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Full-field imaging of thermal and acoustic dynamics in
an individual nanostructure using tabletop high
harmonic beams

Robert M. Karl Jr.*, Giulia F. Mancini*, Joshua L. Knobloch, Travis D. Frazer,

Jorge N. Hernandez-Charpak, Begoiia Abad, Dennis F. Gardner, Elisabeth R. Shanblatt,
Michael Tanksalvala, Christina L. Porter, Charles S. Bevis, Daniel E. Adams,

Henry C. Kapteyn, Margaret M. Murnane

Imaging charge, spin, and energy flow in materials is a current grand challenge that is relevant to a host of
nanoenhanced systems, including thermoelectric, photovoltaic, electronic, and spin devices. Ultrafast coherent
x-ray sources enable functional imaging on nanometer length and femtosecond timescales particularly when
combined with advances in coherent imaging techniques. Here, we combine ptychographic coherent diffractive
imaging with an extreme ultraviolet high harmonic light source to directly visualize the complex thermal and
acoustic response of an individual nanoscale antenna after impulsive heating by a femtosecond laser. We direct-
ly image the deformations induced in both the nickel tapered nanoantenna and the silicon substrate and see the
lowest-order generalized Lamb wave that is partially confined to a uniform nanoantenna. The resolution achieved—
sub-100 nm transverse and 0.5-A axial spatial resolution, combined with ~10-fs temporal resolution—represents a
significant advance in full-field dynamic imaging capabilities. The tapered nanoantenna is sufficiently complex that
a full simulation of the dynamic response would require enormous computational power. We therefore use our data
to benchmark approximate models and achieve excellent agreement between theory and experiment. In the future,
this work will enable three-dimensional functional imaging of opaque materials and nanostructures that are
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sufficiently complex that their functional properties cannot be predicted.

INTRODUCTION

Microscopic imaging is critical for discovery and innovation in
science and technology, accelerating advances in materials, bio, nano,
and energy sciences, as well as in nanoelectronics, data storage, and
medicine. In the deep nanoscale regime (<100 nm), bulk macro-
scopic models can no longer accurately predict heat, charge or spin
transport, or the properties of doped or nanostructured materials
(1-4). As aresult, smart design of functional nanosystems has been
challenging to date. To address this challenge, there is a critical need
for new techniques that can image with high spatial and temporal
resolution to enable a better understanding of fundamental nano-
scale behavior and better design of energy-efficient next-generation
devices (5-7).

Fortunately, all areas of imaging science, from electron to visible
to x-ray, are undergoing revolutionary advances. Advances in ultra-
fast electron sources have recently enabled the direct visualization
of out-of-equilibrium intermediate states in systems undergoing
deformation and phase transitions on femtosecond timescales with
high spatial resolution (8, 9). Short-wavelength extreme ultraviolet
(EUV) and soft x-ray beams also have unique capabilities for imaging
because they can penetrate optically opaque materials, provide in-
herent chemical and magnetic contrast, and nondestructively image
materials systems (10-17). By harnessing the new availability of
ultrafast coherent x-ray free electron laser (XFEL) sources combined
with coherent diffractive imaging (CDI) techniques (18), it is now
possible to visualize the three-dimensional (3D) evolution of acoustic
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phonons in single nanocrystals (19, 20) or the dislocation dynamics
in battery nanoparticles due to cycling (21). Most of these approaches,
however, have been limited in temporal resolution because of
the natural pulse chirp of ultrafast electron bursts or by the intrinsic
jitter of the ultrafast XFEL sources.

High harmonic generation (HHG) produces ultrafast, short-
wavelength beams that are perfectly synchronized to the driving
laser, with sub-femtosecond precision. Recent advances used HHG
beams to uncover new regimes of nanoscale thermal transport (2),
to distinguish between electron-electron screening and scattering
(22), and to identify a new super-excited spin state in magnetic
materials that emerges on timescales of <20 fs that traditional spectro-
scopies are blind to (23). However, most HHG measurements to
date used spatially averaged spectroscopic measurements of either
multiple nanostructures or uniform materials. Recently, the high
spatial coherence of HHG beams has been harnessed to demonstrate
the first full-field imaging with subwavelength spatial resolution
using any x-ray source, small or large, with a spatial resolution of
12.6 nm (14).

