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We explore long-lived electronic coherences in molecules using shaped ultrafast laser pulses to launch and
probe entangled nuclear-electronic wave packets. We find that for particular pairs of states, the electronic phase
remains well defined despite vibrational motion along many degrees of freedom. We explore the time dependence
of the electronic coherence and show how it is modulated by the time-dependent vibrational overlap between
the two wave functions. Our measurements are interpreted with electronic structure calculations and compared

to analytic expressions for the electronic coherence.
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I. INTRODUCTION

The motion of electrons in photoexcited molecules drives
many basic light-driven processes in physics, chemistry, and
biology. From solar cells to photodissociation and photo-
synthesis, 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
eigenstates, whose evolution is dictated by the relative phase
between states [2—4]. While this phase relationship (“elec-
tronic coherence”) remains well defined in atoms for many
cycles [5-8], in molecules it is complicated by the motion of
the nuclei, which are entangled with the electrons; i.e., the
full wave function generally cannot be written as a product
of electronic and nuclear wave functions, and the entangle-
ment of the wave function typically leads to a rapid decay
in the electronic coherence if one does not perform nuclear-
coordinate-resolved measurements.

The loss of electronic coherence as a consequence of
electron-nuclear coupling can be seen by considering the total
wave function as a Born-Oppenheimer or Born-Huang expan-
sion [9]:

V(R 1) =) aytu®R, O Re™ (1)

n

where r and R represent the electronic and nuclear degrees of
freedom, respectively, v, (r; R) represents the nth electronic
eigenstate of the molecule, a, is the complex amplitude of
the nth state (which, in principle, can be time dependent
due to nonadiabatic coupling between the electronic states),
w, represents the nth electronic eigenstate frequency, and
xn(R, t) represents the (normalized) time-dependent nuclear
wave function in the nth electronic state [10]. As shown in
earlier work [11], the excitation of such a wave packet leads
to an electronic coherence which is given by the off-diagonal
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element of the density matrix and can be written as
PR, 1) = ari (R, )a; x5 R, D@, (2)

where iw; = V| and hw, = V,, where V| and V, represent the
minimum potential energies of states 1 and 2, respectively.
Calculations and measurements over the past two decades
have established rather short lifetimes for p;2(R, ), less than
10 fs [11-17], due to loss of vibrational wave-function over-
lap, different rates of phase advance on states 1 and 2, and
internal conversion [decay of a; and a, in Eq. (2), i.e., a, —
a,(t)] [11,12]. 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 expand upon our recent work [20] and explore electronic
coherences in molecules where the potential-energy surfaces
of the electronic states in question are approximately parallel
and the normally entangled wave function can be roughly
factored. This mitigates vibrational dephasing and maintains
vibrational overlap for longer times, allowing for pj»(R,t)
to survive even in the face of averaging over R. Whereas
in our previous publication we focused on an experimental
demonstration of the coherence and numerical calculations of
the relevant potential-energy curves [20], here, we develop
some analytical expressions for the measured yield and ex-
plore the preparation (via multiphoton excitation) and probing
(via ionization) of the wave packet.

II. MEASUREMENT APPROACH

In our experiments, a pump pulse, which can be written
as Epy(t) = Eo(t) cos(wot ), prepares a wave packet described
by Eq. (1) via multiphoton absorption. This is illustrated in
Fig. 1, which shows N-photon absorption to state 1 and (N +
1)-photon absorption to state 2, with N = 4 for the specific
experiments described here. Here, we focus on neutral states
of the molecule, in contrast to earlier work that considered
ionization to launch an electronic wave packet [2,17,21-23].
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FIG. 1. Cartoon potential-energy curves for a four-state system
with ground state Sp; two excited states, S; and S;; and ionic state
Dy, which are referred to as states 0, 1, 2, and 3, respectively. The
red arrows describe the multiphoton coupling photon orders, and
the coefficients a and b describe the multiphoton coupling strengths,
where a describes the excitation and b describes the ionization.

