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Abstract

When exciting an ensemble of initially randomly oriented molecules, a linearly polarized few
cycle, few fs, UV or NIR pulse entangles the molecular degrees of freedom with the
orientations of the molecule during the fast excitation step. We show using fully quantum
dynamical studies of an ensemble of initially randomly oriented LiH molecules that the
entanglement is not maximal and varies significantly with the pulse parameters. For a few
cycle NIR multiphoton excitation, a dozen of dominant orientations suffice to describe the
ensemble coherent dynamics while only a few are needed for a one photon UV process. Each
principal orientation is correlated with a principal molecular vector made of a superposition
of X or II electronic states because of the cylindrical symmetry. For each principal molecular
vector, the oscillation of specific electronic coherences drives charge migration and the forces

on the nuclei.
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Driving molecular systems with short atto and few fs optical pulses' ? opens the way to excite
a superposition of those electronic states that fall within their broad energy bandwidth. The
electronic coherences steer the motion of the non-equilibrium electronic density on a purely
electronic time scale, before a significant onset of the nuclear motion.>” They induce ultrafast
charge migration between different parts of the molecule during which one could implement
charge directed reactivity.®!? Typically in molecules, bright excited electronic states of
different character, e.g., Rydberg, locally excited, are close in energy. As the nuclei begin to
move, these states can be non adiabatically coupled among themselves and to dark states, in
particular, charge transfer states, already in the Franck Condon (FC) region and its close
vicinity. Since electronic states of a different character interact with light differently, the
nature of the electronic states taking part in the non equilibrium density can be tuned by
adjusting the pulse parameters: carrier frequency, duration, polarization, peak amplitude and
the carrier-envelope phase. The ability to control the initial non equilibrium vibronic density
therefore opens the way to the design of novel schemes for controlling chemical reactivity,
based on entangling selectively the electronic and nuclear degrees of freedom at the
excitation step.!> 14

We have shown that the pulse parameters can be used to control the fragmentation of

diatomic molecules, !> 1©

as well as bond making during the photoisomerization of the
medium size norbornadiene molecule. !” However, for the polarization and the carrier-
envelope phase acting as control parameters, one needs to orient the molecules beforehand,
18-22 which cannot be easily implemented for many molecules. 232> Even when the molecules

can be oriented, there is a distribution of orientations that can prevent for an effective control,
the achievable orientation being typically limited to values of <cos 0> ~ 0.7 and <cos2 0> =

0.8.

Here we show that the entanglement between orientations and molecular degrees of freedom
is not necessarily maximal and that it can vary significantly according to the multiphoton or
one photon character of the excitation. The degree of entanglement is quantified using the
Singular Value Decomposition (SVD) approach of the ensemble density matrix into principal
orientations that we proposed recently.? The Schmidt rank?’ (the number of principal
orientations) appears to reflect the one photon or multiphoton character of the excitation
which can be controlled by varying the pulse parameters: carrier frequency, duration and
peak amplitude. For an ensemble of initially randomly oriented LiH molecules, an essentially

one photon excitation by a UV pulse leads to low Schmidt rank of four, the fourth singular



value accounting for the small amount of two photon transitions. On the other hand a NIR
multiphoton process leads to larger Schmidt rank values, that can reach a dozen or so for the
pulse parameters investigated in this study. As we discuss in detail below, each principal
orientation corresponds to a principal molecular vector that is a superposition of several
electronic states and therefore exhibits specific electronic coherences. By adjusting the pulse
parameters (carrier frequency, peak amplitude, and duration), one can control the number of
principal orientations and from which electronic states the principal molecular vectors are
combined.
We conclude that control based on electronic coherences is therefore not limited to initially
oriented molecules. We show that ensembles of randomly oriented molecules exhibit rich,
specific coherent vibronic dynamics in each principal orientation, thereby providing control
of the stereodynamics of the ensemble. We illustrate how each principal molecular vector
corresponds to specific force on the nuclei that selectively drive nuclear motions and that can
be probed by a specific emission dipole.
The time-dependent Schrodinger equation (TDSE) is integrated on a grid of N = N, X Ny
molecular basis functions made of products, |b >= |g > |e >, of N; molecular geometries
and N, adiabatic electronic states.?% 28 N, random orientations, |0 >, of the electric field of
the pulse with respect to a fixed orientation of the molecule in the laboratory frame are
discretized over the unit sphere. The N, normalized vectors, ¢, (t) , of N, dimensions,
corresponding to each orientation, are computed by solving the TDSE,
ihdc,(t)/dt = H(t)c,(t) where H is the full Hamiltonian matrix including the non-
adiabatic coupling (NAC) terms and the interaction with the exciting pulse:

