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ABSTRACT

Few-cycle ultrashort IR pulses allow excitation of coherently coupled electronic states toward steering nuclear motions in molecules. We
include in the Hamiltonian the excitation process using an IR pulse of a definite phase between its envelope and carrier wave and pro-
vide a quantum mechanical description of both multiphoton excitation and ionization. We report on the interplay between these two
processes in shaping the ensuing coupled electronic-nuclear dynamics in both the neutral excited electronic states and the cationic states
of the diatomic molecule LiH. The dynamics is described by solving numerically the time-dependent Schrodinger equation at nuclear
grid points using the partitioning technique with a subspace of ten coupled bound states and a subspace of discretized continuous states
for the photoionization continua. We show that the coherent dynamics in the neutral subspace is strongly affected by the amplitude
exchanges with the ionization continua during the pulse, as well as by the onset of nuclear motion. The coupling to the cation and the
resulting ionization do not preclude the control of the motion in the neutral through control of the carrier-envelope phase. Our method-
ology provides visualization in space and in time not only of the entangled vibronic wave packet in the neutral states but also of the
wave packet of the outgoing photoelectron. Thereby, we can spatially and temporally follow the dynamics of the outgoing and bound
electrons during the pulse and the nuclear motion in the bound subspace while moving through nonadiabatic coupling regions after the
pulse.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5116250

I. INTRODUCTION molecules.' ” They provide a versatile tool for investigating the
correlation between electronic and early time nuclear dynamics both
Few-cycle IR pulses are becoming available for exciting, ion- in the neutral and in the cation. Such ultrafast pulses may also enable
izing, and probing the photoinduced subsequent dynamics in the steering of nuclear motion in molecules toward a nonstatistical
J. Chem. Phys. 151, 134310 (2019); doi: 10.1063/1.5116250 151, 134310-1

Published under license by AIP Publishing


https://scitation.org/journal/jcp
https://doi.org/10.1063/1.5116250
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5116250
https://crossmark.crossref.org/dialog/?doi=10.1063/1.5116250&domain=pdf&date_stamp=2019-October-7
https://doi.org/10.1063/1.5116250
https://orcid.org/0000-0003-3746-6544
https://orcid.org/0000-0001-7434-5245
mailto:fremacle@uliege.be
https://doi.org/10.1063/1.5116250

The Journal

of Chemical Physics

outcome” that is typically not possible for nanosecond or even
picosecond multiphoton excitation” of either vibrational”” or elec-
tronic®” states.

Ultrafast electronic dynamics and charge migration have been
experimentally evidenced using attosecond or few femtosecond
pulses in various pump-probe setups' based on XUV attosecond and
few femtosecond NIR pulses,m 1 two XUV attosecond pulses,l "and
high-harmonic generation,””'* or more recently using attosecond
transient absorption spectroscopy of core electrons.'” *' In addition,
few-cycle carrier envelope phase controlled pulses’” " and deep
UV attopulses™ have been used to steer the outcome of chemical
reactions.

Understanding the molecular response to such short pulses
requires a quantum dynamical description of the correlated elec-
tronic and nuclear motions. When higher excited electronic states
are accessed, this remains a challenge for quantum chemistry.
We investigate the coherent electron-nuclear dynamics induced by
few-cycle IR pulses at the quantum level all the way up to ioniza-
tion. To integrate the time-dependent nuclear Schrodinger equation
(TDSE), we used the partitioning technique’®*’ for the neutral and
the cationic states coupled by their interaction with the electric field
of the pulse. In addition, the nonadiabatic coupling (NAC) between
the electronic states of the neutral driven by the nuclear motion is
fully taken into account during and after the pulse. We show that
such a level of description is necessary to capture in space and in
time the phase correlations that shape the vibronic wave packets in
the neutral and cationic spaces.

The molecular system studied is the four electron diatomic
molecule LiH. LiH is a heteronuclear diatomic molecule with a
dense manifold of low-lying excited electronic states of different
polarities in the UV range that fragment into chemically differ-
ent species. Its electronic structure and in particular the Coulomb
ionic character Li"H™ of its ground electronic state has been exten-
sively studied since the early days of quantum chemistry.”** More
recently, high level multiconfiguration electronic structure com-
putations have been carried out.”” " The different polarity of
the excited electronic states arises from the transfer of the ionic
character to higher electronic states as the internuclear distances
increases, which leads to a rich charge migration dynamics when
a superposition of electronic states of different polarities is built
by short femtosecond pulses. The LiH molecule is therefore an
ideal prototype for investigating charge migration and dissociation
control at the fully quantum level using short few femtosecond
pulses.

Dynamical simulations of the photoexcitation of the LiH
molecule using ultrashort pulses have been investigated previously
by others””*” and in our group. We investigated the purely elec-
tronic quantum dynamical response to short femtosecond pulses
in the neutral” ** or including the coupling to the photoioniza-
tion continuum in pump probe schemes.” " Coupled dynam-
ics of electrons and nuclei in the photoexcited neutral was simu-

59

lated using a nuclear grid.”>”’ >* The method that we describe in
this paper takes the next step by simulating the coupled dynam-
ics of electrons and nuclei, including photoionization and photoex-
citation, thereby getting a better description of the field-induced
dynamics including the amplitude exchange between the neutral
and the continuum states when the molecule interacts with strong
IR pulses.
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Up to now, taking into account the role of nuclear motion in
describing the photoionization process has been mostly limited to
simulations relying on the sudden ionization approximation at a
given (frozen) geometry of the nuclei.”” *’ The full quantum dynam-
ics of molecular photoionization coupled with nuclear motion have
been investigated in the case of single and two-electron diatomic
molecules. The dynamics of the H," molecular ion has been com-
puted by solving the full 3-body TDSE.”" *" The dynamics of the
photoionization of two- and multi-electron diatomic molecules have
been computed in the single active electron (SAE) approximation for
H,”>% and alkaline molecules.’””’ Complete reviews can be found
in Refs. 1 and 71-73. Our method allows describing the dynamics of
the dipole interaction of a multi-electron molecule with an intense
IR pulse, including the photoexcitation to several excited electronic
states, their coupling to the ionization continuum in the single active
electron approximation and the nonadiabatic interactions driven by
the nuclear motion during and after the pulse. Furthermore, we
propose an approach for computing the photoionization matrix ele-
ments at each nuclear geometry efficiently, which could otherwise
represent a rate limiting step when several electronic states are cou-
pled to the ionization continua. This approach can be extended to
more than one nuclear degree of freedom.

In our numerical implementation, the multiphoton excitation
and ionization processes induced by moderately strong few fem-
tosecond pulses (with a peak intensity of about 10> W/cm?) are
treated nonperturbatively. The partitioning technique is used to
describe the two orthogonal subspaces and the neutral and the ion-
ized subspaces,””"*”* where we extend the methodology to two kinds
of grids: The nuclear wave functions of the neutral and cationic
states of LiH are represented on a 1 dimensional (1D) nuclear grid,
and a 3D electronic grid is used to describe the wave function
of the photoelectron. A summary of our computational scheme is
given in Fig. 1 and in the Appendixes. Our methodology allows
visualizing the spatial and temporal localization of the photoelec-
tron and of the electronic densities and coherences during the
pulse.

