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Long-Lived Electronic Coherences in Molecules
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We demonstrate long-lived electronic coherences in molecules using a combination of measurements
with shaped octave spanning ultrafast laser pulses and calculations of the light matter interaction. Our
pump-probe measurements prepare and interrogate entangled nuclear-electronic wave packets whose
electronic phase remains well defined despite vibrational motion along many degrees of freedom. The
experiments and calculations illustrate how coherences between excited states can survive, even when
coherence with the ground state is lost, and may have important implications for many areas of attosecond

science and photochemistry.
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The motion of electrons in photoexcited molecules
governs many basic light-driven processes in physics,
chemistry, and biology. From solar cells to photodissoci-
ation and photosynthesis, electronic dynamics play a
fundamental role in molecular transformation, and can
determine what the final products are [1]. Electronic
dynamics can be described in terms of wave packets—
coherent superpositions of electronic states, whose evolu-
tion is dictated by the relative phase between states [2—4].
While this phase relationship (“electronic coherence”)
remains well defined in atoms for many cycles [5-7], it
is complicated in molecules by the motion of the nuclei,
which are entangled with the electrons. The full wave
function generally cannot be written as a product of
electronic and nuclear wave functions, and the resulting
entangled wave function typically leads to a rapid decay in
the electronic coherence due to nuclear motion and non-
adiabatic dynamics if one integrates over nuclear coordi-
nates. This is clear if one writes the total wave function as a
Born-Huang expansion [8]:

W(r R 1) =Y cutn(R Dy, (riR), (1)

where r and R represent the electronic and nuclear degrees
of freedom, respectively, w,(r;R) represents the nth
electronic eigenstate of the molecule, c, is the complex
amplitude of the nth state, and y,(R,t) represents the
(normalized) time-dependent nuclear wave function in the
nth electronic state [9]. Calculations and measurements
over the past two decades have established rather short
timescales for decoherence of less than 10 fs [10-16] due to
loss of vibrational wave function overlap between y, (R, 1)
and y,,(R,t) and the different rates of phase advance
between electronic states for different R values (dephasing)
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[10,16,17]. This has led to a significant debate over the role
that electronic coherences play in photosynthesis and other
natural processes driven by light absorption [18,19]. Here,
we demonstrate that while nuclear dynamics in polyatomic
molecules can lead to a rapid loss of coherence with the
ground state, coherences between excited states can persist
for many periods of electronic motion (several hundreds of
fs) if the excited-state potential energy surfaces are close
to being parallel, since the nuclear motion in the two
states is similar, and the vibrational wave function can be
roughly factored out of the expression for the total wave
function [20,21]. Thus, if one is able to prepare a coherent
superposition of such excited electronic states, then the
electronic coherence between excited states can be pre-
served for much longer times, even if one traces over
nuclear coordinates in a given measurement. Parallel
potential energy surfaces can be found in Rydberg states
or for valence states involving lone pair orbitals—situations
where the different singly occupied orbitals do not
dramatically affect molecular bonding. Figure 1 in the
Supplemental Material [22] illustrates such a pair of states
for the molecule thiophene. We propose and demonstrate
an experiment to create and measure electronic wave
packets in polyatomic molecules using ultrabroadband
shaped laser pulses and velocity map imaging of the
photoelectrons produced by the light-molecule interaction.
The measurements are motivated by and interpreted with
electronic structure calculations and calculations of the
light-matter interaction.

