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Abstract

Attosecond pulses can be used to generate coherent superpositions of cationic electronic states
in molecules through photoionisation. These can drive coherent electronic dynamics, which
may decay within a few femtoseconds due to nuclear motion. In this work, we study the
impact of the photoelectron on decoherence in the valence electron system of molecules
following attosecond photoionisation. To this end, we include the photoelectron as a classical
point charge in a quantum–classical simulation of light-induced ultrafast molecular dynamics
and consider ionisation by sub-femtosecond pulses with distinct qualities. By disentangling
the contributions of photoelectron and nuclei to the overall electronic decoherence, we �nd
that the photoelectron causes partial decoherence within the �rst 50 attoseconds. This
timescale is noticed to be independent of the ionising pulse. Full electronic decoherence is
only seen when the spatial extension of the nuclear wave packet is considered.

Keywords: ultrafast molecular dynamics, electronic coherence, attosecond photoionisation,
surface hopping

(Some �gures may appear in colour only in the online journal)

1. Introduction

Attosecond science was established two decades ago with the
advent of sub-femtosecond pulses [1, 2]. Since then, ultrashort
pulses have been employed in numerous applications in fun-
damental research, from the motion of electrons in atoms [3,
4] to molecules [5, 6] and condensed matter [7, 8].

One particularly interesting �eld is ultrafast charge dynam-
ics in molecules, a phenomenon at the centre of funda-
mental biological and chemical processes [9–11]. Charge
dynamics can be triggered through photoionisation with
coherent attosecond, broadband pulses, where coherent super-
positions of electronic states of the remaining cation are
created [12–14]. However, photoionisation also gives rise
to nuclear dynamics that may destroy valence electronic
6 Author to whom any correspondence should be addressed.

coherence within a few femtoseconds [15–17]. Electronic
decoherence is here de�ned as the process wherein an initially
coherent superposition of electronic states evolves towards a
statistical mixture and, as a consequence, coherent electron
dynamics are suppressed [18].

The dynamics of coherent electronic superpositions in
molecular cations following attosecond photoionisation have
been described with various theoretical models. In a widely
used approach, nuclear motion is neglected [12, 19]. This
de�nes a purely electronic problem and typically predicts
long-lived valence electron dynamics driven by electronic cor-
relations. In order to describe ultrafast electron dynamics in
molecules faithfully, it is necessary, however, to take elec-
tronic decoherence caused by the nuclei into account. Dephas-
ing effects due to the width of the nuclear wave packet and
decrease of coherence due to diminishing wave packet overlap
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cannot be captured otherwise and generally lead to electronic
decoherence in the subsystemof valence electronswithin a few
femtoseconds [15, 20].

To incorporate the nuclei, quantum–classical studies were
conducted based on sampling of nuclear geometries across the
spatial extension of the nuclear wave packet [16, 21]. They
show fast dephasing of electronic oscillations with molecule-
dependent decoherence rates in the range of a few fem-
toseconds. A full adiabatic quantum-dynamical description of
nuclear dynamics following attosecond photoionisation was
the focus of our earlier work [15]. This treatment is limited
to short-time dynamics, as on-the-�y evaluation of potential
energy surfaces is numerically costly for large molecules and,
therefore, �tted surfaces are employed.Also within this model,
valence electronic decoherence was observed to take place
within a few femtoseconds.

It may still be possible to observe coherent electron dynam-
ics close to conical intersections [22], in specially engineered
molecules [23] or in small molecules with effectively few
nuclear degrees of freedom, e.g. in iodoacetylene [24] or pro-
priolic acid [25]. For a current review of techniques to describe
attosecond light–matter interaction and the subsequent elec-
tron and nuclear dynamics, see reference [26].

In the works discussed so far, the impact of the photo-
electron on electronic coherence is typically neglected, and a
fully coherent initial state is assumed. Pabst et al studied the
effect of the photoelectron on coherent superpositions of elec-
tronic states in xenon undergoing attosecond photoionisation
[27]. It was found that interchannel coupling of various hole
states reduces electronic coherence within the cationic elec-
tronic subsystem within less than 100 as. In related work, the
photoelectron dynamics were described classically for strong-
�eld phenomena like high-harmonic generation [28] and dou-
ble photoionisation [29, 30]. However, this did not include
coupling between the photoelectron and the remaining, bound,
quantum electrons.

In this manuscript, we propose a description of the photo-
electron as a classical point particle that is released through
photoionisation. It is included in a quantum–classical descrip-
tion of the nuclei by the well-established fewest switches sur-
face hopping (FSSH) algorithm [31]. Thus, the dynamics of
the classical photoelectron, the bound quantum electrons, and
the nuclei are all coupled.