Solving the TDSE simultaneously on a 1D nuclear and a 3D
electronic grid for coupled electronic states of the neutral and the
cation becomes rapidly computationally very heavy because the pho-
toionization matrix elements need to be computed at each nuclear
geometry for a dense enough 3 dimensional representation of the
electronic coordinate of the quasicontinuum, which substantially
increases the dimensionality of the simulation. Therefore, several
approximations are required to be able to account for the dynam-
ics in the coupled neutral and cationic subspaces. Photoionization is
described assuming a single active electron (SAE) so that the total
wave function of the ionized subspace is an antisymmetrized prod-
uct of the electronic wave function of the cation and the orthogonal-
ized plane waves.”””*”” Within this approximation, the photoion-
ization matrix elements reduce to computing the dipole between a
Dyson orbital and the wave function of the photoelectron. Using
orthogonalized plane waves as the basis set for the photoelectron
allowed us to develop an efficient numerical approach for com-
puting the dipole photoionization matrix elements in the recipro-
cal space, exploiting analytical properties of Fourier transform; * "'
see Appendix B. Numerical efficiency is critical here because
these matrix elements need to be computed at each nuclear grid
point.
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FIG. 1. (a) Schematic description of the photoexcitation and photoionization pro-
cesses induced by a short few-cycle IR pulse and the subsequent coupled elec-
tronic nuclear dynamics in the neutral and cationic states of the LiH molecule.
The processes are represented by colored arrows. (b) Schematic representation
of the Hamiltonian matrix used to compute the quantum dynamics in the bound
and photoionized subspaces using the partitioning technique. There are Npey = 10
bound electronic states per grid point and Ng = 256 grid points in the neutral sub-
space, while the ionized subspace includes (256 grid points) and a discretized
ionization continuum (with Ny = 28 672 photoelectron momenta) per grid point,
which represents a total of 7 340 032 states. The symbols written inside the matrix
represent the terms of the Hamiltonian that lead to the processes represented in
panel (a). K is the nuclear kinetic energy; —u; k - E(t) represents the dipole inter-
action with the electric field; represents the nonadiabatic coupling between the
neutral electronic states; % is the photoelectron kinetic energy; and —u;;,k x E(f)
is the photoionization coupling element. The color code used for the Hamiltonian
terms in the matrix is the same as the one used for the different processes in

panel (a).

The SAE approximation has been compared with correlated
methods for describing photoelectron spectra resulting in either
above threshold ionization” ™ or strong field ionization.””** In
our treatment of photoionization, the static electron correlation

ARTICLE scitation.org/journalljcp

between the electrons of the neutral and the cation is included via
the Dyson orbitals computed from multideterminantal electronic
wave functions which can comprise multiple excitation configura-
tions of the neutral and the cation.”””®””***" Since both the ground
state and excited state of the neutral and of the cation are multide-
terminantal wave functions, all the electronic states of the neutral
can have a photoionization matrix element with the states of the
cation.

For the moderate field strengths investigated here, the value of
the Keldysh parameter,gl'k)‘) y = \/IP/ZU,,, where U, = E*/4wy is
the ponderomotive energy of the laser pulse and I,, is the ioniza-
tion potential of the ground state of the system (in atomic unit), is
larger than 1. In this regime, the photoionization process is nona-
diabatic with respect to the lowering and raising of the ionization
potential due to the interaction of the electric field and the photoion-
ization matrix elements depend on the laser frequency. We there-
fore neglect the tunneling ionization process through the lowered
Coulomb barrier in the computations reported below. This process
becomes important for values of the Keldysh parameter <1, when
the leaving electron follows adiabatically the oscillations of the elec-
tric field and the photoionization matrix elements no longer depend
on the laser frequency.”

Coulomb interactions between the departing photoelectron
and cation lead to a breakdown of the SAE. They become impor-
tant when the photoelectron is localized close to the cation core.
They play a significant role for values of the Keldysh parameter
<1 and can induce coupling between the open ionization channels
built on different states of the cation.”””*” Coulomb interac-
tions are also responsible for autoionizing resonances embedded
in the continua above the ionization potential and the Auger pro-
cesses.” ™ In static computations of photoionization cross sec-
tions, Coulomb interactions are included at various levels of the-
ory using several kinds of basis sets for the wave functions of the
cation and of the photoelectron.”'”’ Earlier approaches based on
variational scattering theory'’' and algebraic diagrammatic con-
struction (ADC)'"*'" were developed for weak laser intensities
and long picosecond and nanosecond pulses or synchrotron radi-
ation. Recent approaches are based on describing the photoelec-
tron by Coulomb waves basis sets,” B-spline,'”* B-spline combined
with Gaussian orbitals,'”” B-spline combined with ADC,'”* """ and
the R matrix theory.'”™''" For dynamical studies at frozen nuclei,
mixed B spline-Gaussian basis set,'”’ discrete variable represen-
tation,''” and finite element representation of the radial coordi-
nates''” have been used. When a representation of the photoelec-
tron wave function is not needed, one can use very diffuse sets
of atomic orbitals to describe the electronic structure of the neu-
tral and absorbing potentials to compute the rate of photoioniza-
tion.""*"'"” One can also describe strong field ionization classically or
semiclassically.''*'"*'*

In the electronic structure computations, a large basis set of AO
augmented with Rydberg orbitals is used which allows the descrip-
tion of electron correlation effects for the electronic states of the
neutral, including high Rydberg states, and of the cation and at the
level of the Dyson orbitals for the photoionization process. In the
single active electron approximation used in the simulations below,
the Coulomb interactions between the cation and the leaving photo-
electron are not explicitly taken into account. The first excited state
of the LiH cation is 12 eV above the ground state of the cation. Since
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the carrier frequency of the pulse is in the IR and the peak intensity
is 10" W/cm?, a single cation state can be accessed and the inter-
channel coupling induced by Coulomb interactions is not expected
to play a major role. The interaction between the photoelectron and
the electric field is included by rotating the plane waves to Volkov
states which makes the Hamiltonian diagonal in the continuous sub-
space.”’ Channel mixing due to the dipole interaction is thereby fully
accounted for.

The paper is organized as follows. Section II provides details on
the potential energy curves, dipoles, and nonadiabatic couplings of
LiH, computed using a complete active space (CAS) average descrip-
tion. In Sec. III, we summarize the partitioning approach used to
integrate the time-dependent Schrodinger equation with many more
details given in Appendix A. The derivation of the expression of
the dipole photoionization matrix elements is given in Appendix B.
In Sec. IV, we show that the carrier envelope phases (CEPs) of a
few-cycle intense IR pulse can be used to initiate different nonequi-
librium electronic and vibrational dynamics in the neutral, lead-
ing to different asymptotic yields. We also show that photoion-
ization acts as a filter to ionize preferentially certain photoexcited
states, thereby providing an extra knob on the control. Because the
dynamics is coherent, the phase of the pulse is imprinted in the
photoelectron wave function as well as on the wave function in
the bound states even when photoionization and nonadiabatic cou-
pling during the pulse are allowed in the computation. In particular,
we show that the value of the CEP governs the phase of the elec-
tronic coherences which strongly affects the amplitude exchanges
when the vibronic wave packet reaches regions of nonadiabatic
coupling. Guiding the dynamics through nonadiabatic interactions
remains a challenging goal.'”"'** We report on snapshots of the
electronic density as the vibronic wave packet and coherence go
through the NAC region, thereby contributing to a better under-
standing of the role of the nonequilibrium electronic density in their
control.

Il. ELECTRONIC STRUCTURE AND POTENTIAL,
DIPOLES, AND NONADIABATIC COUPLING CURVES

The potential energy, permanent and transition dipoles, and
nonadiabatic couplings (NACs) are computed as a function of the
interatomic distance, R, at the state averaged CAS-SCF (4, 20) level
with the 6-311++G(3df, 3dp) Gaussian basis set augmented by 2
S, 3 P, and 3 D Rydberg orbitals centered on the H atom (with
{ = 0.01095, 0.0027375, 0.046875, 0.1172, 0.00293, 0.033 333,
0.011111, and 0.037 00) for a band of 10 )’ states, 4 doubly degener-
ate [] states, 1 A state for the neutral, and 4 5 states for the cation.
As can be seen from Fig. 2(a), the potential energy curves possess an
attractive Coulomb-like character, that is transferred from the GS
to the higher excited electronic states as the internuclear distance
increases. This feature of the potential energy curves is due to the
nature of the electronic wave function that includes a Li" H™ electron
transfer configuration.”*”” Including Rydberg orbitals is essential for
describing correctly the shift of the charge transfer character by NAC
from the GS to high )" states as the internuclear distance increases, as
can be seen from Fig. 2(b). The quantum chemistry software MOL-
PRO'” has been used throughout. The subprogram MULTT is used
for averaged CAS SCF."”"'” The ground state of the cation and its
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FIG. 2. (a) Potential energy curves computed at the state average CAS-SCF (4,
20) level with the 6-311++G(3df, 3dp) Gaussian basis set augmented by S and
P Rydberg orbitals. The - state curves are plotted in full lines, those of the [T
states in dashes, and that of cation state in thick dashes. The dotted line cor-
responds to the Coulombic interaction proportional to —1/R. The energies of the
electronic states, the values ionization potential at the equilibrium geometry, and
the asymptotic electronic states of the fragments are given in Table |. (b) NAC
curves, 7;(R) in ag~" (ay is the Bohr radius) for selected pairs, jj, of 3" states as a
function of the interatomic distance, R. The dotted vertical line is the position of Req
= 1.61 A. The Franck-Condon (FC) region mainly extends from 1.4 to 1.9 A. Only
the NAC between Y5 and Y_,, 734, is important in the FC region. 73 becomes
important at the exit of the FC region. (c) Permanent dipole moments, y;i(R) in
e. ap (where e is the electron charge) for selected ) states in the FC region.
(d) Transition dipole moments, ;(R) for selected pairs, ij, of 3 states in the FC
region. The molecular frame orientation is shown as an inset between panels (c)
and (d).

first excited were computed at the same CAS level. The first excited
state of the cation is 12 eV above the GS of the cation and there-
fore is not expected to play a role in the simulations described in
Sec. IV.