Impulsive multiphoton ionization with a phase-locked
probe pulse at time 7 (Ep(t) = Ej(t — T) cos[wo(t — T) — ¢])
produces an ionization yield that can be written as

Y(t, T, ¢) =lail*|bi]* + |az|? ||
+b1b§/dR,012(R,l)+C.C., 3)

where we neglect nonadiabatic coupling between the states,
thus taking a; and a, to be time independent, as noted in the
previous section. Here, b; and b, represent m and m — 1 pho-
ton ionization amplitudes (with m = 2 in this work), which are
proportional to the mth and (m — 1)th powers of the probe-
pulse field, respectively:

bi(t) = Qu(Ep ()", (4a)
by(t) = Qar(Ep(t))™ V. (4b)

Here, Qr and Qy¢ represent field-independent multiphoton
matrix elements that can be written in terms of sums over
off-resonant intermediate states [24,25]. If one writes a delay-
dependent phase on the probe pulse given by ¢ = ¢ — w. T,
where @y is a locking frequency discussed below, then the
yield as a function of the pump-probe delay and phase can
finally be written as (see the Appendix for details)

Y(t.9) = lai 101 (Ep)" P + laa*| Qo (E)" "
a0 EN™ ) [ dRn @ R )

% ei[(wzwwL)ertlJL] +coc. (3)

III. EXPERIMENTAL APPARATUS

Equation (5) highlights the fact that excitation and ioniza-
tion with a phase-locked pulse pair where ¢ can be controlled
allow for measurements of the coherence between states 1 and
2, provided that integration over R does not wash it out. The
generation of such a controllable phase-locked pulse pair can
be achieved through the use of an optical pulse shaper.

Our experiments make use of an amplified Ti:sapphire
laser system which produces transform limited 30-fs laser
pulses with an energy of 1 mJ at a repetition rate of 1 kHz. The
pulses are spectrally broadened in a 2.1-m-long 450-um-core
stretched hollow-core fiber filled with 600 Torr of ultrahigh-
purity argon gas. The input spectrum centered around 780 nm
is blueshifted to 750 nm and broadened from 600 to 900 nm
[26-28].

An acousto-optic-modulator- (AOM) based pulse shaper
[29] is used for compression, characterization, and shap-
ing of these ultrabroadband pulses. In the pulse shaper the
AOM is used as a spectral mask M (w) to shape the pulse
in the frequency domain by placing it in the Fourier plane
of a zero-dispersion stretcher [30]. The shaped electric field
E’(w) is a product of the acoustic mask M(w) and the un-
shaped field E (w): E'(w) = M(w)E(w). Using a phase mask
modeled by a Taylor-series expansion up to fourth-order dis-
persion combined with the residual reconstructed phase from
a pulse-shaper-assisted dispersion scan [28], the broadened
spectrum is compressed to the near transform limit, 7 fs.
The pulse can be further characterized temporally using a
pulse-shaper-assisted, second-harmonic-generation collinear
frequency-resolved optical gating technique [31,32] which
confirms the 7-fs pulses.

For the experiments we explore multiple mask functions.
One is modeled by a Gaussian to narrow the optical spectrum
and perform measurements with different central optical fre-
quencies. This equation is written as

(w — Wc )2
M(w) = Aexp <—T) = Mws (6)
where A is the overall amplitude, w, is the optical frequency
at which the chosen window is centered, and A, is the width
of the narrowed optical bandwidth. Another mask function
generates a pulse pair with independent control over both the
pump-probe delay T and the relative phase between the pulses
¢, while establishing a locking frequency w; and is written as

M(w) = Ar(1 + Age"@™THY — Mpp, @)

where A7 is the overall amplitude and Ay, is the relative pump-
probe amplitude such that Ej() = AgEo(t). Ar is adjusted to
maintain a similar intensity when changing the pulse duration,
and Ag is set to 0.7 for a 2:1 intensity ratio between the two
pulses [20]. The relative phase between pulses described by
the probe pulse ¢ can be expressed in terms of ¢, and w; by
¢ = ¢ — wT. This leads to the two different phase-sensitive
measurements that we carried out, which were to directly scan
¢, for a fixed value of t (phase measurement), and to vary ©
(pump-probe measurement).