We employ this setup to analyse the decoherence of valence
electron dynamics in an isolated water cation, H2O+ in the
presence of the photoelectron, following attosecond broad-
band ionisation.

In section 2, the methodology employed in this manuscript
is presented.We then turn to analyse electronic decoherence in
the molecular cation in section 3.1, before discussing in detail
the photoelectron’s contribution to electronic decoherence in
section 3.2. The dynamics of the photoelectron are analysed in
section 4, and we conclude the discussion in section 5.

2. Methods

We �rst describe the implementation of the FSSH algorithm in
section 2.1. Then we turn towards the sampling of electron and

nuclear con�gurations in section 2.2. Electronic coherence is
de�ned in section 2.3.

2.1. Fewest-switches surface hopping

The dynamics of the molecular cation and the classical pho-
toelectron are described using the FSSH method [31] with the
implementationgiven in references [32, 33]. The classical pho-
toelectron is included as a negatively charged point particle.
As in the standard implementation of the FSSH algorithm,
the nuclei and the classical photoelectron move on excited-
state potential energy surfaces. Along this trajectory ~R(t), the
time-dependent Schrödinger equation is solved for the bound
electrons,

i~ċk(t) =
∑

j

c j(t)
[

Vk j − i~~̇R · ~dk j,
]

(1)

where cj are the expansion coef�cients of the electronic wave
function, Vkj the matrix elements of the electronic Hamilto-
nian, and ~dk j the non-adiabatic coupling vectors. The matrix
Vkj is diagonal in the adiabatic representation employed here.
The elements of the electronic density matrix are given as

ρ jk = c jc
∗
k . (2)

The rate of change of the population of the jth electronic state
is

ρ̇ j j =
∑

k 6= j

bk j, bk j = −2 Re
[

ρ jk~̇R · ~dk j
]

. (3)

Non-adiabatic transitions, i.e. hops between these surfaces,
are possible when the surfaces come close in energy. The
switching probability from state j to k is given as

P j→k = −bk j∆t

ρ j j
, (4)

with the trajectory time step ∆t. The switching probability
is compared to a uniform random number ζ, 0 < ζ < 1, and
if Pj→k > ζ, the hop occurs. For energy conservation across
the gap between the participating potential energy surfaces,
the velocities of the classical trajectory are then adjusted in
the direction of the non-adiabatic coupling vector. We employ
our in-house electronic structure toolkit XMOLECULE [34]
to retrieve the excited-state gradients and non-adiabatic cou-
pling matrix elements that are required for FSSH. These quan-
tities are evaluated at the Hartree–Fock level of theory, which
enables us to use Koopmans’ theorem for excited cationic
states [35, 36]. All three subsystems, the nuclei, the bound
quantum electrons, and the classical point-like photoelectron
are electrostatically coupled.

We employ the 6-31+G basis set, which includes diffuse
basis functions for the oxygen atom [37], and a simulation
time step of 1 as. Close encounters of the classical photo-
electron and the positively charged nuclei lead to numerical
instability, resulting in an unphysical loss of energy along the
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Figure 1. Molecular orbital density of the 1b1 orbital (HOMO, left)
and 3a1 orbital (HOMO−1, right) of H2O. The nuclei are included
for reference.

trajectory. Therefore, the soft-core correction is introduced to
the Coulomb potential [38]:

V(r) = − Z

r +∆r
, (5)

where Z is the atomic number. From the requirement of
energy conservation along the trajectory, we determine ∆r =
0.33a.u. ≈ 0.17 Å for the water monomer.

Note that FSSH is known for overestimating electronic
coherence [39]. This has been corrected in the augmented-
FSSH algorithm established by Subotnik et al [40–42]. Includ-
ing the correction would lead to an increase in computational
complexity that would limit the phase space sampling of con-
�gurations for the nuclei. For the more qualitative discussion
in the present work, we elect to use standard FSSH.

2.2. Sampling in phase space

The initial con�gurations of both the classical photoelectron
and the nuclei in phase space are obtained by statistical sam-
pling. For the nuclei, Wigner sampling is applied [43]. The
initial positions of the photoelectron are gathered by rejec-
tion sampling from the density of the respective molecular
orbitals involved in photoionisation (�gure 1). At a given initial
position~r, energy conservation requires

εMO + ω = T(~r)+ VC(~r), (6)

where εMO is the molecular orbital energy, ω is the pho-
ton energy, and T(~r) and VC(~r) correspond to the kinetic and
(Coulomb) potential energy, respectively. Note that atomic
units are employed throughout, thus the initial velocity of the
classical electron is given as vel =

√
2T. We assume uniform

initial distribution for the direction of the velocity vector of the
classical photoelectron.

