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ABSTRACT: During charge migration, electrons flow rapidly from one site of a
molecule to another, perhaps inducing subsequent processes (e.g., selective breaking of
chemical bonds). The first joint experimental and theoretical preparation and
measurement of the initial state and subsequent quantum dynamics simulation of
charge migration for fixed nuclei was demonstrated recently for oriented, ionized
iodoacetylene. Here, we present new quantum dynamics simulations for the same system
with moving nuclei. They reveal the decisive role of the nuclei, i.e. they switch charge
migration off (decoherence) and on (recoherence). This is a new finding in attosecond-
to-femtosecond chemistry and physics which opens new prospects for laser control over
electronic dynamics via nuclear motions.

In the process of charge migration (CM), electrons flow
rapidly (typically in a few hundred attoseconds) from one

site of a molecule to another. CM was discovered
experimentally by the group of Schlag and Weinkauf, who
pointed immediately to potential applications, e.g. CM might
induce selective bond breaking.1 On the theoretical side, the
process was already predicted by H. Eyring et al. in 1944 in
their textbook Quantum Chemistry,2 but this was largely
forgotten.3 The experiment1 aroused the renaissance of the
field.4−10 Comprehensive surveys of the literature are given in
refs 11 and 12. A recent milestone is the first joint experimental
and theoretical reconstruction of CM by Kraus et al.,13

specifically in oriented ionized iodoacetylene, HCCI+. Here,
we extend their fundamental work by new quantum dynamics
simulations not only for the electrons13 but also for the nuclei;
this reveals that the nuclei cause decoherence and recoherence
of CM.
The reconstruction of CM by Kraus et al. consists of two

steps.12,13 First, the neutral precursor HCCI in its ground state

( ̃ Σ+X 1
, labeled k = 0) is ionized within a few femtoseconds

(fs) by means of a strong-field laser pulse with linear
polarization perpendicular to the molecule to generate the
proper experimental initial state Ψ(t = 0) of the oriented
cation HCCI+. High harmonic spectra with time resolution of
about 100 attoseconds show that Ψ(t = 0) = C1Ψ1 + C2Ψ2 is a
superposition of two wave functions Ψ1 and Ψ2 which
represent the electronic ground state ( ̃ Π+X 2 , k = 1) and
the first excited state ( ̃ Π+A 2 , k = 2) of HCCI+, respectively.13

The complex coefficients were thus determined to be C1 = 0.90

and = −C 0.43e2
0.34i. In the second step, quantum dynamics

simulations reveal the subsequent CM in the cation HCCI+. A
subtle but important detail is that ref 13 considers the nuclear
motions in the determination of the initial state but not in the
quantum dynamics simulations of the CM. The result is
periodic CM between the iodo- and acetylenic moieties of
HCCI+. One way takes about 930 attoseconds: this is
attosecond electron dynamics. A full cycle back and forth has
period Tchm = 1.85 fs. This period is related to the energy gap

ΔE = E2 − E1 between the ∼+
X and ∼+

A states at the nuclear
geometry of HCCI: TchmΔE = h, where h denotes Planck’s
constant. The authors of ref 13 checked carefully that the
initial state and its subsequent time evolution were not
contaminated by any other states. Accordingly, the exper-

imental populations of the ∼+
X and ∼+

A states of HCCI+ are time-
independent, P1 = |C1|

2 = 0.81 and P2 = |C2|
2 = 0.19. Here, we

adapt the experimental initial state.13 Preparations of different
initial states, e.g. by laser control, may induce different coupled
nuclear and electronic dynamics.11−14

Here, we extend the previous quantum dynamics simu-
lations13 to CM in HCCI+ with moving nuclei. The methods
profit from well-justified neglect of intermode couplings,
adapted from refs 15 and 16; they include a new adaption of
the method of Kraus and Wörner17 for the construction of the
initial state prepared by ultrafast ionization of the precursor
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HCCI and new versions of the methods for calculating the
electron density and flux along the axis of HCCI+ after ultrafast
strong-field ionization of HCCI; for the details, see the
Supporting Information. This reveals two key effects of nuclear
motions which govern the electronic dynamics: (i) decoher-
ence of CM with decoherence time τdec ≈ 6 fs and (ii)
quasiperiodic partial recoherences with period Trec ≈ 170 fs.
The first effect (i) has already been predicted18 and was
observed in several other systems.15,19−24 The second effect
(ii) is a new phenomenon. It is inferable from a simple model25

but has never been demonstrated previously for any
experimental scenario with real molecules or molecular ions.
Different effects of ultrafast coupled nuclear and electronic
dynamics are, e.g., in refs 26 and 27.
Our results are presented in Figure 1 with seven panels a−g.

