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1 Introduction

Advances in the Projected Forces and Momenta Deco-
herence Method for Attosecond Nonadiabatic Molecu-
lar Dynamics

Gilbert Grell“", Joachim Galiana®, Stefano M. Cavaletto?, Jests Gonzalez-Vazquez’,
Alicia Palacios?, and Fernando Martin®? ¥

The Projected Forces and Momenta (PFM) decoherence correction has been recently introduced
[J. Chem. Theory Comput. 2025, 21, 10645] and successfully applied for trajectory surface-hopping
(TSH) simulations describing the coupled electron-nuclear dynamics originating from coherent
superpositions of molecular electronic states generated by broadband laser excitation. In this
work, we extend the capabilities of TSH-PFM for the simulation of a broader range of nonadiabatic
dynamics. First, we showcase the inclusion of the explicit interaction with a broadband pulse
and apply it to the LiH molecule, obtaining very good agreement with full quantum-mechanical
reference calculations. We then demonstrate how a recently proposed post-processing approach
to incorporate a posteriori initial electronic coherences onto pulse-independent TSH trajectories
[J. Chem. Theory Comput. 2026, 22, 1224] allows for the evaluation of the dynamics arising from
initial electronic coherences across a large manifold of few-fs UV pulses, without recalculating
the nuclear dynamics for every set of parameters. This is exemplified for the glycine molecule,
systematically varying the central frequency and bandwidth of the broadband excitation pulse.
Finally, we scrutinize TSH-PFM for the ring-opening reaction in 1,2-dithiane. On the one hand, we
show that TSH-PFM predicts the same nonadiabatic dynamics as established TSH approaches
throughout the whole propagation of 700 fs. On the other hand, we find that an initial superposition
of the two lowest excited states, albeit decohering before the ring opens, accelerates the structural
dynamics by several tens of fs compared to that starting exclusively from the lowest excited state
due to the population of the second excited state.

nuclear dynamics that follows the interaction with the incom-

For almost two decades, attosecond XUV pulses and, more re-
cently, x-ray pulses with bandwidths as large as 10 eV or more'l"4
have been used to ionize molecules, leaving the residual molec-
ular cation in a coherent superposition of electronic states.>"12
The recent production of few-fsZ3418 and attosecond®? UV pulses
with bandwidths of several eV has opened the way to generate
electronic coherences in neutral molecules, heralding a new era
in attochemistry.18"2ll In both scenarios, the coupled electron-
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ing pulse is expected to be different from that starting from a
single electronic state, the only possibility for neutral molecules
until very recently. Since a full quantum mechanical descrip-
tion of such coherent dynamics rapidly becomes unfeasible for
polyatomic molecules involving several simultaneously populated
electronic potentials?223] mixed quantum-classical methods, in
which nuclear motion is described classically while electrons are
treated quantum mechanically, are the most practical option for
medium-size and large molecules.%%

The Trajectory Surface Hopping (TSH) method propagates the
system at any given time along the gradient of a single, i.e., the
active, electronic potential. Nonadiabatic couplings (NACs) per-
mit the trajectory to stochastically hop to a different electronic po-
tential, allowing an ensemble of trajectories to branch and follow
different gradients. 2328 This capability is instrumental to model
nonadiabatic molecular dynamics, such as passages through con-
ical intersections2Z28] and a major reason why TSH became one
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of the most popular methods to simulate such dynamics in larger
molecules, in particular in the framework of femtochemistry, 2230
In that, the development of methods to incorporate decoherence
effects due to the decreasing overlap between nuclear wave pack-
ets moving on different electronic potentials critically improved
the reliability of TSH calculations®Z"22 by mitigating the overly
coherent character due to the classical treatment of the nuclei.
These methods have been designed mainly for situations where
the trajectory ensemble comprises a narrow distribution of total
energies, as in femtochemistry, owing to the relatively narrow
bandwidth of the employed lasers, which excite in most cases
only a single electronic state. Modeling the dynamics of initial
electronic coherences with TSH has, in turn, only recently en-
tered the focus, with several theoretical works highlighting the
strong sensitivity of electronic properties to the description of de-
coherence. 2022

In this context, the Projected Forces and Momenta (PFM) de-
coherence correction has been recently introduced.”? The PFM
decoherence is estimated from the active-potential and inactive-
potential forces and momenta projected onto the direction of the
trajectory velocity vector, which requires only the minimum ingre-
dients for TSH, i.e., the active-potential gradient and the potential
energies at every time step.2? TSH-PFM calculations thus bear
no additional cost with respect to established decoherence ap-
proaches#540150 and avoid the expensive evaluation of inactive-
potential gradients and nonadiabatic coupling matrix elements
required in other promising methods. 474823155

So far, TSH-PFM has been tested with encouraging re-
sults against quantum-mechanical calculations in diatomic and
medium-size polyatomic molecules>2 when starting from a prede-
fined coherent superposition of states, reflecting an instantaneous
excitation by a broadband pulse. However, the coupled electron-
nuclear dynamics may be further affected by the exciting pulse
as the electronic coherence builds up.%0L It thus remains to be
seen if TSH-PFM can provide a similarly accurate description of
the coherent dynamics in the presence of the pulse, in particu-
lar because the decoherence correction has been demonstrated
to be very important for such dynamics.©2 Several methods to
explicitly include external fields into TSH have already been pro-
posed=2, for instance, field-induced surface hopping (FISH)©3l64
and surface hopping including arbitrary couplings (SHARC) 0166
In this work, we adopt the latter, as it incorporates the effect of
the laser onto the electronic potentials. As a first step towards the
implementation of the full-dimensional PFM decoherence for the
SHARC approach with external fields, we restrict ourselves to the
less approximate one-dimensional case?, and test the implemen-
tation on a two-state model of the LiH molecule©Z"®? irradiated
by a sub-cycle UV pulse. We find good agreement with previously
reported quantum-mechanical results for the populations, as well
as for the coherent oscillations in the electronic dipole.Z

An important limitation of any nonadiabatic molecular dynam-
ics methodology is that the evaluation of actual experimental
observables, such as time-resolved photoelectron, photo-ion or
photo-absorption spectra, is computationally demanding for poly-
atomic molecules. In the case of TSH, one has to evaluate the
respective matrix elements at every time-step for each trajectory,

2| Journal Name, [year], [voI.],1

View Article Online

. . DOI: 1Q.1039/D6FDO008
likely amounting to many tens of thousands i neutra In06[]ecules,

and even hundreds of thousands in molecular cations due to the
larger number of electronic states involved in the initial coherent
superposition. Although this is not impossible, the huge com-
putational cost prevents one from investigating potential control
schemes by varying the pulse parameters, since, for every choice
of these parameters, a new ensemble of TSH trajectories and cor-
responding matrix elements should be evaluated. In this work,
we use a recently proposed post-processing approach”? which
allows one to include a posteriori the effect of different initial
electronic coherences onto precomputed pulse-independent TSH-
PFM trajectories, i.e., trajectories obtained independently of the
specific details of the pump pulse and of the coherences it gen-
erates. This is achieved by re-propagating just the electronic dy-
namics along the existing trajectories without any further elec-
tronic structure calculations, which is reminiscent of the concept
of time-displaced basis functions used in different methods.Z173
We employ this methodology to systematically study the evolution
of initial coherences in glycine by varying the central frequency
and bandwidth of the few-fs UV exciting pulse. We thereby show
that by changing the parameters of the pulse, not only the ini-
tial coherences can be controlled, but also, to some extent, the
frequency of their oscillations, providing preliminary scenarios to
maximize and minimize the effect of such coherences.

