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Charge migration & attochemistry

Francesca Calegari, AsToFewFs@FutureFELs

already migrated to the nitrogen (the hump on the right-
hand side of the surface). Afterwards the charge returns
mainly to its initial position and the whole process starts
again. However, since many ionic states participate in the
dynamics, the process is not purely repetitive.

First principles molecular dynamics simulations of the
cationic ground state at DFT (BP86/SV(P)) level starting
with the equilibrium geometry of the neutral indicate a
stretching of the C1–C2 bond of 5 pm within the first 5 fs.
This is the bond which was observed to break in the exper-
iments of Weinkauf et al. [7,13]. To gain an idea on the
impact of this stretching on the charge migration, we calcu-
lated the hole density and traced its migration at several
different geometries along the dissociation path. It was
observed that more and more charge migrates to the N-ter-
minal as the C1–C2 bond elongates. In Fig. 2b the hole den-
sity is shown for a geometry where the C1–C2 bond is
elongated by 20 pm. One clearly sees that in this case
almost the entire charge is transferred from the chromo-
phore to the N-terminal, and this again within 4 fs.

To further trace the evolution of the hole charge in real
space we present in Fig. 3 Qð~r; tÞ in 3D for the two dis-
cussed geometries at three different times t = 0, 2 and
4 fs. The results suggest the following conceivable scenario
of coupled electron-nuclear dynamics. The localized initial
ionization of the chromophore triggers ultrafast charge
migration and some part of the positive charge starts to
bounce between the chromophore and the N-terminal. As
time proceeds, nuclear dynamics enters the picture and
with the elongation of the C1–C2 bond more and more
charge oscillates between the two sites. These oscillations
are not perfect, due to dissipation caused by the participa-
tion of many electronic states and nuclear dynamics, and
when the bond breaks the charge is trapped at the energet-
ically more favorable N-terminal fragment, i.e. the mole-
cule dissociates into C6H5CH2 radical and H2CN(CH3)2

cation. This is confirmed by calculations on the CC2
level which predict that dissociation into C6H5CH2 +

Fig. 3. 3D-hole density of PENNA at three different time steps (0,2,4 fs). The ‘negative’ hole density, or the electron density is given in orange. Left-hand
side for the ground state geometry, right-hand side for the geometry with C1–C2 bond elongated by 20 pm. (For interpretation of the references to colour
this figure legend, the reader is referred to the web version of this Letter.)

Fig. 2. Hole density of PENNA. (a) At the ground state geometry of the
neutral. (b) At the geometry with C1–C2 bond elongated by 20 pm.
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Is it possible to drive the 
charge on the attosecond/
few-femtosecond time scale?

Can we control the 
photochemistry by acting at 
this extreme time scale? 
Is attochemistry possible?

Charge migration: purely 
electronic (atto/few-femto)

Charge transfer: mediated by 
nuclei (several femto and more)
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Table-top attosecond sources 

Francesca Calegari, AsToFewFs@FutureFELs

4-5 fs
2.5 mJ
1 kHz
CEP-stable

F. Calegari et al., J. Phys. B: Atom. Mol. 
Opt. Phys. 49 , 062001 (2016) 

• Low conversion efficiency 
of the process à limited 
pulse energy (pJ-nJ) 

• Not enough flux for two-
color or non-linear 
experiments in the soft-x 

• Limited photon energy (up 
to the end of the water 
window)

• Not enough photon flux 
for imaging

• Attosecond pulses 
generated in a broad 
spectral range (from VUV 
to soft-x)

• Exceptional pulse to pulse 
stability 

• Attosecond
synchronization with a 
second laser pulse
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Charge migration in aromatic amino acids
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Phenylalanine

Tryptophan

F. Calegari et al., Science 346, 336 (2014) 
F. Calegari et al., IEEE JSTQE 21, 2419218 (2015) 
M. Nisoli et al., Chem Rev 117 10760 (2017)
E. Perfetto, J. Phys. Chem. Lett. 11, 891–899 (2020)

F. Martin, Universidad Autonoma de Madrid

G. Stefanucci, E. Perfetto, Università
la Sapienza, Rome

Phenylalanine

Phenylalanine

Tryptophan

Charge migration resulting from the 
coherent superposition of 1-hole states
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XUV

Correlation-driven
Charge migration/ inflation in 2.3 fs

+
IR

① XUV ionization

+

③ IR ionization & 
stabilization

+

② Shake-up

Francesca Calegari, AsToFewFs@FutureFELs

E. Månnson et al, (Nature) Commun. Chem. 4, 73 (2021)

Charge migration and stabilization in adenine
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Open issues to be discussed in this session
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• Better visualization of charge dynamics (site specificity/sensitivity, x-ray absorption 

spectroscopy, x-ray photoelectron/auger spectroscopy, imaging…)

• Demonstrate control of charge dynamics at attosecond time scales (site selective 

ionization or controlled/localized valence excitation, non-linear schemes…)

• Control of the molecular reactivity and/or other properties such as chiral response 

via electronic excitation (control the charge location, control of dissociation and 

selective bond breaking)

• Role of non-adiabatic couplings and bath

• and more...

Can we use atto XFELs to address these issues?
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New opportunities with atto XFELs

Francesca Calegari, AsToFewFs@FutureFELs
Duris, J. et al, Nat. Photonics 14, 30–36 (2020)

XLEAP

• SASE does not allow for 
pulse reproducibility

• Need for single shot 
detection

• Attosecond synchronization 
with an external laser?

• Bright emission 

• High photon energy

• High repetition rate (in CW 
up to MHz in future)

• Two-color experiments in the 
soft-x/x-ray

• Synchronization with a 
second laser pulse

• Possibility for single shot  
imaging
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Two-color schemes to trigger and monitor 
charge migration
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Theory of control of nuclear dynamics via 
electronic excitation
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Electronic coherences and ultrafast chiral 
response
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Session IV

Francesca Calegari, AsToFewFs@FutureFELs

• Raise your hands or write in the chat for questions

• Only very urgent questions at the end of each talk

• Main discussion with questions after the talks

• Think to long term development and scientific impact (ten years or more, beyond 

what we can already do now)


