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A simple approach to attosecond electronic
chirality flips using triatomic molecules

Dietrich Haase,a Jörn Manz, *a Beate Paulus,a Jonathan Scherlitzki a and
Jean Christophe Tremblay *b

Electronic chirality flips in achiral molecules is a hot topic in attosecond and femtosecond chemistry and

physics. Our quantum dynamics simulations show that this effect can be induced by a simple Franck–

Condon excitation of the A0 + A00 superposition of the electronic A0 ground state plus the first excited A00

state in the oriented bent triatomic heteronuclear molecule NSF.

I. Introduction

Chiral molecules, that is, molecules with chiral nuclear frames,
have chiral electronic densities in their stationary electronic
eigenstates, with rare exceptions.1 Accordingly, opposite R and
S enantiomers have electronic densities with opposite chiral-
ities. This is obviously the case for all their stationary electronic
eigenstates. In contrast, it came as a complete surprise that
femtosecond (fs) laser pulses can prepare superpositions of
electronic eigenstates which induce electronic chirality flips in
chiral molecules.2 Those flips occur on the time scale of a few fs,
and they can be monitored, e.g., by time-resolved photoelectron
dichroism.2,3 This discovery stimulated two extensions, namely
quantum dynamics simulations of fs-laser-induced electronic
chirality flips even in oriented achiral molecules, and even in
the time domain of a few hundred attoseconds (as), specifically in
oriented NaK4 and RbCs.5 Meanwhile, the phenomenon of
electronic chirality flips in achiral molecules has been confirmed
in another theoretical work, with application to oriented furan.6

The key to these phenomena in achiral molecules4–6 is the
fact that fs laser pulses can prepare electronic superposition
states which break electronic symmetry without breaking
nuclear symmetry.7,8 This effect may last for a few fs, when the
nuclei are practically frozen. In extreme cases, the laser pulses
can even break all electronic symmetries. Consequently, the
electronic density of the corresponding superposition states is
chiral even though the constituting electronic eigenstates and
the nuclear frame are achiral. However, breaking all electronic
symmetries is quite a challenge if the underlying nuclear frame

has many symmetry elements. For example, the nuclear frames
and the electronic eigenstates of heteronuclear diatomic mole-
cules such as NaK4 or RbCs5 have CNv symmetry with an infinite
number of symmetry elements. Amazingly, these can be broken
by a well-designed set of two circularly polarized laser pulses.4,5

By comparison with the pioneering references,4,5 this work
presents quantum dynamics simulations of a much simpler
realization of laser-induced electronic chirality flips in an achiral
molecule. For this purpose, we consider a bent triatomic hetero-
nuclear molecule, specifically oriented thiazyl fluoride (NSF), a
key substance in sulfur–nitrogen–fluorine chemistry.9 Its nuclear
frame and consequently the electronic eigenstates have Cs sym-
metry, i.e., they possess only one symmetry element, the symmetry
plane s, in addition to the omnipresent identity E. It is easy to
predict that breaking the single symmetry element s of the
electronic densities of eigenstates in NSF should be much easier
than breaking the corresponding infinite number of symmetry
elements of NaK or RbCs. Specifically, we shall show that a simple
Franck–Condon (FC) excitation from the electronic ground state
A0 to the first excited eigenstate A00 can prepare an electronic
superposition state c which does not possess any mirror plane, or
in other words: preparation of c breaks Cs symmetry. Hence, c
must be chiral, and since it is not an eigenstate, it is time-
dependent and induces electronic chirality flips.

II. Model and methods

We assume that the achiral bent NSF molecule with Cs symmetry
has been pre-oriented such that the body-fixed molecular plane
corresponds to the xy-plane of the laboratory frame, as shown in
Fig. 1. This can be achieved by means of z-polarized THz and
femtosecond laser pulses.10 Alternatively, orientation can also be
achieved experimentally using static electric fields11,12 or by
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creation of a long-lived rotational wave packet with field-free
orientational recurrences.13

Quantum chemical calculations—performed using the Molpro14

implementation of the (1,2)-SA-CASSCF/SS-CASSCF method15–17

with an aug-cc-pVTZ basis set18 on all atoms—yield the electro-
nic eigenfunctions of the ground and excited states, respectively
labeled cA0(x; Q) and cA00(x; Q). They depend on the N electronic
coordinates x = {r1, B1, r2, B2, . . ., rN, BN}, where ri is the position
of the electron and Bi is its spin, and (parametrically) on all
nuclear coordinates, Q. Varying the nuclear configuration yields
the potential energy surfaces (PESs) VA0(Q) and VA00(Q) associated
with NSF in the electronic ground and first excited states. The
corresponding irreducible representations are A0 and A00, cf. the
character table of Cs symmetry in Table 1; here the notation s is
also used for reflection at NSF’s mirror plane. As only singlet
states of NSF are considered, the effect of spin–orbit coupling is
assumed to be negligible for electronic excitations.