So far, TSH-PFM applications mainly focused on the dynam-
ics during the first few tens of femtoseconds after the excitation,
where structural changes are not very pronounced. Here we also
employ TSH-PFM to simulate the ring-opening and ring-closure
dynamics occurring with a period of about 310 fs in excited 1,2-
dithiane, a well-known model system for strongly nonadiabatic
dynamics, as the potentials of the ground, Sy, and excited states,
S1, Sy, become degenerate and strongly coupled during the pro-
cess. 7477 We show that TSH-PFM predicts exactly the same struc-
tural dynamics as TSH with the well-established energy-based
decoherence correction (TSH-EDC)#2 and without decoherence
(TSH-ND)23128! for 700 fs of the dynamics, demonstrating its re-
liability at long time scales. In addition, we find that an initial
S1-S, coherence survives for about 10 fs, i.e., before the onset
of the ring-opening. Interestingly, we observe that the additional
population in the S, state of this coherent superposition accel-
erates the opening and closing of the ring by about 30 fs with
respect to the dynamics in the purely S;-excited species.

2 Theoretical methods

The theoretical methods have been discussed in detail else-
where 22162170/ Here we summarize the basic ingredients relevant
for the description of the dynamics of initial coherences and the
inclusion of an explicit laser pulse into TSH-PFM simulations.

2.1 The TSH-PFM approach

Following the original definition of TSH222® the quantum state
at time ¢ and nuclear configuration, R(¢), is given by

(1)) =Y c;(0)lw;: R(1) D
J
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Here, |y;; R(t)) and c;(r), respectively, denote the jth adiabatic
electronic state, parameterically depending on R(r), and the asso-
ciated complex electronic coefficient, while the sum encompasses
all electronic potentials, j, that are included in the propagation.
For an initial coherence, the zero-time coefficients, c;(0), cor-
respond to the respective quantum amplitudes induced by the
excitation. Starting from the initial positions, R(0), momenta,
P(0), electronic coefficients, ¢(0), and active electronic poten-
tial, a(0), every trajectory, R(¢), is obtained by classically prop-
agating along the forces in the active electronic potential. The
electronic coefficients are propagated by integrating the time-
dependent Schrodinger equation (TDSE),

icj(1) = Zk: [Hjx(R(1)) =T (R(1))] ci(2) 2

where Hj(R(r)) denotes the Hamiltonian matrix ele-
ment between the electronic states j,k and Ty (R(t)) =
(vj; R(1)|0;|wi; R(r)) is the time-derivative coupling due to
the variation of the electronic states along the trajectory R(r).
In a basis of adiabatic states, the Hamiltonian is diagonal,
Hj (R(t)) = &(R(t))0r, where &;(R(t)) are the corresponding
potential energy surfaces and Tj(R()) is related to the NAC
between the adiabatic states j,k.

The decoherence correction is incorporated at the end of every
TDSE integration time step, 6r, after the surface hopping pro-
cedure has been carried out, by damping the adiabatic inactive-
potential coefficients, with the decoherence rate k;,(¢), i.e., ¢;(r) =
ci(t)e kial1=81)81 and redistributing the population to the active po-
tential. 4243145159 Here and in the following, indices a and i, re-
spectively, denote active and inactive potentials, while j, k denote
all electronic potentials.

Abbreviating the arguments R(r) — ¢, the PFM decoherence
rate reads.

7E2ND(1)
8

2
T
kig "1 (1) = o IPGONIFG ()| + [PL ()

©)]

It is determined by the differences between the mass-weighted
active-potential and inactive-potential forces and momenta pro-
jected onto the direction of the mass-weighted trajectory veloc-
ity vector, Fy,(t) = F'(t) — F;/(t) and P} (t) = P (t) — P} (t), as well
as by the geometrical average over the normal-mode frequen-
cies, , and the number of vibrational degrees of freedom, Np.2?
The auxiliary momenta, P} (¢), are approximately propagated ac-
cording to the auxiliary forces, F}'(r), which are related to the
time-derivatives of the adiabatic potential energies. We further
include the active-potential momentum injection mechanism into
the inactive-potential auxiliary momentum propagation. Energy
conservation in case of potential hops is taken into account by
isotropic velocity rescaling, and properly translated into the aux-
iliary momentum propagation. See Ref. [59|for details.

2.2 Inclusion of external fields

The interaction with a laser pulse is incorporated following the
SHARC approach®® by including the field-induced couplings into
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the, now explicitly time-dependent, P[%h%?t’(%%%@ﬁﬁ? %%98@),
Hiy (R(1),1) = Hy(R(1)) — dj(R(t)) - E(1) “

where dj;(R(r)) is the electronic dipole matrix element between
the adiabatic states j,k, and E(r) is the electric field of the pulse.
In practice, we diagonalize the Hamiltonian matrix, H;k(R(t),t),
at every time step to obtain the field-adiabatic electronic poten-
tials, éz'jf (R(t),t), electronic states, |1[/{ (t); R(1)), and coefficients,
c]; (¢), by integrating the TDSE, Eq. ([2). The field-adiabatic basis is
also used to evaluate the nuclear dynamics, surface hopping and
decoherence. The respective forces, ij(R(t),t) = fVé"jf(R(t),t),
couple the gradients of the field-free adiabatic potentials and are
evaluated numerically for every component, o, diagonalizing the
Hamiltonian at distances, R() + ARegq.%>

As a first step for the implementation of TSH-PFM for multi-
dimensonal dynamics in the presence of a field, we restrict
ourselves to the one-dimensional case where direct comparison
with full quantum calculations is feasible. The forces and mo-
menta thus become scalar quantities and the projection onto the
trajectory velocity, central for the PFM decoherence correction,
Eq. (@), is not meaningful anymore. Instead, the one-dimensional
forces and momenta (FM) decoherence rate without this approx-
imation##>% has to be employed. Abbreviating the arguments
R(t),t — t, the FM decoherence for a diatomic in the presence of
a laser field is,

2
KEM () = % (P,:Z(t)F,:Z(t)+ PLo)FL () + MZIGG) (5)
which contains the reduced mass, u, the vibrational ground-
state wave function width, o, and the respective field-adiabatic
inactive-active momentum and force differences, Pli(t) and Fi£ (2).

In the presence of a laser, the energy to conduct a surface hop is
assumed to be absorbed from the field and no energy-conserving
correction is applied to the trajectory velocity if the hop occurs to
a potential within the laser bandwidth.©> This has to be taken into
account for the propagation of the auxiliary inactive-potential
momenta for the FM decoherence rate in Eq. as well, requiring
an adaptation of the energy-conserving propagation as described
in Section 2.6 of Ref. [59] see Supplementary Information (SI)
for details.

2.3 Post-processing of pump-induced coherences

To account for variations of the initial pulse in a more flexible
way, we have proposed in Ref. [70lto post-process the initial elec-
tronic coherences by re-propagating the electronic TDSE along a
set of pre-computed, pulse-independent trajectories. To do so, we
define the so-called All eXcited-state Ensemble (AXE) considering
a set of initial conditions {v} = {(g,a)} running over a distribu-
tion of Ny initial geometries and momenta, {R©®)(0), P®)(0)},
and the included (Ns — 1) excited states. These initial conditions
assume that only the active electronic potential a is populated at
t =0, so that pulse-induced electronic coherences are not taken
into account and need not to be known at this stage. This yields
the trajectories, R(Y) (¢), from which all necessary matrix elements

Journal Name, [year], [vol.], 1{17] |3
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required to evaluate the desired observables for any operator A,
acting on the electronic subspace, {l//j;R(V) ®)|A|y: RY) (1)), can
be computed.