Details of the methods are provided in several sections of the
Supporting Information. The explanations are first presented
for the one-dimensional (1D) model that accounts for the
most important nuclear degree of freedom (DOF), namely the

large amplitude CI stretch (panels b−g). Subsequently, we
present analogous results in full (seven) dimensionality (7D,
panels f and g). The DOFs will be referred to as the CH, CC,
and CI stretches and the pairs of CCH and CCI bends. The
complementary three translational and two rotational DOFs
are irrelevant.13 The 1D model is justified by its good
agreement with the 7D results (panels f and g). In fact, the
decisive role of the CI stretch may be expected from its
dominant vibrational progressions in the photoelectron
detachment spectrum of HCCI28 and in the corresponding
vibronic distributions of HCCI+ after ultrafast strong-field
ionization of HCCI13 (Supporting Information).
Figure 1(a) shows the geometry of the linear neutral

precursor HCCI oriented along the z-direction in the
laboratory frame (Supporting Information). Figure 1(b)
exhibits the potential energy surfaces Vk(RCI) for the neutral

precursor HCCI in the electronic ground state ̃ Σ+X 1
(k = 0)

and for the cation HCCI+ in states ̃ Π+X 2 (k = 1) and ̃ Π+A 2

Figure 1. De- and recoherences of charge migration in HCCI+ governed by nuclear dynamics. (a) Schematic of the oriented HCCI molecule. (b)
Experimental scenario13 showing initial nuclear densities embedded in the potential energy curves of HCCI and HCCI+ versus CI bond length RCI.
(c) Nuclear density as a function of time, showing large amplitude vibrations of the nuclear wavepackets in electronic states ̃ Π+X 2 and ̃ Π+A 2 of
HCCI+, which lead to quasiperiodic overlaps. (d) Time evolution of the difference of the electron density along the nuclear axis z at time t
compared to the initial density, Δρel(z,t) = ρel(z,t) − ρel(z,t = 0). (e) Time evolution of the electronic flux Fel(z,t) along the molecular axis z. (f)
Electronic flux Fel(z = 0.2 Å,t) at z = 0.2 Å, where it is most prominent (see dashed line in panel e). (g) Absolute square of the overlap of the
nuclear wave functions in states ̃ Π+X 2 and ̃ Π+A 2 . Panels b−g show the results for the one-dimensional (1D) model. Panels f and g compare the
1D (blue lines) and full-dimensional (7D) (black lines) results.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.9b01687
J. Phys. Chem. Lett. 2019, 10, 4273−4277

4274

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01687/suppl_file/jz9b01687_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01687/suppl_file/jz9b01687_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01687/suppl_file/jz9b01687_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01687/suppl_file/jz9b01687_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.9b01687


(k = 2) (Supporting Information). Also shown in Figure 1(b)
are the initial nuclear densities ρnu,k(RCI,t = 0) = Pk|χk(RCI,t =
0)|2, where the Pk are the experimental occupations13 and the
χk denote the nuclear wave functions in electronic states k = 0,
1, 2 (Supporting Information). The attached curved arrows
illustrate the initial directions of the nuclear motions toward CI
bond compression (k = 1) and elongation (k = 2). The
opposite directions imply rapid initial decay of the overlap
⟨χ1(t)|χ2(t)⟩ of the nuclear wave functions where the Dirac
notation ⟨|⟩ indicates integration over the nuclear DOF. This
conjecture is confirmed quantitatively in Figure 1(g), which
shows its absolute square |⟨χ1(t)|χ2(t)⟩|

2 versus time, with
initial decay time τdecay ≈ 6 fs.
Figure 1(c) illustrates the time evolution of the nuclear

density ρnu(RCI,t), which is the sum of the nuclear densities
ρnu,k(RCI,t) for electronic states k = 1, 2 (Supporting
Information). The ρnu,k(RCI,t) are essentially periodic. Their
periods ≈T1