Accordingly, reflection s at NSF’s mirror plane yields

scA0(x; Q) = cA0(x; Q), (1)

scA00(x; Q) = �cA00(x; Q). (2)

The PESs VA0(Q) and VA00(Q) have potential minima at Qm,A0 and
Qm,A00, with associated geometries as shown in Fig. 1 and with
corresponding vibrational frequencies. For convenience, the
energy of the potential minimum of the ground state is set to zero,

VA0(Qm,A0) = 0.

The nuclear wavefunction wA0,0(Q) of the vibrational ground
state embedded in the ground electronic PES VA0(Q) represents
the lowest vibronic state of the system. In the present work, it is
computed by imaginary time propagation of a full-dimensional
nuclear wave packet on the ground electronic PES using the
Heidelberg implementation of the Multi-Configuration Time-
Dependent Hartree (MCTDH) method, as described in ref. 19.

We assume that the molecule is prepared in the
superposition state

c(x; Qm,A0) = cA0e
idA
0
cA0(x; Qm,A0) + cA00e

idA
00
cA00(x; Qm,A0) (3)

with real-valued, positive amplitudes cA0, cA00 and phases dA0, dA00,
by means of Franck–Condon (FC) excitation with the nuclei frozen
at Qm,A0 using a linearly z polarized laser. The preparation of the
superposition state determines the initial values of the relative
phase. The results discussed below are primarily obtained from
the analytical two-level model at frozen nuclear geometry. Nuclear
wavepacket calculations were used only as a complementary check
to ensure that the excited-state coherence remains close to unity
for about 1 fs, and not to extract electronic densities. Accordingly,
the densities discussed should not be interpreted as arising from a
propagated molecular wavepacket at Q = Qm,A0.

Neglecting diabatic transitions, the corresponding electro-
nic populations are

PA0 ¼ cA0
2; P

A
00 ¼ c

A
00 2: (4)

The vertical excitation energy is

DE = VA00(Qm,A0) � VA0(Qm,A0) � �ho (5)

with corresponding resonant frequency o. Subsequently, the
superposition state evolves as

c(x,t; Qm,A0) = cA0e
idA0cA0(x; Qm,A0) + cA00e

idA00cA00(x; Qm,A00)e
�iot,

(6)

or in Dirac notation,

|c(t)i = cA0e
idA0|cA0i + cA00e

idA00|cA00ie�iot. (7)

The corresponding one-electron density of the electrons at posi-
tion r is obtained as the expectation value of the density operator,
r̂ðrÞ ¼

P
k

dðrk � rÞ, over the wave packet. It evolves in time as

rðr; tÞ ¼ cðtÞ
X
k

dðrk � rÞ
�����

�����cðtÞ
* +

¼ PA0rA0 ðrÞ þ PA00rA00 ðrÞ

þ 2cA0cA00 cosðdA0 � dA00 þ otÞrA0A00 ðrÞ;

(8)

where

rA0 ðrÞ ¼ cA0

X
k

dðrk � rÞ
�����

�����cA0

* +
; (9)

rA00 ðrÞ ¼ cA00

X
k

dðrk � rÞ
�����

�����cA00

* +
; (10)

rA0A00 ðrÞ ¼ cA0

X
k

dðrk � rÞ
�����

�����cA00

* +
; (11)

These densities are computed by analytical integration of
the N-electron wave packet over all electrons and spin degrees
of freedom using ORBKIT.20,21

The expression for the time evolution of the electronic
density is an approximation that depends on electronic coher-
ence in the ground and excited states. This coherence can be
measured by the overlap

SA0, A00(t) = hwA0(Q,t)|wA00(Q,t)i (12)

Fig. 1 Geometries of NSF in the electronic ground state A0 and in the first
excited state A00, oriented in the xy-plane. Fluorine in green, sulfur in
yellow, nitrogen in blue.

Table 1 Character table for Cs symmetry

Cs E s

A0 1 1
A00 1 �1
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of the corresponding nuclear wavefunctions in the A0 and A00

states.22,23 Good overlap, |SA0,A00(t)| E 1, implies satisfactory
electronic coherence.

