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Quantum Interference Paves the Way for Long-Lived Electronic Coherences
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The creation and dynamical fate of a coherent superposition of electronic states generated in a
polyatomic molecule by broadband ionization with extreme ultraviolet pulses is studied using the

multiconfiguration time-dependent Hartree method together with an ionization continuum model
Hamiltonian. The electronic coherence between the hole states usually lasts until the nuclear dynamics
leads to decoherence. A key goal of attosecond science is to control the electronic motion and design laser

control schemes to retain this coherence for longer timescales. Here, we investigate this possibility using
time-delayed pulses and show how this opens up the prospect of coherent control of charge migration

phenomenon.
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In the past two decades, the remarkable advance in laser
technology has opened the door for studying ultrafast
molecular dynamics with unprecedented time resolution
[1-3]. With the possibility to generate ultrashort laser pulses
in the extreme ultraviolet (XUV) to soft-x-ray regime, it has
become feasible to initiate, monitor, and control electronic
motion on the attosecond (1 as = 10~'8 s) timescale [4-8].
Depending on the bandwidth and carrier frequency of the
light source, the molecule may get ionized with the ejection
of an electron from one of its molecular orbitals, creating a
hole, which due to electron correlation must be represented
by an electronic wave packet [9]. The hole will subsequently
migrate across the molecular backbone, giving rise to the
phenomenon of charge migration [9,10]. The light-induced
ultrafast motion of charge and the resulting energy redis-
tribution lies at the heart of many chemical and biochemical
reactions [11,12]—Ieading to the concept of charge-directed
reactivity [13]—with the hole migration process being
identified as a promising tool to control reactivity [14].

Research in this direction began with the experimental
observation of positive-charge migration in isolated peptide
radical cations generated through ionization [15]. The
underlying mechanism for the unexpected selectivity in
photofragmentation of ionized peptides was not clear at that
time. This curiosity led to several experimental [11,14,16]
and theoretical [17-20] investigations suggesting that an
ultrafast charge migration is the initial step in the observed
charge-directed reactivity. Since the electronic motion
occurs on a faster timescale than the nuclear motion, early
theoretical descriptions focused on pure electron dynamics
over a static nuclear framework [21-23]. They predicted
that before the nuclear motion destroys the electronic
coherence, oscillatory motion of the electronic density
takes place, with the frequency given by the energy gap
of the participating electronic states. However, the idea of
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separability of electron and nuclear motions was ques-
tioned [3] and the decisive role of the nuclei in the
decoherence and recoherence of charge migration has been
pointed out [24-26]. Based on the molecular system, the
fast electronic decoherence is caused by a complex inter-
play of the following mechanisms [27,28]: (i) dephasing of
nuclear wave packet components, (ii) loss of overlap of
nuclear wave packets on different electronic states, and
(iii) time evolution of electronic state populations. The first
studies showed that in certain molecules and electronic
states these effects can lead to decoherence times of less
than 3 fs [25,27]. However, longer-lived electronic coher-
ences have also been predicted for polyatomics [29]. To this
end, the relative electronic phase plays a crucial role in
achieving nuclear controllability, provided the phase
memory persists at conical intersections [28]. An ultimate
goal of attochemistry is to design and implement strategies
that can modulate the coherent electron dynamics, which
we aim to address here.

In this Letter, we present a systematic quantum dynamical
study on the creation of a coherent superposition of
electronic states, i.e., an electronic wave packet, via photo-
ionization mediated by broadband XUV pulses. To this
end, we choose propiolic acid (HC,COOH)—the simplest
acetylenic carboxylic acid—which has been argued
to be suitable for an experimental study of charge migra-
tion phenomenon [29,30]. We analyze the electronic
decoherence and recoherence resulting from the coupled
electron-nuclear dynamics following the ejection of an
outer-valence electron [26-28]. We design and implement
a fairly simple but effective laser control scheme for
extending the lifetime of coherences—a topic of current
interest in quantum computing and light harvesting com-
plexes [31-33]. In particular, we demonstrate that by taking
advantage of the constructive (destructive) interferences
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FIG. 1.

