Downloaded from https://royalsocietypublishing.org/ on 13 May 2021

PHILOSOPHICAL
TRANSACTIONS A

royalsocietypublishing.org/journal/rsta

L)

Research

updates

Cite this article: VandenBussche EJ,
Flannigan DJ. 2020 High-resolution analogue
of time-domain phonon spectroscopy in the
transmission electron microscope. Phil. Trans.
R. Soc. A 378: 20190598.
http://dx.doi.org/10.1098/rsta.2019.0598

Accepted: 31 May 2020

One contribution of 10 to a discussion meeting
issue ‘Dynamic in situ microscopy relating
structure and function’.

Subject Areas:
materials science, electron microscopy,
materials science

Keywords:

ultrafast electron microscopy, coherent
acoustic phonons, in situ electron microscopy,
gallium arsenide

Author for correspondence:
David J. Flannigan
e-mail: flan0076@umn.edu

Electronic supplementary material is available
online at https://doi.org/10.6084/m9.figshare.
€.5095341.

THE ROYAL SOCIETY

PUBLISHING

High-resolution analogue of
time-domain phonon
spectroscopy in the
transmission electron
microscope

Elisah J. VandenBussche and David J. Flannigan

Department of Chemical Engineering and Materials Science,
University of Minnesota, 421 Washington Avenue SE, Minneapolis,
MN 55455, USA

DJF, 0000-0002-1829-1868

Femtosecond photoexcitation of semiconducting
materials leads to the generation of coherent acoustic
phonons (CAPs), the behaviours of which are
linked to intrinsic and engineered electronic, optical
and structural properties. While often studied
with pump-probe spectroscopic techniques, the
influence of nanoscale structure and morphology
on CAP dynamics can be challenging to resolve
with these all-optical methods. Here, we used
ultrafast electron microscopy (UEM) to resolve
variations in CAP dynamics caused by differences
in the degree of crystallinity in as-prepared
and annealed GaAs lamellae. Following in situ
femtosecond photoexcitation, we directly imaged
the generation and propagation dynamics of
hypersonic CAPs in a mostly amorphous and,
following an in situ photothermal anneal, a mostly
crystalline lamella. Subtle differences in both the
initial hypersonic velocities and the asymptotic
relaxation behaviours were resolved via construction
of space-time contour plots from phonon wavefronts.
Comparison to bulk sound velocities in crystalline
and amorphous GaAs reveals the influence of the
mixed amorphous-crystalline morphology on CAP
dispersion behaviours. Further, an increase in the
asymptotic velocity following annealing establishes
the sensitivity of quantitative UEM imaging to both
structural and compositional variations through
differences in bonding and elasticity. Implications
of extending the methods and results reported here
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to elucidating correlated electronic, optical and structural behaviours in semiconducting
materials are discussed.

This article is part of a discussion meeting issue ‘Dynamic in situ microscopy relating
structure and function’.

Super-bandgap ultrafast photoexcitation of semiconducting materials induces a cascade of
strongly correlated, many-body interactions as the system returns to the ground state [1,2]. Initial
sub-picosecond generation of a dense, high-energy bath of charge-carriers transitions—typically
within a few picoseconds—to atomic-scale structural responses via carrier-lattice coupling and
the excitation of optical phonons. Phonon—-phonon coupling then ensues over tens of picoseconds,
wherein the initial population of discrete phonon states decays through the excitation of lower
energy optical and acoustic modes. Resulting from this is a non-equilibrium population of
propagating coherent acoustic phonons (CAPs), the precise transient behaviours of which are
influenced by the intrinsic electronic and structural properties of the material, as well as the
specimen boundary conditions and the manner of excitation [3-8]. Owing to the associated
nanoscale structural perturbations, all-optical time-domain spectroscopic methods conducted in
a pump-probe reflection geometry can be used to elucidate transient CAP responses [9]. With
these techniques, depth-dependent information can be gathered and used to generate insight
into underlying electronic and structural behaviours via the acousto-optic and optoelectronic
properties of the material [10]. Indeed, this approach has been used to study a range of varied
structures, including ion-implanted crystals and nanoporous thin films, radiation-damaged
materials and polycrystalline texturing, and non-periodic structures and morphologies of plant
and animal cells [11-20].

