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Here, we use x-rays to create and probe quantum coherence in the photoionized amino acid glycine. The outgoing
photoelectron leaves behind the cation in a coherent superposition of quantum mechanical eigenstates. Delayed
x-ray pulses track the induced coherence through resonant x-ray absorption that induces Auger decay and by
photoelectron emission from sequential double photoionization. Sinusoidal temporal modulation of the detected
signal at early times (0 to 25 fs) is observed in both measurements. Advanced ab initio many-electron simulations
allow us to explain the first 25 fs of the detected coherent quantum evolution in terms of the electronic coherence.
In the kinematically complete x-ray absorption measurement, we monitor its dynamics for a period of 175 fs
and observe an evolving modulation that may implicate the coupling of electronic to vibronic coherence at
longer time scales. Our experiment provides a direct support for the existence of long-lived electronic coherence

in photoionized biomolecules.

INTRODUCTION

Understanding the formation and temporal evolution of electronic
coherences and the dynamics of coherent superpositions of many-
electron configurations forming electronic wave packets that propa-
gate in space and time is one of the grand challenges in ultrafast
science. Electronic coherence may well play a role in photochemical
change in matter, particularly in the onset of radiation damage under
a wide range of scenarios, from single-molecule x-ray imaging to
radiobiology. Its effect in these diverse branches of science, while like-
ly to be present, is yet to be fully understood. Identifying the coherent
quantum effects in the radiation damage processes at the molecular
level can pave the way to controlling, optimizing, and engineering the
ionizing radiation damage similarly to how Auger electron-emitting
agents are already used in radiotherapy (I), while the much more
recently discovered interatomic decay phenomena are projected to
play a role in fundamental and applied radiobiology (2).

In recent years, intensive debate was stimulated by a seminal study
reporting long-lived electronic coherences in polyatomic molecules
(3). There, extreme ultraviolet (XUV) pulses ionize the amino acid
phenylalanine. A coherent superposition involving several elec-
tronic states in the cation is formed because of the broad spectral
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bandwidth of the sub-femtosecond (fs) XUV pulse. Near-infrared
pulses probe the initiated coherent dynamics by photofragmenta-
tion. The recorded ion fragmentation pattern shows an oscillatory
behavior as a function of pump-probe delay with a time period of
4.3 fs that persists for tens of fs. Matching the corresponding energy
difference of relevant energy levels, the results have been interpret-
ed as long-lived electronic coherences. Still, the key interrelated
questions are whether the electronic coherence can really be that
robust and whether it can be detected directly, i.e., through elec-
tronic observables. X-ray electron spectroscopy might be regarded
as the gold standard of electronic structure-sensitive techniques.
Applied in a time-resolved experimental pump-probe scheme, it
allows to unambiguously monitor in a kinematically complete ex-
periment the transient electronic coherence, while it evolves long
before fragmentation sets in.

The picture of charge migration as purely electronic wave packet
dynamics of a coherent superposition of cationic many-electron
states (4) only holds within the strict Born-Oppenheimer approxi-
mation, where one assumes the adiabatic separation between the
electronic and the nuclear degrees of freedom to be exact. It is wide-
ly appreciated, however, that, especially in polyatomic molecules of
relevance to charge migration, the Born-Oppenheimer approxima-
tion breaks down spectacularly, for example, because of conical in-
tersections between the adiabatic potential energy surfaces (5). This
is relevant, for example, for the regions of partial and full break-
down of the molecular orbital picture of ionization (6), with narrow
energy gaps between multiple electronic states of mixed one-hole
(1h) and two-hole one-particle (2h1p) character being on the order
of the vibrational quanta. It is, therefore, a relevant open question,
to what extent and on what time scale can the original purely elec-
tronic picture of charge migration serve as an adequate approxi-
mation for the combined electron-nuclear dynamics triggered by
molecular ionization? The answer to this question may well be
strongly system dependent.
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Recently, the quantum dynamics of nuclear wave packets in phe-
nylalanine has been shown to be prone to destroy electronic coher-
ences within just a few fs (7). Theoretical works treating nuclear
dynamics classically found that electron-hole migration in other
prototypical model systems, such as tryptophan (8), benzene (9),
and glycine (10), is not substantially perturbed by nuclear motion
within the first 20 fs after the excitation. In these calculations, elec-
tronic wave packet decoherence partly stems from the nuclear ge-
ometry uncertainty related to the zero-point energy (11), which is
also at the core of our present theoretical treatment and partly from
the nuclear wave packet dynamics on the potential energy surfaces
of the coherently populated electronic states (7). Adding to the con-
troversy, all the experimental evidence on coherence-driven charge
migration on the scale of tens of fs available so far relied on the in-
direct detection channels, e.g., ionic fragment detection (3), and no
direct measurements (i.e., such as based on the electronic observ-
ables) of coherent multielectron dynamics have been available.