The basic idea is illustrated by Fig. 1, which shows the
multiphoton excitation of two excited state potentials that
are roughly parallel. The main panel of the figure shows the
electronic states as a function of nuclear coordinate R.
There are four states: the ground state S, two displaced but
parallel (singlet) excited state potentials S,, and S,,, and a
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FIG. 1. Tllustration of our approach to the creation and detection

of long-lived electronic coherences. The main panel, panel (a),
shows the creation of an electronic and vibrational wave packet
via multiphoton absorption to two roughly parallel excited states
of the molecule (S, and S,,). These wave packets can evolve and
are probed by ionization. Interference between the wave packets
ionized from S, and §,, leads to modulations in the ionization
yield as a function of pump-probe delay. Panel (a) on the left-
hand side illustrates the multiphoton excitation spectrum—i.e.,
the spectrum of €(7), and the lower panel, panel (c), shows the
coherence between different pairs of states as a function of pump-
probe delay.

single displaced (doublet) ionic state D,. Red arrows high-
light coherent multiphoton excitation of these two states—in
this case, four and five photon excitations to S, and S,,,
respectively. The left panel of the figure shows the nonlinear
spectrum of the pump pulse, illustrating the fact that the nth
order spectrum €"(f) is \/n times broader than the linear
spectrum of the laser e(z), allowing for the possible
excitation of multiple electronic states without tuning the
laser to a specific multiphoton resonance [35]. These excited
states can then be ionized to the same ionic state by two
(S, = Dy) and one (S,, — Dy) photons. In a wave-packet
picture, the pump pulse launches a wave packet on each
excited state, each of which evolves for a time 7 to the
position of the shaded wave packets before being ionized to
the same ionic state, where they can interfere with one
another if their coherence is preserved. This interference

leads to a modulation in the ionization yield as the phase
between the two excited-state wave packets evolves.

The coherence between any pair of states in the total
wave function is captured by the off diagonal elements of
the density matrix:

k(1) :/C}fckeiz””f‘((R)tZﬂR’ Nxk(R.1)dR,  (2)

where j and k represent the indices of any two electronic
states, ¢ is the amplitude of each state, hv(R) =
hlv;(R) — v, (R)] is the coordinate dependent energy differ-
ence between the two electronic states, and y j,k(R, 1)
represents the vibrational wave packet. In the bottom panel
of Fig. 1, we plot the real part of the three coherence terms
(j, k = 0,n,m): two ground-excited state coherences, py,
and p,,,, and the excited-excited state coherence, p,,,. In
this example, the ground-excited coherence oscillates
rapidly (at the frequency corresponding to the energy
difference between states) and then decays within 10 fs
as a result of the displacement between the ground and
excited state potentials, which leads to dephasing and a
decrease in vibrational wave function overlap. For excited
states there are slower oscillations due to the smaller energy
separation between the potentials. For states with potentials
that are not parallel, there would be a similar decay of
coherence due to dephasing [R dependence of the phase
term in Eq. (2)], the loss of vibrational wave function
overlap [product of y;(R.?) and y(R,?) in Eq. (2)] and
internal conversion [decay of ¢; and ¢ in Eq. (2)] [10,11].
However, in the case of coherences between excited states
with parallel potentials, the oscillations can persist for
much longer because the parallel potential energy surfaces
mitigate dephasing and the loss of vibrational wave
function overlap.

In order to create such a coherence, one requires a
(potentially nonlinear) excitation spectrum which can span
multiple electronic states [36-39]. In order to probe such
an electronic coherence, which corresponds to the rapid
motion of the electrons moving back and forth across the
molecule, one generally requires a probe pulse much
shorter than the period of the motion (i.e., subfemto-
second) [39]. However, an alternative approach is to make
use of a probe pulse whose phase is well defined with
respect to the pump pulse, and is therefore sensitive to the
phase of the electronic coherence and motion [40]. If one is
able to advance the relative phase between pump and probe
pulses with delay at different rates relative to the phase
advance of the electronic coherence, then one can effec-
tively “strobe” or slow down the electronic oscillations
with respect to pump-probe delay. This can be accom-
plished with an ultrafast optical pulse shaper by generating
a delay dependent phase between the pulses given by
¢ (7) = 2mrvy, where vy is a frequency at which the phase
between the pulses is “locked.” For such a delay-dependent
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phase between the pulses, the relative phase between the
probe pulse and the electronic coherence evolves with a
period given by

1
vy —Vjk

(3)

Ty =

With appropriate choice of v;, the beat period (z;,) can be
set to tens of femtoseconds, amenable to probing with few
fs pulses.