Owing to the often-discrete and heterogeneously distributed nature of the surface, interfacial,
and compositional structure and morphology, combining real-space imaging with ultrafast
probes would better enable determination of local transient responses and, thus, the resulting
impacts on bulk intrinsic properties. All-optical techniques, such as time-domain Brillouin
scattering, enable depth-dependent and in-plane imaging with nanometer and micrometre
spatial resolutions, respectively [10-13,16,21,22]. While sufficient for probing structures with
commensurate native length scales, imaging nanoscale in-plane dynamics and the associated
impact of variable morphology and composition with these techniques is challenging.
Importantly, ultrafast electron microscopy (UEM)—wherein a femtosecond laser is coupled
to an otherwise conventional transmission electron microscope (TEM)—is well suited for
imaging in-plane nanoscale dynamics on picosecond timescales [23-25]. Indeed, UEM has
been used to directly image both in-plane and z-direction CAP dynamics (e.g. nucleation and
launch, propagation and time-domain phase-velocity dispersion) with combined nanometer-
picosecond spatio-temporal resolutions [4-8,26,27]. Further, ultrafast parallel- and convergent-
beam diffraction can also be conducted with UEM, thus enabling correlative studies of unit-cell
and nanoscale structural dynamics in reciprocal and real space, respectively, on the same
specimen region [6,8,28-30].

Here, we show that the spatio-temporal capabilities of UEM can be used to differentiate
the impact of amorphous and crystalline morphologies comprising semiconducting materials
on time-domain CAP dispersion behaviours via imaging of nanoscale-picosecond in-plane
propagating lattice perturbations. Using amorphized GaAs specimens prepared via focused
ion-beam milling, subtle variations in CAP dispersion behaviours—as directly imaged with
UEM—were observed following in situ pulsed-laser annealing and an associated increase in
crystallinity. In addition to describing in detail the specific approaches taken to directly observe
and quantify this behaviour, we also discuss the manner in which subtle differences in dispersion
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responses manifest in space-time contour plots, while also illustrating the increased level of
structural and dynamic information that can be obtained with UEM for studies such as these.
We conclude by noting the implications of this work for connecting morphologically dependent
electronic and optical properties of semiconductors to lattice dynamics with techniques having
high spatio-temporal resolutions.

The specimens studied here were thin lamella of undoped GaAs prepared from bulk crystals
via focused ion-beam (FIB) milling (see the Materials and methods section for preparation details).
This archetypal semiconductor was chosen for study because it is known to support coherent
optical and acoustic phonons that may have non-trivial connections to coherent charge-carrier
phenomena [31,32]. In addition, the elastic properties are known to be dependent upon the
degree of amorphization caused, for example, by ion bombardment and implantation, as occurs
during FIB milling [33]. Indeed, surface amorphization is a well-known consequence of FIB
milling, which leads to the formation of both amorphous and polycrystalline damaged layers
on the exposed faces of the lamella surrounding a region of higher crystallinity [34,35]. Electron
diffraction patterns from such specimens display relatively sharp Bragg spots together with
significant diffuse-scattering signal arising from the damage layers (figure 1a). Following in situ
photothermal annealing of such a specimen, during which the overall degree of crystallinity in
the damage layers is increased, associated diffraction patterns show a commensurate decrease
in the diffuse-scattering signal (figure 1b—e; see the Materials and methods section for in situ
photothermal annealing details). From here forward, Bragg scattering, Bragg peaks and Bragg
spots shall all refer to the relatively sharp Bragg spots observed in the patterns, while any
reference to diffuse scattering or diffuse signal shall refer to the relatively diffuse ring arising
from the FIB-damaged layers. Note that, while referred to as amorphous, it may be more accurate
to classify the damaged layers as consisting of randomly oriented nanocrystallites (ignoring any
possible texturing). Regardless, differentiation of these two types of signal and classification of
the morphologies as relatively crystalline and relatively amorphous is adequate for the purposes
of the work described here.

The relative degree of crystallinity of the lamella before and after in situ photothermal
annealing can be estimated from selected-area electron diffraction (SAED) patterns [36]. Here,
this was essentially done by isolating the Bragg-scattered intensity from the total intensity via
azimuthally averaging over select regions of the pattern containing the spots. This was followed
by subtracting the Bragg intensity from the total signal once the underlying diffuse signal
was quantified and removed. Bragg-spot intensity was isolated by least-squares fitting with a
Gaussian peak-fitting algorithm [37]. This effectively extracts the diffuse-scattering signal so that
direct comparison of the associated intensities of the pre- and post-annealed specimen can be
made. A detailed description of the method used to isolate and differentiate the amorphous and
crystalline signals is given in the electronic supplementary material. Here, following this method,
per cent crystallinity was calculated from the pre- and post-annealed specimen patterns (figure 1)
and was determined to be 23 & 4% and 79 + 2%, respectively, where uncertainties are one standard
deviation over five repetitions of the analysis.