Here, we combine ptychographic CDI with an EUV high har-
monic light source to implement a stroboscopic movie of the com-
plex, impulsive response of an individual nanostructure irradiated
by an ultrafast laser pulse. Specifically, we image two nanoantennas
of different shapes and achieve a sub-100 nm transverse resolution,
a 0.5-A axial precision, and =10-fs temporal resolution. In a
tapered nanoantenna, we directly visualize thermal and acoustic
displacements launched in both the nanostructure and the substrate.
In a uniform nanoantenna, we measure the lowest-order generalized
Lamb wave, a dispersive waveguided mode that is mostly confined
to the nanostructure. We demonstrate that our data can be reliably
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used to benchmark an approximate solution for the dynamic response
of the 3D tapered nanoantenna, which cannot be modeled from first
principles due to the enormous computational power required.
In the future, this approach can be used to dynamically image 3D
structures that cannot be simulated or to capture transport in com-
plex nanoelectronic devices. Moreover, when extended to shorter
wavelengths with higher penetration powers and spatial resolution,
this work will enable functional imaging of the fastest dynamics in
opaque materials and nanostructures.

EXPERIMENTAL SETUP AND METHODOLOGY

A schematic of the dynamic, ptychographic CDI microscope illumi-
nated by tabletop high harmonic EUV light is shown in Fig. 1A. The
EUV probe beam was produced by focusing an infrared (IR; 780 nm)
23-fs, 1.5-m]J, 5-kHz Ti:Sapphire laser pulse into a gas-filled wave-
guide. Part of the IR laser beam was used to induce thermal and
acoustic dynamics in two different nickel nanostructures—a tapered
nanoantenna and a uniform nanoantenna. For both samples, the
dynamic response was captured by collecting stroboscopic images
as a function of time delay between the IR laser pump and EUV
probe pulses, essentially acquiring snapshots of a nanoscale movie.
The acoustic and thermal dynamics are entirely reversible, with full
relaxation of the sample between each IR pump pulse (see the Sup-
plementary Materials). At each time delay, the sample was imaged
using ptychographic CDI (24-26), which collects diffraction patterns
from multiple overlapping fields of view to simultaneously recon-
struct both the amplitude and phase of both the sample and the
illuminating beam (27). Ptychographic imaging is a very robust form
of CDI—it uses redundant information collected from the intensity
of the scatter patterns from multiple overlapping fields of view to

retrieve the missing phase information. Each amplitude image of
the sample exhibits quantitative sensitivity to material composition
(13), while each phase image is sensitive to both material composi-
tion and topography. The phase image is used to obtain a series of
2D+1 reconstructions; that is, 2D transverse full-field images com-
bined with 1D axial (topographical) information, of acoustic wave
propagation and thermal transport in the nanoantenna in response
to laser-driven excitation. In Fig. 1 (B and C), we display a represen-
tative amplitude image and a 2D+1 phase image of the tapered
nanoantenna taken at 35 ps before the arrival of the IR pump pulse
(t=0). We note that the reconstructions of the tapered nanoantenna
entailed >2500 diffraction pattern measurements, including both
dynamic images and a static reference. This required the HHG source
to be extremely stable over the entire course of the experiment
[>24 hours, limited by the data transfer time from the charge-coupled
device (CCD)]. We note that although the thermal and acoustic
dynamics probed in this work are relatively slow, the HHG probe
pulse itself is <10 fs in duration, given the 23-fs pulse duration of
the driving laser pulses. Given that the precision of the pump-probe
delay line is also <<10 fs, the time resolution in our movie is also =10 fs,
and this can be easily extended to sub-femtosecond resolution, as
has been demonstrated in numerous spectroscopic studies using
HHG sources