Finally, we note that combining the two mask func-
tions, M(w) = MwsMpp = Mwpp, allows us to perform a
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pump-probe measurement for narrowed spectra at different
central frequencies.

These shaped pulses are then focused in an effusive
molecular beam inside a vacuum chamber with a base pres-
sure 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
generated by ionization are velocity map imaged to a dual-
stack microchannel plate and phosphor screen detector using
an electrostatic lens. The light emitted by the phosphor screen
at each position is recorded by a complementary metal-oxide
semiconductor camera. The camera measurements are in-
verse Abel transformed to reconstruct the three-dimensional
momentum distribution of the outgoing electrons and the
photoelectron spectrum (PES). The following measurements
describe the photoelectron spectrum or yield as a function of
the various pulse-shaper parameters.

IV. ELECTRONIC STRUCTURE CALCULATIONS

In order to aid in the interpretation of the experimen-
tal results we performed electronic structure calculations.
The equilibrium geometry of the ground electronic state and
singlet excited-state energies of thiophene at this geome-
try were determined by the electronic structure calculations
described in Ref. [25]. The geometry optimization was
performed by density-functional theory using the GAUS-
SIAN program package [33] with the Becke three-parameter
Lee-Yang-Parr (B3LYP) functional [34,35] and augmented
correlation-consistent polarized valence triple zeta (aug-cc-
pVTZ) basis set [36] for all the atoms. The state energies were
determined at the multistate complete-active-space second-
order perturbation theory level [37] for 30 states with the help
of the OPEN-MOLCAS 20.10 program package [38]. The active
space consisted of 10 electrons and 11 orbitals. (The shapes of
the active orbitals are displayed in Fig. 10 of Ref. [25].) For
further details of the computations see Ref. [25].

V. MEASUREMENTS

As described in the Introduction and Sec. II, the elec-
tronic coherences are driven by multiphoton absorption and
probed via ionization. This excitation and ionization process
can be described in terms of resonantly enhanced multipho-
ton ionization (REMPI), in which two resonances are driven
simultaneously and interfere in the ionization yield.

A. Multiphoton resonance

We first demonstrate REMPI by working with the pulse-
shape parametrization described above, which produces a
narrowband pulse whose central frequency can be scanned
across the full laser spectrum. Figure 2 describes the ex-
periment utilizing the Mws mask [Eq. (6)]. Here, A, was
fixed at 0.078 rad /fs, which corresponds to a 35-fs pulse. The
central optical frequency w, was scanned across the optical
spectrum, and the PES at each frequency was measured. The
top panel of Fig. 2 shows the PES as a function of photon
energy (optical frequency), with each individual PES normal-
ized to the total ionization yield (integral of the PES). This
allows for clearly seeing the spectrum as a function of photon
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FIG. 2. Normalized photoelectron yield as a function of pho-
toelectron kinetic energy and photon energy (top panel) and total
ionization yield (integral of the un-normalized PES) vs photon en-
ergy (bottom panel). The top panel shows the PES as a function
of photon energy after dividing by the total ionization yield at each
photon energy.

energy but does not allow for comparing the yields at different
photon energies. To account for this, the bottom panel plots
the total ionization yield as a function of photon energy nor-
malized to the maximum, allowing for a comparison of the
yields at different photon energies. The yield clearly varies
dramatically, with a peak near a photon energy of 1.5eV as a
result of resonant enhancement of the multiphoton ionization.
This resonant enhancement also leads to an interruption in
the diagonal line pattern of the top panel (near 1.50eV there
is a noticeable smearing or doubling of the photoelectron
peak) since near the resonant enhancement the photoelectron
peak (energy K) does not shift smoothly with photon energy,
as one expects for the photoelectron energy associated with
nonresonant ionization:

K =nlwy — I, — U, )

where 7w represents the photon energy, n represents the
multiphoton order, I, is the ionization potential (8.9eV for
thiophene), and U, is the ponderomotive potential (<0.5eV).

