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We demonstrate long lived electronic coherences in molecules using a combination of measure-
ments with shaped octave spanning ultrafast laser pulses and calculations of the light matter inter-
action. 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.

The motion of electrons in photoexcited molecules gov-
erns many basic light-driven processes in physics, chemistry
and biology. From solar cells to photodissociation and pho-
tosynthesis, 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 evolution is dictated by the relative phase be-
tween 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 func-
tion 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 co-
herence due to nuclear motion and non-adiabatic dynamics
if one integrates over nuclear coordinate. This is clear if one
writes the total wave function as a Born-Huang expansion
[8]:

\II(T’Rv t) = ZCan(Ra t)wn(r;R) (1)

where r and R represent the electronic and nuclear degrees
of freedom respectively, 1, (r; R) represents the n”* elec-
tronic eigenstate of the molecule, ¢, is the complex amplitude
of the n* state, and x,(R,t) represents the (normalized)
time-dependent nuclear wave function in the n** electronic
state [9]. Calculations and measurements over the past two
decades have established rather short timescales for decoher-
ence of less than 10 fs [10-16] due to loss of vibrational wave
function overlap between x, (R, t) and x,,(R,t) and the dif-
ferent rates of phase advance between electronic states for
different R values (dephasing) [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 mo-
tion (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
preserved for much longer times, even if one traces over nu-

clear coordinates in a given measurement. Parallel potential
energy surfaces can be found in Rydberg states or for va-
lence states involving lone pair orbitals — situations where
the different singly occupied orbitals do not dramatically af-
fect molecular bonding. Fig. 1 in the Supplemental Infor-
mation (SI) illustrates such a pair of states for the molecule
thiophene [40]. We propose and demonstrate an experiment
to create and measure electronic wave packets in polyatomic
molecules using ultrabroadband shaped laser pulses and ve-
locity 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 Sy, two displaced
but parallel (singlet) excited state potentials S, and S,,,
and a single displaced (doublet) ionic state Dy. Red arrows
highlight coherent multiphoton excitation of these two states
— in this case, four and five photon excitation to S,, and S,,,
respectively. The left panel of the figure shows the nonlinear
spectrum of the pump pulse, illustrating the fact that the n**
order spectrum, €"(t), is v/n times broader than the linear
spectrum of the laser €(t), allowing for the possible excitation
of multiple electronic states without tuning the laser to a
specific multiphoton resonance [22]. These excited states can
then be ionized to the same ionic state by two (S,, — D) 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 den-
sity matrix:

pit) = / oL (R )y (RIR (2)

where j and k represent the indices of any two electronic
states, ¢ is the amplitude of each state, hvy(R) = h(v;(R) —
vp(R)) is the coordinate dependent energy difference be-
tween the two electronic states, and x; (R, ) represents the
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FIG. 1. Hlustration 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 S,, 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 €(¢t), and the lower panel, Panel (c), shows the
coherence between different pairs of states as a function of pump-
probe delay.

vibrational wavepacket. 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, pg, and po.,, 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 be-
tween the ground and excited state potentials, which leads to
dephasing and a decrease in vibrational wave function over-
lap. 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 func-
tion overlap (product of x;(R,t) and xx(R,t) in Eq. 2) and
internal conversion (decay of ¢; and c; 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 (poten-
tially non-linear) excitation spectrum which can span mul-
tiple electronic states [23-26]. 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. sub-femtosecond) [26]. 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 [27]. 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 effectively “strobe” or slow down the electronic
oscillations with respect to pump-probe delay. This can be
accomplished with an ultrafast optical pulse shaper by gen-
erating a delay dependent phase between the pulses given by
¢ (1) = 2wTvy where vy, is a frequency at which the phase
between the pulses is “locked”. For such a delay-dependent
phase between the pulses, the relative phase between the
probe pulse and the electronic coherence evolves with a pe-
riod given by:

1
™= (3)
With appropriate choice of vy, the beat period () can be
set to tens of femtoseconds, amenable to probing with few fs
pulses.

We use an acousto-optic modulator (AOM) based pulse
shaper [28] 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
[29]. The shaped electric field, €(v), is a product of the
acoustic mask, M (v), and the unshaped field, ¢(v): €(v) =
M (v)e(v). For the experimental control we use a mask of
the form:

M(v) = A(1 + aexp(—i2n7(v — vp) + 1¢)), (4)

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

Here, we present multiple measurements of energy inte-
grated photoelectron spectrum (PES) as a function of sev-
eral mask parameters. First, we measure the PES as a func-
tion 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. Fig. 2 il-
lustrates 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 7 and ¢.