We use an acousto-optic modulator (AOM) based pulse
shaper [41] for compression, characterization, and control
of the ultrafast pulses generated by the laser system
described in the Appendix. The pulse shaper uses an
AOM as a spectral mask M (v), to shape the pulse in the
frequency domain by placing it in the Fourier plane of a
zero dispersion stretcher [42]. The shaped electric field
€/(v) is a product of the acoustic mask M(v) and the
unshaped field e(v): ¢’ (v) = M(v)e(v). For the experimen-
tal control we use a mask of the form

M(v) = A{1 + aexp|-i2zt(v —vy) + id]}, (4)

where A is the overall amplitude, a is the relative pump-
probe amplitude, 7 is the pump-probe delay, v; is the
locking frequency, and ¢ is the relative phase between the
pump and probe.

Here, we present multiple measurements of energy
integrated photoelectron spectrum (PES) as a function of
several mask parameters. First, we measure the PES as a
function of the delay, 7, and phase, ¢ between pump and
probe pulses. The pump-probe measurements are then
carried out for a number of different locking frequencies,
vy . Figure 2 illustrates the shaped pulses for the pump-
probe delay scans with different locking frequencies, in
both the frequency and time domains (top left two panels),
as well as the same for the phase scans (top right panels).
The bottom panels show the associated photoelectron
yields as a function of 7z and ¢.

As shown in Fig. 2, the ionization yield depends on
pump-probe delay and phase. The pump-probe measure-
ment is a phase-locked delay scan where the frequency is
locked at 0.4 PHz—the spectral density remains constant at
this frequency (constructive interference) regardless of
delay as seen in the top left panel of Fig. 2. This scan
shows clear modulations with delay having a period of
about 26 fs. The right side of the figure describes a
complementary experiment, a delay-locked phase scan,
where we vary the relative phase, ¢ in Eq. (4), for a fixed
pump-probe delay. As this ¢ changes the carrier with
respect to the envelope of the probe pulse, it is similar to a
pump-probe measurement with a probe pulse shorter than
the oscillation period, where the 2z optical phase corre-
sponds to a delay of one optical period, ~2.5 fs. The
bottom right panel of Fig. 2 shows the integrated yield for
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FIG. 2. Combination of the shaped laser field, in time and
frequency (top four panels) with the resulting molecular measure-
ments (bottom two panels). The top panels show the measured
optical spectrum of the combined pump and probe pulses. The left
panel shows pump-probe delays of 0, 25, and 55 fs, with a locking
frequency of 0.4 PHz. The top right panel shows the pulses for two
different phases (0.57 and 1.57) at a fixed delay of 55 fs. The
middle panels show the simulated fields in the time domain based
on measured optical spectra. The bottom left panel shows the
photoelectron yield vs pump-probe delay for a locking frequency
of 0.4 PHz (phase-locked delay scan), and the bottom right panel
shows the yield as a function of phase for two different pump-
probe delays (delay-locked phase scan).

two phase scans, at delays of 120 and 130 fs, in dark and
light blue, respectively. Note that there is one modulation
per 2z phase, which is consistent with a roughly one-
photon energy difference between the two states in ques-
tion. Furthermore, the A¢ = n phase difference in the
modulations of the yield vs ¢ agrees well with the phase
advance one would expect for the difference in delay time,
Az, given by A¢ = 2z(v; — v,,,,) At. The phase-dependent
yield suggests that there is a coherent superposition of
electronic states (i.e., an electronic coherence) whose
ionization yield is sensitive to the phase of the probe pulse.
However, it is not immediately clear from the yield vs delay
whether the modulations we observe are related to this
electronic coherence, or are due to vibrational dynamics.