These measurements highlight the first, albeit trivial, con-
dition for measuring coherence—there needs to be a strong
multiphoton resonance coupling the ground state to the ex-
cited states of interest.

B. Interference

Having established the importance of multiphoton reso-
nances in enhancing the ionization yield, we now turn to
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FIG. 3. Top: optical spectra, with the full spectrum in black
and two narrowed spectra in red and blue, centered at 1.55 and
1.74 eV, respectively. Inset: pump-probe measurements using the
two narrowed spectra color-coded accordingly. Bottom: electronic
structure-calculated state energies at the FC geometry (horizontal
lines) compared with the four- (green) and five- (purple) photon
excitation energies (diagonal lines). States for which the potential-
energy surfaces are parallel are shown with black lines, whereas
all of the other states are shown with dashed gray lines. The grey
shading illustrates the range of Stark shifted energies for the states
with parallel potentials.

measurements with the combined mask Mwpp to perform a
pump-probe measurement for narrowed spectra at different
optical frequencies to establish the possibility of interfer-
ence between two or more resonance enhancements. Here,
A, is set to 0.18 rad/fs, which corresponds to 15-fs pulses.
The pump-probe measurement was performed for two cen-
tral optical frequencies, 2.35 rad/fs (1.55eV) and 2.65 rad /fs
(1.74eV). The top panel of Fig. 3 shows the optical spectrum
as a function photon energy with the full spectrum in black,
the spectrum centered at 1.55eV in red, and that centered
at 1.74eV in blue. The resulting photoelectron yield as a
function of pump-probe delay is presented in the inset. We
see that the red centered spectrum results in a modulated
yield, while the blue centered spectrum is flat and nearly
zero. This suggests that within the red spectrum are multiple
resonant states which interfere with one another, causing the
modulation in the yield. We note that while, in principle, the
modulations could come from a vibrational coherence rather
than an electronic one, further measurements described below
for different locking frequencies make a clear case for elec-
tronic coherence.

The bottom panel of Fig. 3 supports this idea by showing
the excited-state energies of thiophene at the Franck-Condon
(FC) geometry between 5 and 9eV determined by electronic
structure calculations. The state energies are independent of

the applied photon energy, so they correspond to flat lines,
which are shown purely for clarity so that the state energy can
be compared with the excitation energy for four- (green) and
five- (purple) photon processes. States for which the potential-
energy surfaces are parallel (as seen from earlier electronic
structure calculations [20]) are shown in black, whereas all of
the other states are shown as dashed gray lines. The range
of possible Stark-shifted energies is illustrated by the gray
shading for the states with parallel potentials. The key point
is that at no point within the blue spectral bandwidth (shaded
in blue) do the four- and five-photon lines cross (come into
resonance with) a state at the same photon energy. However,
there are multiple photon energies (1.45, 1.55, and 1.60eV,
for example) within the red spectral bandwidth (shaded in red)
where both four- and five-photon resonances are possible for
the same photon energy. This demonstrates both that there can
be simultaneous (n)th- and (n + 1)th-order resonances within
the laser bandwidth and that, if there are, they can lead to
interference in the ionization yield.

VI. COHERENCE

In order to explore the coherences in more detail and con-
firm that they correspond to coherences between electronic
states, we make use of the entire optical spectrum to perform
a pump-probe measurement with the mask Mpp [Eq. (7)].
Rather than in a traditional pump-probe experiment where the
delay t is varied without independent control over the relative
phase between pulses, we perform a delay-locked phase scan
where the delay is fixed and the relative pump-probe phase is
scanned from O to 4. This measurement can be repeated for
different delays to create the contour plot shown in Fig. 4.