To separate the dynamics of the nanostructure from those of the
substrate, we segment the images by applying a histogram thresh-
olding to the complex images. In this approach, shown in Fig. 2
(A to C), we create a 2D histogram of the real and imaginary parts
of the complex image. The resulting histograms have two primary
peaks, corresponding to the nickel nanoantenna and the silicon
substrate, which are well separated in the complex plane (Fig. 2A).
Changes in the relative angle between two peaks in the histograms
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Fig. 1. Stroboscopic CDI microscope illuminated by 28.9-nm light from HHG. (A) Experimental layout. Dynamics are launched in a nickel tapered nanoantenna by an
IR pump beam and are measured by an EUV probe beam. EUV light scattered from the sample is collected on an EUV-sensitive CCD. (B) Reconstructed, quantitative am-
plitude image. Scale bar, 5 um. (C) Height map of the sample, obtained from the reconstructed phase image. Scale bars, 5 um x 5 um X 0.5 nm. The circular feature on the

right in (B) and (C) is another nanostructure that is not investigated here.
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Fig. 2. Dynamic imaging of acoustic waves in an individual nanostructure. (A) Complex histogram analysis of the reconstructed image at t = —35 ps plotted on
anonlinear scale. Features can be masked to selectively probe dynamics of the nickel feature and of the silicon substrate. (B) Feature mask. (C) Substrate mask: Note
that the substrate mask excludes the circular nanostructure shown in Fig.1 (B and C). (D to I) Reconstructed snapshots of the nickel nanostructure thermal expan-
sion and subsequent propagation of acoustic waves in the substrate. All 2D+1 reconstructions are plotted on the same color scale. The scale bars indicated in (D) are
5um X 5um X 0.5 nm and are common to (D) to (I). An offset of 1 nm has been added to the nanostructure feature only, for visualization purposes. Insets: Dynamic
histogram analysis. All histograms are plotted on the same color scale. Transient changes in the complex histogram are available in a stroboscopic movie in the

Supplementary Materials. a.u., arbitrary units.

at each time delay (Fig. 2, D and I, insets) reflect changes in the relative
phase between the nanoantenna and the substrate. We isolate these
peaks to create two masks of the image: one of the nanoantenna
(Fig. 2B) and one of the silicon substrate (Fig. 2C). Because we can iso-
late the parts of the sample that are from different materials, we can
account for the material phase from the nickel and the silicon sepa-
rately, leaving only the topographical phase, which can be directly con-
verted into differences in height, yielding 2D+1 images of the sample.

To validate the time-resolved images from our microscope, we
benchmarked our new technique to other well-established imaging
modalities. We compared the static images to atomic force micros-
copy and scanning electron microscopy images. In addition, the re-
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constructed CDI amplitude images were verified with the literature
values for the reflectivity of nickel and silicon (12). Furthermore, we
validated the measured dynamics with spatially averaged measure-
ments in a spectroscopic modality, following a similar approach to
other studies (2, 28), and compared those to the spatially resolved
measurements. These multiple benchmarks validated both the spatial
and temporal resolution of our dynamic imaging microscope.

DYNAMIC IMAGING RESULTS AND DISCUSSION
Representative 2D+1 images of the tapered nickel nanoantenna taken
at several delay times are displayed in Fig. 2 (D to I), along with
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complex histograms for each time frame. The complex images were
reconstructed from the measured diffraction with a lateral resolu-
tion of 80 nm and with an axial precision of 0.5 A. Each snapshot is
the result of accounting for the height difference between the images
taken with and without the laser excitation.

Dynamic height changes in specific regions of both the nano-
antenna and the substrate can be directly visualized from the Fig. 2
movie frames. A movie containing all the image and histogram frames
is available in the Supplementary Materials. The stroboscopic movie
shows impulsive expansion at the edges of the structure (Fig. 2E),
accompanied by a depression in the substrate immediately adjacent
to the nanostructure, which reaches a maximum at time delays of
~45 ps (Fig. 2F). At later time delays, the surface expansion of the
nanostructure progressively propagates from the edges toward the
center (Fig. 2, G to I). In addition, the onset of inhomogeneous
changes at either end of the tapered nanoantenna can be observed
at around +405 ps after the pump pulse, as the narrower end of
the nanostructure undergoes a decrease in height, while the thicker
end increases in height.

