-resolved displacement and the intensity profiles ensures that the observed

responses in the displacement originate exclusively from the radial deformation

of the NR. The symmetric vibration of the substrate, 2-nm-thick graphene layers,

does not contribute to the observed vibration either, considering its frequency

regime at �4 THz.38,39
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Figure 3. Displacement versus Diffraction-Contrast Change by Acoustic Vibration

(A) FEM simulations of displacement and volumetric strain fields using eigenmode model with fixed boundary condition. The thin black lines represent

the original shape of the NR exhibiting a dimension identical to that of the NR in Figure 2B. The color code represents the normalized displacement and

strain fields.

(B) UEM image of a vibrating NR at fluence of 25 mJ/cm2. The time-dependent intensity profiles were extracted from the 25-pixel averaged squares

denoted as 1, 2, and 3 in rectangles (a) and (b) with a longitudinal integration width of 80 pixels for tracking acoustic vibration. Moreover, the

displacements along the transverse axis of the NR were followed in time from the sigmoidal fits of the cross-section intensity profiles over rectangles (a)

and (b).

(C) Displacement (1.4 Å/pixel along transverse axis) and diffraction-intensity modulation traces in the rectangles and squares, respectively, in (B).

Apparent length and timescales of displacement (noted inside the panel) are present to guide the eye. Sinusoidal fits are also represented by solid lines.

(D) FFTs of each trace in (C) with prominent frequencies.
It is interesting that only a few NRs in most of the fields of view hosting more than ten

NRs were observed to undergo perceivable acoustic vibration upon impulsive

photoexcitation with our subnanometer resolution. The generation of vibration by
486 Matter 1, 481–495, August 7, 2019



Figure 4. Heterogeneity in Vibration of Individual NRs

(A) Image of a vibrating NR at pump fluence of 20 mJ/cm2. Five cross-section bands (whose center positions are noted as yellow dotted lines) with an

integrated width of 40 pixels and 1.3 Å/pixel along the transverse axis were mapped from a to b.

(B) Spatiotemporal mapping of acoustic vibration responses over the whole NR in (A) with the modeled boundary condition of the NR (upper left). The

corresponding FFTs over the entire time range to the two extremities of a and b are illustrated in the upper right panel with prominent frequencies as

noted.

Matter 1, 481–495, August 7, 2019 487



Figure 4. Continued

(C–F) Field of view (C) for time-resolved imaging of the NRs in (D) and (F) at fluence of 25 mJ/cm2. (E) Vibration of the NR in (D). Vibration of the NR in (F) is

profiled along transverse and longitudinal directions with integrated widths of 70 and 50 pixels, respectively.

(G) Cross-sections are profiled at three sites (a, b, and c) with an integrated width of 60 pixels along the longitudinal axis. The sinusoidal fits are

represented by solid lines.

The guiding length and timescales are denoted in (E) and (G). The long-term variation in the offsets of the vibration is likely to have originated from the

time-dependent loss of focus on the NR by the expansion of the hot support upon excitation and heat transfer and/or from achieving the lowest-

potential configuration of the NR in the nonequilibrium state (see also Figure 2D).
the unique optical selectivity can be understood by considering the coupling of the

incident optical field and collective motions of the conduction electrons of the nano-

structures, i.e., surface plasmon. Such resonance would be most effective when the

direction of the optical field is parallel to the longitudinal or transverse axis of a NR.

However, it is evident that this effect is not the only cause of the unique sensitivity of

the NRs to the excitation in this study because other NRs of similar aspect ratios

aligned parallel or perpendicular to the vibrating NR responded negligibly to the

excitation within our detection limit. Rather, the interaction at the interface appears

to be the decisive factor. When the vibration of a single NR was mapped by dissect-

ing the local dynamics of the NR (Figure 4A), the position dependence of the

displacement revealed the local contact of the NRs to the substrate. Figure 4B shows

that the oscillation amplitudes of the NR at the selective positions denoted in Fig-

ure 4A vary within the NR; this signifies the pivotal role of the interface between

NRs and the graphene substrate in the vibration. Based on the dampened motion

at the center compared with the two ends of the NR, we attribute the dynamic inho-

mogeneity to the morphology of the graphene substrate, as depicted in the upper

left corner of Figure 4B, with the stronger contact located at the center to the

surface.