Figure 4 shows the ionization yield as a function of pump-
probe delay and phase. These measurements clearly show how
the yield varies with phase for all of the measured delays. This
phase dependence, which can be described by Eq. (5), indi-
cates that the molecular coherence in question is electronic.
Given the one-photon difference between the electronic states,
the yield exhibits one modulation per 27 [the ¢; term in the
exponential part of Eq. (5)]. This modulation has a phase
offset given by the first term in the exponential because the
phase scan is performed at a fixed delay and a locking fre-
quency that is not equal to the difference in energy between
the electronic states. This is highlighted by the lineouts in
the top right panel, where we expect a 0.8 phase difference
between the phase scans at these delays given the 2.51 rad/fs
locking frequency and estimated 2.28 rad/fs (1.5eV) energy
difference (discussed below).

While there is a clear phase dependence to the yield, one
can see that the depth of modulation of the yield (Dy =
max(signal) — min(signal)/[max(signal) + min(signal)]) also
varies with delay (see the bottom panel in Fig. 4). This was
previously observed numerically in Ref. [39] and highlights
the variation of the vibrational overlap, which modulates the
coherence, as described by Eq. (2). Given differences in the
shapes of the potentials for the two different excited states,
the vibrational wave functions on the two states, x;(R, t) and
x2(R, t), will evolve differently and not overlap perfectly (i.e.,
they will spread, be localized at different R, and have different
R-dependent phases), and this variation in overlap with time
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FIG. 4. Top: Measurements of the ionization yield of thiophene
as a function of phase for different pump-probe delays. The right
panel shows the total yield as a function of phase for two different
delays: 130 and 146 fs. Bottom: The depth of modulation D), in the
phase scan as a function of delay, where D), is evaluated between
0 and 1. The measurements highlight the phase dependence and the
variation in depth of modulation with delay, illustrating the influence
of the vibrational wave-packet overlap on the measured coherence.

modulates the electronic coherence. The variation in D;; with
T can be seen as a measurement of the time-dependent vibra-
tional overlap as described by the integral term of Eq. (5).

While Fig. 4 shows the yield as a function of phase and de-
lay for a fixed locking frequency of 2.51 rad/fs, pump-probe
measurements for different locking frequencies can help iden-
tify the energy difference between the electronic states leading
to the modulations, as illustrated in Fig. 5.

Figure 5 shows pump-probe measurements at different
locking frequencies [20]. The left and right panels show the
results of pump-probe measurements conducted on differ-
ent days with slightly different excitation conditions (similar
but slightly different laser spectra and intensities) for several
different locking frequencies (top panels). The variation in
modulation period tyeoe With locking frequency highlights the
electronic coherence and is predicted by Eq. (5):

Theat = 2—7[ (9)

(w2 —wy) —or

for the case of potentials which are roughly parallel
(see the Supplemental Material in Ref. [20] for calculations
of the relevant potentials). The bottom panels in Fig. 5 show
the measured modulation periods together with calculated
curves for the case of resonances at 1.50 and 1.55eV. The
fact that the modulation periods in the yield for a given laser
intensity and spectrum all lie along the curves in the bot-
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FIG. 5. Pump-probe measurements for different locking frequen-
cies. Top panels show experimental data (black lines) overlaid
with sinusoidal fits of the data (colored lines). Top left: electron
yields as a function of delay for locking frequencies: 2.40rad/fs
(1.58eV), 2.51rad/fs (1.65eV), 2.55rad/fs (1.68eV), 2.60rad/fs
(1.71eV), and 2.65rad/fs (1.74 eV). Bottom left: modulation period
vs locking frequency for the measurements above. The solid line
corresponds to Eq. (9) for a molecular resonance at 1.50eV. Top
right: electron yields as a function of delay for locking frequencies:
2.20rad/fs (1.45eV), 2.22rad/fs (1.46eV), 2.25rad/fs (1.48¢eV),
and 2.51 rad/fs (1.65 eV), measured on a different day with a slightly
different peak intensity and laser spectrum. Bottom right: modulation
period vs locking frequency for the measurements above. The solid
line corresponds to Eq. (9) for a molecular resonance at 1.55 eV.

