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ABSTRACT: Electron symmetry determines many important properties of molecules, from
selection rules for photoelectron spectroscopy to symmetry selection rules for chemical
reactions. The original electron symmetry is broken if a laser pulse changes the initial state,
typically the ground state g, to a superposition of g and an excited state e with different
irreducible representations (IRREPs). Quantum dynamics simulations for two examples, the | ’
oriented benzene and LiCN molecules, show that the original electron symmetry can be
restored by means of a reoptimized 7-laser pulse which transfers the component in the excited
state e to another state ¢, or to several others with the same IRREP as the ground state. This | e ’
method lends itself to much easier experimental applications than all previous ones because it ¢ t
allows the healing of electron symmetry immediately, without any attosecond constraint on

the timing of the second pulse.

L aser pulses can break electron symmetry in oriented
molecules. The phenomenon is obvious from various
examples in the literature which document the time evolution
of the one-electron density p(t) driven by a laser pulse,
irrespective of whether the change of electron symmetry was
noted explicitly by inspection of p(t) (see the first discovery in
ref 1) or not”™'* The effect can also be rationalized by
rigorous point group analyses of the laser-driven quantum
dynamics.'® It opens new opportunities, but it also poses new
challenges. On the one hand, it paves the way to laser control
of electron symmetry.'”> On the other hand, electron symmetry
breaking is undesirable if the original symmetry has favorable
properties, e.g., for the selection rules in photoelectron
spectroscopy'® or for electronic symmetry control of chemical
reactions.'” Electron symmetry breaking then calls for prompt
symmetry restoration. The literature already has a few
suggestions for this purpose, but they all suffer from one big
obstacle, namely, the laser pulse for electron symmetry
restoration needs perfect timing, with precision of a few
attoseconds with respect to the laser pulse which breaks
electron symmetry.'>"” The experimental feasibility has been
demonstrated,'® but it is extremely demanding. This Letter
overcomes that obstacle. It presents a method for electron
symmetry restoration by means of a laser pulse which can heal
broken electron symmetry immediately, without constraint on
the timing.

The goal of our approach to electron symmetry restoration
is that it must be simple and transferable, must overcome the
constraint on attosecond synchronization, and must occur
before the onset of asymmetric nuclear motion. It was shown
that below ~10 fs time scale, effects of nuclear motions on
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electron symmetry are negligible.””*' Accordingly, our model

considers the nuclear scaffold as rigid. It remains oriented with
respect to laboratory fixed coordinates {x, y, z}, with its center
of mass at the origin, and with conservation of nuclear
symmetry G.">** Likewise, the electronic ground (g) and
excited states (e) transform according to the corresponding
irreducible representations (IRREPs) I, and T', of G; in Dirac
notation, they are written as I1I,) and Inl',), respectively,
where n denotes the energetic order.

Our scenario assumes that the molecule is initially in the
electronic ground state I1I',). Electron symmetry is broken by
a laser pulse which creates a superposition of 11I;) and an
excited state Inl',) with different IRREP I’y # T',. The original
electron symmetry G is then broken to a subgroup S of G."
The concept is to restore electron symmetry S — G by means
of a reoptimized z-laser pulse which transfers the component
in the excited state InI",) into one or more excited states In'T",)
with IRREP I'y = I',. This approach will be demonstrated by
quantum dynamics simulations for two examples, electron
symmetry restoration S = G = C,, = Dy, in oriented benzene
(after symmetry breaking G — S = Dy, — C,,) and electron
symmetry restoration C; — C,, in oriented LiCN (after
symmetry breaking C,,, = Cj).
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Figure 1. Level diagram of the lowest singlet states of the model
benzene, with assignment of the irreducible representations
(IRREPs). Nondegenerate and doubly degenerate levels are indicated
by single and double horizontal lines, respectively. The rigid nuclear
scaffold with point group symmetry G = Dy, is oriented in the xy-
plane, as shown in the inset. The sequential vertical and oblique
arrows indicate the target transitions by means of reoptimized 7/2-
and r-laser pulses, first from the ground state (here: IRREP Alg) to an
excited state with different IRREP (here: E,,), and then to another
excited state with the same IRREP as the ground state. The first pulse
breaks the symmetry from G to the subgroup S (G — S, with S = C,,)
and the second laser pulses restores (S — G) electron symmetry back
to G.