The pulse-induced coherences are then included as follows.
First, initial electronic coefficients, cﬁ.v) (0), are defined, e.g., by
solving the TDSE in the presence of the field in frozen nuclei ap-
proximation or from first-order perturbation theory. The evolu-
tion of these initial coherences is then obtained by re-propagating
the electronic TDSE, Eq. (@), along the previously computed and
now frozen trajectories, R()(r). The so obtained re-propagated
(v)

electronic coefficients are indicated as C;

J
whereas Cgv) (t) denotes the coefficients obtained by jointly prop-

agating the coupled electron-nuclear TSH dynamics starting from
the same initial conditions, ci.v)(o), as discussed in Sec. [2.1

The underlying assumption is that the NAC is weak during
the survival of the initial coherences and acts independent of
them, since the surface hops happen in the exact same manner
as in the precomputed trajectories. It is equivalent to assum-
ing that the coherences themselves do not influence the nuclear
dynamics or that there is no conical intersection in the Franck-
Condon region.%70 The electronic wave packets obtained by re-
propagation, |®() (1)) = Y C§V> (t)|yj; RY) (1)), are then used to
evaluate the expectation value of an operator A, acting only on
the electronic subspace. For an individual trajectory, R(Y)(¢), one
has

() in the following,

Y 0] ) (wi RY 0lAlye RV (1)) ©

AR(RO) (1))

allowing one to include the evolution of the initial electronic co-
herences a posteriori into the simulated observables. For a fully
propagated TSH trajectory v, as discussed in Secs. and
the expectation values A(Y)(¢) can be similarly obtained via Eq.
Eq. (), by replacing the re-propagated wave packet |®(V)(r) >
and electronic coefficients C§v>
ly()(t) > and c&v)(t), respectively. A given observable is ob-
tained as a weighted average of the individual expectation values
over the respective trajectory ensemble,

(r) with fully propagated ones,

A=Y wal ) %)

where W(¥) encodes the weight of the initial condition, v = (g,a),
that is, the probability to excite the initial geometry, g, and elec-
tronic state, a, at t = 0.70

In this manner any electronic observable can be computed
without recalculating the trajectories nor the, usually expensive,
electronic matrix elements required for the evaluation of, e.g.,
ionization probabilities. The simulation can thus be performed
for as many initial pulses as desired, only for the numerical cost
of solving the electronic TDSE for each pulse along frozen trajec-
tories. The accuracy of this post-processing approach has been
demonstrated in previous work on glycine by comparing with re-

4| Journal Name, [year], [vol.],1
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coherences were included from the very beginning of the simula-
tions. 70

2.4 Computational details

All TSH calculations have been carried out with a local modifi-
cation of the SHARC code.®278 The respective TSH algorithm
is detailed in Ref. 59l The positions of the atomic nuclei are
propagated with the Velocity-Verlet algorithm. The 4th order
Runge-Kutta method is used to integrate the TDSE, Eq. (2), for
the electronic coefficients in a local diabatic basisZ280, utilizing
51 sub-steps between two nuclear time steps, i.e., configurations
R(r) and R(r + At). However, the (field-) adiabatic basis is em-
ployed to evaluate the nuclear dynamics, surface hopping, utiliz-
ing the density-flux hopping probability®®, and decoherence. For
the propagation of the inactive-potential auxiliary momenta to
evaluate the PFM and FM decoherence rates, Egs. () and (&), an
inactive-potential population threshold of 1 = 10~%, is employed,
indicating that auxiliary wave packets in inactive potentials with
less population are assumed to be fully decohered. See Ref.>? and
the SI for details.

The electronic structure for all molecules was evaluated us-
ing the state-averaged (SA) complete active space self consis-
tent field (CASSCF) method®182 a5 implemented in the OPEN-
MoLcAs package.®3 The time-derivative couplings are estimated
by using finite differences with the overlap matrix elements be-
tween the wave functions of consecutive nuclear time steps,
(y;; R(t + At)|y;; R(1)).°8 In case of a surface hop in absence
of an external laser field, the velocity vector of the trajectory is
rescaled such as to conserve the total energy. If the kinetic energy
is too small to cover the potential gap in case of a hop to a higher
potential, the hop is frustrated, i.e., not carried out, without mod-
ifying the velocity vector.

The initial positions and momenta, { R(Y)(0), P(Y)(0)}, for the
v =1,...,N; trajectories are sampled from the harmonic approxi-
mation of the neutral ground-state nuclear Wigner distribution at
zero temperature®4 for all molecules. The optimized geometries
and harmonic frequencies are given in the SI for all molecules.
If starting the propagation from an initial coherent superposition
with several nonzero initial electronic coefficients, cE.V) (0) #0, the
initial active potential, a(0) = j, is chosen randomly with the prob-
ability |c5.V) (0)? for each trajectory, R(Y)(¢). After the propagation
has finished, trajectories whose total energy has drifted by more
than a threshold, &p, are excluded from the evaluation of the en-
semble averages, as they violate energy conservation. Since tra-
jectories started in different initial active potentials may exhibit
varying stability and thus a disproportionate removal of trajecto-
ries started in a certain active potential, stochastic balancing is
applied after removal of those trajectories that violate total en-
ergy conservation, see Ref.2? for details.

2.4.1 Lithium hydride

We consider a two-state model for the LiH molecule that has been
extensively studied in the context of multiple-spawning”"0? and
other TSH®? approaches for simulating coherent dynamics in-
duced by non-perturbative laser pulses. Replicating the respec-
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tive SA(2)-CASSCF(4,6) electronic structure, with the 6-31G ba-
sis set, the Sy and S; states are simultaneously optimized with
an active space allowing configurations in which the four elec-
trons of the system are distributed among the six lowest orbitals.
With this approach, the equilibrium bond distance was optimized
to R{M = 1.67 A for the neutral ground state, corresponding to
an Sp-S; excitation energy of 0.1162 a.u. (3.163 eV). We study
the dynamics during and after irradiation by a non-perturbative
sub-cycle UV pulse that has been previously employed in Ref.0Z,

_ __1dA@)
E(t)=uE(t) = T ®
E, _+)2
A =uPep |- 8 [ snor o) ©)

with the central frequency, ® = 0.127 a.u. (3.456 eV), roughly
tuned to the Sy-S; excitation energy, full width half maximum
(FWHM) duration of 2v/2In20 = 0.85 fs, temporal offset 7y =
1.2 fs, field-strength Ey = 0.025 a.u., and carrier-envelope phase
(CEP) @cpp = 7.

The width parameter for the FM decoherence rate, Eq. (5),
has been set to the width of the harmonic approximation of the
ground-state nuclear wave function in bond-length coordinates,
o = 0.23202. TSH-FM trajectories have been run for 1000 initial
conditions with a nuclear time step of 0.02 fs for a total duration
of 90 fs. Four trajectories aborted due to numerical problems,
hence 996 trajectories contribute to the ensemble averages.

2.4.2 Glycine

For the glycine molecule, we employed a SA(5)-CASSCF(6,4) ap-
proach with the cc-pVDZ basis set, containing one 7, one *, and
two o orbitals in the active space, which is occupied by six elec-
trons, to optimize the first five electronic states. The equilibrium
geometry of the ground state and corresponding normal-mode
frequencies were obtained by using second-order many-body per-
turbation theory (MBPT2). To generate the AXE ensemble of
pulse-independent trajectories, all excited states below 10 eV of
excitation energy have been considered for a random sample of
1000 initial positions and momenta, resulting in an ensemble
of 1979 initial conditions (position, momenta, and active poten-
tial) in total, see Sect. Therein, usually, the first two elec-
tronic excited states were selected. This ensemble of trajectories
has been propagated for 15 fs with a 0.3 fs time step. Subse-
quently, trajectories with a total-energy drift above &p = 0.5 eV
or that crashed were excluded, together with the other trajec-
tories started from the same initial condition, which results in
1852 trajectories in the ensemble for 938 initial positions and
momenta. See Ref. [70 for details on the sampling procedure.
The PFM decoherence correction scheme is used with the deco-
herence parameter wppy = 4.825 x 1073 a.u,, i.e., the geometric
mean over the normal-mode frequencies. The electronic dipole
matrix elements are evaluated at the nuclear time steps and lin-
early interpolated for the electronic time steps before evaluating
the electronic dipole expectation values to obtain smooth curves.