tom two panels indicates that coherences between pairs of
states can dominate the interference in the ionization yield.
However, the energy separation between the pair of states
changes between measurements, indicating that the interfer-
ence is more complicated and can involve more than two
states [40]. This is not surprising, given the density of states
at the four- and five-photon excitation levels and the broad
bandwidth of our laser pulses. So while only one pair of states
needs to be resonant at the same photon energy to give rise to
this coherence, it is possible to have multiple pairs of states
resulting in the beating between coherences. For example, the
measured resonance of 1.55eV in Fig. 5 is consistent with the
expected resonances in the lower half of Fig. 3. The resonance
of 1.50 eV is not as readily obvious. While it could be true that
this pair of states is the main one excited due to the particular
laser-molecular conditions, an alternative explanation is that
the 1.50-eV coherence comes from equal excitation of the
1.55- and the 1.45-eV pairs and arises as the beating of these
pairs of states.
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FIG. 6. Selected frames (for different values of w,;t) of two molecular movies showing the evolution of the electron density of a coherent
superposition of two electronic states overlaid on the molecular structure of thiophene. The plots show the isosurfaces of constant density.
The movie frames in orange (top) show the movie with no loss of coherence, while the movie frames in blue (bottom) show the movie when
decoherence mechanisms (dephasing or vibrational overlap) damp the coherence.

VII. ELECTRONIC DYNAMICS

Making use of these measurements and calculations, we
present a simplified description of the electronic dynam-
ics. Starting from Eq. (1), we consider a superposition of
two electronic states, v (r; R) and v,(r; R), and from there
describe the electron density |¥(r,7)|> as a function of
time. We start by taking the integral of the full probability
density |W(r, R, t)|* with respect to the nuclear coordinate.
Then we can rewrite the probability density in terms of
the density-matrix elements using Eq. (2) and p,,(R,t) =
|a,)?| % (R, 1)|?, where n = 1, 2. This results in

|\Tl(r,t)|2=/|\ll(r,R,t)|2dR

= [ ar[pu D1 ROF

+ PR, DY (r; B)I?
+ p2(R, DY (R (i R)* +c.c.].  (10)

If we approximate the integral in Eq. (10) to vary slowly
on the timescale of an electronic oscillation period, then the
electronic wave functions v, can be treated as nuclear co-
ordinate independent and pulled out of the integral. The a,
coefficients are also R independent. In the first two terms only
p11 (R, t) and p2 (R, t) are left within the integral, and for nor-
malized vibrational wave functions, these integrate to 1. What
is left of the first two terms is a time- and nuclear-coordinate-
independent part of the probability density. Plugging Eq. (2)

into Eq. (10) then results in
W, O = a1 () + laa P [Ya ()1 + arain (n) g (r)*

de(Xl(R,I)X;(R,t))ei‘”z‘t +cc. (11)

Using this same timescale approximation, the latter two terms
can be simplified as the product of a time-dependent os-
cillation and an R-dependent amplitude. This R-dependent
amplitude can evolve slowly over an electronic oscillation
period but modulates the electronic coherence signal on the
timescale of the nuclear dynamics.

Calculations following Eq. (11) on the electronic timescale
lead to the molecular movies presented as movie frames in
Fig. 6. The movies show how |W(r, 1)|? evolves for the case
of large vibrational wave-function overlap and low vibrational
wave-function overlap. Figure 3 indicates which electronic
states are most likely involved in our measurements. Based
on this, we used the dominant single-orbital configurations for
the two states as the basis for the a, values, where for a single
electronic state the probability density is equal to the square
magnitude of the orbital or orbitals involved. The probability
density was calculated using these orbitals for values of the
R-dependent amplitude [integral in Eq. (11)] of 1 for full co-
herence and 0.25 for low coherence. The frames of the movie
are written in terms of w, ;¢ for half a period of the electronic
oscillation (the second half of the oscillation is equivalent
to the first half in reverse). In the full-coherence movie in
orange (top) we see clear oscillations of the electronic density,
particularly surrounding the sulfur atom (yellow) at the front.
These density lobes start with a positive slope at a near 45°
angle at O, shift to no slope by 0.5, and then continue to a
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negative slope at a near 45° angle at 1. In contrast the movie
in blue (bottom) shows much weaker oscillations surrounding
the sulfur atom. The oscillations can be described in a similar
manner: positive slope at Oxr, no slope at 0.5z, and negative
slope at 17r; however, the angle of either slope is a few degrees
at best, highlighting the damped amplitude of these oscilla-
tions. One can note that there is no noticeable change in the
electronic density around the carbon atoms opposite the sulfur
atom in either movie. This is simply due to the fact that only
one of the electronic states leads to nonzero probability for
finding the electron around that part of the molecule, resulting
in no coherent superposition.