Surprisingly, the vibration shown in Figures 4F and 4G seems to begin after a lag of

approximately 400 ps. This new feature, the lag time (tlag), has not been reported in

optical measurements made on ensembles in homogeneous liquid phases. The

observation of the different values of tlag among the NRs within the same region

of interest (Figure 4C) from a single measurement (Figures 4E and 4G) excludes

the possibility of any of the experimental artifacts defining time zero. This is likely

to arise from amore rigid clamping to the substrate.40 The retardation of the launch-

ing of the oscillation then results from the underlying surface friction associated with

the relatively well-matched orientation and dimension between the two lattices of

the NR and the substrate at the interface.41 This initial ‘‘commensurability’’ of the

crystalline interfaces results in an activation barrier (Ea) that obstructs the NR from

slipping and initiating acoustic vibrations. The friction can be overcome by the

stored energy in the form of heat (Figure S4); furthermore, the concomitant large-

amplitude thermal vibrations of the NR and the graphene substrate cause stress at

the interface, statistically resulting in an incommensurate condition that forms slip-

pery domains in between (Figure 5). These finally enable the NR to slip and oscillate

with a larger amplitude.

Because the breathing motion arises over the entire volume of the NR, if the contact

between a NR and the substrate along the longitudinal axis is weak, the longitudinal

vibration could also emerge with an amplitude that exceeds our detection limit and

be in phase with the motion along the other axis (Figures 4D and 4E). Interestingly,

none of the NRs on a 15- to 30-nm-thick SiOx support exhibited detectable

vibrations. This could be mainly due to strong physicochemical interactions of the

surface of the NRs with the thick substrate, which significantly restrict the expansion

and contraction of the NRs (Figure S6).
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Figure 5. Schematics of Lattice (In)Commensurability and Launching of Acoustic Vibration at the Interface

After the electron-phonon coupling and phonon-phonon interaction upon photoexcitation, a NR starts acoustic vibration, the amplitude of which is

suppressed by the friction at the (quasi)commensurate interface. Once incommensurate domains grow and reach a critical size by thermalization, the

NR may show larger vibrational amplitude at the friction-relieved interface. The lag time (tlag) in the launching of the acoustic vibration is related to the

activation energy (Ea) with the Arrhenius-type relationship, 1/tlag f e�Ea/RT; this depends on the (in)commensurability of two crystalline lattice planes at

the interface.
In conclusion, we showed that the combination of the direct electron detector

and UEM allows for following a subnanometer change in real space while observing

structural changes through the time steps of picoseconds with space-charge

relieved photoelectron packets. With the advanced imaging capability, the charac-

teristic acoustic vibration of individual nanostructures resulting from unique dimen-

sion, shape, and interface with substrates was identified and visualized for the first

time, demonstrating the power of this new method. The attainable information is

rich and detailed at the relevant spatiotemporal limits, and cannot be obtained in

ensemble and/or indirect measurements. Especially capturing the acoustic response

of nanostructures coupled to the interaction with solid interfaces can extend our

understanding of atomic-scale interfacial physics. Using the regulation of the
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wavelength and polarization of the excitation light in UEM as a highly effective tool

for wide-field imaging, it is possible to control the photoinduced activity of individ-

ual anisotropic plasmonic structures with local selectivity at the nanoscales in mass

sensing, friction measurement, inducing thermal reactions, phototherapy, and pho-

toacoustic imaging, to name only the most obvious application avenues. Further-

more, by combining our new imaging method with tomography,42 and dose

fractionation and super-resolution,43 which constitute special features of the direct

electron-detection scheme, it should be possible to visualize fleeting matter in 3D

with significantly improved resolution.
EXPERIMENTAL PROCEDURES

Instrumentation

An ytterbium-based amplifier (s-Pulse HP, Amplitude Systèmes) was used to pro-

duce ultrashort pulses of up to 1 mJ at 1,030 nm with a variable repetition rate

(from a single shot to 300 kHz) and with stretchable pulse duration from 500 fs to

10 ps. The frequency of a part of the fs-laser output was doubled to 515 nm for initi-

ating the structural dynamics of a specimen. The frequency of the other part was

quadrupled to 257 nm and directed to a photocathode for generating electron

probe pulses. The time delay between the optical pump pulse and the probe elec-

tron pulse is tunable using an optical delay line via a motorized 60-cm long transla-

tional stage to cover the dynamic range of up to 4 ns.

A 200-kV transmission electron microscope (JEM-2100 LaB6; JEOL) was modified to

host two ports for optical access (one leading to the photocathode and the other to a

specimen), composed of an optical window and a mirror assembly per port. Addi-

tionally a weak, extra condenser lens (C0 lens; IDES) was integrated between the

electron gun part and the conventional condenser lens system in order to increase

the throughput of the photoelectron packets passing through the hole of the laser

mirror along the optical axis and the condenser lens system while retaining the us-

able coherence of the electron beam. The LaB6 cathode was replaced with a flat

tantalum (Ta) cathode of diameter 840 mm.