The nonadiabatic coupling (NAC) matrix elements [Fig. 2(b)],
7;j(R), between the adiabatic electronic states are computed using
the DDR program' """ of MOLPRO."” The signs of the perma-
nent [Fig. 2(c)] and transition dipole [Fig. 2(d)] moments and of
the NAC were corrected by maximizing the overlap between the
electronic wave functions between adjacent grid points along R.
The electronic structure was computed for 512 grid points from
which curves were interpolated for integrating the time dependent
Schrodinger equation (TDSE). The molecular frame orientation is
shown as an inset in Fig. 2 where the molecular axis is along the z
axis with the Li atom in the +z direction. We report only on NAC
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and dipole coupling curves between the )’ states because in all the
simulations below, we use optical pulses polarized along the LiH
molecular axis, which by the selection rules, can only photoexcite
neutral ) states. The [] states could be accessed through the inter-
action between the bound states and the continuum, which are not
subject to symmetry selection rules. However, for the field strength
and the short pulses investigated below, the amplitudes in the []
states due to the photoinduced interactions with the continuum are
negligible.

The NAC between Y ; and Y, and to a lesser extent that
between Y, and 5 are already large in the FC region and of oppo-
site sign. There are also two regions of strong interaction between
these two pairs of states at larger R values, between 8 and 14 A.
The permanent dipoles of the four lowest states [Fig. 2(c)] are of
alternating polarity and large in the FC region: Y; being Li’"H®~
as the Y;, which is opposite to the polarity Li’"H’~ of the GS
and Y, and },. Partial charge analysis of the low lying electronic
states of LiH based on valence bond electronic structure computa-
tions can be found in Refs. 134-136. A natural bond orbital (NBO)
computation of the partial charges of the Li and H atoms at the
CAM-B3LYP/6-311++G(3df,3pd) density functional theory level for
the ground electronic state gives —0.817 |e| on H and +0.817 |e|
on the Li and —0.846 |e| sur H and +0.846 |e| sur Li at the HF
level. Consequently, the GS has a large enough equilibrium per-
manent dipole [+2.24 a.u., see Fig. 2(c)] for LiH to be spatially
oriented experimentally.””*” The signs of the transition dipoles
between the lowest excited states reflect the polarity of the states
they connect. The transition dipoles are also large in the FC region,
see Fig. 2(d), which leads to a rich transient dynamics during the
pulse.

I1l. QUANTUM DYNAMICS IN THE NEUTRAL
AND CATIONIC STATES USING THE PARTITIONING
TECHNIQUE

The nuclear TDSE is solved numerically using the partitioning
technique for the 10 ) states below the IP, including the NAC and
dipole coupling for photoexcitation within the neutral Y. manifold
and also photoionization from these states to the ground state of the
cation. A complete description of the methodology can be found in
Appendixes A and B. The basis set for integrating the TSDE on a
finite grid""*'"" is defined as follows.””'** Nuclear wave functions
are orthogonal door functions centered on grid points, 0(R,). The
electronic wave functions of the neutral are adiabatic N electron
wave functions, W (r; Rg), where i is the index of the electronic
state and r stands for the 3N electronic coordinates. The total wave
function of the neutral are products, ¥/ (r; Rg)6(Rg). The wave
function of the ionized states is taken as an antisymmetrized prod-
uct of an N — 1 electron wave function of the cation, ¥ (r; Ry ),
where r stands here for the 3(N — 1) electronic coordinates, and the
wave function of the ionized electron, ¢i(r;) indexed by I, with
momentum k. We discretize the continuum using a basis of orthog-
onalized plane waves, ¢i“(r;), Eq. (B3). This basis set allows for
efficient computation of the photoionization matrix elements, as is
described in the Appendixes. The plane waves are orthogonalized to
all the molecular orbitals (MOs) included in the CAS active space of
the neutral'”"’ so that we can define two orthogonal subspaces the
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and the ionization subspace P =

<\Pcat (l‘ Rg)G(Rg)¢lelec
active electron. Using these two subspaces, the partitioning of the
nuclear TDSE [see Appendix A, Egs. (A1)-(A3)] leads to two sets of
coupled equations,
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“a L M@ O 3 e (1)
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t > (1)
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with the total wave function projected on two subspaces,
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(R )= D i (1)]0(R))| W™ (x:Ry))
ig
Nmtka>Ng . . el
cai ca elec
+ 2 c(DIB(Ry)) “P (15 Rg ) hic (1‘1))> 2
Jgk

where iy (t) is the amplitude of the bound electronic state at grid

point g and c”"“t(t) is the amplitude of an electronic state j of the
cation at grld pomt g with a momentum k of the photoelectron. In
Egs. (1) and (2), Nyeus is the number of electronic states of the neu-
tral, N, is the number of electronic states of the cation, Ny is the
number of plane waves, and Ny is the number of grid points along
R. In the simulations below, Ny = 10, Neor = 1, N = 28 672 and
N, = 256. The number of nuclear grid points, Ny, and k values for
discretizing the plane waves, Ny, for each grid point in R has been
checked for convergence. For each R value, 56 values of momentum
|k| (ranging linearly from 0.0001 to 1.5 a.u.) and 512 angular distri-
butions for each value of momentum (6 and ¢ values are randomly
sampled within a single quadrant of the unit sphere, and the distri-
bution are symmetrized around the origin to ensure the symmetry
of the photoionization coupling elements) are included. In total, we
have 7 342 592 basis set functions. See also Fig. 1 above.

The nuclear kinetic energy is computed using the finite differ-
ence approximation [See Eq. (A6) in Appendix A] which allows us
to maintain realistic numerical precision at a reasonable computer
cost.”'* Detailed expressions of the Hamiltonian matrix elements
in Eq. (1) are given in Appendixes A and B, and its structure is
schematically shown in Fig. 1(b).

From the electronic structure computation at each R value, one
can compute isocontours of the electronic densities and of the tran-
sition densities between them. Such a plot is shown in Fig. 3 for
the NAC region between ), and Y5 just outside of the FC region.
Because these two states are also coupled to >, see Fig. 2(b), the
picture is more complex than a simple two electronic state inter-
action, but, nevertheless, one can clearly see the charge transfer
switching between the two states occurring between the two sides
of the avoided crossing. At 2.2 A, the two states still have a parent-
age with their character at Re; : ), has a Li®tH%~ character, while
¥, has the opposite one, Li® H’*. At 2.8 A, where the NAC is max-
imum, the two states have a mixed character. At the exit of the NAC
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FIG. 3. Isocontours of the electronic densities of the stationary adiabatic states >,
and Y5, py -5 2( R) and ps 35 3(r; R) and of the transition density between
them, ps~,_s~3(r; R) shown at three values of R along the potential energy curves
of 3, (blue) and Y5 (green) in the NAC region just out of the FC region. The
states densities [isocontour value 0.0004 (ag)~] are shown in yellow on each side
of the potential curves. The transition densities are shown between the curves
[isocontour 0.0001 (ag) =%, positive part in yellow and negative part in blue]. Note
the switching of polarity between Y-, and Y"; going through the avoided crossing.

region, at 3.3 A, a charge transfer between the two adiabatic states
has occurred: the density of >, has an excess of charge on the Li,
as that of )5 before the crossing and }_; has more density on the H
atom.