We performed a series of pump-probe measurements for
different locking frequencies to determine whether the
modulations in the yield come from electronic or vibra-
tional coherences. In Fig. 3, we show the ionization yield
(generated by integrating the PES between 0.4 and 4 V) as
a function of pump-probe delay for five different locking
frequencies: 0.382, 0.400, 0.406, 0.414, and 0.422 PHz.
For visual clarity, the yield is normalized and offset such
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FIG. 3. Panel (a): Photoelectron yield as a function of pump-probe delay for five locking frequencies: 0.382, 0.400, 0.406, 0.414, and

0.422 PHz. The experimental measurements (Expt) are plotted in black and overlaid with the colored simulations (Sim) at the same
locking frequency. For visual clarity each curve is normalized and given an arbitrary offset (4-2.5 x n). Simulation results were low pass
filtered to remove fast oscillations arising from ground to excited state coherences—see Supplemental Material [22], Fig. 4 for details.
Panel (b): Comparison of Eq. (3) with the calculated and measured modulation period of the yield as a function of pump-probe delay for

different locking frequencies.

that the lowest yield is for the lowest locking frequency.
Each of the measurements show modulations in the
ionization yield with pump-probe delay persisting beyond
200 fs. The fact that the modulation period varies with
locking frequency clearly demonstrates that the modula-
tions are due to the electronic coherence and not a vibra-
tional one. In order to reinforce this point, we compare the
measurements with calculations of the observable. The
black curves show the experimentally measured yield and
the overlaid colored curves show the results of the
quantum-dynamics simulations described below.

The quantum-dynamics calculations, described in the
Appendix, solved the time-dependent Schrodinger equa-
tion (TDSE) for a model system that includes multiphoton
coupling, a discretized ionization continuum, and vibra-
tional dynamics in one dimension. The states consist of the
neutral ground state, labeled S, two singlet excited states,
S, and S,,, and one doublet cationic state, Dy, in line with
the cartoon shown in Fig. 1. Given the one-dimensional
nature of our model, the fact that the experiments averaged
over all molecular orientations, and a number of other
complications, the goal of our quantum calculations was
not to solve the TDSE for molecular thiophene under the
exact experimental conditions, but rather to provide a
simple model that aims to capture the essential features
of the physical process behind the measurements.

The agreement between the measurements and the four-
state, one-dimensional quantum-dynamics calculations is
remarkable given the simplicity of the model. In particular,
the fact that the modulation period varies with locking
frequency in both the measurements and simulations in the
same way indicates that they are not due to vibrational
dynamics but rather electronic dynamics that persist despite
the fact that our measurements of the photoelectron yield
trace over vibrational coordinates. The main discrepancy is
in the variation of the depth of modulation in the mea-
surements, which is not reflected in the calculations. We
argue that this variation in the depth of modulation comes
from the dephasing and variation in the multidimensional
vibrational wave function overlap, as shown in Eq. (2).

A key test of our interpretation is whether the modulation
period in the measured yield for each locking frequency, v,
can be described by Eq. (3) for a single resonance
frequency, v,,,. We therefore fit a cosine curve to each
of the curves in Fig. 3 and extract the modulation period. In
the right panel of Fig. 3, we plot this period as a function of
locking frequency. The black circles show the experimental
periods and the colored stars show the simulation periods.
These data points are overlaid on a plot of Eq. (3), showing
excellent agreement between experiment and simulation.
Fitting the experimental data to Eq. (3), allows us to
determine the resonance frequency, v,,, between the
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electronic states in the coherent superposition. This reso-
nance frequency roughly matches the separation between
the highlighted states in Supplemental Material, Fig. 1 [22].

As a check of our interpretation and to test whether the
idea can be reproduced in another molecule, we carried out
similar measurements for the molecule furan, which has a
very similar structure to thiophene, with the sulfur atom
replaced by an oxygen. Figure 2 in the Supplemental
Material [22] compares the measurements for thiophene
with furan out to pump-probe delays of 500 fs, demon-
strating similar long-lived electronic coherences in the two
molecules.

