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Abstract

Attochemistry aims to exploit the properties of coherent electronic wavepackets ex-

cited via attosecond pulses, to control the formation of photoproducts. Such molecular

processes can in principle be simulated with various nonadiabatic dynamics methods,

yet the impact of the approximations underlying the methods is rarely assessed. The

performances of widely used mixed quantum-classical approaches, the Tully surface

hopping, and classical Ehrenfest methods are evaluated against the high-accuracy DD-

vMCG quantum dynamics. This comparison is conducted on the valence ionization of

fluorobenzene. Analyzing the nuclear motion induced in the branching space of the

nearby conical intersection, the results show that the mixed quantum-classical methods

reproduce quantitatively the average motion of a quantum wavepacket when initiated

on a single electronic state. However, they fail to properly capture the nuclear motion

induced by an electronic wavepacket along the derivative coupling, the latter originat-

ing from the quantum electronic coherence property – key to attochemistry.
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In 2001, the first attosecond (10−18 s) domain pulses were generated.1–4 Their application

to polyatomic molecules sparked the emergence of the field known as “attochemistry”.5–9 One

distinctive characteristic of these ultrashort pulses is their broad energy bandwidth, capa-

ble of coherently exciting/ionizing to multiple electronic states of molecules.10–12 Electronic

wavepackets are non-stationary states: treating only the electronic degrees of the system,

the electronic density of a wavepacket oscillates with a period inversely proportional to the

energy difference between the populated electronic eigenstates.11 In particular, due to in-

terference effect, the electronic distribution of an electronic wavepacket is not the simple

average of the individual electronic distributions of the different states. As a result, an

electronic wavepacket can exhibit properties that markedly differ from those of pure states

populated individually, potentially resulting in distinct chemical reactivity. One of the goals

of attochemistry is to manipulate the outcome of photochemical reactions through the initial

coherent excitation of electronic wavepackets with specific compositions.13,14 This concept,

also referred to as charge-directed dynamics in the literature, has been explored experimen-

tally and computationally in small systems.15–20 Using the simplest case of excitation to

a coherent superposition of two electronic states, the ensuing nuclear dynamics manifest

as two components: an intrastate component combining the two adiabatic gradients and

an interstate component along the derivative coupling. Notably, the second contribution,

which arises from electronic coherence, gives emergent properties to electronic wavepackets

compared to traditional photochemistry.21

Theoretically, simulating photochemical reactions induced by electronic wavepackets im-

plies propagating coherently nuclear wavefunctions initiated on multiple electronic states.11

The most accurate family of methods to simulate such processes is fully quantum dynam-

ics among which the Multi-Configuration Time-Dependent Hartree (MCTDH)22 approach

is commonly employed. However, the computational cost scales exponentially with the size

of the system on top of requiring pre-fitted potential energy surfaces (PES). This limits

the theoretical studies to small molecules/model systems,23–26 or medium-size molecules in
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reduced-dimensionality.20,27 Simulations on model systems are suitable for the description

of mostly rigid systems but hardly generalizable to photoreactions in polyatomic molecules

involving, for instance, isomerization or dissociation. Addtionally, a calculation on a system

with reduced degrees of freedom may miss some relevant features and bias the predicted

dynamics.28 To overcome these bottlenecks, the alternative in attochemistry has been to

perform simulations with frozen nuclei (thus unable to investigate charge-directed reactiv-

ity),11 or treating all nuclear degrees of freedom with mixed quantum-classical methods.29–31

A popular example of such methods is Tully surface hopping (TSH) where a swarm of in-

dependent trajectories is propagated on adiabatic PES and able to hop between them.32–34

Another common method is the classical Ehrenfest35 where a mean-field is employed to

propagate the independent trajectories on single time-dependent PES corresponding to the

superpositions of electronic eigenstates. While mixed quantum-classical approaches are com-

putationally more affordable for larger molecules, they do not treat correctly the electronic

coherence – a fundamental key component for attochemistry. To balance a comprehensive

quantum treatment of the electrons and nuclei with reasonable computational cost, one can

use an approach based on Gaussian wavepackets (GWP) such as the Direct Dynamics vari-

ational MultiConfigurational Gaussian (DD-vMCG)36 method: in that method, both nuclei

and electrons are treated quantum mechanically and the localized nature of the GWP re-

quires the evaluation of the PES up to second order at the center of the basis functions only

(local harmonic approximation), allowing an on-the-fly quantum simulation.