The diagonal and transition densities are key ingredients that
define the nonequilibrium electronic density in the neutral built by
the pulse p(r, ; R,) and its time evolution as the nuclear dynamics
unfolds. Of special interest is the coherence between two electronic
states in going through a NAC region. The charge transfer character
of the electronic coherence is governed by the transition densities.
The time-dependence of p(r, £; Ry ) is governed by cfg*' (¢) computed
by integration of the TDSE. The expression of the nonequilibrium
electronic density is given in Eq. (A13). We focus in Sec. IV on the
coherence between )", and > ; shown in Fig. 3.

IV. COUPLED ELECTRONIC-NUCLEAR DYNAMICS
UPON PHOTOEXCITATION AND PHOTOIONIZATION

In this section, we examine interplay between nuclear motion
and the photoexcitation and photoionization dynamics during the
pulse. We follow the evolution of the vibronic wave packet built
by the pulse during the subsequent dynamics that involves nona-
diabatic coupling. These couplings can both change the phase rela-
tion between the components of the vibronic wave packet and the
asymptotic population in each adiabatic electronic state.

The GS of the aligned LiH molecule is excited by two CEP
controlled few-cycle IR pulses linearly polarized along the molec-
ular axis, z; see the inset in Fig. 2. The pulses have a carrier wave-
length of 720 nm (w = 0.063 a.u. = 1.17 eV), a FWHM of 3.5 fs (o
= 62 a.u.), and a peak intensity of 1.14 10" W/em? (f, = 0.017 a.u.)
[see Eq. (A5) in Appendix A]. The time profile of the electric field
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has one major maximum and two secondary extrema of opposite
sign in its envelope; see Fig. 4 for the electric field profiles. As in
previous works,”**>*® we use CEP values differing by n to steer
the motion of the electronic density and the subsequent vibronic
dynamics. For a CEP value of 0 in Eq. (A5) in Appendix A, at its
maximal strength, the electric field points in the +z direction, toward
the Li nucleus, while for the CEP value of m, the electrical field at
its maximum points in the —z direction toward the H nucleus; see
Fig. 4.

Due to its short duration, the pulse has a large bandwidth
of 1.03 eV. Because of this large bandwidth, the pulse coherently
excites a superposition of a large number of vibrational states in
all the excited electronic states that are accessed. The potential
energy curves shown in Fig. 2(a) are very anharmonic. The har-
monic vibrational period of the GS is 26 fs. The one of the X;
state is 90 fs. The higher excited electronic states are even more
anharmonic and shallow and exhibit secondary minima. The X,
state [see Fig. 2(a)] can be accessed from the ground state by a
two photon transition. The continuum can be reached sequentially
through the photoexcitation of higher states (£,-X) that have large
transition dipole moments with ¥; (and also between themselves)
and large photoionization cross sections. The Keldysh parame-
ter of the ground and five lowest excited states is above 1, sug-
gesting that multiphoton photoionization should be the dominant
process.

Since the dynamics is coherent in the coupled bound and con-
tinuous subspaces, the CEP control is maintained in the presence
of significant photoionization, photoexcitation, and nuclear motion
during the pulse. In particular, as shown in Fig. 4, the two CEP
values allow achieving different superpositions of bound electronic
states at the end of the pulses, thereby building different nonequi-
librium electronic and vibrational densities that evolve to differ-
ent asymptotic yields; see Table I for the electronic states of the
fragments.

As can be seen from Fig. 4, photoexcitation occurs through-
out the duration of the pulse, while significant photoionization only
begins to take place when the electric field reaches its major maxi-
mum. Overall, the two CEP values lead to about 20%-25% of ion-
ization and this yield is slightly higher for moving nuclei. By the end
of the pulse, the yields in the bound excited electronic states are of
a few percent. One can see that the populations in the excited sates
computed with and without nuclear motion differ significantly. The
role of the nuclear motion during the pulse is twofold. The spatial
extension of the nuclear wave function of the GS combined with
the variation of the potentials and permanent and transition dipoles
over the Franck Condon region leads to a different photoexcitation
and photoionization dynamics. In addition, in the second half of
the pulse, the field free states are coupled by both the dipole cou-
pling and the NAC, which leads to complex pattern of the transient
amplitude transfer. The strong NAC between field free > 5 and ),
states and the onset of the NAC between Y5 and >, at the exit of
the FC region [see Fig. 2(b)] lead to a significant reorganization of
the amplitudes and populations in the bound states toward the end
of the pulse.

During the first half of the pulse, the CEP value controls the
extent of photoexcitation of the low ). states and the population
dynamics computed for moving and frozen nuclei are similar. The
>, and Y ; states have a negative polarity (negative permanent
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dipole moment) in the FC region and are primarily accessed when
the electric field is negative, while the GS, >,, and Y, have a pos-
itive one, see Fig. 2(c), and are primarily accessed when the field is
positive. This polarity control leads to a significant excitation of ),
during the first negative extremum before the positive maximum of
the electric field for CEP = 0, both for moving and frozen nuclei,
as shown in Figs. 4(a) and 4(b). In contrast, }_; is only populated
when the field reaches its negative maximum for CEP = m, as shown
in Figs. 4(c) and 4(d). As a consequence, for the CEP = 0 dynamics,
the extensive photoionization of ), that takes place at the positive
maximum of the electric field prevents the photoexcitation of the

TABLE I. Vertical excitation energies of the electronic states from the GS and ioniza-
tion potentials at the equilibrium geometry of LiH, and asymptotic electronic states of
the fragments.

State Energy (eV) 1P (eV) Fragments

GS 0.000 7.331 Li (2S) + H (18)
Y, 3.122 4209 Li (2P) + H (1S)
> 5.336 1.995 Li(3S) + H(1S)
Y, 5.702 1.629 Li 3P) + H (15)
¥, 5915 1.416 Li+ (18) + H-(1S)
s 6.344 0.987 Li+ (18) + H- (2P)
e 6.504 0.827 Li (3D) + H (1S)
> 6.688 0.643 Li (3D) + H(1S)
Xs 6.833 0.498 Li+ (1S) + H- (2S)
o 6.998 0.333 Li (4S) + H (1S)
GS Cat. 7.331

Frozen nuclei

Frozen nuclei
CEP=n

Time (fs)
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0.02

FIG. 4. Populations in the 9 excited
states (left y scale, see the inset for the
color code) and in the cation during the
pulse computed including nuclei motion
(left) and for nuclei frozen at Req (right)
for the two values of the CEP of the pulse
as indicated. The electric field profile
is plotted in black dashes (right scale).
The population remaining in the GS is
not shown. (a): Full coupled electronic-
nuclear dynamics computed for CEP = 0.
(b) Electronic dynamics computed for
frozen nuclei at the equilibrium distance
for CEP = 0. (c) Full coupled electronic-
nuclear dynamics computed for CEP = .
(d) Electronic dynamics computed at Req
for CEP = Tt.

higher } states in the second half of the pulse which are all below 3%,
Y2 2.3, and Y, being populated by similar amounts. On the other
hand, for the CEP = m dynamics, the yield in }°, reaches about 8.3%
at the end of the pulse and is larger than the population in Y, (4.3%)
and of Y4 (2.2%), while all the other excited states have populations
below 1%. The populations of these states are strongly affected by the
NAC induced by nuclear motion at the exit of the Franck-Condon
region. Therefore, the two CEP values lead to significantly different
yields in the low excited states ), >3, and }_, at the end of the pulse
(at 15 fs for CEP =0: Y3, = 0.7%, >3 = 2.0%, and Y, = 2.3% and for
CEP=n}, =8%, ) ; =0.4%, and ), = 0.4%).