H(t) = — - (V3 + 2T Vg + (VpT) + T T) + Vo — E(8) - 1. (1)
H(¢) in Eq. (1) is written for a diatomic molecule in atomic units. m is the reduced mass, T is
the matrix of the Non Adiabatic derivative Coupling (NAC) between electronic states i and j
at grid point g, 7;;(g) =< ¥;(9)|Vz|¥;(g) >.*° In the third term of the kinetic energy
operator, (VzT), the operator V is multiplied by the identity matrix, 1, on left hand side,
where R is the internuclear distance. V,,,, is the matrix of the potentials of the electronic
states. The interaction between the electric field of the polarized short pulse, E(t), and the
charge density of the molecule entangles orientations and vibronic molecular degrees of
freedom. It is included in the dipole approximation, —E(t) - . p is the matrix of the electric
dipole, = Myycr + Her- The time profile of the electrical field is given by E(t) =
—dA(t)/dt. A(t) = —e (Eo/wp)f(t) sin(wp (t — tp) + ¢)) where @ is the polarization



direction of the pulse, E| its peak amplitude, ¢ the carrier envelope phase and w, its carrier

frequency. f(t) is a Gaussian envelope of Full Width at Half Maximum (FWHM), 2v21n 2
0y, centered at t,.
The coherent wave function, |W,,s(t) >, isa N, X N, vector, made by stacking the N,,
¢, (t) vectors:

Wens (£) >=(1/y/No) Eo° £3,” €po ()]b > |0 > @
The full density matrix of the ensemble, p,,;(t), is a pure state density matrix of dimensions
Np Ny X Np N, Pens(t) = [Wens (£) >< Wens (D) 1:
Pens = Ty o Cho()hr (O)[b > Jo >< 0| < b, 3)
To perform the SVD analysis, |¥,,,(t) > is matricized into an N;, X N, rectangular matrix
B.2¢ Each of the N, columns of the matrix B is a vector ¢, (t) ( of N, components) that
corresponds to a specific orientation o, with typically N, << Nj. The principal orientations of
the ensemble are determined by SVD of the matrix B:

B=ULVI-},2,0,U,®V, =%,%,0,B, @)

The matrix B has maximum N, non zero singular values for N, << N,,. Eq. (4) is an exact
representation of B as a sum of N, principal separable components. In each principal
component v, the orientation and molecular degrees of freedom are separable. The left
singular vectors, U, are the molecular singular vectors, with components on the N}, vibronic
basis functions only and the right singular vectors, V,,, are the principal orientations vectors
and have components only on the N, sampled orientations. The singular values are real and
both the U,, and the V,, vectors have complex amplitudes on the vibronic and orientation basis
respectively.
Using the SVD of B given by Eq. (4), pens(t) can be exactly written as
Pens = T Loy’ 0(0)0u (D1t () > 1, (£) >< v, (D] <y, (1) )
The molecular, N, - N, , p™°!, and orientation, N, - N,, p°", reduced density matrices are

mixtures, given by

pmol = Tr,, [pens] = BBt (6)
And
por = Trmol[pens] =B'B (7)
with
Tr[p™*!]=Trlp®1=3,2, 02 =2, 5y » Sy = 0F (8)



Eq. (4) provides an exact description of the matrix B when all the N, nonzero singular values,
0,, are retained. The maximum Schmidt rank, that is, the number of separable terms
necessary to describe [W,,;(t) >, is N,, the number of nonzero singular values of the matrix
B. Typically, as we show in detail below, only a few principal components, Ny, ;,, are needed
to recover the traces of p,,,; and of p™°! and p°” to a specified numerical accuracy
threshold, thereby leading to an effective lower Schmidt rank of the ensemble density matrix,
and providing a significant compaction of the matrix B. Furthermore, when there is no
additional source of entanglement between the molecular and orientation degrees of freedom
after the interaction with the pulse, the left singular vectors of the matrix B, V,,, are stationary.

