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Abstract: We report imaging of coherent acoustic phonons on the picosecond time scale
within a single nanocrystal using an X-ray free-electron laser. Our results allow unprecedented
comparison with predictive models and observation of the vibrational modes .
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1.

Introduction

Insights into the behaviour of materials can be gained by observing their response during phase transitions or when
they undergo lattice distortion. Laser pulses on the femtosecond time scale can be used to induce disorder with the subsequent transient processes being stroboscopically probed using ultrashort (sub picosecond) pulses of visible light [1],
X-rays [2] or electrons [3] in whats described as a pump-probe experiment. Using these techniques, many fundamental
phenomena have been observed, such as non-thermal melting in semiconductors, thermal melting in metals, ultrafast
bond softening and phase transitions [3–5]. However, many of these studies have been confined to bulk samples or
ensembles of particles and the ability to spatially resolve (that is, to image) these phenomena on nanometre length
scales and femtosecond time scales has so far been challenging. Here we demonstrate three-dimensional imaging of
lattice deformation in a single gold nanocrystal using the Linac Coherent Light Source (LCLS) X-ray laser. This is
achieved using time-resolevd coherent diffraction imaging. The method demonstrates ab intio determination of the
vibrational modes of a nanocrystal without a priori information regarding morphology or size.
2.

Methods

The experiment was performed at the XPP instrument at the LCLS in the USA. Coherent X-ray free electron laser
(XFEL) pulses of energy 9 keV were monochromatized before diffracting from an isolated nanocrystal. Optical pump
pulses were used to generate lattice distortion, with the transient diffraction recorded using an area detector positioned
at a Bragg peak (Fig. 1 A). Rocking curves were collected yielding 3D diffraction patterns which were subsequently
inverted using iterative phase retrieval [6] to provide real space images of the nanocrystal and lattice deformation (Fig.
1 B ).
3.

Results

Show in Fig. 1 B are isosurface renderings (20% of the maximum) of the nanocrystal density as a function of opticalpump, X-ray probe delay, with the projected displacement displayed on the surface. Regions of expansion and contraction are shown in red and blue respectively. Spatial and temporal variations are evident, indicative of non-homogenous
lattice deformation. Cut-planes through the center of the 60 ps delay time show the characteristic regions of expansion and contraction obtained from the experiment (left) and are compared to continuum elasticity theory (center) and
molecular dynamics simulations (right).

09.Wed.E.1.pdf

4.

Ultrafast Phenomena 2014 © 2014 OSA

Conclusion

We have been able to image in three-dimensions the lattice deformation in a single nanocrystal without any a priori
shape or size information [7]. The technique demonstrated here will enable detailed study of nano-particles and structures in non-equilibrium regimes, such as those introduced in a pump-probe experiment.

Fig. 1. a) Schematic of the experimental setup. A nanocrystal is perturbed using an optical pump
pulse before a coherent X-ray pulse from an X-ray free electron laser is diffracted onto an area
detector positioned at a Bragg peak. Rocking curves are collected to obtain three-dimensional data
and the time-delay between pump and probe is changed to provide temporal data. b) Phase retrieval
is performed on the three-dimsneiosnal data sets, yielding images of the density and projected displacement of the nanocrystal. The internal deformations obtained (experiment) can be compared to
theory (theory) and molecular dynamics simulations (simulation). The scale bar is 100 nm.
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