The molecular orbitals of propiolic acid involved in the hole mixing are depicted on the left. Panel (a) on the right shows the

evolution of state populations (y;;) of the lowest four cationic states assuming a sudden ionization. Panel (b) shows the nuclear overlaps
(real and imaginary) between the first and third cationic states (y3) related to the electronic coherence of the system.

caused by photoexcitation with “time-delayed” pulses,
longer-lived coherences can be achieved with an enhanced
(reduced) degree of coherence. The simulations also dem-
onstrate the necessity of incorporating the laser pulse
explicitly in a simulation. Not only do they generate a more
realistic initial state, but this offers the possibility of using
different pulses to flexibly create different initial (super-
position) states and thus coherences. The resulting coupled
electron-nuclear dynamics can then be examined for modi-
fication of site-selective reactivity [14,34-36].

The outer-valance ionization spectrum of propiolic acid
[30] consists of four close lying cationic states between
11.17 and 12.07 eV, the fifth one is located at 15.1 eV.
Among these states, the first and third are a strong
admixture of two one-hole (1h) configurations, (15a)~"!
and (14a’)~!, representing the removal of an electron from
either HOMO or HOMO - 1. A spectrally broad coherent
ionizing pulse of bandwidth that spans the entire range can
create a coherent superposition of these two states, initiat-
ing a coherent hole dynamics which will oscillate between
the carbon triple bond and carbonyl oxygen (molecular
orbitals are shown in Fig. 1). Our primary interest is to
investigate and probe this charge migration to achieve long-
lived oscillatory motion.

The wave packet propagation is performed by numeri-
cally solving the time-dependent Schrodinger equation
using the multiset, multimode formalism of the multi-
configuration time-dependent Hartree (MCTDH) algorithm
[37], as implemented in the QUANTICS package [38]. The
MCTDH method uses a compact expansion of the wave
function in a time-dependent basis set, where both the
expansion coefficients and the basis functions are propa-
gated to optimally represent the evolving wave packet. The
quadratic vibronic coupling Hamiltonian developed in
Ref. [29] is employed to describe the diabatic potential
energy surfaces (PESs). This assumes a Taylor expansion
up to second order around the equilibrium geometry of the
neutral ground state remains valid; i.e., the nuclear wave
packets remain within the quadratically expanded region of
the PES during the ultrafast process. It should be noted that
as the potential surfaces and couplings have been calculated
with the algebraic diagrammatic construction method [39],

this treatment includes the full molecular electron-electron,
nuclear-nuclear, as well as the nuclear-electron correla-
tions. Further details are in the Supplemental Material [40].

A linearly polarized Gaussian pulse of peak intensity
4.8 x 103 W/cm? (peak amplitude 0.037 a.u.), full width
at half maximum (FWHM) of 3 fs, and a (mean) photon
energy of 11.8 eV is applied. In an experiment, this
intensity could lead to undesired processes such as double
ionization and multiphoton excitation. In the present
model, however, these channels are not present and the
high field strength was chosen for numerical convenience
and to clearly show the longtime coherences which are
small and can be lost in the numerical noise. Within the
diabatic electronic basis, the transition dipole will be a
slowly varying function of the nuclear geometry and thus
can be well approximated by a constant (unity). The
simulation details are provided in the Supplemental
Material [40]. The ejected photoelectron is taken into
account by including the ionization continua through a
discretization by a discrete-variable representation [41,42].
This balances the energy to allow the evolving nuclear
wave packet to access the correct vibrational eigenstates of
the ion, but does not treat the electron explicitly and
therefore ignores any entanglement between the outgoing
electron and the molecular ion. Assuming the validity of
the model Hamiltonian (small nuclear displacements), this
missing entanglement is the only approximation being
made in our calculations. This entanglement has been
observed, in particular with slow photoelectrons [46,47],
and can lead to recollisions which affect the system
dynamics. However, quantum-classical simulations of the
water cation indicate that the photoelectron-ion coupling
decoheres within 50—-100 as, much shorter than the time-
scale of our simulations [48].

The ultrafast charge dynamics in time and space can be
visualized by computing the hole density defined as the
difference between the electronic densities of the neutral
and the cation [9,49]. The time-dependent overlaps
between the nuclear wave packets evolving on different
electronic states [y;;(1) = (r;(t)|x;(¢))] provide an indica-
tion of the electronic coherence in the system [29]. The
displacements of vibrational normal modes around their
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equilibrium configuration result in damping of the electron
density oscillations indicating the loss of coherence to be a
multimodal effect. The Supplemental Material [40] sheds
light on this through incorporation of “only 5 modes”
versus “all 15 modes” of HC,COOH.