In the present contribution, we monitor the birth, propagation,
and fate of an electronic wave packet generated in the interaction of
fs x-ray pulses with glycine molecules by means of time-resolved
electron spectroscopy at the carbon K-edge from a second fs x-ray
probe pulse. The second electron emission in the probe process
results from two alternative mechanisms that we have isolated in a
kinematically complete multiparticle correlation experiment to study
them independently of each other despite the many energy absorp-
tion and redistribution channels opened up by the soft x-ray pump
pulse. First, a resonant transition can be induced from the carbon
core shell into the selected ionized valence orbital of interest (x-ray
absorption), resulting in the Auger decay of the formed core-hole
state. Second, a sequential double ionization of the valence electron
shell takes place, a process with weak orbital and spatial selectivity
due to the molecular character of the valence orbitals with only
moderately orbital-dependent photoionization cross sections, which,
nevertheless, carries signatures of the temporal evolution of the
electronic states of the cation.

The x-ray absorption process, first proposed as a valence-hole
coherence probe in (12), involving a localized core orbital and a res-
onant transition is characterized by high element and orbital selec-
tivity. Thereby, we probe the transient local electron-hole density in
inner-valence molecular orbitals directly in the time domain trac-
ing long-lived quantum coherences that result from the initial for-
mation of a coherent superposition of cationic eigenstates in the
course of photoionization. Comparison of our experimental results
from both channels with high-level ab initio many-electron theory,
taking into account the quantum uncertainty in the nuclear geometry,
shows that our observations are consistent with the idea of a long-
lived electronic coherence.

RESULTS

Glycine is the simplest of the 20 natural amino acids acting as mo-
lecular building blocks of peptides and proteins. It contains the
characteristic amine (—NH,) and carboxyl (—COOH) functional
groups linked via a methylene bridge and is sketched in the center
of Fig. 1B. The neutral molecule has N = 40 electrons forming a
closed-shell system in its ground state, which can be described by
20 molecular orbitals. A recent theoretical paper reported photo-
ionization cross sections for the different electron orbitals using
density functional theory (13). The theoretical results describing the
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static electronic structure are in good agreement with experimental
photoelectron spectra recorded at a synchrotron light source (14).
The valence and inner-valence electron orbitals (6a’ to 16a’ and 1a”
to 4a”) exhibit binding energies Ey, in the range of approximately 10
to 35 eV (10, 13, 14). The Auger spectrum of glycine resulting from
oxygen K-shell ionization has been reported in (15).

In our time-resolved experiments, we used a single-color, fs x-ray
pump-probe technique (16, 17). The electron dynamics were initiated
by free-electron laser (FEL) pulses of a few fs duration at a central
photon energy tuned in the range between 269 and 281 eV. Whereas
the photon energy was sufficient to ionize electrons from all valence
and inner-valence orbitals, the localized 1s core electrons of carbon
(~284 eV), nitrogen (~400 eV), and oxygen (~532 eV) were not ac-
cessible. The FEL pulses were focused onto the molecular beam
produced from glycine powder heated to 160°C. Electrons generated
at the intersection volume were detected with a magnetic bottle elec-
tron spectrometer. The instrument also allowed for simultaneous
measurement of the resulting ion time-of-flight (TOF) spectra. More
details on the experimental setup can be found in Materials and Methods.