The methods are adapted from ref 15 and from the
methodological references cited therein. The laser pulses which
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break and restore electron symmetry are modeled as
homogeneous linearly x-polarized laser pulses of the form

e(t) =

e eosin’[z(t — )/ Tlsin[w(t — t, — T/2)] fort; > t>t,+ T
=ee(t)

0 otherwise
(1)
where e, is the unit vector along x, &, the field strength, f; the
initial time, T the pulse duration, @ the carrier frequency, and
e(t) the scalar field. The corresponding maximum mean
intensity at t = t; + T/2 is approximated by I, = 0.5ce,€,” (€o
and ¢ denote the permittivity of the vacuum and the velocity of
light in vacuum, respectively). The laser parameters are
specified in the figure captions, with subscripts “b” and “r”
for electron symmetry breaking and restoration, respectively.
The laser pulse which breaks electron symmetry starts at ¢ =
0. The laser pulse for electron symmetry restoration is applied
immediately after symmetry breaking, t, = T}, without any
constraints of attosecond precision for the timing. In practice,
this simplification is the key advantage compared to the
methods of refs 18 and 19.
The laser driven electron wave function is expanded in terms
of the electronic eigenfunctions

ly(t)) = Y7 cur(D)InT)

nl”

@)

The time-dependent coefficients are components of the vector
c(t) which is obtained, in semiclassical dipole approximation,
as a solution of the algebraic version of the time-dependent
Schrodinger equation (TDSE)

. d _
,hgca) = H(t)c(t) (3)

with Hamilton matrix elements
Hnl",n/l"’(t) = Enl—*énr,nrl—w - €(t)<ﬂrldx|nlr/> (4)

where 8,1, is a Kronecker delta and d, is the x-component of
the electronic dipole operator. The energies E, and
eigenfunctions [nI") are calculated by means of standard
quantum chemistry (see Computational Methods).

The solution of the TDSE (eq 3) allows monitoring of laser
driven electron symmetry breaking and restoration in two
ways: First, the phenomena are diagnosed by snapshots of the
one-electron density p(t) calculated from the wave function
(eq 2). For better recognition of the laser-induced changes in
p(t), the figures below show snapshots of the “difference
densities” p(t) — pir, Second, the populations P,(t) =
le,r(t)* of states InI") (normalized to Y., P,(t) = 1) provide
simple criteria,"> namely electron symmetry is broken at t = T,
if there are nonzero populations 0 < Py (t), P,r(t) with
different IRREPs I', # I'y. In contrast, electron symmetry is
restored at t = Ty, + T, if all populated states have the same
IRREP I, e, P,r(t)=0for I, # L,

Laser pulses can break electron symmetry in many ways."
Here, we employ a reoptimized x-polarized z/2-laser pulse
with duration T}, which transfers the initial state I1I,) into the
superposition of I1[) and target state Inl") with equal
populations, P, (Ty) = Pir(Ty) = 1/2. Likewise, electron
symmetry is restored by means of a reoptimized x-polarized 7-
laser pulse with duration T, which is designed to transfer InI",)

https://doi.org/10.1021/acs.jpclett.1c00645
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Figure 2. Electron symmetry breaking G — S from point group G to the subgroup S (here: Dy, — C,,) and restoration S — G (here: C,, = Dg,)
in the oriented model benzene, by means of two sequential reoptimized 7/2- and 7-laser pulses. The corresponding target transitions are indicated
by the sequential vertical and oblique arrows in Figure 1. Panels a, b, and ¢ show the electric field, the resulting population dynamics, and snapshots
of the original one-electron density and of the difference density driven by the laser pulses, respectively. The fields are specified in eq 1, with
parameters Ay, = 8.17 €V, g, = 3.31 X 10° V/m, I, = 1.45 X 10> W/cm?, t;, = 0 fs, and T}, = S fs for symmetry breaking; fiw, = 2.97 €V, ¢, = 1.74
x 10" V/m, I, = 401 X 10" W/ecm? t, = 5 fs, and T, = S fs for symmetry restoration.