Recent works have evaluated the effect of the choice of the dynamics methods and al-

gorithms on femtochemistry with initial excitation to a single electronic state with little

observed difference (in the absence of quantum nuclear tunneling).37–39 In the context of

attochemistry with initial coherent excitation to a superposition of electronic states, mixed

quantum-classical methods, like Ehrenfest and TSH, are commonly employed in the litera-

ture.29–31,40–42 However, the impact of the approximations underlying such dynamics methods

on simulations of attochemical reactions remains unknown. The goal of the present letter
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is to compare the suitability of several dynamics methods for charge-directed reactivity:

DD-vMCG, TSH, and Ehrenfest (see Figure 1 for a schematic representation). While these

three methods do not constitute a comprehensive list of all ways to simulate non-adiabatic

dynamics available and described in the literature, they cover a diverse range of possible

approaches. In particular, we have focused on methods that are popular and regularly used

within the field of attochemistry; the overarching goal is to evaluate the accuracy of the

different dynamics methods specifically within that context.

Figure 1: Scheme illustrating the three non-adiabatic dynamics methods employed in this
work. (Left) DD-vMCG in the single-set formalism: a set of two interacting Gaussian
wavepackets (pink and green) on each state (solid and dashed) are propagated in time
and exchange population (grey filling). (Middle) TSH: a swarm of independent trajecto-
ries evolves in time following the slope of the “active” state curve and can jump from one
state to the other. (Right) Ehrenfest: a swarm of independent trajectories evolving each on
their individual time-dependent potential.

To assess the performances of the different dynamics methods, this letter focuses on the

non-adiabatic dynamics upon photo-ionization of fluorobenzene. Attosecond pulses were

initially exclusively and are still mainly in the XUV domain, thus leading to molecular

ionization. Fluorobenzene is an ideal system for the investigation of coupled electron-nuclear

dynamics as a conical intersection (CI) between the two lowest-energy cationic states is

located in the vicinity of the neutral Franck-Condon (FC) point (see Figure 2). In general,

the passage through a CI can lead to several photo-products, and the vicinity of an electronic

states’ degeneracy upon ionization here allowed some of the present authors to test the control

of nuclear motion near CI via electronic wavepackets.43 The two lowest-energy states result

from ionization from the π system: the D0 and D1 doublet adiabatic states have a so-called
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quinoid and anti-quinoid diabatic characters, respectively, at the FC geometry. The states

can also be labeled by their irreducible representation in the C2v point group: B1 for the

diabatic quinoid state (ΨQ) and A2 for the diabatic anti-quinoid state (ΨA). By mapping

the PES in the two dimensions spanning the branching plane, derivative coupling (B2) and

gradient difference (A1), the FC point is displaced from the lowest degeneracy point along

the totally symmetric motion, i.e., gradient difference coordinate. At that geometry (see

Figure 2), the gap between the two cationic states is about 0.27 eV.

The small size of the chosen system allows us to use a high-accuracy reference dynamics

method, namely DD-vMCG, treating both electron and nuclear dynamics quantum mechan-

ically, along with accurately capturing electronic coherence in full dimensions. The results

for TSH and Ehrenfest methods shown here in the main manuscript are without decoher-

ence correction and include the derivative coupling in the gradient for Ehrenfest and velocity

rescaling along the nonadiabatic coupling direction for TSH. While it is standard to simulate

photochemical reactions with an ad-hoc decoherence correction, we believe it may not be ap-

propriate in the present context of attochemistry, where a superposition of electronic states

is initially coherently populated. The electronic coefficients are propagated in time using

explicit calculation of the nonadiabatic coupling vectors for both mixed quantum-classical

methods. Results with alternative variants for TSH (for instance, with a decoherence correc-

tion) are shown in SI. In the present work, the focus is on the molecular dynamics induced

by a coherent electronic superposition; we do not address the issue of creating the electronic

wavepacket with a pulse, which has been covered from a theoretical point of view in the

literature.12,44,45 The dynamics are simulated for 10 fs and are started with two sets of initial

electronic wavepackets: a set of pure electronic states either on the quinoid (ΨQ) or anti-

quinoid (ΨA) state and a set of mixed superpositions of them with a 50-50 weight and either

a positive or negative relative phase: 1√
2
(ΨQ + ΨA) and

1√
2
(ΨQ − ΨA). It is noted that at

the vertical ionization geometry, the chosen diabatic states are equal to the adiabatic ones.

Also, we choose here to use the term “pure” when referring to a single adiabatic state, and
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Figure 2: Adiabatic PES of the ground state of the neutral species (grey), D0 (blue-purple)
and D1 (red-orange) cationic states along the gradient difference and derivative coupling
coordinates with the main in-plane motion depicted on the molecule. The FC geometry is
indicated by green dots.
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“mixed” to a superposition of adiabatic states. Indeed, the adiabatic representation is nat-

ural when discussing charge migration and charge-directed reactivity in attochemistry, since

these processes only occur when a coherent superposition of adiabatic states is populated.