Faraday Discussions
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2.4.3 1,2-dithiane /

To simulate the ring-opening dynamics in 1,2-dithiane, involving
the Sy, Sy, and S, states, we employ a SA(3)-CASSCF(6,4) ap-
proach with the 6-31G* basis set, which has been suggested as a
simplificationZ> 76 with respect to earlier work employing a larger
active space.”# The four active orbitals comprise the 6 /c* pair on
the sulfur bond, and the two sulfur lone pair orbitals. The neu-
tral ground state geometry was herein optimized starting from
the one obtained with the larger active space in Ref. [74.

Employing a nuclear propagation time-step of 0.5 fsZ#77 we
evaluated the TSH dynamics for the PFM decoherence (TSH-
PFM)22 see Sect. without decoherence (TSH-ND), and with
the widely-used energy-based decoherence correction (TSH-EDC)
suggested by Granucci and Persico42,

kin(R(1))

KPS0 = 16RO RS 6

(10)
depending only on the kinetic energy, &;;,(R(t)), the electronic
potential energy difference, &,(R(f)), and the parameter C,
which we set to the recommended value of 0.1 a.u.4243 TSH-
PFM, TSH-EDC, and TSH-ND simulations of the ring-opening dy-
namics have been run for 700 fs, starting exclusively from the S;
excited state, as in previous studiesZ#'7Z as well as when start-
ing from an initial 50:50 superposition of the S; and S, states,
|¥(0)) = % [ly1; R(0)) +|y2; R(0))]. In both cases, trajectories
with a total energy drift of more than &p = 0.2 €V have been
excluded, resulting in ensembles of 960 (986), 982 (990), and
975 (987) trajectories for simulations of the dynamics following
the excitation of the S;-S, coherence (full S; excitation) with the
TSH-PFM, TSH-EDC, and TSH-ND methods, respectively.

3 Results and discussion

We first analyze the performance of the TSH-FM method with
explicit inclusion of the laser field for the dynamics generated in
the LiH molecule by a sub-cycle UV pulse. We then showcase the
post-processing approach by conducting a systematic study of the
dynamics generated in glycine with a series of few-femtosecond
UV pulses, scanning bandwidth and central frequency. Finally, we
scrutinize the TSH-PFM method for predicting dynamics at long
timescales of several 100 fs on the ring opening in 1,2-dithiane
and analyze the effect of starting from a superposition of excited
electronic states or a single excited state.

To illustrate the evolution of the electronic wave function we
depict ensemble-averaged electronic populations and coherences,
denoted as diagonal, p;;(t), and off-diagonal, p (), elements of
the density matrix, pji(t) = [§;(t)]" { (), and the components of
the electronic dipole, d(t) = (x(z)|#|x(t)). Therein, {;(t) = c;(z)
and |x(¢)) = |¥(r)) for the fully propagated TSH dynamics, see
Sections[2.1)and [2.2} and {;(r) = C;(r) and [ (1)) = |®(¢)) for the
AXE re-propagated electronic dynamics along pulse-independent
trajectories, see Section[2.3]

3.1 Coherent coupled electron-nuclear dynamics in LiH

Herein, we test the combination of TSH-FM2? with the SHARC
approach®®? to incorporate an explicit non-perturbative laser
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Fig. 1 Dynamics in the LiH model molecule irradiated with a non-perturbative sub-cycle UV laser pulse. (a) Laser field (grey) and adiabatic population
of the LiH S, electronic state resulting from the TSH-FM simulation (blue) and a full quantum calculation (red, dotted) adapted from Mignolet et al.eZ,
with permission from AIP Publishing. (b) Evolution of the Sy-S; coherence, i.e., the real part of the adiabatic-basis density matrix element, Re[po; (¢)],
obtained with TSH-FM. (c) Evolution of the LiH electronic dipole along the molecular (z) axis induced by the UV pulse depicted in (a). TSH-FM results
(blue) are overlaid with results from a full quantum calculation (red, dotted) adapted from Mignolet et al.®Z, with permission from AIP Publishing. (d)
Zoom into the first 20 fs of the results shown in panel (c). The TSH-FM results were obtained from an ensemble of 1000 trajectories, see text.

pulse into the simulation, as outlined in Section[2:2] LiH is a well-
studied model system for investigating coupled electron-nuclear
dynamics driven by non-perturbative lasers with both fully quan-
tum and multiple spawning approaches. ©Qe1I67569 We consider
a two-state model, involving the Sy (ground) and S; (excited)
states of LiH and study the dynamics during and after coherent
So — S excitation by a sub-cycle Gaussian UV pulse, see Eq. (8),
with a FWHM duration of 0.85 fs, central frequency of 0.127 a.u.
(3.456 eV), and field strength of 0.025 a.u., polarized along the
molecular axis, for which quantum-mechanical reference data are
available. /0268

Figure [1| shows a comparison of our TSH-FM results with the
full quantum mechanical ones reported in Ref. |67/ for the S; pop-
ulation, panel (a), and the z component of the electronic dipole
along the molecular axis, panel (c), up to 90 fs. Panel (d) shows a
zoom of the first 20 fs to depict the coherent oscillations in more
detail. Panel (b) shows the corresponding TSH-FM coherence,
represented by Re[pg; (¢)] in the adiabatic basis. The TSH-FM re-
sults have been obtained from an ensemble of 1000 trajectories,
out of which 996 contribute to the average, see computational de-
tails in Section In that, the nuclear and electronic dynam-
ics, surface hopping, and decoherence, are evaluated in the field-
adiabatic basis, which is equivalent to the adiabatic basis only if
the electric field is zero, see Section[2.2} We find that the TSH-FM

6| Journal Name, [year], [vol.],1

simulations are internally consistent in the field-adiabatic basis,
i.e. the field-adiabatic populations and fraction of active trajecto-
ries agree, indicating stability of the approach for the given situa-
tion. Moreover, the laser considerably mixes the adiabatic Sy and
S states, so that field-adiabatic and adiabatic populations signif-
icantly differ from each other during the presence of the laser,
see Appendix[A]for details. Consequently, we employ the TSH-FM
populations in the adiabatic basis to compare against the quan-
tum reference in Fig. [1] (a).

The agreement between TSH-FM and the quantum reference!®”

for both the adiabatic populations and the electronic dipole is
very good considering the inherent limitations of TSH to classical
nuclear dynamics of independent trajectories. In particular, the
adiabatic electronic S; population, panel (a), excellently matches
the quantum result, both during and after the pulse, reaching
an asymptotic Sy — S; excitation probability of 15.5 %. This
result confirms the previously reported ability of TSH to accu-
rately predict laser-driven population dynamics for sufficiently
short pulses.©23 The tiny increase in the TSH-FM population
between 3 fs and 5 fs is due to a very slight imperfection in the
internal consistency between the adiabatic populations and frac-
tion of active trajectories after the electric field has decayed to
zero, with the latter being slightly higher than expected from the
adiabatic populations, see Fig. in Appendix [A] This deviation
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is in itself a consequence of the stochastic nature of TSH within an
ensemble of 1000 trajectories. The observed slight increase in the
S| population until 5 fs is the compensation of this stochastical
deviation in the internal consistency due to decoherence, which
moves electronic population to the S state, until internal consis-
tency is perfectly established at 5 fs and kept through the remain-
der of the propagation.