to another excited target state In'I’,) with IRREP I',, = I',. For
reference (see the Supporting Information), in simple three-
state {I1T), InT",), In'T’;)} models these transfers are achieved
by means of 7/2- and #-pulses (eq 1) with parameters which
satisfy the relations iy, = E,r — Eyr and (1L ld,InI" Mleo, T1,/
(2h) = 7/2 for symmetry breaking as well as hw, = |E,r —
E,r | and K(nl'\dIn'T)le,T,/(2h) = m for symmetry
restoration, respectively.'>** Strictly speaking, these rules call
for laser pulses with many cycles, i.e., T > 27/w. The present
multistate models for few-cycle laser pulses require slight
reoptimizations of these parameters.ls’24

Our first example is for electron symmetry breaking Dy, —
C,, and restoration C,, — Dg, in oriented benzene, based on
the model described in refs 1, 15, 18, 19, and 25. Its nuclear
scaffold transforms according to G = Dy, symmetry, and it is
oriented in the laboratory xy-plane as illustrated in Figure 1. Its
low-lying singlet energy levels E,r are also shown, with
assignments of their IRREPs. The corresponding eigenstates
In[)) are included in the expansion (eq 2). The target
transitions induced by the laser pulses for symmetry breaking
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and restoration are also indicated by vertical and oblique
arrows. Specifically, the model benzene is initially in its
electronic ground state I111°,) = 11A,) = |11A18> (multiplicity is
dropped hereafter to simplify notation) with IRREP T, = A,,.

The initial one-electron density p(t 0) transforms
according to the totally symmetric IRREP of G = Dy, as
shown in Figure 2c. This symmetry is broken, G — S = Dg, —
C,,, by an x-polarized few-cycle reoptimized 7/2-laser pulse
with duration T, = S fs which creates the superposition of
I1A},) and excited state Inl,) = I1E,,,) transforming to a
different IRREP, I', = E,, # I', = A;. The broken symmetry is
restored, S = G = C,, = Dg, by an x-polarized few-cycle
pulse with duration T, = S fs designed to depopulate excited
state Inl,) = I1E,,) to the target state In'T,) = 12A,,) with
IRREP I, = T, = A, The field strength &,(t) and &,(t) (eq 1)
of the sequential laser pulses for symmetry breaking and
restoration are illustrated in Figure 2a (see caption for laser
parameters). The resulting population dynamics is shown in
Figure 2b; snapshots of the difference densities are in Figure
2c. Two pairs of snapshots taken near t = T, = S fs and near t =
Ty, + T, = 10 fs document periodic and quasi-periodic charge

https://doi.org/10.1021/acs.jpclett.1c00645
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Figure 3. Same as Figure 1, but for electron symmetry breaking and
restoration in the oriented LICN molecule with point group G = C,
and subgroup S = C,. The nondegenerate and doubly degenerate
levels have IRREPs X, 7, and II, respectively.

