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Charge migration is a periodic rearrangement of the charge distribution in mol-
ecules, driven by a coherent superposition of electronic states. It can be prepared in 
a variety of ways, including temporally confined ionization, excitation or through elec-
tron correlation. In this lecture, I will discuss the experimental measurement and re-
construction of attosecond charge migration in spatially oriented molecules [1]. These 
measurements revealed the essentially complete migration of an electron hole from 
one side of the iodoacetylene cation to the other in less than one femtosecond. Turn-
ing from high-harmonic spectroscopy to attosecond transient-absorption spectros-
copy, I will discuss the experimental observation of decoherence and revival of atto-
second charge migration driven by nuclear motion in the neutral silane molecule [2]. 
These results demonstrate a broadly applicable approach to inducing and probing 
charge migration in molecules, opening the door to controlling molecular dynamics on 
the electronic time scale. An outlook on the prospects of attochemistry will be given.
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Attosecond soft-X-ray and high-harmonic spectroscopies: 
bridging the complexity gap

Attosecond spectroscopy has enabled the observation of ionization dynamics on their natural 
time scale. These delays convey rich information on the scattering potential of the ionized sys-
tem, as well as electronic correlations. In this lecture, I will discuss the experimental measure-
ment of time delays in molecules [1]. Turning from gases to liquids, I will discuss the measurement 
of photoionization delays from liquid water [2] and the development of theoretical methods for 
their interpretation. Extending attosecond spectroscopy to size-resolved water clusters provid-
ed a bridge between the gas and liquid phases and yielded a molecular-level understanding 
of the mechanisms governing photoionization dynamics in the condensed phase [3]. A system-
atic correlation between the ionization delay and the spatial extension of the electron hole has 
been found, which suggests the possibility of studying electron-hole dynamics in weakly bound 
clusters and liquids with attosecond temporal resolution. These methods establish an experi-
mental pathway to time-resolved studies of electronic dynamics in (micro-)solvated molecules.

Attosecond time delays in molecules, clusters and liquids: 
towards electronic dynamics in solutions
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One of the remaining challenges for attosecond spectroscopy is its extension to complex sys-
tems, such as large molecules, molecular aggregates or nanoparticles in solution. X-ray spec-
troscopy offers an attractive approach to this goal, owing to its element specificity and site sen-
sitivity. In this lecture, I will discuss the development of table-top soft-X-ray spectroscopy and 
its application to observing the rearrangement of unoccupied molecular states during chemical 
reactions [1]. The generation of isolated attosecond soft-X-ray pulses with a duration of only 43 
attoseconds has established the current world record of the shortest light pulse ever measured 
[2]. The spectroscopic application of such pulses has revealed the fastest conical-intersection dy-
namics observed to date, i.e. the sub-7-femtosecond electronic relaxation from the A to the X 
state in the ethylene cation [3]. Turning from the gas phase to the liquid phase, I will discuss recent 
results including the observation of suppressed dissociation of ionized pyridine in solution, as 
well as the ultrafast proton transfer of ionized urea dimers in aqueous solution. These results 
demonstrate the potential of attosecond soft-X-ray spectroscopy in addressing complex systems.
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