Next, we compare the experimentally measured dynamic response
of the nanoantenna to an approximate finite element model of these
complex dynamics (28, 29). Implementing a complete simulation of
the nanoscale thermal and acoustic response over the full 3D geome-
try of the tapered nanoantenna is computationally expensive due to

the large aspect ratio (1:2500) and a volume of 1000 pm’. Instead,
we approximate the dynamics over a uniform 2.2 um cross-section
nanoantenna, which is a reasonable approximation because the
opening angle of the nanoantenna is small. Figure 3 (A to D)
shows the experimental scatter patterns from the tapered nano-
antenna, which compares well to the simulated scattering pattern
from the individual nanoline profile. In Fig. 3E, we plot the change
in diffraction efficiency as a function of time to show good agree-
ment between the experimental data (red) and the simulation (gray).
Snapshots of acoustic wave propagation from the simulation (Fig. 3,
F to I) show an initial thermal expansion, with larger contribution
at the edges of the structure, followed by acoustic waves traveling
both in the nanoantenna toward the center and into the silicon sub-
strate, in remarkable agreement to what is directly observed in the
reconstructed images. An additional simulation of a narrower nano-
antenna with a 1.5-um width was carried out to address the inhomo-
geneous height changes observed in the tapered nanoantenna at later
time delays (Fig. 2I). These simulations suggest that the dynamics
vary spatially, in agreement to the reconstructed images.

Finally, we demonstrate that it is possible to extract the acoustic
wave velocity from the experimental data. To perform this charac-
terization, we measured the diffraction from a uniform nanoantenna as
a function of time delay, in 5-ps increments. A ptychographic recon-
struction of the uniform nanoantenna multiplied by the illuminating
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Fig. 3. Time-resolved EUV diffraction from an individual nanostructure compared to simulations. (A) Amplitude reconstruction of the nickel tapered nanoantenna
on the silicon substrate multiplied by the reconstructed EUV beam (28.9 nm) at the sample. (B) Experimental diffraction pattern. (C) Simulation of the nickel nanoantenna
on the silicon substrate, including the EUV illumination beam, which reflects more strongly from nickel than silicon. (D) Simulated diffraction pattern from the cross section
of the nanostructure marked with the red dashed line in (C). (E) Transient diffraction efficiency into the marked diffracted orders (white dashed circles), relative to the
undiffracted light (zero order) as a function of time, compared to the light diffracted from the unexcited sample. The experimental signal (red solid line) was smoothed
over 11 time steps for clarity and is compared to the results obtained from the simulation (gray solid line). Error bars are derived from the standard deviation of the unsmoothed
experimental data. (F to I) Snapshots of the simulation at four time delays (50, 200, 400, and 600 ps after laser-driven excitation), showing the thermal response and subsequent
propagation of acoustic waves on the nickel nanostructure and also in the silicon substrate. These snapshots of the lineout correspond to the planes indicated in Fig. 4D,
and they have been exaggerated by a factor of 250 in the vertical direction for clarity.
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Fig. 4. Acoustic wave dispersion in an individual uniform nanoantenna. (A) Reconstructed amplitude image of the uniform nickel nanoantenna multiplied by the
reconstructed probe. The red dashed line indicates the 2.2-um cross section considered for the nanoline simulation. (B) Experimental diffraction pattern from the uniform
nanoantenna indicating the undiffracted light (0) and the diffracted orders (1 to 5). (C) Simulation of a 2.2-um cross section of the nickel nanoline as a function of time.
Lineouts of the simulation at various time delays are shown in Fig.3 (F to I). (D) The dispersion of the acoustic waves can be calculated from the time-dependent simulation
by Fourier transforming—in both time and space—the vertical surface displacement over the nanoline. The dispersion of the lowest-order generalized Lamb wave was
also calculated via modal analysis of the nanoline (black dashed curve) and is in agreement with the experimental dispersion relation from the uniform nanoantenna (blue
dots), which has a slope of 2790 + 240 m/s. (E and F) Transient diffraction efficiencies relative to the light diffracted from the unexcited sample (E) and corresponding