The onset of charge migration is often modeled by
assuming a “sudden” ionization, with the vertical excitation
of the nuclear wave packet from the neutral ground state to
the manifold of cationic states [29,35]. Since the first and
third cationic states are linear combinations of two 1k
configurations [30], a short-time impulsive excitation will
simultaneously populate both states, creating the initial
superposition state. Figure 1 depicts such a situation by
considering a 66.7% and 33.3% superposition of the two
states. Figure 1(a) shows the temporal evolution of the state
populations y;; of the lowest four cationic states. The
nuclear overlap between the first and third cationic states
(i.e., the off-diagonal element of the electronic density
matrix) y3 is shown in Fig. 1(b). The oscillation period of
~6.2 fs corresponds to the energy gap between the first and
third ionic states, which is 0.67 eV. The coherent oscil-
lations are found to decrease with time as they depend on
the nuclear geometry (see also Ref. [29]).

Let us now examine the charge dynamics by explicitly
including the ionization step with a laser field exciting the
neutral molecule to the ion states with our simple dis-
cretized continua model of the outgoing electron kinetic
energy to correctly describe the energetics. Figure 2 shows
the influence of an ionizing XUV pulse on the creation of a
superposition state and the charge migration initiated by it.
The population of the neutral ground state (y,) decays and
the first () and third (y33) cationic state populations rise
gradually and then stay more or less constant. The nuclear
overlap between the first and third cationic states yi3
indicates the electronic coherence of the system—rise,
decay, and revivals. The coherence is maintained up to
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FIG. 2. Upper panel: evolution of state populations of the
neutral ground state (yq,) and the first (y;;) and third (y33)
cationic states of propiolic acid in the presence of an XUV pulse.
Middle panel: nuclear overlaps (real and imaginary) between the
first and third cationic states (y3) related to the electronic
coherence of the system. Lower panel: XUV pulse of center
frequency ~105 nm, width (FWHM) of 3 fs and peaked at 5 fs.

35 fs, then recurrences are observed at around 50 and 70 fs.
The revivals indicate the role of the nuclei in conserving the
“phase memory” after the initial decoherence sets in.
Comparison with Fig. 1 portrays the differences that
result from the theoretical models: “sudden” versus “laser
induced.” In contrast to quasi-field-free sudden ionization,
in the laser-driven ionization the phase associated with the
electronic wave packet is composed of the phases of the
neutral ground state wave packet and the optical field. This
results in the variation in the magnitude of the nuclear
overlaps in the two cases. To this end, the initial phase
of the hole wave packet will depend strongly on the
orientation of the molecule with respect to the laser
polarization [50].

Having established the laser-induced coherent super-
position states and monitored their evolution or overlaps,
the next question is as to whether it is possible to
manipulate the coherent signal to extend its lifetime. To
do this, a series of calculations was performed with a train
of twin (two identical) pulses, phase locked with varying
time delays (z). Figure 3 shows the creation, evolution of
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FIG. 3. State populations, nuclear overlaps (coherence), and
electric field as in Fig. 2, except that the laser pulse now consists
of two identical pulses with a separation of 10 fs (a)—(c), 12.45 fs
(d)—(f), and 20.85 fs (g)—().
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the state populations, and the associated nuclear overlaps in
the presence of a train of pulses with three different time
delays between the pulse centers. Figures 3(a)-3(c) corre-
spond to 7 =10 fs, chosen to avoid significant pulse
overlap. The population transfer occurs in a stepwise
fashion with the first pulse playing the major role.
Although the pulse sequence is over at 20 fs, the coherence
remains until 45 fs. Interestingly, also a stronger revival is
seen which lasts for a prolonged time (from 70 to 80 fs).
Figure S2 of the Supplemental Material [40] provides a
detailed comparison of the revivals. The time-delayed pulse
therefore leads to an enhanced control over the charge
migration process.

The mechanism behind this enhancement is quantum
(amplitude) interference [51-53]. The first pulse generates
an electronic wave packet on the cationic states whose
internal phase evolves with certain phase velocities. This
wave packet then interferes (either constructively or
destructively) with another wave packet launched by the
delayed pulse to result in an enhancement or suppression of
the coherence. The shift or delay in time thereby introduces
a certain phase shift which corresponds to a linear phase
modulation, i.e., a linear spectral chirp in the spectral
regime, opening avenues for coherent control [54,55].
Thus, a simple modulation of the time delay between
the pulses imprints a relative phase between the electronic
states which results in an alteration of the coherence and
thereby potentially steering the nuclear wave packet toward
a desired rearrangement.