migrations with period T, g, = h/(E, — ElAlg) = 506 as
and with dominant period T, 24, = h/(Esa, — E1a,) = 378 as
at the end of the laser pulses for electron symmetry breaking
and restoration, respectively. Obviously, these snapshots
manifest laser-driven symmetry breaking Dy, — C,,,
immediately followed by successful symmetry restoration C,,
— Dg, respectively. This is confirmed by the criteria for the
population dynamics: At t = T}, = S fs, the populations P1rg( Ty)
= PIAIE(Tb) =1/2 and P,r (T},) = Pyg, (T},) = 1/2 of states with
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different IRREPs I'; = A;, #I. = E,, diagnose electron
symmetry breaking by the first laser pulse. In contrast, at t = T},
+ T, = 10 fs, electron symmetry restoration is diagnosed by
exclusive populations of states with IRREP I'y = A;; and the
absence of populations of any other states In'T",’) with different
IRREPs, P,r (T}, + T,) = 0 for 'y # A

Our second example is for electron symmetry breaking G —
S = Cy, — C; and restoration S - G = C; —» C,, in oriented
LiCN. It uses the model of ref 26. Figure 3 illustrates its
orientation along the z-axis, with G = C,, nuclear symmetry.
This symmetry is also imposed on the one-electronic density of
the initial electronic ground state I1T,) = [1X*) (cf. Figure 4c).
The electronic energy levels E, below ionization threshold are
also shown in Figure 3, with assignments of the IRREPs. The
corresponding eigenfunctions Inl") are included in the
expansion (eq 2). Figure 3 also has the vertical and oblique
arrows for the target transitions for electron symmetry
breaking and restoration, analogous to Figure 1 for oriented
benzene.

The results for LiCN are documented in Figure 4, entirely
analogous to the results for benzene. Clearly, the snapshots of
the difference density (Figure 4c) and the populations P,y+(t),
Py (t), Psy(t), and Pgye(t) (Figure 4b) of the ground state

I1X*) and the first and second excited target states
Inl",) = 12I1,) (with IRREP ', = IT # I, = X*) and In'T,) =
I6X*) (with IRREP I, = X" =T",) at times (near to) ¢t = T, = 7
fs and t = Ty, + T, = 1S fs manifest electron symmetry breaking
Cov — C, and restoration C; —» C, in oriented LiCN. The
sum of populations of all totally symmetric states (solid black
line in Figure 4b)) also demonstrate complete symmetry
restoration.

To conclude, the present method for prompt healing of
broken electron symmetry is universal. It can be applied not
only to the examples, oriented benzene and LiCN as
documented in Figures 1—4, but also to any other oriented
molecule with nuclear scaffold symmetry G in the electronic
ground state. Favorable properties of the molecules include a
semirigid molecular scaffold, such that asymmetric vibrations
are not rapidly excited, therefore interfering with symmetry
restoration. The universality is due to the fact that if electron
symmetry breaking G — S is induced by ultrafast dipole-
allowed laser transition from the initial state I1I",) to an excited
state [n[",) with different IRREPs, I, # I, then one can always
design a reoptimized ultrafast s-laser pulse for dipole-allowed
transfer of the excited state InI,) to another excited state
In'T",’), or to a set of excited states with the same IRREP as the
initial state, I, = I',. The choice of the target state In'T";) =
In'T,) should satisfy two criteria: First, the transition dipole
element (n'[ldJn'T,) should be large enough to avoid
excessively large intensity of the laser pulse for symmetry
restoration. Otherwise, it could induce competing processes
such as ionization.”” Second, the laser pulse for symmetry
restoration must not excite any competing states [n"I";) with
different IRREP I';' # I',. In other words, the spectral width of
the pulse must not cover the accessible levels of any of those
hypothetical competitors.