To initiate acoustic vibration without melting the gold NRs, we selected the fluence

of the excitation pulse (570 fs) to be below 25 mJ/cm2 to obtain acoustic vibrations

exceeding our detection limit. As the region of interest was 1.5 3 1.5 mm2, which is

significantly smaller than the size of the excitation beam (23 mm, full width at half

maximum [FWHM]), we assume that the region of interest was uniformly excited.

The repetition rate of the stroboscopic measurements set at 300 kHz was

adequately low for the original structural configuration to be completely restored

before a subsequent laser pulse excites the specimen again and to prevent the accu-

mulation of heat in the steady state.

The resulting time-framed micrographs were captured using a CMOS (complemen-

tary metal-oxide-semiconductor)-based retractable direct electron detector (K2

Summit; Gatan), which directly detects incoming electrons without the need for a

scintillator. This detection scheme significantly reduces the point spread function

and improves the DQE at high spatial frequencies and the contrast at low fre-

quencies. A high frame rate and a rapid detection algorithm (‘‘dose fractionation’’

mode) minimize the counting of over one electron per pixel, eliminating the Landau

noise and reducing the coincidence loss. These impart high DQE to the direct detec-

tion camera, which facilitates the capturing of photoelectron-based images at low

repetition rates. For example, the K2 direct detection camera can exhibit up to six
490 Matter 1, 481–495, August 7, 2019



times higher DQE than a CCD camera (US4000; Gatan) at a fraction of 0.2 and a

further higher DQE at a higher fraction. In UEM, the minimum discernible separation

in bright-field micrographs was�6 nm with the US4000 CCD camera, whereas it was

less than 2 nm with the K2 direct detector. For time-resolved electron-energy-loss

spectroscopy to identify the time zero in the optical delay line and the instrumental

response function, we used a CCD camera (US4000; Gatan), attached to the end of a

post-column type imaging filter (GIF Quantum SE; Gatan); in this case, the direct

detector was retrieved from the optical axis. From the photon-induced near-field

electron microscopy imaging of a network of silver nanowires, the instrumental

response function was obtained to be �2 ps. A schematic description of the appa-

ratus is presented in detail elsewhere.44

Optimization for High-Resolution Ultrafast Imaging

The instrumental configuration was modified to optimize the spatial resolution

by relieving the space-charge effects. Efforts were made mostly to control the

gun part, because the generation of photoelectron bunches and the phase-space

distribution of electrons are settled in the initial stage. By compromising the tem-

poral resolution to a few picoseconds, electrostatic potential around the elec-

trodes was modulated to achieve optimal energy resolution with reference to

the previous reports.33,34 The gap between the photocathode surface and the

exit aperture of a Wehnelt cup was set to be 550 mm, and the electric field

around the aperture was tuned to the highest Wehnelt bias (�1,270 V) together

with increased C0 lens voltage (23 V); this yielded the desired configuration for

high-spatial-resolution imaging. The resultant energy spread was 10 eV. The

duration of the input laser pulse was 570 fs, brief enough to resolve the complete

periodicity of the acoustic vibration. The UV laser pulse was directed and focused

onto the cathode to envelop only the interior extraction field of �100 mm with a

fluence less than 1.0 mJ/cm2; this further contributed to the increased number

of electrons in a pulse in the space-charge quasi-free regime by another order

of magnitude.

Image-Processing and Fitting Equations

First, because photoelectron counts fluctuate with time owing to the contamination

of a cooled cathode by gaseous materials in the gun region, the inherent laser con-

dition, and the laboratory stability, the normalization of each image in a time series

by the total electron counts in the image was performed. Long-term specimen drift

was then corrected using the ImageJ Template Matching plugin to maximize the

normalized cross-correlation between the adjacent micrographs in the same time

scan. Subpixels were registered to adopt bilinear interpolation for subpixel transla-

tion. In this case, all the distinguishable regions or impurities in the field of view not

exhibiting diffraction contrast were selected as a correction ‘‘landmarks.’’ After con-

verting the time-series images into a matrix, the regions of interest were selected to

extract the intensity values along either the transverse or longitudinal axis in each

rectangle. The original number of pixels along the transverse axis inside the cross-

section profile was further subdivided to achieve the utmost analytical limit of a

few angstroms per subpixel, which is similar to that of super-resolution

microscopy.45

The double sigmoidal function was applied to fit the cross-section profiles and

obtain the radial dimension (FWHM) of a NR as

I =
a

½1 + e�bðx�cÞ� +
d

½1 + e�eðx�f Þ�+g; (Equation 1)
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where I and x denote the intensity and subpixel positions, respectively, inside the

square profiles; the constants a to g are fitting parameters. The FWHM was defined

as jc � fj, and the sharpness of the sigmoidal function was compared by evaluating

the slopes b and e. The parameters a, d, and g reflect the intensity offsets in and out

of the NRs.