In the following, we begin by presenting the set of pure state-induced dynamics, moni-

toring the average nuclear motion in the branching space spawned by the two lowest cationic

states of fluorobenzene and the electronic population evolution. Afterward, we expand the

analysis to dynamics initiated on coherent electronic superpositions and assess the accuracy

of the mixed quantum-classical approaches for attochemical applications.

Figure 3a illustrates the average nuclear motion in the branching plane as predicted by

the three methods, for the pure cases i.e., exciting to ΨQ (in blue) or ΨA (in red), akin to

traditional photochemistry. By initiating the dynamics on an electronic eigenstate, due to

symmetry, the center of the nuclear density only evolves along totally symmetric motion

(A1 in C2v point group) such as the gradient difference coordinate, until symmetry breaking

is allowed by an event such as a passage through a CI. Here, consistently with the shape

of the PES, dynamics initiated on the anti-quinoid state depicts an initial motion toward

the CI along the gradient difference followed by a turning point, while the dynamics on

the quinoid state move away from the CI. Both cases show negligible motion along the

derivative coupling direction. The mixed quantum-classical methods qualitatively reproduce

the reference DD-vMCG dynamics results. The main differences are the smaller amplitude

of the motion along the gradient difference for the former and the displacement along the

derivative coupling at the turning point. In the case of TSH, a slight drift in the direction of

the derivative coupling is observed (also across other variants of TSH dynamics, see Figure

S4 in SI). While one might initially attribute this drift to the hopping procedure, which

rescales the velocity along the derivative coupling in the current procedure to conserve the

total energy of the system, a similar trend is observed even when rescaling the full velocity

vector. The use of the decoherence correction in TSH shows minimal to negligible impact

on the nuclear dynamics within the 10 fs simulation range (see SI).
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Figure 3: Nuclear motion averaged over all the GWP for DD-vMCG (solid) and trajectories
for TSH (dashed) and Ehrenfest (dotted) methods in the branching space coordinates for a
set of dynamics initiated (a) on a pure ΨQ (blue) or ΨA (red) state and (b) on a 50-50 mix
of states i.e., 1√

2
(ΨQ+ΨA) (orange) or

1√
2
(ΨQ−ΨA) (green) state. The CI (cross) is located

at the origin and the FC point (dot) is at ∼0.73 along the gradient difference coordinate.

The associated adiabatic electronic population evolution is displayed in Figure 4a for the

dynamics initiated on ΨA (see SI for ΨQ). In DD-vMCG, the diabatic states are used for the
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electronic representation, and as such, obtaining the adiabatic state population requires nu-

merical integration as well as renormalization to avoid unphysical populations. The quantum

dynamics display a rapid decay of the cationic excited state with the D0 state population

dominating past 3.7 fs. The mixed quantum-classical dynamics display a slower decay to the

ground state, with Ehrenfest being the slowest. It is noted that at the onset of the dynamics

simulation, the adiabatic state populations are not exactly equivalent for the DD-vMCG

wavefunction and classical trajectories; this is attributed to the initial geometries spread of

the latter which is broader than the initial nuclear wavepackets of the quantum dynamics

(see Figures S1 and S2 in SI).

Let us now shift our focus to the dynamics induced by mixed electronic wavepackets.

Figure 3b shows the nuclear dynamics predicted by the three methods following excitation

to a coherent superposition of the two lowest cationic states with two different relative phases,

representative of an attochemistry experiment. With a coherent superposition of B1 and A2

states (quinoid and anti-quinoid, respectively), motion along the derivative coupling motion

of irreducible character B2 becomes symmetry-allowed and the main driving force of the

nuclear dynamics. Here, in the reference quantum dynamics (solid curve), a positive relative

phase results in a distinct average motion in the negative direction of the derivative coupling,

whereas the superposition with the negative relative phase yields a mirrored dynamics along

the positive direction of the derivative coupling. This observation illustrates the concept

of charge-directed reactivity sought in attochemistry, i.e., that the nuclear motion can be

steered in a specific direction by controlling the composition and phase of the initial electronic

wavepacket.