The Sy-S; coherence, panel (b), arises during the pulse, reaches
an amplitude of 0.32 after 1.65 fs, which remains for a full period
up to 2.85 fs. At later times, i.e., when the pulse is gone, it contin-
ues to oscillate with a period of about 1.3 fs with monotonously
decreasing amplitude until it vanishes at ~10 fs as a consequence
of the decoherence induced by the decreasing overlap between
the wave packets traveling in the Sy and the much shallower S
potential 078 The short-term electronic dipole, panel (d), evalu-
ated with TSH-FM reflects the coherent oscillations with inverted
phase, in excellent agreement with the quantum result for the first
3 fs, i.e., during the presence of the pulse. At later times, the co-
herent oscillations in the electronic dipole predicted with TSH-FM
are damped more rapidly than in the quantum result®Z, vanishing
after about 10 fs, whereas the quantum method predicts sizable
oscillations until about 16 fs. However, the non-oscillating, i.e.,
incoherent, contribution of the electronic dipole, which reflects
the nuclear dynamics and the relative populations of the Sy and
S| states, is predicted by TSH-FM in very good agreement with
the quantum result. This continues to be the case also at longer
times until 90 fs, depicted in panel (c). The oscillation with a pe-
riod of about 78 fs reflects the slow vibration of the molecule in
the shallow but bound S; potential 6268

As expected, however, TSH-FM is not able to obtain the revival
of the coherent oscillation due to the S; wave packet returning
to the Franck-Condon region of the S, state, predicted by the
quantum simulation after 60 fs.
foundational approximation of TSH being an independent tra-
jectory method22/2¢ that is unable to describe neither quantum
decoherence nor quantum revivals in the electronic wave func-
tion. On the one hand, this can be overcome®Z®? with meth-
ods that employ coupled trajectories, such as ab-initio multiple
spawning®28¢ or the direct dynamics variational multiconfigu-
rational Gaussian method.®Z88 On the other hand, TSH deco-
herence corrections, like EDC%2 FM and PFM=22, and many oth-
ersS7m44146m55] typically incorporate it by taking into account a
strictly positive decoherence rate or probability that allows only
for a uni-directional transfer of population towards the active po-
tential, i.e. decoherence. The reversal of this approach, required
to describe such a revival, is however, far from trivial.

The reason for this lies at the

3.2 Influence of the pulse-generated coherences on coupled
electron-nuclear dynamics in glycine

We now use the TSH-PFM decoherence correction scheme in com-
bination with the post-processing approach described in Section
[2.3]to perform a systematic study of the coherent dynamics gener-
ated by broadband pulses in photo-excited glycine. In contrast to
Section[3.1] the nonadiabatic dynamics is propagated here in the
absence of any explicit electric field. The action of the external

Faraday Discussions
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field is instead encoded in the electronic coe 8c1ents C , re-

propagated along the trajectory R(V)(t), through the 1n1t1a1 exci-

tation amplitudes, Cﬁv) (0)= W

;7 (0), see Sect. They are given

by first-order perturbation theory,

"(0) = idjo(RY(0))- B (é;O(R<V>(0))> L V>0 (1D)
in terms of the initial electronic transition dipole moments,
djo(R(V) (0)), and excitation energies, éajO(R(")(O)), absorbed
from the frequency spectrum, F(o), of the exciting pump pulse,
E(t). The origin of time, t = 0, in Eq. is assumed to
be the center of the pulse, E(¢), in order to render simulations
with pulses of different duration comparable. This approxima-
tion relies on the assumption that the nuclei are frozen during
the short interaction between the molecule and the pulse, so
that the phases accumulated by the different electronic states be-
tween ¢t = 0 and the end of the pulse would only negligibly dif-
fer from the ones one would obtain with an explicit inclusion of
the field in the computation of the coupled electron-nuclear dy-
namics.8220 Note that we do not include the contribution due to
the initial ground state amplitude, c((,v) (0), in the dynamics and
(re)-propagate a normalized wave function that at ¢t = 0 only in-
cludes contributions from the electronic excited states. Explicit
trajectory indices, v, are given since individual trajectory results
as well as their averages are discussed in this section.

To define the initial coefficients in Eq. (I1), we have used,
as in Ref. [70| linearly polarized transform-limited pulses with
a real Gaussian spectrum, E(w), with central frequency oy, and
FWHM bandwidth Aw. The polarization direction of the electric
field, E(r), is e;, normal to the symmetry plane of the molecule,
(ex,ey). The Gaussian parameters are chosen so as to induce a
coherent superposition of the S; and S, excited electronic states.
At the chosen level of theory, the S; and S, transition energies
at the ground state equilibrium geometry are &}y = 5.79 eV and
&0 = 9.43 eV, respectively, with oscillator strengths f;; = 0.00218
and fi» = 0.02163. A superposition of the two states can then be
excited provided that the central frequency is closer to the darker
state S| and the bandwidth is large enough to overlap with the
brighter state S,. We thus vary the central frequency, ., between
6.7 eV and 7.7 €V and FWHM bandwidth, A, between 2.0 eV
and 4.0 eV, corresponding to FWHM durations from 1.29 fs down
to 0.65 fs. The set of initial conditions yields 1852 trajectories in
total, since most of the time, within the all excited-state ensem-
ble, the two electronic excited states must be considered as the
initial active potential for each geometry of the Wigner distribu-
tion. The nuclear trajectories and associated matrix elements for
the relevant observables (here, the electronic dipole), are calcu-
lated once, i.e., in the absence of initial electronic coherences, and
setting Cﬁv) (0) = 6j4(0) with a(0) the initial active state. The elec-
tronic coherences are obtained by re-propagating the electronic
TDSE, yielding Cﬁ.w (t), along the pre-computed, frozen trajecto-
ries, now with the initial coefficients, Cﬁv) 0)= 6’5»‘/) (0), defined in
Eq. (I1), for as many as considered pulses, and are a posteriori
included into the observable of interest.

In Figure [2] we summarize the results obtained for nine repre-
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Fig. 2 Coupled electron-nuclear dynamics in glycine excited by nine different UV pulses. Upper sub-panels, (al1) to (i1), initial populations of the
S, (blue) and S, (orange) electronic states of glycine, represented as contributions to the absorption spectrum obtained from first-order perturbation
theory using the UV pulses (grey curve) with central frequencies, w,, between 6.7 eV and 7.7 eV (along rows), and FWHM bandwidths, A ®, between
2.0 eV and 4.0 eV (along columns). The vertical grey lines indicate the S; and S, transition energies at the ground-state equilibrium geometry. Lower
sub-panels, (a2) to (i2), temporal evolution of the coherence, Re[p12(t)] = Re [[C1 (1)]*Ca ()], that follows the excitation of the S; and S; states of glycine
by the corresponding UV pulse. Both results for the individual trajectories (through a density of trajectories, using Gaussians with FWHM of 0.05 and a
power-law normalization for the color-map with exponent I = 1/3, for visualization purposes) and for the average over all trajectories (thick white line)
are displayed. An equivalent figure for the x component of the electronic dipole, d,(), is given in Fig. @
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Fig. 3 Average coherence, Re[p12(7)], (a), (d), its Fourier transform (b), (e), and average x component of the electronic dipole, d.(z), (c), (f), after the
excitation of the S; and S, electronic states of glycine by UV pulses with (a)-(c) fixed FWHM bandwidth, Aw = 2.0 eV, and variable central frequency, w,,
between 6.7 eV and 7.7 eV (in two separate sub-panels for readability), and (d)-(f) fixed central frequency, o, = 6.7 eV, and variable FWHM bandwidth,
Aw, between 2.0 eV and 4.0 eV. The gray line in (b), (e) indicates the evolution of the peak of the Fourier transform across the pulses, while the
individual peak positions are indicated with vertical dotted lines for every pulse.

sentative cases, varying o (in rows) and Aw (in columns). The
upper sub-panels, (al) to (i1), display the pulse-generated pop-
ulations of the S; and S, states. As can be seen, the considered
variations of the pulse parameters allow us to move from sce-
narios where one of the excited states is dominantly populated,
e.g., panels (al) and (c1), to completely different scenarios where
both states are almost equally populated, e.g., panel (gl). The
lower sub-panels in Fig. (a2) to (i2), show the calculated co-
herence, Re[p12(#)], for the whole set of trajectories as a density
in time and coherence. It has been obtained by normalizing the
weighted sum £(1,A) = ¥y W) y(A —AV) (1)) where y(A—AY) (1))
is a fixed-width Gaussian function centered at the expectation
value A()(¢) for the trajectory v. The average over all trajectories
is indicated by a thick white line. The coherences oscillate with
a period of approximately 1.3 fs, which will be further discussed
below, and vanish after a few fs. Increasing the bandwidth of the
pulse spectrum from 2.0 to 4.0 eV increases the initial amplitude
of the coherences so that they also survive for a longer time.