2.3. Definition of electronic coherence

Following references [15, 16], we de�ne electronic coherence
via the reduced density matrix of the electronic subsystem of
the remaining, bound (quantum) electrons. As introduced in
section 2.1, the quantum state vector is expressed in the basis
of adiabatic electronic states {|φi〉} as

|ψ〉 =
∑

i

ci|φi〉. (7)

Figure 2. Energy conservation throughout photoionisation. The
electron is removed from an orbital with binding energy εMO and
experiences a position-dependent Coulomb potential of the
positively charged cation, VC(r). The available kinetic energy is
determined by considering the energy that is put in by the ionising
photon, see equation (6).

The electronic density matrix is calculated for each classical
trajectory, and then averaged [44]:

ρ( j)(t) =





c∗1c1 c1c
∗
2

c2c
∗
1 c∗2c2



 , ρ =
1
N

N
∑

j=1

ρ( j), (8)

where N is the number of classical trajectories.
FSSH is often used to describe problems in photochemistry,

with only one initially non-zero coef�cient ci [31]. Here, we
initially populate a coherent superposition of the two lowest-
lying electronic states of the remaining cation, corresponding
to ionisation either from the HOMO or the HOMO−1. There-
fore, the initial coef�cient vector has to contain coherences
and is set to c1 = c2 = 1/

√
2. This assumes a coherent ion-

ising pulse that is spectrally broad enough to span both of
these energy levels. For the water molecule in the gas phase,
they are located within our electronic structure calculations at
ionisation potentials of 13.92 eV and 15.33 eV, respectively.

The degree of electronic coherence in the initially populated
subsystem of excited electronic states is given as [4]

g12 =
|ρ12|√
ρ11ρ22

, (9)

where g12 = 1 corresponds to a fully coherent superposition
and g12 = 0 to a completely incoherent mixture. We �nd
that throughout all trajectories, population transfer to higher
excited electronic states is negligible (less than 5%), and there-
fore the restriction of determining electronic coherence in the
subsystem of the two energetically lowest-lying cationic states
is reasonable.

2.4. Attosecond pulses

For the purpose of this work, we consider instantaneous, ver-
tical photoionisation. The photon energy merely de�nes the
amount of asymptotic kinetic energy available for the photo-
electron (cf equation (6)), the pulse intensity does not in�uence
the initial conditions for the electrons.

For the following study, we consider four attosecond pulses
with distinct qualities, based on simpli�ed versions of attosec-
ond pulses that have been employed in ultrafast experiments
(�gure 2). First, we consider pulses whose spectra span about
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Table 1. Range of the spectra of the attosecond pulses considered.

Pulse ωmin (eV) ωmax (eV) Reference

P 1 2 14 [45]
P 2 14 30 [12]
P 3 66 146 [46]
P 4 66 418 w/o reference

Figure 3. Photon energies considered for the selected attosecond
pulses (P 1. . . 4, see table 1 for numerical values). The discrete
photon energies actually employed in the simulations are indicated
with markers. Note that the values are displayed on a logarithmic
scale to enhance the visibility of the low-energy pulses.

10 eV in bandwidth and are centred at comparatively small
XUV photon energies [12, 45]. Then, we consider a pulse with
larger central energy (100 eV) and ultra-broad bandwidth of
about 100 eV [46]. A last pulse, not realized yet in exper-
iments, extends up to the soft x-ray region of the electro-
magnetic spectrum. The respective energy ranges and publica-
tions that motivated our choice are summarized in table 1 and
displayed in �gure 3. For simplicity, we put the same weight
on each spectral component of the attosecond pulse and sample
discrete photon energies across the spectrum. Thus, the pulse
intensity is uniform across the pulse spectrum.

The pulse-dependentoverall degree of electronic coherence
is determined by averaging over the weighted g( j)12 of trajectory
ensembles originating from the same photon energy:

〈g12(t)〉 =
1
M

M
∑

j=1

g
( j)
12(t), (10)

whereM is the number of photon energies sampled.