The quantum dynamics exhibits a turning point along the derivative coupling at approx-

imately 0.6 a.u (Figure 3b), driven by two factors. Firstly, an adiabatic gradient develops

from intrastate contribution, pointing toward the minimum. Secondly, the electron dynam-

ics alters the relative phase between states, modifying the derivative coupling’s amplitude

and direction. These effects gradually diminish the nuclear motion amplitude, potentially
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Figure 4: Adiabatic population averaged over all the GWP for DD-vMCG (solid) and tra-
jectories for TSH (dashed) and Ehrenfest (dotted) methods as a function of time for a set of
dynamics initiated on (a) the pure ΨA state and (b) the 50-50 mix with a positive relative
phase 1√

2
(ΨQ +ΨA).

reversing it along the derivative coupling coordinate. Both mixed electronic wavepackets

lead to a motion in the positive direction of the gradient difference. This is attributed to ΨQ
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Figure 5: Nuclear motion averaged over all the GWP for DD-vMCG (solid line) and trajecto-
ries for TSH (dashed line) and Ehrenfest (dotted line) methods along the gradient difference
over time for a set of dynamics induced by 1√

2
(ΨQ + ΨA). The average corresponds to a

weighted average based on the diabatic states for DD-vMCG and adiabatic states for TSH
and Ehrenfest.

inducing larger motion than ΨA (Figure 3a), as well as the electronic wavepacket gradually

de-exciting to the cationic ground state (Figure 4b). Additionally, Figure 5 depicts the aver-

age nuclear motion along the gradient difference vector over time induced by 1√
2
(ΨQ +ΨA)

by projecting the nuclear wavepacket onto a specific electronic state. The diabatic states

generate opposing forces along the gradient difference coordinate, hence a splitting of the

nuclear wavepacket leading to decoherence.

We now present the attochemical dynamics predicted by the mixed quantum-classical

methods. First, let us explain in more details the initial conditions used to simulate mixed

electronic wavepackets. The trajectories are initiated with electronic amplitude coefficients

corresponding to the coherent superposition of the two adiabatic states with either a positive
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or negative relative phase. In addition, in TSH, the trajectories must be initiated on a specific

so-called “active” state. The choice of an active state is natural when investigating photo-

excitation/ionization to specific eigenstates, or multiple states but in an incoherent manner

thus simulated individually. Here, for a given initial mixed electronic wavepacket, we have

run two sets of TSH simulations, each with a specific adiabatic state as initially active.

The TSH results presented here (dashed curve) are the average of the two dynamics sets.

In general, TSH (dashed curve) and Ehrenfest (dotted curve) exhibit an average nuclear

motion along the gradient difference that is similar to the quantum dynamics one (Figure

3b). However, both mixed quantum-classical methods predict qualitatively different nuclear

motions along the derivative coupling (Figure 3b) and a slower non-adiabatic electronic decay

to the D0 state (Figure 4) compared to reference results.

More precisely, the Ehrenfest dynamics show a distinct motion along the derivative cou-

pling, consistent with the quantum dynamics, albeit with a smaller amplitude. In compari-

son, a single FC trajectory with no initial velocity displays a qualitatively similar motion in

the branching space to a single GWP (see Figure S3 in SI). Thus, with similar initial con-

ditions (geometry, velocity, and electronic wavepacket), the mixed quantum-classical mean-

field approach yields comparable results to quantum dynamics for a single trajectory/GWP.

However, the swarm of independent trajectories does not capture the proper quantum fea-

ture of the nuclear wavepacket: the classical trajectories on average show a faster return to

the zero value along that coordinate. One driving component of charge-directed reactivity is

the adiabatic state energy difference with a larger gap leading to faster electron dynamics,

resulting in a quicker reversal of the gradient along the derivative coupling direction. Faster

electron dynamics are expected for trajectories further away from the CI.

Additionally, the individual nuclear motions on different electronic states predicted by

Ehrenfest qualitatively differ from the quantum dynamics results (Figure 5). It is important

to note that the result shown in Figure 5 for mixed quantum-classical are a weighted average

in the adiabatic basis (“active” state for TSH and adiabatic coefficients for Ehrenfest), and
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thus not directly comparable to the DD-vMCG data in the diabatic basis. However, they

provide a good qualitative picture of how the trajectories split based on the main driving

electronic state. The Ehrenfest method is known to provide a long-time inaccurate nuclear

density due to its inability to describe bifurcation of the wavepacket through CI and electronic

decoherence.46–49 This results here in a lack of splitting along the gradient difference as the

trajectories maintain a high degree of mixing in the electronic wavepacket.