The dynamics of the N,,,;;, U,, molecular vectors can be computed using the TDSE with the
molecular Hamiltonian, H = — i (VE + 27 Vg + (VgT) + T T) 4 V), which leads to

major saving of computer resources in terms of memory and time.?
By construction, SVD provides a set of principal orientation vectors, the V,, vectors, that are
orthogonal to one another. To get insights, we decompose them below on a basis of spherical
harmonics, Y;,,,(0, ¢):

Vo = Zim AimYim (6, @) €))
We computed the dynamics for N, = 800 initial random molecular orientations up to a time,
tr, after the end of the pulse using the full Hamiltonian (Eq. (1)). The initial state is the
ground vibrational wave function of the ground electronic state (GS). The LiH molecule is
oriented along the Z axis of the Cartesian frame.The electronic structure parameters
(potentials, permanent and transition dipoles, and NAC vectors) are those reported in ref. 3°.
The parameters of the NIR pulse are w, = 1.54 €V, g, = 1.64 fs, FWHM= 3.63fs, ¢ =
0, corresponding to an energy bandwidth = 1.13 €V, centred at ¢, = 12.5 fs. E;=0.02 a.u. (1.4
x10"* W/cm?). The matrix B(tf) , ty = 18.6 fs, is constructed and its SVD (Eq.(4))
determines the N,,;,, principal molecular vectors, U, that are needed to compute the
ensemble dynamics after the pulse. The multiphoton processes induce a rich ensemble
transient dynamics during the pulse, particularly among the excited X states that are strongly
coupled by the NAC in and at the exit of the FC region, Figures 1a and 1c. £, is populated by
a two photon process and acts as a doorway for reaching higher ¥ and II states. X,, X5 , X,
and X5 are populated with one or two additional photons, I1; with an extra photon and II,
with an extra two photons. For the photon energy, field strength and duration of the NIR

pulse used here, [1; cannot be reached by a two-photon transition from the ground state.
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Figure 1 : Population dynamics computed for an ensemble of initially randomly oriented LiH
molecules during the pulse (a), and at longer time (c). b) The time evolution of the singular
values during the pulse. Singular values with principal orientations on X and Y of the
Cartesian frame, see figure 2 below, are degenerate, and plotted in dashed lines, the time
profile of E (¢) (right ordinate) is shown in black dashed lines. d) Squared singular values, s,,
and e) Error on the norm of the molecular density matrix as a function of the index v at the
maximum of the pulse, ¢, , and at the end of the pulse, t, on a log scale, see SI Figures S5 to

S8 for results for NIR pulses of different peak amplitude and duration.

The values of the largest 13 singular values, g,, , during the pulse are reported in Fig. 1b as a
function of time. They oscillate significantly, reflecting the transient population dynamics,
and become stationnary when the pulse is over. They decrease sharply with the v index as can
be seen from Figure 1d where their square values, s,,, are plotted at the maximum and at the

end of the pulse as a function of the v index on a log scale. The corresponding error on



Tr[p™°!], Alp,] =1 —X7_;s; , isreported in Figure le. Np,i,=13 singular components are