3. Results

3.1. Electronic decoherence in an isolated cation

Figure 4 shows the time evolution of the electronic coher-
ence in the water cation, neglecting the photoelectron.
We average over 500 different initial con�gurations of the
nuclei obtained from Wigner sampling and compare these
to an adiabatic quantum-dynamical calculation performed
with the multi-con�guration time-dependent Hartree Method
(MCTDH, [47]) in previous work [15]. Due to the complexity
of full quantum-dynamical calculations, especially for larger

Figure 4. Electronic coherence in the water cation. Results from a
full adiabatic quantum-dynamical calculation are displayed. Here,
the dotted line indicates unphysical coherence revivals due to
limitations of the model (cf reference [15]). Additionally, results
from FSSH calculations from 500 Wigner-sampled initial nuclear
con�gurations are shown, both for trajectories with moving nuclei
and trajectories with �xed nuclei.

molecules, this type of calculation is only possible on �tted
surfaces. This limitation gives rise to the unphysical revival of
electronic coherence indicated by the dotted line in �gure 4.

Both models show ultrafast electronic decoherencewithin a
few femtoseconds. However, FSSH underestimates the speed
of decoherence by about a factor of 2. Since we do not employ
any correction for decoherence in the FSSH algorithm (cf
section 2.1), this is to be expected. FSSH shows a small revival
between 5 and 8 fs. This may be an effect of the small number
of nuclear degrees of freedom, as seen in preceding work [15],
and will likely be suppressed in larger molecules. For compar-
ison, �gure 4 also includes electronic coherence from FSSH
trajectories with �xed nuclei, but still taking into considera-
tion nuclear initial-state sampling. Here, only the dephasing
of oscillations among points sampled across the nuclear wave
packet contributes to decoherence. Note that this is already
suf�cient to describe decoherence qualitatively.

3.2. Electronic decoherence including the photoelectron

In order to disentangle the relative contributions of the pho-
toelectron and the nuclei to the overall decoherence of the
electronic superposition in the cation, we consider in �gure 5
different levels of sampling, as well as different treatments of
electron and nuclear dynamics. In all panels, we refer to the
four pulses given in �gure 3. Error bars are indicated as shaded
areas and are obtained by bootstrap sampling [48].

In panel (A), we show electronic decoherence averaged
over FSSH trajectories from 100 initial photoelectron con-
�gurations per ionised molecular orbital and photon energy.
The water cation is considered at a single geometry and the
nuclei are kept �xed throughout the numerical propagation.
We observe a very fast decrease of electronic coherencewithin
the �rst 40 as (see inset). Thereafter, the degree of electronic
coherence drops more slowly to values between 0.50 and 0.60.
While the pulses involving small photon energies (P1, P2) lead
to lower �nal coherence values, the effect is not signi�cant
given the numerous assumptions and the statistical errorbars.
In the �rst 50 as, high-energy pulses lead to a slightly faster
decoherence than low-energy pulses. Here, and in all follow-
ing panels, we include the benchmark calculation from the
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Figure 5. Time evolution of the degree of electronic coherence following attosecond molecular photoionisation by four different pulses (cf
�gure 3). All panels take into consideration a moving classical photoelectron sampled from the ionised molecular orbital. For reference, the
degree of coherence arising from a simulation including only the H2O+ cation (cf �gure 4) is included in all panels. The nuclei are
incorporated in different ways: (A) �xed nuclei at a single geometry. (B) Moving nuclei, starting from a single geometry. (C) Fixed nuclei
sampled at different initial geometries. (D) Moving nuclei sampled at different initial geometries. The error bars are indicated by the shaded
areas and are obtained by bootstrap sampling [48].

nuclei-only trajectories (�gure 4). The short-term evolution of
electronic coherences shown in the inset of panel (A) is found
to be similar throughout all following scenarios. We observe
that the photoelectron dynamics on their own do not account
for the full decoherence seen by the benchmark calculation.

In panel (B), we apply the same sampling as in the pre-
ceding panel, but allow the nuclei to move from the geom-
etry used in panel (A). We observe the same sharp drop-off
of electronic coherence, followed by a decay and revival. The
nuclei move differently on the excited-state surfaces originat-
ing from orbitals HOMO or HOMO−1. Therefore, this shows
the importance of nuclear wave packet overlap for maintain-
ing electronic coherence. Still, the �nal degree of coherence is
larger than in the benchmark calculation.

In panel (C), we consider 60 geometries for the water cation
sampled from aWigner distribution. Per nuclear con�guration,
ionised molecular orbital, and photon energy, two con�gura-
tions are sampled for the classical photoelectron. The nuclei
are kept �xed throughout the propagation.Here, full electronic
decoherence is observed, as in the cation benchmark, but at
initially faster decoherence rate.