For TSH, the average nuclear motion induced by mixed electronic wavepackets displays

very little to no displacement in the direction of the derivative coupling (Figure 3b, dashed

curve). The TSH method is thus unable to properly capture the correct effect of the electronic

coherence on the nuclear dynamics. Employing a different velocity rescaling method or

decoherence correction yields very similar results (see Figure S4 in SI). Figure 5 shows a

splitting of the nuclear wavepacket along the gradient difference. The motions are comparable

to the reference data although the latter has a larger amplitude on the lowest cationic

state. It is noted that the electronic population evolution induced upon excitation to mixed

electronic wavepackets is similar to the one upon excitation to pure states (see Figure S6 in

SI). This can be rationalized by how the electron dynamics, i.e., propagation of the equation-

of-motions and hopping probabilities are evaluated: only the predicted change in population

is relevant for hopping procedure in the Tully fewest switch algorithm.50

In summary, we have tested different dynamics methods to simulate attochemical pro-

cesses, i.e., non-adiabatic dynamics induced by electronic wavepackets: DD-vMCG, Ehren-

fest, and TSH. We have simulated the coupled electron-nuclear dynamics induced in fluoro-

benzene upon ionization and excitation to pure electronic states and coherent mixed elec-

tronic wavepackets, taking into account all nuclear dimensions. We have analyzed the nuclear

motion in the branching space of the nearby CI to investigate the charge-directed reactiv-

ity. Mixed quantum-classical methods can reproduce quantitatively the quantum nuclear

motion induced by pure electronic adiabatic states (or an incoherent superposition of them)

as in standard photochemistry, consistently with literature.37–39 In this case, the resulting
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nuclear motion is mostly along the gradient difference coordinate, in the positive or negative

direction depending on the excited electronic state.

On the other hand, the average nuclear motion induced by a mixed electronic wavepacket

is characterized by an initial component mainly along the derivative coupling coordinate

(with a splitting of the wavepackets on the different states along the gradient difference co-

ordinate). This demonstration of charge-directed reactivity in a polyatomic molecule derives

from electronic coherence. The most important conclusion of the present work is that none

of the mixed quantum-classical methods tested here can capture the full quantum dynamics

induced upon attochemical excitations, in particular the motion along the derivative coupling

coordinate. This is due to the independent nature of the trajectories with initial conditions

obtained from a phase space sampling, and propagating only on a single active state in the

case of TSH. Moreover, the mean-field approach with Ehrenfest underestimates the adiabatic

population transfer to the lowest cationic states and does not describe the splitting of the

wavepackets along the gradient difference coordinate. Accurate simulation of attochemical

dynamics induced by electronic wavepackets thus requires a full quantum treatment to de-

scribe properly the effect of electronic coherence on the subsequent nuclear dynamics and

the resulting charge-directed reactivity. Further, it is interesting to note that the most ac-

curate dynamics method predicts the strongest attochemical control of the nuclear motion.

This was not obvious since mixed quantum-classical methods, suffering from overcoherence,

could have overestimated the attochemical control. It is, therefore, a promising result for

attochemistry.

Methods

The reference results are obtained from a full quantum dynamics of fluorobenzene per-

formed using Direct Dynamics variational Multi-Configurational Gaussian (DD-vMCG) im-

plemented in the QUANTICS package51 with the nuclei described by 10 Gaussian wavepack-
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ets (GWP) evolving quantum mechanically and the electronic states are diabatised with

the regularisation method. The mixed quantum-classical dynamics is done with the TSH

and Ehrenfest methods using the SHARC program50 for a set of 300 trajectories gener-

ated from a Wigner sampling. All electronic structure calculations are evaluated with the

CASSCF(5e,6o) method with an active space containing the π/π∗ orbitals with a 6-31G*

basis set. For DD-vMCG, the electronic structure is evaluated using the Gaussian program52

and for SHARC dynamics, the OpenMolcas program53 has been employed. In SHARC, in

the absence of an external magnetic field, the doublet states are represented by a pair of de-

generate states in either the molecular coulombic Hamiltonian or diagonal basis. Initializing

the dynamics on either one or both degenerate states yield no difference in the present work.

All simulations are done for 10 fs with a nuclear time step of 0.1 fs for TSH and Ehrenfest

and adaptative time steps for DD-vMCG using the Runge-Kutta 5th order integrator.
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(41) Delgado, J.; Lara-Astiaso, M.; González-Vázquez, J.; Decleva, P.; Palacios, A.;

Mart́ın, F. Molecular fragmentation as a way to reveal early electron dynamics induced

by attosecond pulses. Faraday Discuss. 2021, 228, 349–377.

(42) Arnold, C.; Larivière-Loiselle, C.; Khalili, K.; Inhester, L.; Welsch, R.; Santra, R.

Molecular electronic decoherence following attosecond photoionisation. J. Phys. B: At.

Mol. Opt. 2020, 53, 164006.
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