Direct imaging of CAP dynamics with UEM is possible due to the combination of high
spatio-temporal resolutions (routinely nanometer-picosecond) and the sensitivity of diffraction
contrast to slight changes in the overlap of the reciprocal lattice for thin foils and the Ewald
sphere when at or near a Bragg-scattering condition [38—40]. Here, UEM bright-field imaging
was used to quantify CAP dynamics in the pre- and post-annealed GaAs lamella for direct
comparison. For reference, the FIB-damaged outer layers of the lamella surrounded an inner
relatively crystalline layer, and the incident electron wavevector was perpendicular to the
lamella surfaces. Additional details of the UEM CAP experiments are given in the Materials
and methods section, and other pertinent but generally applicable information is published
elsewhere [4-7,27,41]. Following in situ femtosecond photoexcitation, coherent contrast waves
arising from excitation of CAPs were observed in both the pre- and the post-annealed GaAs
lamella. Figure 2 shows an illustrative summary of the CAP dynamics observed and quantified
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Figure 1. Insitu photothermal anneal of a GaAs lamella. (a) Selected-area electron diffraction (SAED) pattern of a pre-annealed
GaAs specimen viewed along the [112] crystallographic zone axis. Three Bragg spots are indexed for reference. The light cyan disk
marks the approximate region of the pattern that was azimuthally averaged to obtain the profiles shown in subsequent panels.
(b) SAED pattern of the post-annealed specimen viewed along the [112] zone axis. The 000 beam is indexed for reference, and
the light magenta disk marks the approximate azimuthally averaged region. (c) Total-intensity profile (Bragg and diffuse) of
the pre-annealed specimen. (d) Bragg-only intensity profile (solid blue line and light cyan fill) of the pre-annealed specimen.
The total-intensity profile shown in (c) (blue dotted line) is included for comparison. (e) lllustrative comparison of the pre-
and the post-annealed diffuse-only intensity at the same observed scattering vector as the < 777> planes (calculated position
shown for reference). Peak shifts from the calculated position may arise from residual tensile strain or a slight systematic error
in the calibration of the microscope. (Online version in colour.)

in the pre-annealed specimen (figure 2a for a representative UEM bright-field image; see also
electronic supplementary material, video S1). Similar results were obtained for the post-annealed
specimen (not shown; see electronic supplementary material, video S2) but with a different time-
varying phase-velocity (vp) dispersion behaviour arising from differences in the elastic constants
(described below and in the electronic supplementary material). Though the individual phonon
wavefronts produce an elastic unit-cell distortion that is likely on the order of a few picometers or
less, orientation near or at a Bragg-scattering condition (i.e. near or at an existing bend contour)
ultimately gives rise to an associated coherent, oscillatory contrast response due to modulation
of the excitation error [5,38,40]. In this way, CAP behaviours, such as emergence, propagation
velocities (figure 2b,c) and v, dispersion, can be quantitatively tracked.

Key to differentiating CAP behaviours for pre- and post-annealed GaAs specimens is the
quantification of the time-varying v, dispersion behaviours for each. The method for extracting
this information from a UEM bright-field image series is summarized in figure 3. Following the
establishment of a rectangular region of interest (ROI) oriented with the long axis parallel to the
phonon propagation direction (see the electronic supplementary material for details), average-
intensity image profiles for each UEM temporal snapshot in the series are generated (figure 3a—).
The width of the ROl is set such that a balance is struck between maximizing the signal-to-noise
ratio and preserving the nature of the extent of the wavefront. Individual phonon wavefronts
are identifiable as depressions in the profile counts arising from an increase in Bragg-scattered
intensity for the reasons described above. Progress of each individual phonon across the ROI can
then be tracked by combining the spatial intensity profiles together to form a space-time contour
plot (STCP; figure 3d). This procedure allows tracking of phonon movement with few-pixel (i.e.
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Figure 2. Demonstration of UEM imaging of CAPs in a free-standing, pre-annealed GaAs lamella. (a) Representative UEM
bright-field image at t = 85 ps (i.e. 85 ps after in situ photoexcitation). The red rectangle indicates the region within which
phonon dynamics were tracked and quantified. (b) Magnified view of the select region shown in (a). Three select positions
(coloured lines) at which average image counts were monitored are shown. Relative positions of the lines are labelled, with the
position of the red line set as the origin. The white arrow indicates the observed direction of the propagating phonon wavetrain.
(c) Average region-of-interest (ROI) image counts at the select positions shown in (b) as a function of time. Propagation of
a single representative phonon wavefront is highlighted with the dotted line to exemplify how velocity can be determined
from such profiles. The wavefront arrives at the 106 nm and 212 nm markers approximately 16 ps and 31 ps, respectively, after
passing the origin (0 nm), thus indicating a phase-velocity magnitude, |v,|, 0f 6.8 nm ps~" for this particular phonon. The fits
straddling the dotted line are simple undamped sine functions and are meant to highlight the localized oscillatory response
arising from the individual phonon wavefront. (Online version in colour.)