mol ' providing a measure

needed for reaching an numerical accuracy of 10 on the norm of p
of the effective entanglement between the orientation and molecular degrees of freedom
induced by the NIR multiphoton excitation. By contrast, only four g,, are needed to reach the
same accuracy level on the Tr[p™°!] for the essentially one photon excitation by a few cycle,
2fs FWHM, 5.17 eV UV pulse with E; = 0.01 a.u.. This pulse promotes only a few percent of
population to the excited X and [T states, see ref. 26 and SI, section S1, Figure S1 for more
details. A lower peak amplitude of the NIR pulse of Eg = 0.01 a.u. reduces the amount of
three and more photon absorption and therefore the number of principal orientations needed
to keep an accuracy of A[p,] = 10 is Np,;,=8. Using the same lower peak amplitude and
doubling the duration of the pulse (7.26 fs) requires N,;,=7. For the 7.26 fs pulse duration,
the amount of two photon transition to X, increases leading to a higher population in X, but
not to higher populations in higher excited states because the narrower bandwidth does not
allow to meet resonance conditions. These results are dicussed in the SI, section S2, Figures
S5 to S8.

The N,in=13 principal orientations correspond to the increasing orders of the multiphoton
processes that are allowed by optical selection rules for an electronic density of cylindrical
symmetry averaged over initially random orientations. The principal orientations, V,, ,
correspond to principal molecular vectors, U, , localized either in the ¥ or [I manifold, with
projections of the orbital angular momentum, A, on the molecular axis, A = 0 for Z states and
A = %1 for the I1. When decomposed on spherical harmonics with Eq. (9), a principal
orientation vector V,,, corresponding to a molecular U,, vector localized on X states has
therefore weights on Y; (8, ¢) (m =0) harmonics only while a principal orientation
corresponding to a molecular vector U,, localized on II states has weights on

Y1 +1(0, ) (m = £1). The values of / reflect the order of the multiphoton processes
contributing to each principal orientation.

We show in Figure 2 the localization of the U,, vectors on the electronic states along the
internuclear distance R and heatmaps of localization of the V,, vectors. The coefficients of the
V,, vectors on spherical harmonics, Eq. (9), are reported in Table S1. The largest singular
value, s;, corresponds to a molecular vector U; mainly localized on the GS with a small
weight on X, that can be reached by a two-photon excitation, see Figure 2a. The orientation

vector, Vi, is essentially uniform with a 0.92 weight on Y, 5 and 0.08 weight on Y, 4. There

are then four components with very similar s,, values, as can be seen from Figure 1d. U, ,



Figure 2b, is localized on ¥; with a small weight on the GS and even smaller weights on all
the excited X states that can be reached by multiphoton excitation. V, is oriented along Z with
a dominant 0.78 weight on Y,  , and smaller weights on other harmonics (0.08 on Y, 4 and on
Y40,0.050nY;4,0.03 0nY;, etc... .) The high weight on Y, , reflects that X, acts as a
bottleneck for reaching the higher excited X states. The next singular component corresponds
to a U3 molecular vector localized on excited X states above X, mainly X, ¥, and X5, that
can be reached by the absorption of an extra photon from X, Figure 2c. Accordingly, V; is
oriented along Z with the highest weights on the odd harmonics on Y; 4 (0.63), on Y3 4 (0.28)
and smaller weights on Y ¢ (0.05) and on Y, ((0.02), see Figure 2c. s, and s5 are numerically
degenerate. U, and U; are localized on the two components of the I1; and II, states that can
be reached by one or two extra photons from X;. V, and V5 are oriented along Y and X
respectively. They have high weights on the odd harmonics Y; ;4 (0.33 on each) with smaller
weights on Y, 44 (0.14 on each), Figure 2d. s¢ and s; are also degenerate, with U and

U, localized on the I1; and II, states at slightly larger R values, with a maximum on II;. Vg
and V; are oriented along Y and X with the nearly equal weights on Y, ;4 (0.21 on each),

Y; 41 (0.19 on each) and Y3 44 (0.07 on each) and Y, 44 (0.03 on each), see Figure S4. Figure
2e shows the localization of the sg component. Ug is localized on the excited X states, with
the highest weight on X,, and exhibits an overtone excitation on the GS. The highest weight
of Vg is therefore on Y3 o (0.63) with smaller weights on Y55 (0.17) and on Y, 4 (0.11). In
Figure S3 of the SI, we show the localization of the five largest principal orientation and
molecular vectors for a UV excitation with a few cycle 5.17 eV pulse. The first principal
orientation is uniform as in the case of the NIR excitation, with a U; vector fully localized on
the GS. The next three singular values correspond to one photon excitation along Z and Y and