As can be seen from Fig. 5, the populations in the }°,, Y5, and
>, states are also extensively reorganized by the NACs at later times.
For CEP = 0, },, 5 strongly interact in the range 20-40 fs where
they undergo several amplitude exchanges. In the range 80-120 fs,
the interaction is smaller and the populations in Y}, and }_; oscil-
late but do not cross; see Fig. 5(a). For a CEP = m, there is only one
strong interaction between ), and Y5 taking place around 30 fs, as
shown in Fig. 5(b), accompanied by 3 oscillations in the populations
without crossing. Note also that there is no significant population
in Y, after the pulse for CEP = 7, in contrast to CEP = 0 and
that the yields in >, and > g are similar for both CEP values and
essentially unaffected by nonadiabatic coupling after the pulse. The
different asymptotes of the excited states of LiH correspond to dif-
ferent excited states of the Li atom (see Table I) and can be measured.
In the case of the CEP = 0 dynamics, we get that ; (3.4%) is about
equal to X4 (3.2%) and larger than X3 (1.1%) and %, (0.6%). The rel-
ative yields are essentially reversed for the CEP = n dynamics [,
(8%) > (4%) >3 and 24 (06%)]

The two time ranges of population oscillations between °,, "5,
and ¥, correspond to the NAC occurring in the regions 2-4 A and
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FIG. 5. Long time coherent dynamics of the excited state populations. (a) CEP = 0
and (b) CEP =, same color code as in Fig. 4. Note how the NAC affects differently
the populations in the excited bound states for the two CEP values.

8-14 A in Fig. 2(b); see also Fig. 3 that shows isocontours of the elec-
tronic diagonal and transition densities in the 2-4 A NAC region
for ¥, and }_;. Because the two values of the CEP lead to a differ-
ent localization and spreading of the wave packets on the different
electronic states at the end of the pulse, these are affected differently
when they reach the NAC regions. This effect can be seen from the
maps of the ¥, — 35 coherence plotted as a function of the inter-
atomic distance (x axis) and of time (y axis) in Fig. 6 where the two
NAC regions are marked by a green square. The mean value of the
position of the wave packet on Y, is shown as a plain green line,
while that on Y5 is shown in dashes. Vertical arrows connect the
same time and same R values on the two maps. One can see that at
the end of the pulse (first vertical arrow), the Y, — 35 coherence
for the CEP = 0 pulse has an opposite phase compared that of the
CEP = 7 one. In the NAC regions, the wave packet exhibits differ-
ent branches depending on its spreading in R (and correspondingly
in momentum, not shown) which is different for the two CEP val-
ues. These branches subsequently acquire different phases. After the
first NAC region, the }°, — >3 coherence exhibits two branches for
both CEP values. For the top branch (second vertical arrow), the two
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FIG. 6. Heatmaps of the 3, - 35 coherence, computed as
2Re[c”Z 2’g(t)cz 3,g(t)], induced upon excitation by the pulse with CEP = 0 (a)
and with CEP = nt (b). The color scale is shown on the right of the figure. The
average position of the nuclear wave packet on >, is drawn in green continuous
line and that of Y" in dashes in each panel. The green squares represent the
regions in space and time where the NAC interactions are the most important; see
also Fig. 2(b). The vertical lines point to the same values of R and time for the two
dynamics.

coherences are now in phase, while for the bottom one (third vertical
arrow), they remain out of phase. After the second NAC region, the
branching pattern is more complex for the CEP = n dynamics than
for the CEP = 0 one. The two main branches within each coherence
are out of phase, the lowest branch of the coherence remains out of
phase for the CEP = 0 and the CEP = t dynamics, and the most upper
branch remains in phase.

One also sees that while the mean R values on °, and Y5 are
similar at short times, they reach larger values for the dynamics with
the CEP = 0 than the CEP = 1. Because of the similar localization
of the wave packet at the early stage (20-40 fs) of both dynamics,
the first NAC region plays an important role for both [see Figs. 5(a)
and 5(b) for the population exchange]. In the 80-120 fs region, the
effect of the NAC is small for the two CEP values and smaller for
the CEP = n dynamics than for the CEP = 0 one. The reason is that
the wave packets on the two potential curves are less localized in the
second NAC region than in the first one and less for the CEP = &t
dynamics than for the CEP = 0 one, which leads to very small pop-
ulation exchange as shown in Fig. 5. Another reason contributing to
the small effect of the second NAC interaction in the case of the CEP
= 1 dynamics is that the population in }; is considerably smaller
than in )}, in the CEP = n dynamics, while the two populations
are more commensurate for the CEP = 0 one. These results show
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that the CEP value affects the population and the phase at the end
of the pulse, but also the ensuing nonadiabatic dynamics because it
determines the initial conditions for the motion of the nuclear wave
packets on each potential.

We next illustrate in Fig. 7 how the nonequilibrium electronic
density, p(r,t;R;) [Eq. (A13)], evolves when the ), — Y5 coher-
ence passes through the first NAC region for the CEP = 0 dynamics
[lowest green square, Fig. 6(a)]. To understand the evolution of the
nonequilibrium densities, the static picture shown in Fig. 3 needs to
be convoluted with the fact that the time-dependent electronic den-
sities are a superposition of electronic states with amplitudes that
are determined by the solutions of the TDSE [Eq. (1)]. In Fig. 7, we
show isocontours of the electronic density computed at four values
of (indicated by yellow dots) along the mean R values of wavepackets
traveling on and the curves. The isocontours of the electronic den-
sity are plotted on a heatmap of the coherence corresponding to a
zoom in the first green square of Fig. 6(a). Four states >3;,>,, >3,
and Y, contribute to the electronic density [see Fig. 5(b)], but
only >, and Y ; contribute to the coherent beating shown in the
heatmap so that a two electronic state picture provides a good semi-
quantitative description. Such a two-state description has been used
before to provide understanding on the control of charge migra-
tion in neutrals and cations and its control with the pulse param-
eters,” > H LI (ging the simple picture of a coherent

R(A)

FIG. 7. Isocontours of the nonequilibrium electronic density, p(r, ; Ry ), shown in
yellow, computed at four (R, t) values (marked by yellow dots). The isocontours
are plotted over the heatmap of the 3>, — 5 coherence shown in the first green
square of Fig. 6(a) (CEP = 0). The plot is across the first NAC region; see also
Fig. 3. At each point R and time ¢, the electronic density is the superposition of the
10 electronic states determined by their amplitude cig(t) [see Egs. (1) and (A13) in
Appendix A, note that the GS does not contribute in this R region, see Fig. 2(a)].
Each computed electronic density is normalized to the probability for the total wave
function [Eq. (2)] to be localized at the corresponding grid point Ry and time t in
the neutral states. Going from left to right, the coordinates (Ry, f) of the four points
in A and fs are (2.1, 17), (2.66, 26), (3.15, 31), and (3.71, 35). The average
positions of the wave packets on }°, and 35 are marked in green lines and in
green dashes, respectively. The isocontour value is 4 x 10~* (ag)~3. The color
code of the heatmap is the same as in Fig. 6.
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superposition of only >, and Y ;, at a given time and R value, the
electronic density takes the form of a sum of two terms, a population
term and an interference term [see Eq. (3) below]. The population
term is the sum of the electronic densities at this R value weighted
by the populations at this time and R value. The interference term
depends on the electronic transition density matrix, ps,_s (1;R),
which is weighted by time-dependent amplitude of the coherence

between Y, and Y5, that we can write 2|c§2(t)Hch3(t)‘cos A¢(t)
with Ag (1) = [¢3 (1) - 65 (1)]

p(rRe) = |67 (1) s (1. Rg) + [ ()] s (1, Ry)
+2|cg* ()| (1)|cos Ap(t)ps,—s, (1, Rg).  (3)

When A¢(t) is 0 or 2nm, the interference term is added to the pop-
ulation term, while when A¢(t) is (2n + 1)m, it is subtracted. Note
that because of the NAC, the electronic state and transition densities
change character when going through the avoided crossing region,
as shown in Fig. 3. Starting from the left in Fig. 7, at the first yel-
low (R, t) point, the populations in Y, and ) ; are 0.5% and 2%,
respectively. The coherence term is negative, meaning that the inter-
ference term was subtracted to the stationary part in Eq. (3). The
interference term adds density on the top of the Li and between H
and Li. At the next point, the coherence is positive (red color) and
the position is that at which the NAC is maximum (R, = 2.66 A). The
populations in the two states are about equal (0.8% and 0.6%, respec-
tively). The electronic density is essentially an average between the
two stationary densities of the adiabatic states shown in Fig. 3. At
the third point, the populations in Y, and ) 5 are about equal (1%)
and the interference term needs to be subtracted, which leads to an
excess of density at the H atom and a contour closer to that of ),
after the crossing. At the fourth point, the population in ), is 0.5%
and smaller than in }"; (1%). The interference term which is positive
contributes to reinforce the ), character, meaning that the polarity
of the electronic density has been inverted as the coherence went
through the NAC region.