As Fig. 6 illustrates, the coherent superposition of two
electronic states shows a variation in the electron density with
relative phase, which depends on both w;7 and ¢,. Com-
paring the top and bottom panels, it is clear that the changes
in density with phase are more significant in the top panels
than in the bottom panels, illustrating how a lower coherence
leads to smaller changes in the electron density with time. As
the phase between electronic states depends on R, integrating
over R leads to an averaging over phases between electronic
states, which results in less variation in density as a function
of the phase difference between states. This is a direct con-
sequence of the entanglement between the electrons and the
nuclei. For electronic states with roughly parallel potentials
the integration over R does not average over many different
phases, and therefore, the coherence and the modulations in
electron density with time are more pronounced.

VIII. CONCLUSION

In conclusion, we carried out and analyzed phase-locked
pump-probe measurements of electronic wave packets in
thiophene, which revealed long-lived electronic coherences
between excited states of the molecule. The measurements
relied on simultaneous multiphoton resonances at differ-
ent multiphoton orders (our analysis suggests that there are
multiple pairs of electronic states contributing to the measure-
ments), which were facilitated by using ultrabroadband laser
pulses. We derived expressions for the ionization yield which
can be compared with our measurements. The calculations
and measurements illustrate how the coherences evolve with
delay between the pump and probe pulses, highlighting the
role of vibrations in modulating the coherence. If one is able
to measure the nuclei in coincidence with the photoelectrons
(e.g., after double ionization with the probe pulse to produce
the molecular dication, which can dissociate and produce pairs
of fragment ions), then it is also possible to further disentangle
the electronic and nuclear dynamics and acquire more insight
into their coupled motion [41].

The data that support the findings of this study are not
publicly available at this time but may be obtained from the
authors upon reasonable request.
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APPENDIX

Here, we provide some more details on the derivation of
the expressions for the ionization yield as a function of pulse
shape provided in the main text. The laser field in time E(¢)
can be defined as the product of an envelope Ey(t) and a
carrier with a frequency of wy:

E@t) = Ey(t)e ™" +c.c. (A1)

To generate a double pulse with the pulse shaper we apply a
mask function M (w) to the optical spectrum of the form

M(w) = 1 4 Agel@—e)T+idr (A2)

This mask generates a pulse pair with controllable parameters:
relative pulse amplitude Ag, locking frequency w;, pump-
probe delay 7, and relative pump-probe phase ¢, . The locking
frequency sets the frequency at which there is always con-
structive interference in the optical spectrum.

Mathematically, the pulse shaper can be described by
Fourier transforming the pulse E(f) — E(w), applying the
mask E’(w) = M(w)E(w), and Fourier transforming back
E’(w) — E'(t). Here, E'(t) describes the desired shaped laser
pulse in the time domain:

E'(t)= / E'(w)e ™ dw

o0

00 ' ' o '
:/ dtE(w)e ™" +ARel(¢L7er)/ dl‘E(a))eilw(’fr)

oo oo

= E(t) + AgE(t — 1)/ @r=LD), (A3)

Using Eq. (Al), we can define the pump and probe
pulses by rewriting Eq. (A3). We define the pump pulse
as Epy(t) = Eo(t) cos(wot) and the probe pulse as Ep(t) =
Ej(t — t)cos[wo(t — ) — ¢], where we set Ej(t) = AREo(t)
and simplify the notation for the controllable parameters of
the laser as ¢ = ¢ — w.T.