Evaluations of SA0A00(t) require calculations of wA0(Q,t) and
wA00(Q,t). Using the FC excitation picture, the initial nuclear
wavefunction in the excited state is

wA00(Q,0) = wA0,0(Q) (13)

Subsequently, wA00(Q,t) evolves on the PES VA00(Q) starting
from this initial condition. The nuclear quantum dynamics of
wA00(Q,t) is evaluated using the MCTDH method.19,24 For this
purpose, the potential energy surface VA00(Q) is adjusted using
the PotFit algorithm implemented in the Heidelberg package.19

More details on the dynamical simulations can be found in the
SI, section S3.

We assume that the nuclear wavefunction in the ground
state remains robust,

wA0(Q,t) = wA0,0(Q), (14)

neglecting subsequent effects of A0 - A00 ground state vibrational
coherence induced by impulsive absorption.25 Consequently, the
nuclear overlap is approximated as the autocorrelation function of
the nuclear wavefunction in the excited state,

SA0A00(t) E hwA0,0(Q)|wA00(Q,t)i = hwA00(Q,0)|wA00(Q,t)i,
(15)

In the following, we consider the scenario where the FC
transition transfers half of the population of the ground state to
the excited state,

PA0 ¼ PA00 ¼
1

2
:

The corresponding amplitudes and phases are

cA0 ¼ cA00 ¼
1ffiffiffi
2
p ; dA0 ¼ dA00 ¼ 0: (16)

The subsequent results are robust with respect to different
scenarios, e.g., less efficient population transfer or non-zero
phases. In previous work on oriented benzene, we have shown
that short laser pulses can be used to tailor the same initial
electron density, but that ensuing field-free charge migration is
critically influenced by the relative phase accumulated during
the laser excitation.26

III. Results and discussion

The quantum chemical results for the time-independent
nuclear properties of NSF in the ground (A0) and first excited
(A00) states are documented in Section S1 of the SI. Accordingly,
the potential minimum on the excited electronic state Qm,A00 is
shifted relative to that of the ground electronic state Qm,A0, as
can be seen from the geometries reported in Fig. 1. Despite
their similarities, with geometries and vibrational frequencies
that correlate well with each other, they are not strictly iden-
tical. The consequences will be discussed below.

For the present investigation, the most important property
of the superposition state c(x,t; Qm,A0) is that it is not an
eigenstate of reflection at the nuclear mirror plane,

sc(x,t; Qm,A0) a �c(x,t; Qm,A0), (17)

even though the constituting electronic eigenfunctions are
eigenstates of s (cf. eqn (1) and (2) in Section II). This means
that Franck–Condon (FC) preparation of the superposition
state c(x,t; Qm,A0) effectively breaks the Cs symmetry imposed
by the nuclear frame.

This result is also obtained directly from the character table
(Table 1), cf. ref. 8 the two constituents of c(x,t; Qm,A0) have
irreducible representations A0 and A00. The only symmetry
element common to A0 and A00 is the identity E. Hence, the
symmetry of the superposition state c(x,t; Qm,A0) is C1 instead of
Cs. Consequently, c(x,t; Qm,A0) is chiral, although the nuclei still
transform according to the Cs point group. The derivation in
ref. 8 shows that if c(x,t; Qm,A0) is chiral, then its one-electron
density r(r,t) is also chiral, except at the rare times when its
time-dependent part vanishes, i.e. when

cos(dA0 � dA00 + ot) = 0 (18)

in eqn (8).
To document the chirality of the electronic density r(r,t) of

the superposition state c(x,t; Qm,A0), we focus on its time-
dependent part, divided by the scaling factor 2cA0cA00 (equal to
1 in the present scenario). Thus, we analyze the universal term

cos(dA0 � dA00 + ot)rA0A00(r) (19)

which appears in all A0 - A00 FC transitions of NSF (with
possibly different phase shifts).

The electronic density is periodic, with period

t ¼ 2p
o
¼ h

DE
:

In the present case, DE = 3.745 eV, o = 5.689 rad fs�1, hence t =
1.104 fs. The time evolution of cos(dA0 � dA00 + ot)rA0A00 with
phase shift dA0 � dA00 = 0 is shown by the snapshots in Fig. 2 for
the first period, 0 r t r t (see panels labeled a) for an in-plane
view, and panels labeled b) for the top view).

Apparently, the electron density is always chiral except at the
special time over the first half period

t1 ¼
t
4
¼ 276 as;

when cos(ot) = cos(p/2) = 0. Furthermore, inspection of the
snapshots shows that the densities at t1 � t and t1 + t are
enantiomers. That is, the chirality of r(r,t) flips at t1. Equivalent
chirality flips occur at

t2; t3; t4; . . . ¼ 3t
4
;
5t
4
;
7t
4
; . . .