We now illustrate the capability of our approach to provide ob-
servables by using Eq. (6) to compute the evolution of the elec-
tronic dipole. The non-zero transition, j # k, dipole matrix ele-
ments, d jk(R(V> (1)), render the expectation value sensitive to the
electronic coherences, p](.,:)(t), which are thus expected to be re-
flected in the electronic dipole. The results are shown in Fig.
of Appendix [B| for the same laser parameters as in Fig.[2| A com-
parison of the different panels in Fig. [B.I|shows that changing the
central frequency affects the passive control of the populations,

with two different pathways for S;- and S;-dominant situations,
e.g., Fig. (a2) to (c2). Increasing the FWHM bandwidth, on
the other hand, allows for the excitation of coherent superposi-
tions of states, which exhibit strong oscillatory behaviors between
the identified pathways, see, e.g., Fig. (a2), (d2), and (g2),
reflecting the coherences shown in Fig.

The results from the average coherence, its Fourier transform,
and the average electronic dipole are summarized in Fig. [3| for
systematic scans in pulse central frequency for a bandwidth of
2.0 €V, panels (a), (b), and (c); and in pulse bandwidth for a
central frequency of 6.7 eV, panels (d), (e), and (f). When the
bandwidth is fixed, Fig. [3| (a) shows a monotonous increase in
the amplitude of the resulting coherence for central frequencies
varying from 6.7 eV to 7.2 eV and a monotonous decrease when
further increasing wp, from 7.2 eV to 7.7 eV. The distribution of
frequencies contributing to the oscillatory behavior of the result-
ing coherences is mostly unaffected by @, as confirmed by the
Fourier transform of the coherence, shown in Fig. (3| (b). The main
frequency component stays almost constant, varying in a range
from 3.06 eV to 3.14 eV, corresponding to periods of 1.35 fs to
1.32 fs. The evolution of the electronic dipole for the same initial
conditions is displayed in Fig. [3| (c). For a fixed pulse bandwidth,
the variation of the central frequency, @y, mostly affects the popu-
lation contribution to the average electronic dipole, from negative
values for the S|-dominant situation for ey, < 6.9 eV, to positive
values for the S;-dominant situation at larger wy, values. Although
the coherence is rather small compared to an ideal 50:50 super-
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position of states, its contribution is visible in the early dynamics
of the electronic dipole, and its amplitude is maximal for pulse
central frequencies of about 7.2 eV, see Fig. [3| (c).

For a fixed central frequency of 6.7 eV, closer to the S; exci-
tation for narrowband pulses, Fig. [3| (d) shows the effect of the
laser bandwidth on the resulting coherences. In particular, in-
creasing the bandwidth from 2.0 eV, corresponding to a duration
of 1.29 fs, to 4.0 eV (0.65 fs) tunes the initial population distri-
butions from a situation in which 90% of the population sits in
S; over a 2:1 S;:S; distribution to an almost equal distribution
of populations, for Aw = 2.0, 3.0, and 4.0 eV, respectively. The
amplitude of the resulting coherence increases from 0.08 to 0.41,
due to the increasing population of the S, state with larger band-
widths. Importantly, the frequency spectrum of the coherent os-
cillations is also affected by the choice of the pulse bandwidth, as
highlighted by the Fourier transform of the average coherence,
shown in Fig. [3| (). The peak of the resulting Fourier trans-
form gradually shifts toward larger frequencies, from 3.06 eV to
3.39 eV, corresponding to periods of 1.35 fs and 1.22 fs, respec-
tively. In the mixed quantum-classical picture of TSH, this reflects
the fact that pulses with larger bandwidths excite stronger co-
herences in initial configurations, R(Y)(0), of the glycine molecule
that have a larger initial S-S, potential-energy gap, & (R")(0)).
The electronic dipole shown in Fig. [3| (f) displays a clear change
in both the population and coherence contributions, reflected in
the slowly-varying background and the oscillating contribution
visible for about 3 fs, respectively. Here, the variation due to the
population is not as strong as when varying the central frequency
because, as pointed out above, only situations between a mainly
S-populated initial state, on the one hand, and an about 50:50
S1:S, population distribution, on the other hand, are covered by
scanning the bandwidth from 2.0 to 4.0 eV at a central frequency
of 6.7 eV, see panels (al), (d1), and (g1) in Figs. [2]and [B.1] At
the same time, the oscillations featured in the electronic dipole
and the increase of their amplitude for larger pulse bandwidths
reflect the electronic coherences and thus the same behavior as
that displayed in Fig.

Even if some of these findings could have been expected, they
indicate that performing calculations with TSH-PFM in combi-
nation with the post-processing method described above allows
one to model the coupled electron-nuclear dynamics arising from
hundreds of different pulses and, when required, the observables
of interest for a price that is only slightly higher than that re-
quired for a single pulse. Such a capability also opens the way to
the theoretical investigations of control strategies, aimed at ma-
nipulating the outcome of molecular excitation by directly acting
on the superposition of the electronic excited states.

3.3 Dynamics in 1,2-dithiane starting from a coherent su-
perposition of electronic states

The ring-opening and ring-closing dynamics in 1,2-dithiane rep-
resents a well-known model system for strongly nonadiabatic dy-
namics as the potentials of the ground, Sy, and excited states, S,
S,, become degenerate and strongly coupled as the sulfur-sulfur
bond opens up and the molecule assumes an elongated structure,
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Fig. 4 Nonadiabatic dynamics of 1,2-dithiane induced by a symmet-
ric superposition of the S; and S, electronic excited states, |¥(0)) =
75 [lwi: R(0)) +|y2: R(0))]. (a) Adiabatic populations of the So (poo(r),
dotted), S; (p11(¢), thick), and S, (p22(z), thin) states obtained with TSH-
ND (turquoise), TSH-EDC (orange), and TSH-PFM (blue), for respective
ensembles of 1000 trajectories, see text. (b) Ensemble-averaged adia-
batic potential energies of the Sy (&y, dotted), S; (&1, thick), and S, (&3,
thin) electronic states obtained with TSH-PFM.

before closing the ring again after about 310 fs.Z4ZZ It thus pro-
vides and ideal test bed for the TSH-PFM method, which has not
yet been applied to describe the coupled electron-nuclear dynam-
ics involving complicated structural rearrangements at such long
time scales.

To investigate the potential effect of initial coherences on
the ring-opening dynamics in the 1,2-dithiane molecule, we
have considered a 50:50 S;-S, coherent superposition, |¥(0)) =
% [ly1; R(0)) + |y2; R(0))], and applied the TSH-PFM methodol-
ogy to describe the ensuing coupled electron-nuclear dynamics.
Further, we compare these results to those obtained without deco-
herence correction (TSH-ND), and with those obtained by includ-
ing the widely employed energy-based decoherence correction>
(TSH-EDC). In all three cases, we run trajectories starting from
1000 initial conditions sampled from the ground-state Wigner dis-
tribution, out of which 982 (TSH-EDC), 960 (TSH-PFM), and 975
(TSH-ND) are taken into account in the ensemble averages pre-
sented herein, see computational details in Section Figure
shows the evolution of the Sy, S, and S, adiabatic electronic
populations, panel (a), and energies, panel (b). Both TSH-PFM
and TSH-EDC predict essentially the same population dynamics.
It starts with a sudden increase of the S; population from its ini-
tial value of 0.5 to 0.78 after 24 fs, followed by a rapid decrease
up to 34 fs. This is followed by a decrease in both the S; and S,
populations to about 0.36 and 0.2, respectively, at around 80fs,
while, from 25 fs onwards, the remaining portion of about 0.44
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Fig. 5 Short-time dynamics in 1,2-dithiane driven by the
initial  S;-S,  excited-state coherent superposition, |¥(0)) =