170
3
fs and ≈T2

170
2
fs imply alternating weak and

strong partial recurrences of ⟨χ1(t)|χ2(t)⟩ at t ≈ 85, 170, 255,
340, ..., fs with overall period T1,2 ≈ 170 fs. These recurrences
are evident in Figure 1(g). All recurrences have rise times and
decay times similar to the initial decay time, τrise ≈ τdecay ≈ 6 fs.
The vibrations of the cation HCCI+ in states k = 1 and 2

cause changes of the electron density ρel(x,y,z,t) (Supporting
Information). For convenience, we center the origin (0,0,0) of
the electronic coordinates (x,y,z) at the carbon nucleus that
forms the CI bond, and z is the coordinate along the molecular
axis (Figure1(a)). We focus on the electronic density ρel(z,t)
along the molecular axis, which is obtained by integrating
ρel(x,y,z,t) over x and y. Figure 1(d) shows the deviation
Δρel(z,t) = ρel(z,t) − ρel(z,t = 0) of the electron density at time
(t) from the initial density. Obviously, Δρel(z,t)varies on two
time scales: A “slow” component, which evolves with the
overall period (T1,2 ≈ 170 fs) of the vibrational densities,
represents the electrons that move with the nuclei.29 A “fast”
component, which evolves with period Tchm ≈ 1.85 fs,
represents charge migration between the iodo and acetylenic
moieties of HCCI+. Accordingly, the initial decoherence of
CM, with decoherence time τdec ≡ τdecay ≈ 6 fs, is followed by
alternating weak and strong recoherences at t ≈ 85, 170, 255 fs,
etc., with overall period Trec ≈ T1,2 ≈ 170 fs. The recoherences
appear with characteristic rise and decay times similar to those
for the nuclear recurrences, τrec ≈ τrise ≈ τdecay ≈ 6 fs.
Apparently, the electronic charge migrates if and only if the
nuclear densities of HCCI+ in states k = 1 and 2 overlap.
A much more powerful tool for recognizing the de- and

recoherences of CM is the electronic flux Fel(z,t) along the
nuclear axis (Supporting Information),30 which is plotted in
Figure 1(e). It confirms the phenomena revealed by the
electronic density in even more pronounced fashion. In brief,
the nuclear vibrations (Figure 1(c)) cause quasiperiodic decays
and revivals of the overlap of the nuclear wave functions
(Figure 1(g)), and these switch off and on the quasiperiodic
electronic flux during CM (Figure1(e)). This is confirmed in
Figure 1(f), which displays a plot of the electronic flux Fel(z =
0.2 Å,t) at the position z = 0.2 Å (marked by the dashed line in
Figure 1(e)), where the electronic flux achieves its maximum
value.30 It has been reported6,10 that structural changes during
charge migration may induce transient localization of
electron(s). This can happen during the decoherences in
HCCI+ when the flux of migrating electrons decreases, namely
part of the electrons are transiently trapped.

The results for the full-dimensional (7D) quantum dynamics
simulation of the de- and recoherences of CM in HCCI+ are
shown in Figures 1(f) and 1(g). The previous 1D results
evidently agree well with these 7D references. Small deviations
are discussed in the Supporting Information. This confirms the
validity of the 1D model and the analysis of the results.
In conclusion, the present quantum dynamics simulations of

the experimental13 scenario of CM in HCCI+ reveal that
adiabatic femtosecond nuclear dynamics governs attosecond
electron migration. Accordingly, the quasiperiodic decay and
revival of the overlap of the two nuclear wave packets for the
two electronic states switches off and on the quasiperiodic CM.
The effect cannot be revealed, either by quantum dynamics
simulations with frozen nuclei13 or with Ehrenfest-based
classical dynamics simulations of the nuclei.12,14 The discovery
of this principle in the experimental13 example HCCI+ profits
from the well-designed experimental two-state scenario with
dominant 1D nuclear dynamics along the large amplitude CI
vibration. This suggests HCCI as an ideal system to confirm
the phenomena experimentally. Developments of methods for
monitoring charge migration with subfemtosecond time
resolution are encouraging, see e.g. refs 6, 10, and 31. From
the perspective of the CM in the electronic system, it appears
that in spite of its decoherence by the nuclei, the nuclei
nevertheless serve to keep the memory of the original
coherence which is then back-transferred to the CM in the
electronic system during the recoherences. This is somewhat
analogous to coherent transfer of a superposition state in an
electron-spin “processing” qubit to a nuclear-spin “memory”
qbit with subsequent coherent back-transfer to the electron
spin.32

The present discovery of the principle of attosecond CM
governed by femtosecond nuclear dynamics opens new
prospects for laser control over electronic dynamics via nuclear
dynamics. In general, laser pulses can be tailored such that the
relevant nuclear wave functions overlap at specified times and
molecular conformations. Myriads of scenarios can achieve this
goal.33,34 For the present case of HCCI, one may design, for
example, two coherent laser pulses with different carrier
frequencies for preparation of HCCI+ in states k = 1 and 2 by
resonant photoionization of the oriented precursor. Proper
choice of the time delay would then initiate CM in a specific
time window even long after the laser pulses. It is gratifying
that the experimental technology to generate the required
coherent pairs of laser pulses is available.35,36
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