The series of snapshots in Fig. 2a and b also shows that the
amplitude of the time-dependent term cos(dA0 � dA00 + ot)rA0A00

varies periodically, but the shape of rA0A00 remains invariant.
Note that the results are obtained for a 1 : 1 superposition state
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in a two-level systems, but they would be valid for different
excitation scenarios, e.g., less efficient population transfer or
non-zero phases.

To provide a quantitative measure of the magnitude of this
effect, we choose to investigate the expectation value of the out-
of-plane coordinate, z, as a function of time. It documents the
asymmetry with respect to the molecular plane and the degree
of chirality. The results are shown in Fig. 3. In the optimal
scenario studied here, the magnitude of the induced chirality is
found to be small. Yet, it is likely to be sufficiently large to be
observed experimentally via the variation of the electric dipole
perpendicular to the molecular plane.

The rather complex shape of the transition density is well
approximated by the simple expression

rA0A00 ðrÞ �
ffiffiffi
2
p

fHOMOðr;QA0 ÞfLUMOðr;QA0 Þ; (20)

where fHOMO(r; QA0) and fLUMO(r; QA0) are the highest occupied
and lowest unoccupied molecular orbitals of the dominant-
determinant approximation to the electronic ground state A0.
This relation, illustrated in Fig. 4, confirms that the A0 - A00 FC
excitation of NSF is essentially a HOMO - LUMO transition.
The derivation is provided in Section S2.

As explained in Section II, eqn (8) for the electronic density
r(r,t) is an approximation that relies on electronic coherence in
the A0 + A00 superposition state. A criterion for the validity of this
approximation is that the magnitude of the autocorrelation
function, |SA0A00(t)|, should remain close to 1. To investigate this,
we calculate |SA0A00(t)| as outlined in Section II. The result is
shown in Fig. 5. Apparently, |SA0A00(t)| decays rapidly. Never-
theless, during the first B 1.3 fs, the values of |SA0A00(t)| remain
sufficiently close to 1 to ensure approximate electronic coher-
ence. This means that the present FC-excited superposition

Fig. 2 Attosecond charge migration in the A0 + A00 superposition state of NSF. The time-evolution of the wave packet is documented by the universal
transition density component, eqn (19), of the one-electron density, eqn (8). (a) in-plane view, with S pointing away from the reader; (b) top view, as in
Fig. 1. The respective upper/lower panels show selected snapshots during the first/second half period of charge migration. The vertical dashed line marks
the time at which chirality flips occur. In panels (a), the horizontal solid line emphasizes the mirror symmetry of the transition density over the two half-
periods. Positive/negative isocontours at �0.0025/a0

3 in orange/blue.
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state c(r,t; Qm,A0) accounts for at least two electronic chirality
flips, as illustrated in Fig. 2a/b.

Section S3 presents a detailed analysis of the rapid decay of
|SA0A00(t)|. In brief, after vertical A0- A00 FC excitation of (part of)
the vibrational ground state wA0,0(Q), the nuclear wavepacket
wA00(Q,t) on the excited uncoupled, adiabatic PES VA00(Q) rapidly
departs from its initial state wA0(Q,0), which is centered at Qm,A0,
and moves toward Qm,A00, the minimum of the excited-state PES.
This causes rapid decay of the overlap hwA00(Q,0)|hwA00(Q,t)i.
Consequently, the rapid loss of electronic coherence—which
limits the number of chirality flips of NSF in the superposition
state c(x,t; Qm,A0)—is primarily a consequence of the geometric
shift from the potential minimum Qm,A0 to Qm,A00.

IV. Conclusions

The present FC-preparation of the electronic A00 superposition
state of an oriented bent triatomic heteronuclear molecule is one
of the easiest approaches, and most likely it is the easiest
approach to electronic chirality flips in achiral molecules, in
the time domain from a few hundred as to a few fs. This résumé
rests on the requirement that all the symmetry elements which
cause achirality in the electronic eigenstates of achiral molecules
must be broken in the superposition state. Bent triatomic hetero-
nuclear molecules are the smallest molecules which fulfill this
requirement. They have only one, and it cannot be less than one,
symmetry element which must be broken: the molecular sym-
metry plane s. The superposition state consists of just two, and it
cannot be less than two, constituting electronic eigenstates: the
ground state A0 plus a single excited state A00. Consequently,
there is no simpler way than the present FC-preparation of the
electronic A0 + A00 superposition in the bent triatomic hetero-
nuclear molecule, exemplified by NSF, to break the original
symmetry—here Cs—down to C1, which implies chirality.