As shown in Fig. 2, the ionization yield depends on pump-
probe delay and phase. The pump-probe measurement is a
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FIG. 2. Combination of the shaped laser field, in time and fre-
quency (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).

phase locked delay scan where the frequency is “locked” at
0.4 PHz - the spectral density remains constant at this fre-
quency (constructive interference) regardless of delay as seen
in the top left panel of Fig. 2. This scan shows clear modu-
lations 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 27 optical phase
corresponds to a delay of one optical period, ~ 2.5fs. The
bottom right panel of Fig. 2 shows the integrated yield for
two phase scans, at delays of 120 and 130fs, in dark and
light blue respectively. Note that there is one modulation
per 27 phase, which is consistent with a roughly one-photon
energy difference between the two states in question. Fur-
thermore, the A¢ = 7 phase difference in the modulations
of the yield vs. ¢ agrees well with the phase advance one
would expect for the difference in delay time, A7, given by
A¢ = 27(vy, — 1v9)AT. The phase dependent yield suggests
that there is a coherent superposition of electronic states (i.e.
and electronic coherence) whose ionization yield is sensitive

to the phase of the probe pulse. However, it is not immedi-
ately 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 mod-
ulations in the yield come from electronic or vibrational co-
herences. In Fig. 3, we show the ionization yield (generated
by integrating the PES between 0.4 eV and 4 V) as a func-
tion of pump-probe delay for five different locking frequen-
cies: 0.382, 0.400, 0.406, 0.414, and 0.422 PHz. For visual
clarity, the yield is normalized and offset such that the low-
est 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 modulations are due to the electronic
coherence and not a vibrational 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 re-
sults of the quantum-dynamics simulations described below.

The quantum-dynamics calculations,described in the ap-
pendix, solved the time-dependent Schrédinger equation
(TDSE) for a model system that includes multiphoton cou-
pling, a discretized ionization continuum, and vibrational dy-
namics in one dimension. The states consist of the neutral
ground state, labeled Sy, two singlet excited states, S,, and
S, and one doublet cationic state, Dg in line with the car-
toon 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 complica-
tions, the goal of our quantum calculations was not to solve
the TDSE for molecular thiophene under the exact experi-
mental 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 re-
markable given the simplicity of the model. In particular,
the fact that the modulation period varies with locking fre-
quency in both the measurements and simulations in the
same way indicates that they are not due to vibrational dy-
namics but rather electronic dynamics which 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 measure-
ments, 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
wavefunction 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, vy,
can be described by Eq. 3 for a single resonance frequency,
vo. We therefore fit a cosine curve to each of the curves in
Fig. 3 and extracted 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 excel-
lent agreement between experiment and simulation. Fitting
the experimental data to Eq. 3, allows us to determine the
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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 (Exp.) 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 (+2.5 x n). Simulation results were low pass
filtered to remove fast oscillations arising from ground to excited state coherences - see SI Fig. 4 for details [40]. 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.

resonance frequency, vy, between the electronic states in the
coherent superposition. This resonance frequency roughly
matches the separation between the highlighted states in SI
Fig. 1 [40].

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 re-
placed by an oxygen. Fig. 2 in the SI compares the measure-
ments for thiophene with furan out to pump probe delays of
500 fs, demonstrating similar long lived electronic coherences
in the two molecules [40].

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 ex-
pect from e.g. lone pair states and Rydberg states. The
parallel potentials allow one to roughly factor the gener-
ally entangled total wavefunction 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 moti-
vate further work to determine the extent to which electronic
coherences can survive and drive chemical changes in larger
molecules.
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APPENDIX

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 operat-
ing 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 ultra-high
purity Argon gas. The S-HCF produces a slightly blueshifted
spectrum (central wavelength of 750 nm), extending from
600—900 nm [30-32]. The broadened spectrum is compressed
to near transform limit, 7 fs, using a phase mask modelled by
a Taylor-series expansion up to fourth order dispersion com-
bined with the residual reconstructed phase from a pulse-
shaper-assisted dispersion scan (PS-DSCAN) [32]. This is
then characterized using pulse-shaper-assisted, second har-
monic generation collinear frequency resolved optical gating



(PS-CFROG) [33, 34]. The shaped pulses are focused in
an effusive molecular beam inside a vacuum chamber with a
base pressure of ~ 10710 Torr, raising the working pressure
to about ~ 107% Torr. The molecules are ionized by the
laser pulses, with peak intensities of up to ~ 1013 W/cm?).
The electrons generated by ionization are velocity map im-
aged to a dual-stack microchannel plate (MCP) and phos-
phor 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 mo-
mentum distribution of the outgoing electrons and the pho-
toelectron spectrum (PES).

The calculations use grid-based one-dimensional wave-
packet dynamics simulations, where the potentials are har-
monic and inspired by the electronic structure calculations
shown in SI Fig. 1 [40]. The excited states are coupled to
the ground state Sg by multiphoton transitions. The formu-
las for the multiphoton couplings are derived via adiabatic
elimination [35-37], where the effect of off-resonant states
that mediate the multiphoton transitions is reproduced in
the form of Rabi frequencies 2. The state energies and vi-
brational frequencies used in the model are inspired by our
electronic structure calculations for thiophene, which formed

the basis of Fig. 1 in the SI. The coupling parameters are
loosely based on multiphoton absorption calculations carried
out in earlier work [22], and are given in Table I and II in
the SI [40].

The laser-pulse parameters in the numerical model are
based on the experimental ones: we used a central frequency,
Vo = 362 THz, peak intensity of 12 TW/cm? and an Inten-
sity 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
the SI [40] and Ref. [38, 39].

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 TW /cm? and
12 TW/cm? respectively. Measurements and calculations 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 SI
[40]. 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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