Fourier components (F) for each diffraction order obtained from the analysis of the uniform nanoantenna diffraction pattern.

probe is shown in Fig. 4A. This yields the diffraction pattern shown
in Fig. 4B. The diffraction efficiency dynamics are shown for the
first five diffracted orders in Fig. 4E. The temporal spectrum is
calculated for each order by taking the Fourier transform of the
portion of the traces after time zero (Fig. 4F). The oscillation fre-
quency for each order is calculated by finding the lowest frequency
peak in each spectrum. The spatial frequency for each order is
determined by calculating the centroid of each diffraction peak.
From these measurements, we can extract the dispersion of the
surface acoustic waves (blue data points in Fig. 4D). The experimental
dispersion relation yields an acoustic wave velocity of 2970 + 240 m/s,
which is between the Rayleigh velocity of thin-film nickel and that
of silicon. Our analysis was further verified by measuring the disper-
sion of a known diffraction grating.

To verify the extracted surface acoustic wave dispersion, we use
numerical simulations (Fig. 4C) in two approaches: analyze our time-
dependent simulations and perform a modal analysis. The disper-
sion can be extracted from the time-dependent uniform nanoline
simulations by Fourier transforming—in both time and space—the
vertical surface displacement over the nanoline (30), resulting in the
colormap seen in Fig. 4D. In addition, we performed finite-element
modal analysis of a nickel film on a silicon substrate, resulting in the
black dashed curve seen in Fig. 4D. The overlaid experimental dis-
persion agrees well with both numerically calculated dispersions. We
remark that the modal analysis is not a fit to the data; rather, it is an
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independent simulation that corroborates the agreement between
theory and experiment. From the modal analysis, we see that the sur-
face acoustic waves propagating across the nanoline are coupled into
dispersive waveguide modes, known as generalized Lamb waves, where
the thin uniform nanoantenna acts as an acoustic waveguide (31).
Because waveguide modes at these wavelengths are only partially con-
fined to the nickel structure, the theoretical velocity lies between the
Rayleigh velocity of nickel and that of silicon. The verification of this
experimental dispersion demonstrates that it is possible to extract the
acoustic velocity of individual nanostructures, and thus their elastic
properties.

CONCLUSION

In summary, we have demonstrated a dynamic, full-field, tabletop
EUV microscope that can capture the thermal and acoustic dynamics
in individual nanoantennas, as well as those in the substrate. Further-
more, using stroboscopic EUV microscopy, we directly extract the
dispersion of the acoustic waves in a uniform nickel nanoantenna.
We note that this nanostructure shape is too complex to model from
first principles; thus, dynamic imaging is the only way to visualize the
complex thermal and acoustic response. In the future, this approach
will enable 3D functional imaging of the fastest coupled charge, lattice,
and spin dynamics in opaque materials and nanostructures that are suf-
ficiently complex that their functional properties cannot be predicted.
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MATERIALS AND METHODS

Experimental design

The 23-fs pulses were produced from a mode-locked Ti:Sapphire
oscillator (KMLabs Griffin) and amplified in a multipass amplifier
(KMLabs Dragon). These pulses were split into two arms: the pump
arm and the probe arm. The pump arm contained a delay stage to
control the timing between the pump and probe. The pump light was
focused onto the sample near normal incidence, with a full width at
half maximum (FWHM) of 650 um. The intensity of the pump beam
was 100 mW, making the fluence of the pump used in the experi-
ments 8.4 mJ/cm?.

To produce the EUV light through the HHG process, the probe
arm was focused through a glass capillary filled with 44.5 torr of
argon. Most of the IR light was rejected via a pair of super-polished
silicon mirrors set near Brewster’s angle. The residual IR light was
attenuated by a 100-nm aluminum filter. A single harmonic at 28.9 nm
was selected by steering the beam off of a pair of narrow-pass
multilayer mirrors set at 45°. The EUV beam was then focused using
a 5°, off-axis ellipsoidal mirror to a spot size of 7-um FWHM, inci-
dent at 60° from the normal of the sample plane. To attenuate the
IR pump light, a 195-nm-thick aluminum filter (Luxel) was placed
before the CCD sensor (PI-MTE), which was placed 36.5 mm away
from the sample plane. In this overall geometry, the highest theo-
retical resolution attainable due to the numeric aperture of the sys-
tem is 38.1 nm.