Figures 3(d)-3(i) elaborate on this where for time delays
of 12.45 and 20.85 fs a suppression and enhancement
(respectively) of the initial coherent signal is noted, but
with weaker recurrences. Interestingly, a time delay of
20.85 fs does not extend the initial coherence much past
50 fs, but the recurrence is now seen at much longer times,
around 90 fs. The complete sequence of time-delayed
snapshots starting from = = 10 fs with gradual increments
of 350 as provides a detailed insight (see movie in the
Supplemental Material [40]). It should be noted that the
second pulse in the train can in principle also induce a
population transfer from the cationic states populated by
the first pulse to higher lying cationic states. These
processes are likely to be weak and are not expected to
influence the degree of coherence between the first and the
third states. That is why they are excluded in the present
model. The potential importance of this effect should be,
however, further investigated.

Figure 4 illustrates the electron-hole density of
HC,COOH upon photoionization with [Fig. 4(a)] a single
XUV pulse and [Fig. 4(b)] a sequence of two XUV pulses
(r = 10 fs). The electronic wave packet formed by the
superposition starts on the carbon triple bond, but migrates
during the formation to place the hole with a strong signal
on the carboxyl end of the molecule. The hole is then seen
to oscillate between the two ends of the molecule until, with

CO OH
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FIG. 4. Evolution of the hole density upon photoionization with
a single XUV pulse centered at 5 fs (upper panel) and a sequence
of two XUV pulses centered at 5 and 15 fs, respectively
(lower panel).

the onset of the electronic decoherence, the hole gradually
settles down and gets delocalized over the molecule with its
largest fraction localized on the carbon triple bond. The
longer coherence time of the twin pulse excitation is also
seen in the longer time of the hole oscillations.

Our results complement previous studies. For example, it
has been shown previously that the initial degree of
coherence depends on the choice of laser parameters
[46]: it rises with either decreasing pulse duration (for a
fixed photon energy) or increasing mean photon energy (for
a fixed pulse duration) of the ionizing pulse. A short pulse
in the time domain is composed of a wide frequency
distribution in the spectral domain. Upon excitation it
creates a broad (narrow) wave packet in energy (time)
domain and this will stay relatively narrow during the
subsequent evolution in time, thereby accounting for a
larger coherence.

To conclude, this Letter reports the first quantum-
dynamical study with the explicit inclusion of a laser field
to create a coherent superposition of cationic states in a
polyatomic molecule. A comparison with the widely used
quasi-field-free sudden ionization approach indicates a
significant variation in the degree of coherence. The
electronic wave packet obtained via sudden ionization
carries only the amplitude and phase information of the
neutral ground state, whereas with laser-driven ionization
an additional amplitude and phase information of the
applied electric field gets imprinted in the superposition
state. Since the laser-induced state couplings dictate the
formation of the initial superposition of states and their
mixing ratio, the resulting dynamics gets further enriched.
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The initial electronic wave packet can thus be generated in
a controlled fashion which will induce electron dynamics
that can steer a desired nuclear rearrangement (provided
the electronic coherence survives till the onset of nuclear
motion [56]).

To address the possibility of retaining electronic coher-
ences for longer time periods, we invoked a simple two-
pulse laser excitation scheme. We demonstrated that the
optical and wave packet phases play a vital role in
achieving this goal and the degree of coherence can be
enhanced or suppressed based on quantum (amplitude)
interferences. With a pulse shaper capable of amplitude
and phase shaping even better control must potentially be
achievable. Thereby a longer-lived coherence can be
induced following this excitation scheme. These results
have far-reaching consequences beyond a particular
molecular system and on top of the natural dynamics of
the system. Previous analysis has shown that the (de)
coherence and revivals indicate the role of nuclei in charge
migration dynamics [26,27]. For example, in electronic
states with similar character, as in propiolic acid, the
electronic coherence survives for a longer time than states
of differing character even in the absence of a laser pulse
[27]. Previous investigations have also looked into the
possibility of steering the charge migration dynamics in a
traditional photochemistry sense by applying a “control”
pulse close to a conical intersection [57,58]. Few-cycle
pulses also offer the possibility of achieving quantum-
interference control by varying the carrier-envelope phase
—the temporal offset between the maxima of the pulse
envelope and the optical cycle [59]. With XUV pulses
composed of a large number of optical cycles within the
pulse envelope, almost no alteration in the state populations
is noted.

Our ability to control quantum coherence opens new
avenues and we believe that it will stimulate researchers to
conduct further studies on ultrafast charge migration. These
exact quantum-mechanical calculations will also serve as
benchmark for future development in this area.
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