The CEP control achieved in the presence of photoionization
and NAC is imprinted in the oscillations of the dipole moment in
the neutral bound states [Eq. (A10) of Appendix A] plotted in Fig. 8.
The oscillations of the dipole moment reflect the coherent charge
migration and the localization of the electronic density on the Li
and the H nuclei’ and could be probed experimentally by time
resolved photoelectron angular distributions'**"**'*"**"">* or tran-
sient absorption.”””" In Fig. 8, the fast oscillation of one femtosecond
corresponds to the period of the GS - ;. One clearly sees from the
inset that this coherence oscillates with a phase difference of n for
the two CEP dynamics during the first 60 fs. This fast oscillation is
dumped as the }°, wave packet travels on the shallow >, potential
and stops to overlap with the wave packet on the tight GS potential
[see Fig. 2(a)]. The vibrational period on }; is 90 fs, which leads to
a revival of the GS — Y, coherence at 90 fs and 180 fs. At these two
revivals, the oscillations of the GS — Y, coherences are in phase. For
the CEP = 0 case, one can also clearly see in the inset the beatings
of the 3 coherences (3, — >3, 23 — X4 and Y, — ¥°,) which take
place on a 5-8 fs time scale and a faster oscillation of 2 fs that corre-
sponds to the £, — X, coherence. Such beatings are not present for
the CEP = dynamics at longer times because the populations in Y5
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FIG. 8. Computed time-dependent dipole moment of the excited neutral molecule
as a function of time, see Eq. (A10), for the two CEP dynamics as indicated. The
inset shows the short time behavior.

and Y, are much lower than that in ) ,. For the CEP = n dynam-
ics, after 50 fs, the dipole value is dominated by the contributions
of the GS and of 7, which have positive permanent dipoles, which
leads to comparatively higher values than for the CEP = 0 dynamics.
All the X states have very shallow wells and are not purely repulsive,
see Fig. 2(a), which leads to very long lived vibronic coherences that
persist as long as the wave packets on two different electronic states
overlap, as shown in the case of the £, — X3 above. This case is dif-
ferent from the situation of a superposition between a bound and
a purely repulsive state for which the overlap is fading as the wave
packet is moving on the repulsive state, or for the coherent excitation
of two purely repulsive states. Such a situation has been reported is
for H,* and T»" in Ref. 156. For LiH, such a case will occur when the
polarization of the pulse allows accessing both X and IT states.” The
vibrational periods that reflect the motion of the vibrational wave
packet on each electronic state can be probed by transient absorption
spectroscopy.‘;“‘3 '

We compare in Fig. 9 the dipole moment of the neutral dur-
ing the pulse to that of the velocity dipole of the photoelectron
[Eq. (A12) of Appendix A]. In Fig. 9, the dipole of the photoelec-
tron is computed in the velocity gauge and the dipole of the neutral
molecule in the length gauge [Eq. (A10)]. It has been shown that for
complete basis sets, the velocity gauge dipole and the length gauge
dipole are equivalent.””” '’ The velocity dipole is used because it
can be computed analytically [see Eq. (A12)], which leads to a more
accurate value than a numerical integration as is required for the
length dipole. For the moderate peak power of the pulse used in the
simulation (10" W/cm?), the value of the dipole at the end of the
pulse is close to zero. In this case, it was shown that the dipoles com-
puted in the two gauges lead to similar spectra.””” '*’ In agreement
with the short time inset in Fig. 8, Fig. 9 shows that in the first half
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FIG. 9. Time-dependent dipole moment of the neutral bound states y(f) [Eq. (A10)
red, left y axis scale] and of the photoelectron for a dynamics including nuclei
motion [Mz({), Eq. (A12), blue, right y axis scale] and for a dynamics computed for
nuclei frozen at Req [Mz(t)(Reg), green, right y axis scale], computed for CEP = 0
[panel (a)] and CEP = 7t [panel (b)]. The profile of the electric field of the pulse is
shown in dashes (right y axis scale). The dipole moments units are e.ap, and those
of the electric field are e.ap 2.

of the pulse, when photoexcitation dominates, the dipole moment in
the neutral follows the electric field essentially adiabatically (with a
phase difference in the response of about 1/2 as expected) and that
the momentum of the photoelectron is essentially 0. At the maxi-
mum of the pulse, extensive photoionization takes place, which leads
to a rise in the population of the cation [see Figs. 4(a) and 4(c)].
Note first that the dipole moment of the neutral and that of the
photoelectron are in phase and that the dipole moment of the pho-
toelectron computed at frozen nuclei is systematically smaller than
that of the photoelectron because the ionization yield is smaller in
that case [see Figs. 4(a) and 4(c)]. After the maximum of the pulse,
the dipole moment of the neutral decreases, because of the rise of
the cation yield, and is less adiabatic with respect to the field because
of the onset of coherent beatings between the electronic states of the
neutral analyzed above. On the other hand, the dipole of the pho-
toelectron remains essentially adiabatic with respect to the field but
exhibits small subhalf cycle oscillations. Because of the CEP differ-
ence between the two dynamics, ionization occurs from different
sides of the molecule. For CEP = 0, there is a high yield of photoex-
citation to Y, that ionizes before the maximum of the pulse. At the
maximum, the population is transiently high in ", which like the GS
has an excess of electrons at the H side (see Fig. 10) which leads to
a maximum of the dipoles of both the neutral and the photoelectron
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in the +z direction. Note that the dipole in the bound states then
starts to oscillate nonadiabatically with respect to the field because
other } states are transiently populated. For the CEP = n dynamics,
the excess of electronic density (see Fig. 10) at the maximum of the
field is on the Li side (in agreement with the fact that there is a high
population in },), and the maximum of the dipole moments occurs
in the —z direction. At the end of the pulse, the dipole moment
of the photoelectron including nuclei motion for the CEP = 0
dynamics is negative, while it is slightly positive for the CEP = &t
dynamics.

The corresponding localization of the photoelectron [Eq. (A11)]
and of the electronic density of the neutral [Eq. (A13)] during the
pulse is shown in Fig. 10, panels (a) and (c) for the photoelectron
and (b) and (d) for the electronic density, for the two values of the
CEP. To highlight the variations in the localization of the electronic
density, Figs. 10(b) and 10(d) show the difference between the total
electronic density at time ¢ and the electronic density of the GS. CEP
= 0 is shown in the top row and CEP = nt in the bottom one. When
the field is negative, the electronic density is localized on the Li and
when the field is positive, on the H. This can be seen from the isocon-
tours of the electronic density at time t = 9.4 fs, for which electrons
still follow the pulse essentially adiabatically. For CEP = 0 [panel (b)],
the electric field is negative and there is an excess of electronic (yel-
low color) density on the Li and a defect on the H nucleus compared
to the GS of the neutral in agreement with the large population in
1 [Fig. 4(c)]. For CEP = mt [panel (d)], the field is positive and there
is a defect of density compared to the neutral (blue color) on the Li
and an excess on the H nucleus (corresponding to higher popula-
tion in )_,). The localization of the photoelectron exhibits the same
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FIG. 10. Localization of the photoelec-
tron (left) and of the nonstationary bound
electronic density of the neutral (right)
during the pulse. The top row is com-
puted for a CEP of the pulse = 0 and
the bottom row CEP = n. The scale
for the probability density in panels (a)
and (b) is given by the color bar [units:
(a0)~"]. Panels (c) and (d) show isocon-
tours of the difference between the non-
stationary electronic density of the neu-
tral and the density of the neutral GS
at the times indicated. Yellow means an

excess of electronic density compared
( to the neutral and blue a defect com-

-

pared to the neutral. The value of the

L= 11.56

isocontour is 0.0001 (ag)~3. The profiles
of the electric field are shown in green.
The dashed vertical lines in all panels
indicate the time value at which the iso-
contours [panels (c) and (d)] have been
computed.

trend even though there has not been yet a significant photoioniza-
tion. At time t = 9.4 fs, there is more density localized close to the Li
for CEP = 0 [panel (a)] than for CEP = 7 [panel (c)].