One might suggest that this simple approach could also be
applied to any planar molecules with more than three atoms.
While this may be true for special cases, there is a counter-
example: X-ray excitation of formic acid HCOOH to a super-
position state of the electronic ground state plus a very highly
excited state induces pyramidalization.27 Consequently, the
molecule which is achiral in the planar ground state is chiral
in the pyramidal excited state. One can then no longer talk
about electronic chirality in an achiral molecule. In contrast,
triatomic heteronuclear molecules such as NSF cannot pyrami-
dalize; they remain achiral as long as they are bent in both the
electronic ground and excited states.

The present example NSF suffers from rapid electronic
decoherence in the chiral A0 + A00 superposition state. Consequently,

Fig. 3 Evolution of the chirality, measured as the expectation value of the
out-of-plane coordinate as a function of time, hzi(t) =

Ð Ð Ð
zr(r,t)dxdydz.

Fig. 4 Validity of the dominant-determinant approximation. Left: transi-
tion density matrix driving the attosecond chirality flip in eqn (19) obtained
from the full many-electron wave packet. Positive/negative isocontours at
�0.01/a0

3 in orange/blue. Right: transition density matrix (top) obtained
from the dominant-determinant approximation, eqn (20). Positive/nega-
tive isocontours at �0.01/a0

3 in purple/green. The transition amounts
approximately to a transition from HOMO to LUMO, which is depicted
below. Positive/negative isocontours at �0.1/a0

3 in purple/green.

Fig. 5 Early-time evolution of the electronic coherences for a wave
packet prepared in the A0 + A00 electronic superposition state by FC
excitation of NSF.
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this allows only few chirality flips. The analysis in Section III
shows that this disadvantage is mainly due to the shift of the
minimum Qm,A0 of the potential energy surface VA0(Q) in the
ground state A0 to the different minimum Qm,A00 of VA00(Q) in
the excited state A00. As an outlook, this suggests searching for
bent triatomic heteronuclear molecules with near or, in the ideal
case, perfectly coincident minima Qm,A0 and Qm,A00 of the PES in the
electronic ground A0 and excited A00 states. Such molecules should
exhibit a much larger number of chirality flips in the A0 + A00

superposition states, compared to NSF. Nevertheless, NSF will serve
as a reference for the—most probably—simplest approach to
electronic chirality flips in achiral molecules.

Conflicts of interest

There are no conflicts to declare.

Data availability

The supporting data has been provided as part of the supple-
mentary information (SI). Supplementary information: Tables
S1–S4 contain the relevant results from quantum chemistry
calculations. Tables S5–S6 provide the information for reprodu-
cing the nuclear dynamics simulations. See DOI: https://doi.
org/10.1039/d5cp04637h.

Acknowledgements

This work is dedicated to Professor N. Sathymurthy on the
occasion of his 75th birthday. J. Manz expresses his gratitude
for 4 decades of friendship in science. The Zentraleinrichtung für
Datenverarbeitung (ZEDAT) of the Freie Universität Berlin is acknowl-
edged for supplying computational resources.28 J. Scherlitzki is
grateful for the funding by the Elsa-Neumann scholarship of the
federal state Berlin, Germany. Funding by the Deutsche For-
schungsgemeinschaft (DFG, German Research Foundation) –
Project-ID 387284271 – SFB 1349 is acknowledged.

Notes and references
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19 M. H. Beck, A. Jäckle, G. A. Worth and H.-D. Meyer, Phys.

Rep., 2000, 324, 1–105.
20 G. Hermann, V. Pohl, J. C. Tremblay, B. Paulus, H.-C. Hege

and A. Schild, J. Comput. Chem., 2016, 37, 1511–1520.
21 V. Pohl, G. Hermann and J. C. Tremblay, J. Comput. Chem.,

2017, 38, 1515–1527.
22 A. D. Bandrauk, S. Chelkowski, P. B. Corkum, J. Manz and

G. L. Yudin, J. Phys. B: At., Mol. Opt. Phys., 2009, 42, 134001.
23 C. Arnold, O. Vendrell and R. Santra, Phys. Rev. A, 2017,

95, 033425.
24 H.-D. Meyer, U. Manthe and L. S. Cederbaum, Chem. Phys.

Lett., 1990, 165, 73–78.
25 B. Hartke, R. Kosloff and S. Ruhman, Chem. Phys. Lett.,

1989, 158, 238–244.
26 D. Jia, J. Manz, B. Paulus, V. Pohl, J. C. Tremblay and

Y. Yang, Chem. Phys., 2017, 482, 146–159.
27 D. Tsitsonis, F. Trinter, J. B. Williams, K. Fehre, P. V.

Demekhin, T. Jahnke, R. Dörner and M. S. Schöffler, Phys.
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