As a consequence, the reoptimized 7-laser pulse prepares a
superposition of eigenstates (eq 2), all with the same IRREP
I, Clearly, this “healed” superposition state has the same
IRREP T',, thus restoring the original symmetry G."” The key
advantage of this approach to electron symmetry restoration,
compared to all previous ones,"*'” is that reoptimized 7-laser

https://doi.org/10.1021/acs.jpclett.1c00645
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Figure 4. Same as Figure 2, but for the oriented model LiCN with point group G = C,, and subgroup S = C. The parameters of the laser fields are
hoy =673 eV, &, = 1.04 X 10" V/m, I;, = 1.44 X 10" W/cm? #;, = 0 fs, and T}, = 7 fs for symmetry breaking; i, = 2.25 eV, ¢, = 7.86 X 10° V/
m, I, = 820 X 10"> W/em? t, = 7 fs, and T, = 8 fs for symmetry restoration.

pulses aim at population transfer—they can be fired at any
time. In contrast, the previous methods employ laser pulses for
driving wave functions to selective target states with the
desired symmetry; this task calls for control of not only
populations but also the phases, implying synchronization with
attosecond accuracy. The present method overcomes this
obstacle by means of two well-established techniques of
coherent control:******7%% r-laser pulses and reoptimization.
This allows much easier experimental applications than all
previous approaches.'®'” The success profits from the
symmetry selection rule for the 7z-pulse’> which yields perfect
restoration of electron symmetry (see the Supporting
Information), calling for just tiny reoptimization of the laser
parameters to reach the top of the landscape of optimal
control.>"** Concepts of experimental techniques for ultrafast
monitoring electron symmetry breaking and restoration are in
refs 33—37.

As an outlook and working hypothesis, the present approach
to laser-induced electron symmetry restoration should
stimulate the development of analogous laser-induced nuclear
symmetry restoration. Of course, the frequency and time
domains will be different, but the roadmap to symmetry
restoration should be equivalent. As an example, let us consider
the present oriented model benzene. An IR laser pulse might
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generate the superposition of the vibrational ground and
excited states |la;,) and |lex71u>,38 analogous to the UV pulse
which generates the superposition of electronic states |14,,)
and |1E, ,,). Both cases imply Dy, — C,, symmetry breaking,
either for the coherent vibrations of the nuclear densities™ ™"
or for charge migration of the electronic density (cf. Figure 2).
Nuclear symmetry could be restored (C,, — Dg;,) by an IR
pulse which transfers the vibrational state |1e,),) to an excited
state Ina,,), analogous to electronic symmetry restoration by
population transfer from I1E, ,,) to the excited state InA,,). As
a byproduct, the nuclear symmetry breaking and restoration
would be accompanied by coherent electronic symmetry
breaking and restoration. This example is encouraging for
extensions of the present approach to laser-induced coherent
electronic and nuclear symmetry restoration. For the time
being we recommend, however, to keep the present limit of
about 10—15 fs for pure electron symmetry restoration.

B COMPUTATIONAL METHODS

The electronic structure of benzene is calculated using state-
averaged CASSCF(6,6) with an aug-cc-pVTZ basis* as
implemented in MOLPRO.* The energies of the 15 lowest
excited states are corrected by multireference configuration
interaction with single and double excitations. The electronic

https://doi.org/10.1021/acs.jpclett.1c00645
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structure of LiCN is calculated at the TDDFT/aug-cc-pVTZ*
level of theory using the CAM-B3LYP functional,** as
implemented in Gaussian16.* The geometries used can be
found in the Supporting Information. Electronic densities are
generated using ORBKIT,M’_48 integrated over the coordinate
perpendicular to the paper plane and plotted using
Matplotlib.*” The transition dipole matrix elements (nI'ld,]|
n'T") are computed from the wave functions using detCI@
oreiiT.**~** The TDSE (eq 3) is solved by means of the time-
dependent configuration interaction methodology in its
reduced density matrix formulation (p-TDCI).>” The system
is initialized in the ground state |1Fg), ie, c,r(t=0) = 5,,1-,11-{
Numerically converged results are obtained by including a
sufficiently large number of states in the expansion (eq 2). All
nonlinear effects during the laser excitation due to the field—
molecule interactions are treated variationally and thus are
included to all orders in the p-TDCI scheme.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c0064S.

Nuclear coordinates; reference three-state model for
electron symmetry breaking and restoration (PDF)
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