The time t = 10.3 fs falls just after the maximum of the field.
For CEP = 0, at the maximum of the electric field, a large fraction
of the population photoexcited to )", has been ionized and ), is
transiently populated [see Fig. 4(a)]. ¥, has the same polarity than
the GS with an excess of electronic density on the H atom. The iso-
contour of the difference with the GS shown in panel (c) reflects
the excited configurations present in },. Since for CEP = 0, the
maximum of field is in the +z direction which corresponds to an
ionization from the H side, there is a higher localization of the pho-
toelectron at the H side just after the maximum [panel (a)]. For CEP
= 7, the field is negative at its maximum and the ionization occurs
primarily from the Li side, in agreement with a larger localization
of the photoelectron probability density at the Li [panel (c)] and an
excess of electron for the electronic density on the Li side [panel (d)].
The localization of the photoelectron on the H side for a positive
extremum of the field is also very clear at t = 11.5 fs for CEP = 0
[panel (a)], while there is much less probability density at the H
atom at the same time for CEP = mt since the field has now a nega-
tive extremum. Overall, in the second half of the pulse, there is more
density probability on the H side for the CEP = 0 dynamics than for
the CEP = 1t one, and one clearly sees the photoelectron leaving the
cation core, in agreement with the slightly positive and negative val-
ues of the dipole of the photoelectron shown in Fig. 9. One can also
discern in Figs. 10(a) and 10(c) subhalf cycle features in the localiza-
tion of the photoelectron; see, in particular, Fig. 10(a). These features
translate in very small amplitude subhalf cycle oscillations in Fig. 9.
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They reflect the partial return of the photoelectron to Li or H side.
Similar subcycle electron localization during a strong field process
have been reported in the case of H,".'! Note that the isocontour
of the bound density difference in the neutral at 11.5 fs in panel (d)
looks similar to that at 10.3 fs in panel (c) and also reflects the high
population in the Y, state; see Fig. 4(c).

V. CONCLUDING REMARKS

We reported on the coupled electronic-nuclear dynamics in
the neutral and cation of the LiH molecule driven by few-cycle IR
pulses of controlled CEP. Our methodology is fully quantum and
includes photoexcitation, photoionization, and the NAC driven by
nuclear motion during and after the pulse. To get an efficient time
propagation, we developed a method of computation of photoion-
ization coupling elements at every grid point in R based on the prop-
erties of the Fourier transforms of atomic orbitals. Our approach
relies on the single active electron approximation which makes it
tractable for including nuclear motion. The SAE neglects dynami-
cal electron-electron correlation between the departing electron and
the electrons remaining on the cation. This approximation could
affect the value of the relative populations in the ionization con-
tinuum and in the excited electronic states at the end of the pulse
but does not affect our main conclusion. Even in the presence of
photoexcitation, photoionization, and NAC during the pulse, the
value of the CEP provides a control on the dynamics in the neu-
tral. The nonequilibrium vibronic wave packets built at the end
of the CEP = 0 and CEP = 7 pulses in the neutral have differ-
ent populations on the excited ) states and electronic coherences
of opposite phases. They reach the NAC regions at larger internu-
clear distances with different spatial and momentum distributions,
which leads to different amplitude transfers and eventually different
asymptotic fragment yields. Therefore, such pump-probe schemes
could be used to steer the charge migration of ionized molecules as
well as to control the relative product yields. Our methodology to
solve the TDSE is based on the partitioning technique and provides
a wave function for both the states of the neutral and the states of
the cation, for the 1D nuclear degree of freedom as well as for the
3D electronic wave function of the photoelectron. This allowed us
to shed light on the correlations in space and in time of the entan-
gled nuclear and electronic degrees of freedom during the pulse and
also after the pulse when the wave packets passed through NAC
regions.
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APPENDIX A: EXPRESSIONS OF THE NUCLEAR TDSE
AND OF THE HAMILTONIAN MATRIX ELEMENTS USED
IN THE PARTITIONING TECHNIQUE

The set of coupled equation for the amplitudes of the electronic
states at each grid point given in Eq. (1) can be derived from the
TDSE for the total wave function |®(R, r, 1)),

HdOR L)

I = H|®(R,1,1)), (A1)

where R is the nuclear coordinate and r stands for the electronic
coordinates.

Using the projection operators defined in Sec. 111 and using the
closure relation P + Q = 1, we can partition the TDSE into its neutral
and cation components,r

ihiQ|cD(R, r,t)) = QH(Q+P)[®(Rr,1)),
ilt (A2)
ih - PIO(R,r, 1)) = PH(Q + P)|D(R.. 1)).

As explained in the main text, the total wave function ®(R, r, f) is
expanded in a basis of product of electronic states for the cation and
on a grid for the nuclear coordinates,

NoeutsNg
(DR 1)) = 3 (O™ (15R) ) 0(Re))
ig
NeatsNiNg )
+ Z C;;k(t)

gk

I ER)A™(W))BR)). (A9

Projecting the first and the second equation in (A2) on each product
basis function leads to Egs. (1) and (2) of the main text.

In Eq. (1) of the main text, the matrix elements in the bound
subspace, Hig g (1), take into account the dipole coupling leading to
photoexcitation and the NAC,

2

h
Higirgr (1) = =y

2 (7) g 0+ Ve (Re) B~ E()

hZ
(i (Rg) ) Oger — Z Tig,i’g(V)ggn (A4)

where p is the reduced mass of LiH. The electric field of the pulse,
E(t), is defined from the time-derivative of the vector potential to
ensure that the time integral of the electric field is zero,”

E(t) = —dATgt) =¢fy exp[_(tz;zto)]
x (cos(w(t —to) +¢) - sin(@(t - tZ))a: ¢)(t=t) ), (A5)

where w is the carrier frequency, f is the field strength, o is the pulse
duration (FWMH = 2.350), ¢ is the polarization vector, and ¢ is the
carrier envelope phase (CEP), i.e., the phase between the electric field
of the pulse and the Gaussian envelope.

In the nuclear kinetic energy term and in the nonadiabatic cou-
pling term, the first and second derivatives were computed using the
finite difference approximation to the fourth order,
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Rgi2) = 8f (Rg+1) + 8f(Rg—1) — f(Rg—2 4
f|R f(g ) f(gz(;R{(g ) —f(Rg )+O[(dR)],
0 Rein 16f (Rg41 30f(R 16f (Ro—1 R, 4
aRf2|Rg_ ~f (Rg+2) + 16f (Rg41) lz(fd(R;)+ f (Rg-1) = f(Rg- ) [(dR) ]’ (A6)

which allows us to keep numerical precision at a reasonable com-
puter cost.’

The Hamiltonian of the cation is written as separable between
one electron that ionizes and the remaining cation, neglecting the
electronic correlation between the N — 1 electrons of the cation and
the active electron /,

H-= Tnucl + Hcetlzetc - l (t) 1. (A7)
As discussed in the Introduction, this approximation is warranted in
the case when the departing electron is far from the cation core and
the field strength and the carrier frequency of the pulse are such that
photoionization dominates over strong field and tunnel ionization,
which is the case for the simulations reported in this work. The elec-
tronic states |‘Pf”t(r, Rg)> are adiabatic states of F*°, which leads for
the matrix elements, Hjg o1 (£), in the ionization subspace to

h2
Hjgijrgne (1) = = 2u (v? )jigs'g Oji O + Vi (Re) Ojgrgr S
[hk + eA(t)]?