X respectively. Only the fifth one, for which s =2 10, shows an overtone excitation of the

GS.
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Figure 2. Localization of the U,, vectors on the molecular basis and heatmaps of the square
modulus V;, vectors, computed after the end of the pulse, at t; = 18.6 fs. The V,, vectors v =1
(a), v=2 (b), v=3(c) and v = §(e), project on Y;; harmonics and the U,, vectors localize on £
states. v=4, 5 (d) correspond to degenerate principal components with U,,—, 5 localized on
the two components of the II states and V, and V5 orientated along Y and X with projections
on Y;4; harmonics. U, ; are also localized on II states and oriented along Xand Y (See
figure S4). The amplitudes of the V, are given in Table S1 of the SI. See SI, section S2,
Figures S5 to S8 for the analysis of of the results for the two weaker NIR pulses.

Figure 2 shows that each molecular vector, U,,, is a vibronic wave packet made of a
superposition of specific electronic states, either of X or [I symmetry and exhibits specific
electronic coherences. Within a principal molecular vector, U, , there are no electronic
coherence between Z and II states since the principal molecular vectors are localized either in
the X or the I1 manifold. The electronic states of the molecular principal vectors, U,,, are
coupled by NAC during and after the pulse and by the transition dipole which leads to the
population transfers seen in Figure 1d.

The ensemble vibronic wave packet exerts a force on the nuclei. The total force is defined

using the Ehrenfest theorem, 26

10



Fror = d{(Pg)/dt = —((VeVpoe)) + ([T , Vpor]) + E(t) ((Vrp)) — E(t) ([t , u])

(10)
Where the average is over [¥,,s(t) > and P, = (f/i) Vg is the momentum operator. The
total force, Eq. (10), is made of four terms. The first two terms are governed by the potentials
of the electronic states and their couplings ! The first is the mean value of the potential
energy gradients over the electronic states. The second term has no classical analogue and
depends on electronic coherences. The next two terms in Eq. (10) are proportional to the time
profile of the pulse electric field, E(¢). They are specific for excitation by a short atto or few
fs pulse sufficiently broad in energy to access several electronic states and depend on
electronic coherences. The dipole terms in the force entangle the molecular degrees of
freedom with the orientations. After the pulse is over, only the potential terms contribute to
the force and the total force is given by the weighted sum of the specific contributions of each

principal molecular vector :

Frot = 2,750 Fy (1)
Figures 3a shows the total force on the nuclei during the pulse. The dipole terms are of
opposite sign and oscillate with half the period of the NIR pulse, their net contribution is
slightly negative. The non classical NAC term exhibits fast oscillations that correspond to the
periods of the electronic coherence with the GS; they add to the positive potential term that
varies monotonically with plateaux when E (t) is close to 0. After the pulse, as the wave
packets on the excited states exit the FC region and stop to overlap, the NAC term vanishes.
The total force (Figure 3b) is dominated by the potential gradient term of the GS (largest
principal component, see Figure 1d) and oscillates with its vibrational period. The recurrence
of the wave packet on X; to the FC region at = 100 fs leads to a revival of the NAC terms of
the force. The contribution to the total force of the next three largest principal orientations
shown in Figure 2 are plotted in Figure 3 ¢, d, and e. They contribute each for = 2% to the
total force. The v =2 component mainly reflects the contribution of ¥;, which is bound and
has a maximum of localization in the range of = 4 A, see Figure 2b. It is dominated by the
potential gradient term. The NAC term is only important when the wave packet on Z; begins
to overlap with the GS at the entrance of the FC region. The v = 3 term (Figure 3d) is on the
other hand dominated by the NAC force and its oscillations reflect the electronic coherences
among higher excited £ states, which are dissociative. The contributions of the v=4 and 5
terms arise from the II states, only v =4 is shown in Figure 3e. The v = 4 term is also

dominated by the NAC term and vanishes very early since these states are repulsive. We