We measured the kinetic energy Eki, of emitted electrons as a
function of FEL photon energy Epg = h - v tuned below the carbon
K-edge (18). Figure 1A shows the recorded kinetic energy distribu-
tions obtained at zero time delay, comprising contributions from the
initial photoelectron emission, the subsequent Auger decay channel
opened by the x-ray probe-pulse excitation of localized carbon 1s
electrons, and probe-induced photoionization of singly charged
glycine cations. Emission bands originating from prompt photoio-
nization of valence and inner-valence orbitals of the neutral mole-
cule with binding energies Ej, shift in their kinetic energy according
to Eyin = h - v — Eyp,. The overall width of the distribution is ~25 eV in
agreement with the published data (13, 14). Additional electron
emission bands are observed that do not shift as a function of pho-
ton energy. These electrons originate from the probe-induced Auger
decay, as their kinetic energy is solely given by the electronic struc-
ture of glycine molecules. A competing ionization channel resulting
in doubly charged glycine ions is the probe-induced photoemission
of valence electrons from the initially formed cation. The low-energy
onset of their kinetic energy distribution is shifted toward lower energy
by the difference between the first and the second ionization potential
(12 eV). Note that the high-energy tail of the kinetic energy distri-
bution may still reach the upper limit, taking into account photo-
electron emission from electronically excited cations.

In the following, we discuss the overall coherent dynamics
tracked in the present time-resolved experiments. The total cascade
involves several different processes: (1) photoionization, (2) charge
migration, and (3a) resonant carbon 1s core-hole excitation followed
by Auger decay (x-ray absorption channel) or (3b) sequential double
photoionization of glycine depicted in Fig. 1B. The resonance-
enhanced, probe-induced Auger decay channel (x-ray absorption)
becomes clearly visible by plotting the two-electron coincidences as
a function of FEL photon energy, with one electron being detected
at the kinetic energy corresponding to valence ionization of 10a’.
These data are recorded in a second set of measurements with sub-
stantially increased data acquisition time by a factor of ~100 and are
shown in Fig. 1C.

Upon photoionization with fs x-ray pulses, we generate elec-
tronically excited many-body states in the glycine cation (19). The
FEL spectral bandwidth below 0.45% full width at half maximum
(FWHM) was sufficient to form a coherent superposition of several
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Fig. 1. X-ray photoelectron spectroscopy of glycine. (A) Kinetic energy distributions of detected electrons as a function of free-electron laser (FEL) photon energy are
presented in a false color plot using single pulses, i.e., At=0. Dashed black lines in the upper spectrum recorded at a photon energy of 272.8 eV mark the energy ranges
of single photoionization of valence and inner-valence electron orbitals (6a’ to 16a’ and 1a" to 4a"), respectively. An experimental Auger electron spectrum (shaded red
area) for C 1s core vacancies (4a’ and 5a’) is reproduced from (75). The center-of-mass kinetic energy corresponding to valence ionization of 10a’is indicated (dashed green
line). (B) A single-color pump-probe scheme is applied to track charge dynamics initiated by photoelectron emission from the 10a’ molecular orbital. The total cascade
involves several different processes: (1) photoionization, (2) charge migration triggered by coherent population of ionized states during photoionization, (3a) resonant
carbon 1s core-hole excitation and Auger decay, and (3b) sequential double photoionization of valence electrons. The individual steps are depicted as a sequence of
energy diagrams. The density of states is indicated by using the experimental data reproduced from (74). (C) Two-electron coincidences plotted as a function of FEL pho-
ton energy, with one electron being detected at the kinetic energy corresponding to valence ionization of 10a’. These data are recorded in a second set of measurements
with substantially increased data acquisition time by a factor of ~100 compared to (A). The resonance is fitted with a Gaussian envelope (dashed line) and deconvoluted
(solid line) with respect to the spectral bandwidth of the FEL pulses (see Fig. 7). The data are normalized to the FEL pulse energy to account for FEL fluctuations and to the
maximum signal on resonance (a.u., arbitrary units).

cationic eigenstates. Details on the longitudinal coherence and
spectral properties of the applied single-mode FEL pulses can be
found in the literature (20, 21) and in Materials and Methods, re-
spectively. The ionization paths leading to the same photoelectron
energies, but leaving behind different cationic states, interfere and
trigger coherent quantum motion of the remaining N-1 electrons of
the cation. The induced electronic dynamics depend on the in-
volved eigenstates. With the pulse parameters used in the present
study, most of the coherence produced in the glycine cation belongs

hole (1h) state and ~70 to 95% of a series of excited 2h1p configura-
tions (12). In the latter, an additional bound valence electron is ex-
cited owing to electron correlation. The time-dependent electronic
wave packet describing the motion of the positive charge created in
the photoionization step as a function of time f can be written in
simple terms as a linear combination