7 [lvi:R(0)) +|y2: R(0))], obtained with TSH-ND (turquoise), TSH-
EDC (orange), and TSH-PFM (blue), for respective ensembles of 1000
trajectories, see text. (a) Evolution of the coherence represented by the
off-diagonal density matrix element, Re[p;2(¢)]. (b) x (dotted), y (thin),
and z (thick) components of the electronic dipole vector. Coordinate axes
are defined in the inset in (a).

goes to the ground state Sy. This dynamics is the consequence
of nonadiabatic transitions between these states, as their adia-
batic potential energies become nearly degenerate after 25 fs, see
panel (b). The potential energies become non-degenerate again
between about 225 fs and 355 fs, corresponding to the time dur-
ing which the ring closes again for the first time, see Fig.[f] Note
that during this time, the Sy and S; populations predicted by TSH-
PFM and TSH-EDC approach each other and even flip with values
around 0.39 between about 250 fs and 305 fs, while they separate
again at later times, weakly oscillating around their asymptotic
values of 0.34 (S;) and 0.46 (Sp). The S, population stays close
to 0.2 for the whole propagation after the first 80 fs. TSH-ND,
without decoherence, predicts different population dynamics. It
misses the abrupt changes in the populations of the S; and S,
states up to 34 fs and, after 80 fs, predicts Sy and S, populations
around 0.36 and 0.30, i.e., significantly lower (Sp) and higher
values (S;) than obtained with TSH-PFM and TSH-EDC, respec-
tively.

It is important to note that the TSH-PFM and TSH-EDC calcu-
lations are internally consistent, i.e., the adiabatic electronic pop-
ulations match the fractions of active trajectories propagating in
So, Si1, and S,, indicating long-term stability of the TSH-PFM ap-
proach for such dynamics, while this is not the case for the TSH-
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Fig. 6 Nonadiabatic ring-opening dynamics of 1,2-dithiane induced by
aninitial S; excitation (dashed curves) and by a coherent superposition of

the S; and S, states, |¥(0)) = % [lw1: R(0)) +|ya; R(0))] (solid curves),

obtained with TSH-ND (turquoise), TSH-EDC (orange), and TSH-PFM
(blue), for respective ensembles of 1000 trajectories, see text. (a) z com-
ponent of the electronic dipole vector. The x and y components are zero
after the decay of the initial coherence, see Fig.[f] and not shown. (b)
Sulfur-sulfur distance. (c) C-C-C-C dihedral angle. The error bars corre-
spond to the 95% confidence intervals of the ensemble averages.

ND approach, see the SI. Further, the population dynamics ob-
tained from the initial S;-S, coherence after 80 fs approximately
matches the one obtained when launching the dynamics from the
S, potential, as in previous studies7#77, see Appendix
Figureshows the short-time evolution of the S;-S, coherence,
Re[p12(#)], in panel (a) and the electronic dipole, panel (b), along
the x, y, z directions defined in the inset of panel (a) for TSH-PFM,
TSH-EDC, and TSH-ND. TSH-PFM predicts that electronic coher-
ence survives up to ~10 fs, only slightly shorter than the TSH-
ND result, i.e., the maximum coherence in independent-trajectory
TSH simulations, but significantly longer than the TSH-EDC pre-
diction. In the latter case, the coherence vanishes already around
5 fs. Similar discrepancies have been reported for neutral glycine
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and the modified bismethyl-adamantane (BMA[5,5]), and para-
xylene cations®?, although quantum-mechanical calculations2
predict longer-lived coherences than either TSH approach for the
latter two cases.

For all three methods, the x and y components of the elec-
tronic dipole oscillate around zero, reflecting the progressive de-
cay of the coherence, while the z component remains constant
at —1.3 a.u., as shown in Fig. [5| (b). In that, the amplitudes of
the x component, along the sulfur bond, are largest and in phase
with the coherence shown in panel (a), while the y component,
perpendicular to the molecular plane, oscillates with the oppo-
site phase at smaller amplitudes. The fact that the z component
is constant reflects that, along this direction, the S;-S, transition
dipole is zero in our calculations, while the permanent Sy, S;, and
S, dipoles dominate. The opposite is true for the x and y compo-
nents, where only the S-S, transition dipole contributes. At long
times it is thus sufficient to analyze the z component of the dipole.

Figure [6] shows the evolution of the z component of the elec-
tronic dipole, panel (a), the sulfur-sulfur distance, panel (b), and
the C-C-C-C dihedral angle, panel (c), resulting from starting the
dynamics in the S;-S; coherent superposition, as well as in the
S; state, as considered in previous worksZ4ZZ for TSH-PFM,
TSH-EDC, and TSH-ND. In spite of the differences between the
three methods in describing the evolution of the populations and
coherences, they predict nearly identical structural dynamics in
1,2-dithiane for both initial conditions. This is because TSH-ND,
besides being internally inconsistent, predicts similar fractions of
active trajectories propagating in the Sy, Sy, and S, states as TSH-
PFM and TSH-EDC, see the SI for details. Hence, all properties
that exclusively depend on the nuclear motion are predicted in
nearly the same manner by all methods, although there are con-
siderable differences in properties sensitive to the electronic wave
functions.

The first ring opening is visualized by the inter-sulfur distance.
It increases from the equilibrium value of about 2.1 a.u. to
7.3 a.u. at around 137 fs if starting from the S;-S, coherent
superposition, and to 7.5 a.u. at 150 fs, if starting exclusively
from the S; state. In parallel, the respective C-C-C-C dihedral
angle decreases from 300° down to 220°, for the initial coher-
ence, and to 195°, when starting in the S; potential. Beyond the
respective times of maximum ring opening, the inter-sulfur dis-
tance decreases again, restoring the ring shape after 275 fs for
the initial S;-S, coherence and after 310 fs when starting from
the S; state. The C-C-C-C dihedral angle further decreases to
around 80° after 265 fs for the initial coherence and to 85° after
288 fs when starting from the S; state, i.e., about 10 fs and 20 fs
before the minimum inter-sulfur distance is respectively reached.
The fact that the dihedral angle does not return to about 300°,
but further decreases as the intersulfur distance decreases again,
indicates that the ring closes on the opposite site of the molecule
before opening again, in analogy to ’Newtons cradle’.Z# The same
conclusion can be drawn from the electronic z-dipole, panel (a),
which changes its sign over a full period of the ring opening and
requires two periods to restore the original negative sign. With
the onset of the second ring opening, the dihedral angle increases
much more rapidly, within 45 fs to a small plateau at about 170°,
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for the dynamics started from the cogerence, wheroas this hap-

pens more slowly, within about 75 fs and reaching just about
150°, for the dynamics starting from the S; state. At longer
times, the oscillations in the inter-sulfur distance are progres-
sively damped, since an increasing number of trajectories cease
to continue the 'Newtons-cradle’ sequence of ring-opening and
ring-closing. 74 This effect is even more apparent in the dihedral
angle. The differences between the dynamics started from the S;-
S, coherence and from only the S; potential slightly increase with
time, as can be seen in the electronic dipole and the inter-sulfur
distance, although the progressive damping reduces this charac-
teristic after about 500 fs.

These results underline that, although the initial electronic co-
herence does not survive beyond 10 fs, the simultaneous popu-
lation of two excited states by a broadband pulse can affect the
long-term structural dynamics in a molecule. The reason for this
is the different inclination of the S; and S, potential surfaces,
due to which the trajectories initialized at t = 0 in the S, poten-
tial accumulate more kinetic energy and hence exhibit a faster
dynamics, see Fig.[4] (b).