To characterize the long-term stability of the probing 28.9-nm
harmonic light, the direct beam was measured on the detector every
1.5 s for an hour. The standard deviation of the centroid of the beam
on the camera was 1.9 and 0.11% of the beam diameter in the vertical
and horizontal, respectively. This was a sufficient level of stability as
each ptychographic scan took 20 min to acquire. However, the sta-
bility of the system extended well beyond the 1 hour of dedicated
stability measurements, which was confirmed by acquiring ptycho-
graphic scans 3 days apart and reconstructing nearly identical probes.

Stroboscopic imaging was conducted at room temperature in re-
flection geometry, with the background pressure in the experimental
vacuum chamber being ~10”7 mbar. For a single movie frame, the
ptychographic CDI scan consists of 82 diffraction patterns recorded
in a Fermat spiral pattern (32) with separations of 2 pm between
adjacent positions. The data were collected with 2 x 2 on-chip bin-
ning, averaging over three accumulations, with a 200-kHz readout
rate and a 0.15-s exposure time. Each image was created from a total
of 49.2-s exposure from ~6 x 10° photons/s. The stroboscopic movie
frames recorded with ptychographic CDI consisted of 14 different
pump-probe delays. At each time delay, a differential measurement
with and without the laser-driven excitation was carried out to
account for fluctuations in the system. In addition, 10 images of the
EUV beam reflected off of the bare silicon substrate were recorded
for each measurement to apply the modulus-enforced probe con-
straint technique (14). We note that because the beam was reflected off
of silicon, the diffraction patterns needed to be renormalized based
on the reflectivity of silicon. The result is 28 images of the sample: 14
at different pump probe delays with respect to the pump pulse (¢ = 0)
and 14 as reference images without the laser-driven excitation. The
experimental movie of the nanostructure was reconstructed from
>15 GB of raw data collected over a 14.5-hour period, which is a large
amount of data for a tabletop-scale stroboscopic microscope.

For our experiment, we selected time delays such that the pre-
dominant dynamics observed in this experiment are the surface
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acoustic waves propagating within the nanostructure. We remark that
this range can be extended at will to access the nanosecond-long
thermal decay. Moreover, finer time steps can be taken to access high-
frequency longitudinal acoustic waves propagating in the nano-
structure and substrate, which have been extensively studied with
spectroscopic techniques (2, 28, 33).

Sample preparation

The sample consisted of nickel nanostructures patterned with elec-
tron beam liftoff lithography on a silicon substrate. The tapered
nanoantenna was characterized with optical microscopy, scanning
electron microscopy (SEM), and atomic force microscopy (AFM),
as displayed in fig. S1. The recovered reflectivity values of 0.024 +
0.017 for the silicon substrate and of 0.16 + 0.04 for the nickel fea-
ture are in agreement with tabulated values (12). The CDI phase image
is in agreement with a height of 20 + 2 nm estimated with AFM. We
imaged an additional circular nanostructure to the right of the
tapered nanoantenna. Its effect on the dynamic signal has been
excluded by the histogram image segmentation.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/10/eaau4295/DC1

Histogram analysis

Diffraction efficiency

Image reconstructions

Dynamics simulation

Dispersion analysis

Fig. S1. Preliminary sample characterization.

Fig. S2. Histogram analysis.

Fig. S3. Reconstructed EUV beam.

Fig. S4. Comparison of the spatially resolved acoustic dynamics.

Fig. S5. Analysis of dispersion in a nickel grating on silicon substrate.

Table S1. Parameters for material properties used in the simulation.

Movie S1. Movie of the 2D+1 height maps form the phase reconstructions displayed as a
function of time.

Movie S2. Movie of the complex histograms for each reconstruction.

Movie S3. Movies 1 and 2 displayed concurrently, allowing the relation between the images
and the histograms to be visualized.
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