In conclusion, we demonstrate long-lived (hundreds of fs)
electronic coherences (superpositions of electronic states) in
a molecular system with parallel potentials, as one could
expect from, e.g., lone pair states and Rydberg states. The
parallel potentials allow one to roughly factor the generally
entangled total wave function into electronic and nuclear
parts, leading to the survival of an electronic coherence over
many periods. These measurements are relevant to the role
of electronic coherences in chemistry and biology, and
motivate further work to determine the extent to which
electronic coherences can survive and drive chemical
changes in larger molecules.

This work was supported by National Science
Foundation under Grant No. 2110376. T. R. acknowledges
support from the National Research, Development and
Innovation Fund of Hungary under Grants No. 2018-1.2.1-
NKP-2018-00012 and No. SNN 135636.

Appendix: Experimental and calculational details.—
Our measurements make use of an amplified Ti:sapphire
laser system generating 1 mJ transform limited pulses of
30 fs duration, centered at a wavelength of 780 nm, and
operating at a 1 kHz repetition rate. The pulses are
spectrally broadened using self-phase modulation in a
2.1 m stretched-hollow core fiber (S-HCF) filled with
600 Torr of ultrahigh purity argon gas. The S-HCF
produces a slightly blueshifted spectrum (central wave-
length of 750 nm), extending from 600 to 900 nm
[43-45]. The broadened spectrum is compressed to near
transform limit, 7 fs, using a phase mask modeled by a
Taylor-series expansion up to fourth order dispersion
combined with the residual reconstructed phase from a
pulse-shaper-assisted dispersion scan (PS-DSCAN) [45].
This is then characterized using pulse-shaper-assisted,
second harmonic generation collinear frequency resolved
optical gating (PS-CFROG) [46,47]. The shaped pulses
are focused in an effusive molecular beam inside a
vacuum chamber with a base pressure of ~107'" Torr,
raising the working pressure to about ~107% Torr. The
molecules are ionized by the laser pulses, with peak
intensities of up to ~10'> W/cm?. The electrons gene-
rated by ionization are velocity map imaged to a dual-
stack microchannel plate (MCP) and phosphor screen

detector using an electrostatic lens. The light emitted by
the phosphor screen at each position is recorded by a
CMOS camera. The camera measurements are inverse
Abel transformed to reconstruct the three-dimensional
momentum distribution of the outgoing electrons and the
photoelectron spectrum (PES).

The calculations use grid-based one-dimensional wave-
packet dynamics simulations, where the potentials are
harmonic and inspired by the electronic structure calcu-
lations shown in Supplemental Material Fig. 1 [22]. The
excited states are coupled to the ground state S, by
multiphoton transitions. The formulas for the multiphoton
couplings are derived via adiabatic elimination [48-50],
where the effect of off-resonant states that mediate the
multiphoton transitions is reproduced in the form of Rabi
frequencies €. The state energies and vibrational frequen-
cies used in the model are inspired by our electronic
structure calculations for thiophene, which formed the
basis of Fig. 1 in the Supplemental Material [22]. The
coupling parameters are loosely based on multiphoton
absorption calculations carried out in earlier work [35],
and are given in Table I and II in Ref. [22].

The laser-pulse parameters in the numerical model are
based on the experimental ones: we used a central fre-
quency, v, = 362 THz, peak intensity of 12 TW/cm? and
an intensity envelope with a full-width at half maximum of
7 fs. As in the experiment, the pulse is shaped by applying
Eq. (4) to the pulse in the frequency domain.

Details of the equations behind the model are described
in Supplemental Material [22] and Refs. [51,52].

Both the measurements and calculations were carried out
for a variety of pump and probe intensities [different a
values in Eq. (4)]. The measurements and calculations
shown in Fig. 3 are for pump and probe pulse intensities of
6 and 12 TW/cm?, respectively. Measurements and cal-
culations for slightly lower or higher intensities (£20%)
showed similar yields vs pump-probe delay. Interestingly,
the measurements show similar modulations in both
regimes of strong-pump weak-probe and vice versa, as
shown in Fig. 3 of the Supplemental Material [22].
Comparing the two suggests that there are more than just
two electronic states involved in the dynamics, and the
intensity of the pump and probe pulses can influence their
relative importance.
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