10 nm at the magnification used here) precision. Figure 3 (e, f) shows a representative UEM image
of a pre-annealed GaAs specimen, a select ROI positioned within a section displaying active CAP
dynamics (see the electronic supplementary material, videos) and the resulting STCP. Individual
phonon behaviours manifest as dark, linear features in the STCP, from which v, can be extracted
by determining the slope, the magnitude of which is then plotted as a function of time (figure 3g),
thus revealing the dispersion behaviour [5]. The data are fit with a single-exponential decay curve
to extract an asymptotic phase velocity, v, o (equation 1).

vy =AeTT +u,0 (0.1)

Here, A is a pre-exponential, v is a decay constant and t is time. See the electronic
supplementary material for more details and for descriptions of various control experiments.

It is worth noting that while the STCP analyses performed here were conducted on a single,
select RO, an inspection of the electronic supplementary material videos shows that CAPs were
in fact initiated and launched from each vacuum-specimen interface, or lamella edge, following
in situ photoexcitation. This indicates that the direction of CAP propagation is not dependent
upon crystallographic orientation. Instead, acoustic-phonon launch from morphological features,
such as step-edges and interfaces, is hypothesized to arise from a rapid dephasing of directional
phonon modes due to inherent differences in the interfacial boundary conditions at such features
and the associated influence on the lattice response following photoexcitation [6]. Indeed, rapid
dephasing of CAPs caused by crystal step-edges that are a single unit cell in height has been
observed with UEM [7]. Further, the CAPs imaged here are hypothesized to be Lamb waves,
as has been observed in single-crystal, undoped Ge [4,5]. Such guided-wave modes generally
display multiple orders in the frequency domain, most of which have hypersonic phase velocities
with strong dispersion behaviours. However, it remains an open question as to why single-mode
excitation appears to occur here and also in previous UEM studies [5]. Further, the observed
single-exponential decay of v, in the time domain (figure 3g) is subject to several explanations,
such as enhanced carrier screening during charge-carrier equilibration and cooling [5,31].

Using the methods described above, CAP time-domain dispersion behaviours for the pre- and
post-annealed GaAs specimen shown in figure 1 were determined with UEM imaging (figure 4).
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Figure 3. Dynamics and dispersion of CAPs from UEM imaging. (a,b) Representative UEM bright-field images of a GaAs lamella
att =375 ps (a) and t = 390 ps (b) showing the presence of contrast bands arising from propagating CAPs. The red rectangles
mark the position of an ROI from which contrast profiles were acquired, as shown in (c). The coloured arrows highlight two
individual CAP wavefronts, and the white arrow indicates the propagation direction. (c) ROl profiles from the UEM images shown
in (a) (upper plot) and (b) (lower plot). Wavefronts produce a drop in average counts owing to increased scattering strength
and are fit with a peak function to quantify position with time (coloured inverted peak fits to the data). The dashed vertical
lines spanning both plots mark the position of a select wavefront and illustrate the propagating nature of the contrast feature.
(d) Concept of the generation of a space-time contour plot (STCP) from the ROI profiles. For each UEM image in a temporal series
(e.g. t;, t,, etc. where each time point is an individual snapshot), counts are averaged along one spatial dimension of a two-
dimensional ROI to produce a temporal intensity profile with one spatial dimension. These profiles are then combined into an
STCP, where single wavefronts appear as sloped lines revealing speed and direction (i.e. velocity, v). (e) Select UEM image with
ROl indicated (red rectangle), from which the STCP shown in (f) was generated. (f) STCP spanning from t = —5 ps to 485 ps.
Each dark band is a phonon wavefront (the position of a select wavefrontis indicated with the white dashed line). The | v, | of the
marked wavefront is 16.8 nm ps~". () Time-domain v, dispersion behaviour determined via STCP analysis from a UEM image
series. Only dark bands which could be accurately fit are included; more details can be found in the electronic supplementary
material. Error bars on the data points are one standard deviation of the average of 10 repetitions of the analysis procedure for
the same data. (Online version in colour.)