—E(t) - pjjr (Rg ) Ogg Oacr + v

Ouac Ojg g
(A8)

where the orthogonalized plane waves have been rotated so as to
dlagonahze the dipole coupling in the Hamiltonian of the photo-
electron.””*””* Note that both the permanent and the transition elec-
tronic dipole coupling elements are included in Egs. (A4) and (A8).
The permanent dipole terms for the neutral and the cation result in
the AC shift of the IP with the oscillations of the electric field, some-
times called the AC or the dynamical Stark shift. Since the TDSE
is solved numerically, the effect is included to all orders. The first
excited state of the cation is 12 eV above the GS of the cation and
cannot be reached by multiphoton IR ionization. Since there is only
one state of the cation included in the basis set, we do not explicitly
write the NAC between electronic states for the P subspace.

For orthogonalized planes waves,”*"" the off diagonal matrix
elements, Hig ;' (t), leading to photoionization are given by

e Yoee  (a9)

Higjec(t) = E(t) (% ;R

where |¢5 (rl;Rg)) is the Dyson orbital between the electronic state
of the neutral i and the state of the cation j. Since these matrix
elements need to be computed at each grid point Rg, we devel-
oped an original method, based on the analytical evaluation of the
Fourier transform of the Dyson orbitals. As the Dyson orbitals can
be expressed as linear combination of atomic orbitals, their dipole
moment with a basis of orthogonalized plane waves can be com-
puted readily in Fourier space. All the details of the numerical
implementation of this approach are given Appendix B.

Using Eqgs. (1) and (A3
the neutral is given by

), the time-dependent dipole moment of

u(t) = (A10)

N, Ng
=2 > cig()cirg ()i (Rg).
iil’ g

The probability density of the photoelectron along the molecular
axis is defined as
2

Weiee (2 )" = 3 dxdy| 3 p(IK|)dIkldQe0 (1) i ™ (x,3,2)

Xy [k,

(All)

where p(|k|) = k* is the density of states. The velocity dipole of the
photoelectron is only nonzero along the molecular axis for a pulse
linearly polarized along z and an oriented molecule,

M(t) = ~lel(p=(t)) = —\elh‘gj Pk kAo o ()] ke (A12)

The time- and geometry-dependent electronic densities p(r; Ry, t)
shown in Figs. 6 and 9 are computed as the total electronic densities
at a given grid R, and instant t. The densities are defined for the
superposition of adiabatic electronic states at this (Ry, t) point,

Nelec
p(t,:Rg) = > crg(t)erg(t)py (5 Ry), (A13)
Lj
where the diagonal terms, pir(r; Ry), are the one electron density
matrix elements of the adiabatic electronic states of the neutral and
the off diagonal terms, pry(r; Ry), are the transition density matrix
elements between the adiabatic electronic states I and J. Isocontours
of pi(r; Ry) and pyy(r; Rg) across the first NAC are shown in Fig. 3
for the states X, and X;.

The diagonal and transition density matrix elements are
obtained from the electronic structure computation, fully account-
ing for the multideterminantal nature of the electronic wave func-
tions.

APPENDIX B: COMPUTATION OF THE
PHOTOIONIZATION MATRIX ELEMENTS

Using plane waves as a basis set for photoelectron brings the
photoionization matrix elements [Eq. (A9)] to Fourier transform
(FT) which allows for numerically efficient numerical implementa-
tions of their computations. This is crucial because they need to be
computed for each position of the nuclei. In this section, we detail
the main steps of our implementation. The photoionization matrix
elements need to be computed for each value of the nuclear coor-
dinate, R,. In the equations below, we do not write explicitly this
dependence and r stands for the coordinate of the photoelectron.
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In Eq. (A9), the integral is the transition dipole between a
Dyson orbital and an orthogonalized plane wave,

yij,k:fd3rgb5(r)rgbﬁelec(r). (B1)

The Dyson orbital, gb? (r), is the overlap between the N electron
many determinantal wave function of the neutral and the N — 1 one

ARTICLE scitation.org/journalljcp

of the cation computed at the nuclear geometry,
¢3(r) = [ f dry . ey O (. aN) O (r2 . xy). (B2)

¢ (r) are orthogonalized by the Gram-Schmidt procedure and
normalized to the volume (L’ for a cubic box) which are given in
direct space by

Lelec 1 . M Mo 3 7 MO o
31 r) = s ep(ikor) - 3 g0 [ g mesp(-ik-v)
m=0

MO
= Liﬁ[exp(—ik- r) - (2n)*? 2¢%O(r)¢%o(k)], (B3)

where ¢ (r) is computed at each grid point Ry and ¢4° (k) is
its Fourier transform. The Gram-Schmidt procedure conserves the
norm of the wave function, provided that the size of the box, L, is
large enough.

The orthogonalization of the plane waves implies that we have
a new set of orthogonalized plane waves and Dyson orbitals at each
position of the nuclei, Ry. Using Eq. (B3), and writing the transition
dipole, Eq. (B1), in reciprocal space, we get

3/2 } MO
= ()i « E8000 [ e roeei |

(B4)

where (Z)fJ) (k) is the FT of the Dyson orbital. The Dyson orbital can
be expanded into MOs,

MO
¢ (1) = > e $m (1), (B5)
which leads to

2m\*P[ W b o L b o MO
Hijk = (T) -1 Z Cn,ijvk¢n (k) - Z Cn,z'j(pm (k)ﬂnm > (B6)

where yic are the transition dipoles of the MOs at the grid point Ry.
The next step is to use the expansion of the MOs in terms of the
atomic orbitals, AOs,

Nao
$nO(r) = Y Oyl O(). (B7)

N

Using this expansion, we arrive at an expression for the photoioniza-
tion transition moment, Eq. (B6), that depends only on LCAO and
Dyson orbital coefficients and the FT of the AOs, °(k), and the
gradient of their FT,

27 \3/2 .I\[MONAO CAO— 40
wa= () [ 20
n s
Nwmo Nao

—zz%ﬁﬂﬂmw] (59)

mpn s

Since AO basis sets are usually expressed in terms of Gaussian Type
Orbitals (GTOs), written as linear combinations of contractions'*
as follows

T — Ios

[ — ro|

XSAO(r) = Z Otps|r — r05|ls exp(ffp|r - r05|2)YZTS( ), (B9)
P

where ro, is the position vector of the nucleus to which the XSAO basis

function is attached. Y,'S"S( |::25|) are the real spherical harmonic

used in Gaussian AO basis sets.'”” a; are normalized contraction
coefficients that are tabulated for each type of Gaussian basis set.

Equation (B8) can be rewritten in terms of the FT of the GTOs,
whose analytical expressions can be derived using the spherical har-
monics expansion of plane waves. The Fourier transform of the
contractions in (B9) is equivalent to the integral,

1 —ik.r N Isyms o1 +oo s 4 . —{,r?
— e rean(- v [ (ke S (B10)
(27): ’

where k = \%I and jj(kr) are the first kind spherical Bessel functions.

This integral exists and is finite, and it can be written as a power
series converging to the radial factor; see Egs. 10.1.1, 9.1.10, 6.1.12,
and 7.4.4 of Ref. 163,

—ilk) exp(- [k’ /4¢,)
(2(17) %+ls

Y,TS(IA()exp(fik Tos).

(B11)

BOk) =Y ap (
)
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In Eq. (B11), we define a radial factor K, (|k[) = )T
2,5
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. Using this notation, the analytical expressions for the three components

of gradient with respect to the coordinate k expressed in spherical coordinates |k|, 6, ¢ take the form

() k™ exp(-IkP/48y)
1

) K
VIk\XsAO(k) = Z‘X.m(ls_ % -ik- 1‘0:)
P P

The derivative are
d

aK (exp(—ik x ros)) =

d
dlk]

. d ) ms (1 )
Vo = —l|k||r05\@(COSYkrOm)eXP(—Zk'f0s)Klsp(|k|)st (k) + exp(—ik - ros) K (|K|) 1;

. d p ms (. o s
Ve = —1|k\|r0s|%('305)’kr0m)eXP(—lk'fOs)Klsp(|k|)st (k) + exp(—ik - ros ) Kpp (k|) Zd(p

i Rt ),

exp (—ilkl[ro|cos(yie,,)) = =ilroslcos(yi,, ) exp(~ilk]|ros|cos (Y, ))>

v (k)

9 >

vy (k)

The expressions for the derivatives of the real spherical harmonics can be computed using the recurrence relations between the associated

Legendre polynomials.'*’
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