We can now turn our attention to the experiment and how
the laser interacts with the molecule. The pump pulse creates
a coherent superposition of electronic states via multiphoton
absorption. Reproduced from the main text, Eq. (2) describes
the electronic coherence generated by the pump pulse in terms
of the off-diagonal elements of the density matrix:

p1a(R, 1) = arx1 (R, t)a5 x5 (R, 1)e' ™", (A4)

where W] = Wy —wg.
The ionization step can then be described by

Y1) = lai*b1 > + laz b + blb;/dRmz(R, 1)+cc.,
(AS)
where by and b, represent m- and (m — 1)-photon (withm = 2

in this work) ionization amplitudes, which are proportional
to the mth and (m — 1)th powers of the probe-pulse field,
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respectively:

by = Qu(Ej(t — T)e @079 L ¢ cym, (A6a)
by = Ox(Ej(t — T)e @079 4 cc )™ (A6b)

Here, Qjr and Q¢ represent field-independent multiphoton
matrix elements that can be written in terms of sums over
off-resonant intermediate states [24,25].

We consider contributions to the ionization yield that in-
volve the minimum photon orders from states 1 and 2 to
arrive at the same final-state energy and make the multiphoton
rotating-wave approximation.

Thus, plugging Eqgs. (A4) and (A6) into Eq. (AS) and
keeping only the relevant terms yield

Y(t,1,0)= |a1|2|Q1f(E(’))m(t _ ‘[)|2
+ |a2|2|Q1f(E6)(m_1)(t B 'L')|2
+ ala;sz(Eé(t — r))me*im[wo(t—r)ﬂ,g]

« Q;t(E(/)(t _ .L,))(mfl)ei(mfl)[wo(tft)7¢]

x/dRXl(R,t)x;(R,t)e’W+c.c., (A7)

where the final term can be simplified to

D(t, 7, ¢) = a1as Q1 Qi(E(t — 1)) Delantt=1)=0]

x/dRXl(R,z)X;(R,r)eW+c.c. (A8)

The experiment measures the time-integrated yield,
Y(r)= fttlz Y (¢t)dt, where t; is the time after the pump pulse
has been turned off and 1, is the time after the probe pulse has
been turned off. Our interest is in the electronic coherence, so
we can focus on this third term, Eq. (A8), which carries all
of the phase information. Performing the integral over time

results in

. ,2
D(t, ¢) = a1a5011Q5e" ™ / dr(Eg(t — )"

il
x / dRx1 (R, t)x} (R, t)e" ™~ 4 cc. (A9)

Upon rearranging the previous equation to account for the
integral over time, we make note of two phase terms that
arise: woT + ¢ and (wy; — wo)t. The first of these is time
independent and arises from the probe pulse. It describes
the phase advance of the laser as a function of pump-probe
delay plus the controllable phase ¢. The second phase comes
from the initial excitation by the pump pulse and describes
the phase advance of the coherence with respect to that of
the laser.

The pulse durations of the laser pulses are short with
respect to the molecular dynamics, and given that the multi-
photon ionization signal is another factor of 4/2m — 1 shorter
than the laser pulse, we continue the analysis in the impulsive
limit where [Ej(t — )]V = (E[)@m=Ds(r — 7) [42,43].
Thus, t — 7, and we can rewrite the total phase as wyt + ¢ +
w1 T — woT or wy T + ¢. This simplifies Eq. (A9) to

D(t, ) = a1a3 Q1 Q5 (EG) "~V / dRx1(R, T)x;(R, 7)

x @) 4 cc, (A10)

Finally, we can write the measured yield as

Y(t,¢) =lai*1Q1 f(E)™* + lazl* Q2 (E)™ '

+ a1 Q1 Q5(Eg)Pm Y f dRxi1(R, T)x;(R, 7)

x eil@n—oLT+er) c.c., (Al1)

which remains sensitive to the three decoherence mechanisms
described in Eq. (A4). However, the dephasing term is now
modified by the applied laser phase, which we have reintro-
duced as the two types of controllable laser parameters. This
gives rise to the two types of pump-probe measurements that
can be performed: (1) a delay scan with fixed phase and (2) a
phase scan with fixed delay.
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