11



show in Figure S3b the total force corresponding to the excitation by the UV pulse. It is over
10 times smaller than the force during the NIR pulse plotted in Figure 3a, while the peak
amplitude of the pulse is only 2 times weaker. The reason is the amount of population
transferred to excited states is very small. After the UV pulse is over, the total force is fully
dominated by the potential gradient term of the GS, without revivals of the NAC term since,

for the UV pulse, there is no population in Z,, see Figures S1 and S3.
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Figure 3. Time profiles of the components of the total force and of E(¢) (top) during the pulse
(a) and after the pulse (b).c), d) and e) Time profiles of the total force and the potential terms,

Fy and F; ) after the pulse for v=2, 3 and 4.

After the pulse, the electronic coherences of each principal molecular vector reflect the
charge migration between the Li and the H atom. They can be probed by stimulated emission
of the total dipole, ty01 (t) = TT[pmor ()], which is given by the sum of the dipoles of

each of the molecular vectors U,,’s :

12



Mot (£) =TI s, Tr [ (Du]= Bp 4" sy 1 () (12)

where pI*°L(t) is the molecular density matrix of the principal orientation v. Since the
principal molecular vectors U, localize either on the X or on the II states, by optical selection
rules, the polarizations u,,(t) have only a component in the Z direction, along the molecular
axis. We show in Figure 4 the time dependence of the polarization after the NIR pulse for the
second principal component, u, (t), that is mainly localized on the GS and X;. p, (t)
oscillates with the 1.5 fs period of the GS - Z; electronic coherence responsible for the fast
charge migration between the Li and H atom. This coherence leads to photon emission either
from the Li side or for the H side, as shown by the heatmaps of the dipole emission term & -
U, (t) plotted in Figure 4a, for random orientations é of the probing pulse. In Figure 4b, we
show the emission dipole term € - u3(t). It oscillates with a longer period of = 8 to 10 fs
governed by the electronic coherences between X, , X; and X, of the U; molecular vector,
which induce a slower charge migration. Figure 4 shows that our approach can be used for
disentangling the principal directions of stimulated photo emission and characterizing the
electronic coherences of an ensemble of initially randomly oriented electronically and

vibrationally excited molecules.
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Figure 4 : Emission dipoles u,(t) and p3(t) of the s, =2 (a) and s, = 3 (b) principal

molecular vectors of the ensemble computed for a random orientation of the electric field of
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the pulse stimulating the emission. The oscillations of u,(t) emission dipole reflect the fast
beatings of charge migration induced by the GS-X; electronic coherence while those of

U5 (t) reflects the slower beating induced by the electronic coherences in the X,, X5, X%,
manifold, which are strongly coupled by NAC. The insets show heatmaps of the emission
dipole terms, é - p,(t) and é - u3(t) at the maxima and minima of the first oscillations,
showing emission in the +Z (Li atom) or -Z (H atom) direction.

The engineering of ultra short atto and fs optical pulses opened the way to controlling the
dynamics of photoexcited molecules on an ultrafast time scale. An essential quantum feature
is exploiting entanglement between electronic and nuclear degrees of freedom built at the
excitation step by the broad-in-energy short pulse. Using SVD to analyze the quantum
dynamics of an ensemble of initially randomly oriented molecules, we show that few
principal orientations suffice to describe the ensemble dynamics, both during and after the
pulse. Each principal orientation corresponds to a molecular vector describing a vibronic
wave packet delocalized on the nuclear and electronic degrees of freedom, which preserves
electronic coherences and electron-nuclear entanglement at the level of the ensemble reduced
molecular density matrix. Each molecular component relates to specific features of the
quantum force on the nuclei and to specific direction of stimulated emission, which can be
used for probing charge migration. The reduced orientation density matrix corresponds to
specific orientations which can be decomposed on a basis of spherical harmonics.

We demonstrate that the entanglement by the exciting ultrashort pulse can be selectively
engineered in an ensemble of randomly oriented molecules and thereby providing control on
the stereodynamics of the ensemble. Our work makes controlling charge migration and
chemical reactivity with atto pulses applicable molecular systems that cannot be easily

oriented.
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