4 Conclusions

We have shown that the one-dimensional variant of the trajec-
tory surface hopping with projected forces and momenta (TSH-
PFM) method®? in combination with the surface hopping includ-
ing arbitrary couplings (SHARC) approach®® allows one to de-
scribe the coherent electron dynamics during and after interac-
tion of the LiH molecule with a non-perturbative sub-cycle UV
pulse in good agreement with the results of full quantum cal-
culations as long as quantum revivals do not occur. We have
also showcased how the combination of a recently proposed post-
processing approach”ZY with the TSH-PFM method allows explor-
ing potential control schemes in glycine based on manipulating
the initial electronic coherences and populations with different
perturbative few-femtosecond UV pulses. The method allows for
a gradual tuning of the degree of electronic coherence and their
survival time by varying the pulse central frequency and band-
width at low computational cost, as only the electronic dynam-
ics is re-evaluated in each case. Finally we have shown for the
ring-opening dynamics in 1,2-dithiane that the TSH-PFM method
yields exactly the same structural dynamics at long times (several
100 fs) as predicted by well established TSH approaches. Inter-
estingly, in this case, we have found that the population distribu-
tion created by a coherent excitation can affect long-term struc-
tural dynamics with respect to exciting only a single electronic
state. All this suggests that the use of tunable few-femtosecond
UV pulses to coherently excite several electronic states in neutral
molecules can open promising paths to induce unusual chemical
behaviors, one of the main goals of attochemistry.

Appendix
A Lithium hydride: Internal consistency

An ensemble of TSH trajectories is internally consistent if the av-
erage over the electronic populations of the individual trajecto-
ries, p;;(t), agrees with the respective fraction of active trajecto-
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Fig. A.1 LiH S; population induced by irradiation with the sub-cycle UV
pulse (grey) employed in the main text, see Fig[{](a). The full quantum re-
sult (red large dots) adapted from Mignolet et al.©Z, with permission from
AIP Publishing, is shown together with the TSH-FM results for the S;
populations in the adiabatic basis (p;1 (), thick blue), the field-adiabatic
basis (p-]f1 (1), dotted blue), and with the fraction of active trajectories prop-
agating in the field-adiabatic S; potential (H-]f(t), thin blue), see text. The
TSH-FM results have been obtained from an ensemble of 1000 trajecto-
ries.

ries, IT;(1)40,

Pj;(t) 11;(r)
1Y N
_ Z |C(~v)(l)|2 ~ j(t) A.D
Nf v=1 J N[

where N;(t) is the number of trajectories, R")(z), that propagate
at time r along the electronic potential surface &;(R). Within the
SHARC approach, a laser couples the adiabatic potentials, intro-
ducing the field-adiabatic basis that coincides with the adiabatic
basis in absence of the field®?, as discussed in Sect. Since the
dynamics is calculated in the field-adiabatic basis, Fig. com-
pares the TSH-FM field-adiabatic S populations, p{ (1), and the
fraction of active trajectories propagating in the field-adiabatic S;
state, Hlf ‘(t), for the ensemble of trajectories utilized in the main
text, Sect. Indeed, both quantities agree almost perfectly
in the presence of the pulse and at later times, demonstrating
that TSH-FM is internally consistent in both situations. To visual-
ize the degree of state-mixing induced by the laser, the field-free
adiabatic-basis, py (), resulting from TSH-FM and the full quan-
tum mechanical calculations from Ref. |67, depicted also in Fig.
of the main text, are given here as well. The slight internal incon-
sistency of less than 1% that occurs just after the pulse has de-
cayed to zero at around 2.5 fs is the consequence of the stochastic
surface hopping process over an ensemble of 1000 trajectories. It
could be reduced further by employing a larger number of trajec-
tories, although this would not significantly affect the quantities
shown in Fig.
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B Glycine’s electronic dipofes™ ™ """’
For the same nine cases shown in Fig. |2| we display in Fig
the x component of the electronic dipole, which we use to deci-
pher the contributions of populations and coherences in the ob-
servable. In the upper row of Fig (a2) to (c2), we clearly
observe that the variation of the central frequency from 6.7 eV
to 7.7 eV passively controls the selection of either only the state
S|, a superposition of the states S; and S,, or only the state S,.
The intermediate case with a superposition of the two states al-
ready exhibits some oscillatory behavior at the beginning, which
is due to the non-negligible initial coherence, see Fig.[2| Chang-
ing the FWHM bandwidth of the pulse as, e.g., in the first column
of Fig. (a2), (d2), and (g2) allows control of the population
(from only S; to a superposition of S; and S;) but, most impor-
tantly, it increases the initial coherence between the two states,
as was previously shown in Fig. Due to the non-vanishing
transition dipole moment between the two states, d;,(R")(r)),
in Eq. (6), the early dynamics of the electronic dipole reflects
the strong initial S;-S, coherence. The other, second and third,
columns show similar results, with the only difference being that
the S, state is now more dominant, panels (e2), (f2), (h2), and
(i2), due to the central frequency, wp, being shifted towards the
transition energy of S,.

C S,-excited ring-opening of 1,2-dithiane

The 1,2-dithiane population dynamics and potential energies fol-
lowing an initial S; excitation, which has been the subject of
previous studiesZ477 are depicted in Fig. It complements
Fig. |4 for the initial 50:50 S;-S, coherent superposition of states
and corresponds to the electronic dipole and structural dynamics
shown in Fig.[6] Panel (a) depicts the adiabatic electronic popula-
tions of the ground, Sy, and excited, S, S,, states obtained with
the TSH-PFM, TSH-EDC, and TSH-ND methods; panel (b) shows
the respective TSH-PFM potential energies. As in Fig. [4] the TSH-
PFM and TSH-EDC adiabatic electronic populations evolve very
similar, first predicting a drop of the S; population to about 0.48,
while the S, population increases to roughly 0.52 within about
32 fs. Subsequently, the ground-state, Sy, starts acquiring pop-
ulation, after the potential energies of the Sy, S;, and S, states
have become degenerate, and supersedes the excited states at
about 70 fs. After about 80 fs, the populations have stabilized
at about 0.45, Sy, 0.35, Sy, and 0.2, S, until the ring closes again
between about 255 fs and 355 fs, due to which the potential en-
ergies again become non-degenerate, see panel (b), and the S,
and S; populations approach each other. At later times, the pop-
ulations adopt asymptotic values of 0.48, Sy, 0.32, Sy, and 0.2,
S,. TSH-ND predicts a stronger transient S;-S, population trans-
fer, peaking at 0.60 S, population after 32 fs, as well as asymp-
totic Sg and S, populations of 0.38 and 0.30, respectively, notably
lower and higher than the corresponding TSH-PFM and TSH-EDC
results. In comparison to the dynamics following the S;-S; coher-
ent superposition, see Fig. |4} the S;-excited population dynamics
appears similar, though not exactly the same after the first 50 fs.
Further, the adiabatic potentials become non-degenerate around
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Fig. B.1 Same as Fig. [2] but for the temporal evolution of the x component of the electronic dipole, dy(r). The FWHM of the Gaussian used for the

density of trajectories is 0.5 a.u.

30 fs later in the S;-excited case, in accord with the observation the steeper S, potential, see also Fig@
that the initial S, population, accelerates the ring-opening, since

the corresponding trajectories acquire more kinetic energy from
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Fig. C.1 Same as Fig. |4} but for starting the dynamics from an initial
S, excitation, |¥(0)) = |y1; R(0)). All TSH results have been obtained for
respective ensembles of 1000 trajectories, see the main text.
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The data supporting this article have been included as part of
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of the inactive-potential momentum propagation for the FM de-
coherence correction in presence of a laser field; (ii) additional
figures and analysis for the ring-opening and ring-closing dynam-
ics in the 1,2-dithiane molecule; (iii) the optimized ground-state
geometries and harmonic frequencies used to build the Wigner
distribution for all molecules. See DOI: XXXXXXXX.
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