Methods for ensuring that CAP dynamics could be directly compared across the pre- and
post-annealed specimen are described in the electronic supplementary material. For reference,
the specific phonon wavetrains analysed were each found to propagate approximately along
the [131] crystallographic direction, as determined with correlative imaging and diffraction (see
the electronic supplementary material). As noted above, however, the particular crystallographic
direction does not dictate CAP propagation direction. Here, the determination of the wavetrain
propagation direction with respect to crystallographic orientation was done in order to provide
a common reference for the compared CAP behaviours. As can be seen in figure 4, CAPs in
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Figure 4. Time-dependent phase velocity (v,) for pre- and post-annealed GaAs (blue squares and red dots, respectively). The
dataare fit (solid curves) with the single-exponential decay function shown in the upper-right corner of the plot. The asymptotes
for each curve (v, o) are indicated with horizontal, coloured dashed lines, and the values determined from the fit are shown. The
error bars on the data points are one standard deviation of the average of 10 separate fits of the wavefront peaks in the associated
STCPs (not shown), and errors on the asymptotic values for v, o are one standard error of fits to the v, data. (Online version in
colour.)

both the pre- and post-annealed specimen display hypersonic phase velocities that exponentially
decay to the range of longitudinal speeds of sound in GaAs. Importantly, however, the final
asymptotic velocity values (vp o) differ; in the pre-annealed state, vy o =4.76 +0.14nm ps~!, while
0p,0=5.13+0.08nm ps~! in the post-annealed state, thus giving an increase in CAP velocity of
0.37 £0.15nm ps*1 upon annealing and increased specimen crystallinity. The v, g error values are
standard errors of the fit of the exponential decay function to the data, while that of the difference
is a propagated error. As is the case for the data in figure 3g, error bars on the data points in
figure 4 are one standard deviation of 10 repetitions of the entire STCP fitting procedure.

The observed difference in vy o for the pre- and post-annealed specimen indicates that a change
in morphology—namely an increase in relative crystallinity—is the source of the difference
and that UEM CAP imaging is sensitive to such variations. Comparison of the values of v,
determined here to those for entirely crystalline and entirely amorphous GaAs is informative.
The longitudinal speed of sound in the [131] direction for crystalline GaAs is estimated to be
5.4nmps~! [33]. By comparison, it is expected that an amorphous specimen would support a
significantly reduced speed of sound of 3.8nmps~!, as estimated from the associated elastic
constants (see the electronic supplementary material for details). Here, both the pre- and post-
annealed state are some combination of the crystalline and amorphous structure as a consequence
of the FIB-preparation method used and the resulting damage layers. Though calculation of the
precise dispersion behaviours in such a structure is non-trivial and beyond the scope of this work,
the experimentally observed behaviour in figure 4 is in agreement with that expected for both a
mixed morphology (i.e. between the two v, o extremes) and a post-anneal increase in crystallinity
(i-e. a commensurate increase in vp o).

Measurable differences between the asymptotic v, g values for an as-prepared and an annealed
specimen raises the question of whether it is generally possible to use UEM to access additional
material information by measurement of phonon phase velocities. Indeed, acoustic-wave
behaviour has been used to study a broad range of optical phenomena and discrete structures,
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including the effect of heterostructure architectures and ion implantation on optical refraction, the
structures of buried layers and interfaces, the constants associated with deformation potential,
and the properties of bond stiffness and elasticity [13,14,42-46]. Accordingly, combining the
relatively high-spatio-temporal resolution of UEM imaging with modelling and controlled
specimen geometries and compositions may lead to significant improvements in precision
and accuracy, as well as to new insights into structure-function relationships via correlative
methods (e.g. ultrafast imaging, diffraction and spectroscopy). In particular, significant impacts
may be made on improving understanding of the influence of discrete nanoscale structures
and morphologies—especially at both exposed and buried interfaces—on emergent optical and
electronic properties of semiconducting materials.

