Attosecond science on the nano-scale
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Attosecond science probes ultrafast quantum dynamics using precisely controlled laser
fields. Many-body quantum phenomena that go beyond the single-electron picture are found in
condensed matter systems with a strong geometric confinement in one or more dimensions, such
as nanowires. However, while access to these phenomena is possible using laser fields and
ultrafast optical spectroscopy, achieving (sub-)nanometer spatial resolution remain challenging.

Electron pulses offer an alternative avenue for studying such dynamics in space and time
thanks to the small de-Broglie wavelength of electrons. The coherent modulation of swift
electron beams with strong laser fields has enabled the generation of attosecond electron pulses
[1]. Here we study a simple alternative, the production of electron pulse trains directly at the
source, a metal nanotip [2]. In our experiment, we trigger tip photoemission by plasmonic
nanofocusing [3] and find signatures of attosecond tunneling emission. Our numerical
simulations show that the electrons can retain the sub-cycle temporal fingerprint in a point-
projection microscope setup due to low matter-wave dispersion [4]. We report on the current
status of this experiment and our efforts to image many-body electron dynamics in nanowires.

In a second experiment, we integrate a conventional scanning tunneling microscope (STM)
with ultrafast two-color femtosecond laser pulses, inspired by time-resolved THz-STM studies
[5]. We show that the electron transport mechanism in the tunneling gap is dominated by laser-
driven nonlinear currents and its magnitude and direction can be controlled using the relative
phase of the two colors. Theory simulations shows that the observed current consists of sub-
femtosecond bursts. The underlying mechanism can be understood using a novel strong-field
model, which also provides physical intuition in terms of a three-step process, the hallmark
effect of attosecond science. This innovation promises simultaneous angstrom and attosecond
observations of plasmonic dynamics and ultrafast quantum many-body phenomena in
nanostructures.
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