For the fit of the resulting real-space vibrational traces, sinusoidal modulation

function, q(t), was used in the following form:

qðtÞ =
X

i

Ai cosð2pfi +4iÞ
�
Bi expð � t

�
ta;iÞ

� Ci expð � t
�
td;iÞ

�
+D

�
1� exp½ � ðt � t0Þ=th�

�
+q0;

(Equation 2)

where fi is the frequency, Ai the amplitude, and 4i is the phase of the ith sinu-

soidal component; D and th are the amplitude and rise time of the dc level

describing the change in the equilibrium relative to that at Dt < 0. In Equation 2,

the amplifying and damping times of vibrations are denoted by ta,i and td,i,

respectively, for the ith motion, with their amplitudes as Bi and Ci, respectively.

All the data analyses except drift correction were processed using codes written

in MATLAB.
Numerical Calculations

Displacement and Volumetric Strain Fields

This simulation was performed with the finite-element continuum modeling for the

structural mechanics module/eigenfrequency solver in the 3D finite-element soft-

ware, COMSOL Multiphysics. The geometry of an NR was modeled to be a hemi-

spherical-capped cylinder with of radius of 35 nm and length 110 nm in order to

match the average dimensions of the NRs of our sample. The capping cetyltrimethy-

lammonium bromide (CTAB) polymer was assumed to be decomposed and evapo-

rated under the excitation fluence. A perfectly matched layer (PML) on the bottom of

the graphene substrate was used to absorb the propagating acoustic waves. In the

modeling, the NR was 3solidly bound to graphite sheets (200 3 200 3 2 nm), which

constrains the structural deformation of the NR. The elastic moduli and Poisson’s

ratios used for the gold NR and the multilayer graphene were 64 GPa-0.42 and

2 TPa-0.16, respectively.

Absorption Cross-Section

The electromagnetic waves/frequency domain solver was implemented in the

COMSOL Multiphysics software Wave Optics module to simulate the absorption

cross-sections of an NR. It was assumed that a vertically or horizontally polarized

electromagnetic plane wave was impinged on the NR embedded in vacuum with

the surrounding PML absorbing the boundary conditions. Realistic values for the

relative permittivity, permeability, and electrical conductivity of gold as a function

of wavelength were acquired from experimental datasets. The computed results

are independent of the mesh size within 0.5%.
Sample Preparation and Characterization

Chemicals and Materials

HAuCl4∙3H2O (99%), AgNO3 (99%), NaBH4 (99%), CTAB (>99%), and HCl (37%)

were purchased from Sigma-Aldrich. Ascorbic acid (AA, 99.9%) was obtained from

Dae Jung Chemicals & Metals. Sodium oleate (NaOL) was purchased from TCI.

Milli-Q water with a resistivity of over 18.0 MU$cm was used to prepare the aqueous

solutions.
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Synthesis of Gold NRs with Aspect Ratio of 1.6

Gold NRs were prepared using a seeded growth method by following a reported

protocol with a marginal modification.46 To obtain a seed solution for synthesizing

gold NRs, a mixture of NaBH4 (0.6 mL, 10 mM) and deionized water (1 mL) was

added to an aqueous solution of CTAB (10 mL, 100 mM) containing HAuCl4∙3H2O

(0.25 mM). The resultant reaction mixture was kept at room temperature under

vigorous stirring for 2 min and left undisturbed. To prepare a growth solution

for the synthesis of NRs with an aspect ratio of 1.6, we heated deionized water

(250 mL) containing 9.0 g of CTAB and 1.5 g of NaOL to 30�C and added an

aqueous solution of AgNO3 (12 mL, 4 mM) to the reaction mixture. After keeping

the reaction mixture undisturbed for 15 min, an aqueous solution of HAuCl4∙3H2O

(250 mL, 1 mM) was added to the reaction mixture; the resultant mixture was

stirred at 700 rpm for 90 min. To this reaction mixture, an aqueous solution of

HCl (2.1 mL, 12.1 M) was added, and the resultant mixture was stirred at

400 rpm for 15 min. For preparation of gold NRs, an aqueous solution of AA

(1.25 mL, 64 mM) and 0.03 mL of the seed solution were added to the growth

solution. The resultant reaction mixture was then stirred at 1,150 rpm for 30 s

and left undisturbed at 30�C for 12 h.

Bright-Field Imaging Characterization

The NRs/water suspensions were drop-casted onto a 0.3- to 2-nm-thick chemical-

vapor-deposition graphene substrate on a 2000-mesh copper grid (Graphene

Supermarket, SKU-TEM-CU-2000-025) and 15- to 30-nm-thick SiOx/formvar sub-

strate on a 200-mesh copper grid (Ted Pella, 01830) permitted to dry overnight

before imaging.
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