In panel (D), we consider 60 Wigner-sampled phase-space
points for the water cation. For each nuclear con�guration,
ionised molecular orbital, and photon energy, 10 con�gura-
tions are sampled for the classical photoelectron. The phase
space is fully sampled, and the nuclei are allowed to move.
The large number of sampled trajectories decreases the error-
bars to about 3%. Following the electron-induced fast drop-
off, electronic coherence quickly vanishes completely. After
5 fs, the value matches the reference curve obtained by
sampling only nuclear geometries. Compared to panel (C),

the additional contribution of moving nuclei to electronic
decoherence is not signi�cant within the statistical errorbars.
As in �gure 4, a small revival of electronic coherence is seen
after 5. Therefore we conclude that, in order to describe elec-
tronic coherence faithfully on the timescale of a few femtosec-
onds, it is of utmost importance to sample nuclear positions
within the initial extension of the nuclear wave packet.

4. Dynamics of the classical photoelectron

In this section, we present further analysis of the dynamics
of the classical photoelectron based on the trajectories that
are displayed in panel (D) of �gure 5. The Coulomb force
between the classical photoelectron and the molecular cation
de�nes a scattering problem, leading to the de�ection of the
classical photoelectron. Figure 6 shows the mean angle of
de�ection of the direction of motion of the classical photo-
electron, de�ned by v̂el = ~vel/|~vel|, and evaluated for the four
attosecond pulses introduced in section 2.4. For the �rst and
second pulse, with a spectrum in the range of a few to tens of
eV, the de�ection is most prominent. For the third and fourth
pulse, with high central photon energies, the classical photo-
electron is initially so fast as to not be de�ected substantially
by the molecular cation. The �nal value of the de�ection angle
is reached when the classical photoelectron and the cation are
suf�ciently far apart from each other.

Figure 7 shows the distance that the electron travels with
respect to the oxygen nucleus within 1 fs. The width of these
distributions mirrors the initial bandwidth of the attosecond
pulse (see �gure 3).
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Figure 6. De�ection of the velocity vector of the classical
photoelectron as a function of time following instantaneous
photoionisation of H2O. Evaluated for the four attosecond pulses (cf
�gure 3).

Figure 7. Histogram of the distance of the electron with respect to
the oxygen nucleus, taking into account the different ionising pulses.
Evaluated after 1 fs and for the four attosecond pulses (cf �gure 3).

5. Conclusion

We have presented an analysis of attosecond molecular pho-
toionisation of gas phase H2O within a simple model of a
classical photoelectron, focussing on the time evolution of
electronic coherence in the photoion. To this end, we adopted
an FSSH description based on Hartree–Fock electronic struc-
ture theory that includes the photoelectron as a negatively
charged point particle. The spectrum of the attosecond pulse
de�nes the kinetic energy of the released photoelectron, and
we considered four pulses of different spectral characteristics.

This setup has allowed us to disentangle the contribution of
both photoelectron and nuclei to the overall electronic deco-
herence in the subsystem of valence electrons. We found that
the presence of the classical photoelectron initiates partial
decoherence already within 50 as. Full decoherence is only
reached when the extension of nuclear geometries is taken
into account. Within our model, the effect is not signi�cantly
dependent on the spectral range of the ionising attosecond
pulse. However, there is a tendency that ionisation with small
photon energies leads to less electronic coherence after a
few femtoseconds than ionisation with typical XUV photon
energies that are the main component of attosecond pulses.

Earlier studies on electron dynamics in the cation follow-

ing attosecond photoionisation showed a universal response
timescale of 50 as for the rearrangement of the remaining
bound electrons [49, 50]. However, this approach neglected
the interaction of the photoelectron and the cation. The results
presented here indicate that electronic decoherence, caused by
the photoelectron, and correlation-driven electron dynamics
in the cation are competing processes on a similar timescale.
They serve as a starting point for including the photoelectron
in attosecond photoionisation of molecules in future work.

In the current setup, the treatment of larger molecular
cations and their photoelectron is numerically costly. A solu-
tion for future work may be to adopt different time steps for
the classical photoelectron and the heavier nuclei. Such an
approachwould be especially valuable in order to shed light on
the ultrafast dynamics of the photoelectron in liquidwater [51],
since the hydrated electron is known to in�uence spectroscopic
signals [52]. We recently studied ultrafast hole dynamics in
strong-�eld ionised liquid water leading to the formation of
free radicals, including non-Born–Oppenheimer effects [53].

A future quantitative description of the in�uence of the pho-
toelectron in such an experiment would require decoherence
corrections to the FSSH algorithm, as it was seen that the life-
time of the hydrated electron is erroneously short without them
[54]. To this end, the augmented FSSH algorithm could be
employed [44]. Finally, the quantum nature of the photoelec-
tron could be partially taken into account using ring-polymer
molecular dynamics [55–57].
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