In summary, we have described a method based on UEM bright-field imaging for quantifying
coherent acoustic-phonon dynamics, especially the time-domain dispersion behaviours that
manifest in the thin lamella of archetypal semiconducting materials like GaAs and Ge. We have
shown that the combined nanometer-picosecond spatio-temporal resolution of UEM imaging can
be used to isolate and differentiate subtle differences in dynamics induced by changes in specimen
structure and morphology. In particular, the high-resolution aspects of UEM relative to all-optical
spectroscopic methods enable access to higher order structural and temporal information, with
correlative unit-cell and nanoscale studies potentially leading to a broader understanding of the
underlying physical principles at work. We envision that extension of the methods described
here to systems of increasing complexity and highly varied composition will lead to new insights
into semiconductor heterostructures and buried epitaxial interfaces, highly beam-sensitive hybrid
materials with sensitive compositional constraints, and engineered nanostructured materials for
carrier-transport optimization.

Materials and methods

(a) Specimen preparation and in situ photothermal anneal

The GaAs lamella was prepared from a bulk, undoped 100-oriented GaAs crystal (MTI
Corporation) using FIB milling and a lift-out procedure (FEI Helios NanoLab G4 dual-beam
FIB). The resulting lamella (100 nm thick) was beam-welded to a TEM Cu mesh grid in the FIB
and was oriented along the [112] zone axis (i.e. the incident electron wavevector in the electron
microscope was parallel to the [1 12] crystallographic direction). The FIB-prepared GaAs lamella
was photothermally annealed in situ using a diode-pumped, solid-state Yb:KGW pulsed-laser
(Light Conversion PHAROS, 300-fs pulse duration full-width at half-maximum, fwhm). Pulse
duration was measured with a scanning autocorrelator (Light Conversion GECO). The train of
laser pulses was directed onto the specimen via alignment through an optical periscope integrated
into the side of the UEM (more on the UEM instrument below). The repetition rate (50 kHz; 20 ps
between pulses) and pulse fluence (35m]J/ cm?; estimated spot size of 120 pm, fwhm) used to
anneal the specimen were such that complete thermal dissipation between pulses did not occur,
thus resulting in an elevated steady-state temperature (see the electronic supplementary material
for an experiment that confirmed this). The laser wavelength was 515nm (hv =2.4eV) generated
with a harmonics module (Light Conversion HIRO).

(b) Ultrafast electron microscopy instrumentation and coherent acoustic-phonon imaging
experiments

The UEM instrument at the University of Minnesota consists of a conventional thermionic TEM
modified for ultrafast operation (FEI Tecnai Femto, Thermo Fisher) and the same femtosecond
pulsed laser used for in situ photothermal annealing (described above). The UEM was operated
at 200kV in pump-probe, bright-field imaging mode for the CAP experiments. The pump beam
consisted of 515 nm wavelength pulses of 300 fs duration (fwhm), with an estimated spot size
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on the specimen of 120 um fwhm and a resulting fluence of 0.75mJ/cm?. The probe consisted of
discrete electron packets generated via the photoelectric effect by directing 258 nm wavelength
laser pulses onto a graphite-encircled, 50-um diameter, truncated LaBg cathode (Applied Physics
Technologies). Here, the electron packets contained an average of 80 electrons each at the
detector, and the CAP imaging experiments were conducted at a repetition rate of 20 kHz (50 us
between pulses/packets) with an acquisition time per image of 10s. The arrival time between the
pump laser pulse and the probe electron packet is controlled with a linear-bearing mechanical
delay stage (Aerotech PRO165LM). All images and diffraction patterns were acquired with
a 16 megapixel CMOS camera modified for continuous operation (Gatan OneView). Further
information about the Ultrafast Electron Microscopy Lab at the University of Minnesota can be
found elsewhere [4,5,7,8]. The UEM videos reported here spanned from either —5 ps or —10 ps to
485 ps, with a step-size of 5 ps. Here, 0 ps is defined as experimental time zero, or the first moment
when dynamics are detected, which may be different from true time zero (i.e. the moment of
femtosecond photoexcitation) [5].

Data accessibility. Data has been uploaded to the Data Repository of the University of Minnesota and can be
freely accessed at this link: http:/ /hdl.handle.net/11299/212097 or via the https://doi.org/10.13020/36wa-
1j64.
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