YV = Yje 'Y, 1)

to the ionic eigenstates in the 10a’ band energy region (for details,
see section S2.1), i.e., the states resulting from photoelectron emis-
sion from the 10a’ orbital with a binding energy of ~20 eV (the 10a’
orbital is visualized in the center of Fig. 1B). Therefore, ionization
results in an essentially coherent superposition of a series of cationic
eigenstates V;, each with ~5 to 30% contributions from the inner-valence
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with expansion coefficients ¢;. In this picture, the positive charge
oscillates with periodicities T given by the energy separation of the
pairs of involved eigenstates, where 7% is Planck’s constant over 2n

T = 2nh

“TE-E| @
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The N-1 electron density, integrated over all electron coordi-
nates but one, will also oscillate with the same periodicity because of
the constructive and destructive interference of the many-electron
states contributing to the wave packet in Eq. 1.

The evolution of the positive charge in the molecular skeleton is
followed in this work in two different measurements. On the one
hand, we use x-ray absorption, where the transient electron hole
states are probed, following a controlled time delay, by excitation of
a strongly localized carbon 1s core electron into the “empty” orbital
via time-delayed fs x-ray pulses of the same color. As long as the
electronic coherence, i.e., the electronic wave packet described in Eq. 1,
is preserved, the probability of the resonant x-ray transition (C 1s —
10a’, at 272.7 eV) that fills the inner-valence orbital and produces a
carbon 1s core hole depends on the time-dependent amplitudes of
the cationic states with a significant 1h component localized on the
carbon atom. The corresponding delay-dependent Auger yield is
therefore a direct temporal fingerprint of the evolving many-electron
wave packet in Eq. 1. Thus, the induced coherent electron dynamics
following 10a’ photoionization can be observed directly by recording
the subsequent Auger electron emission as a function of x-ray pump-
x-ray probe time delay. The basic experimental scheme flanked by ab
initio simulations has already been proposed by Cooper et al. (12) in
2014. The theoretically predicted oscillation period T is within 10 to
20 fs according to (12, 22, 23). On the other hand, we use non-
resonant x-ray photoelectron spectroscopy, where the electron
dynamics is monitored by photoelectron emission from sequential
double photoionization processes. This turns out to be the dominant
process (by a factor 10) in the time-resolved measurements at a cen-
tral photon energy of 274.0 eV (off-resonance), although small con-
tributions from the x-ray probe-induced Auger decay are present
in this dataset as well [see Fig. 1 (A and C)].

Here, we will report first the results from the x-ray absorption
measurement and, second, the nonresonant sequential double-
ionization x-ray spectroscopy channel results. For the former, a higher
count rate was achieved, which enabled correlated multiparticle
detection to isolate the channel of interest (see Materials and Methods).
Otherwise, the conditions in both of these independent measure-
ments are the same.

In the x-ray absorption measurement based on the resonant
transition followed by Auger decay probe, we set the FEL photon
energy to the resonant x-ray probe transition (C 1s — 10a’) at 272.7 eV,
providing spatial selectivity of the element-specific core transition
into the spatially extended inner-valence orbital and recorded delay
scans over a range of 175 fs. In addition to the resonance effect (see
Fig. 1C), this experiment benefited from a substantially higher den-
sity of glycine molecules in the focal volume (x100) compared to
the experimental campaign probing the nonresonant channel. The
increase was achieved by minimizing the distance between the
molecular beam pipe and the FEL focus from ~10 to ~1 mm. This
allowed us to collect three or more particle events per FEL pulse,
comprising the photoelectron at the kinetic energy corresponding
to valence ionization of 10a’ under investigation, the final Gly**
parent ion, and pump-probe events including Auger decay. Figure 2A
shows the result of this kinematically complete experiment, span-
ning a 175-fs time scale. We counted the multiparticle events and
plotted the relative change of the detected electron yield correlated
with the generation of a Gly** parent ion and recorded together with
an electron at the kinetic energy corresponding to valence ioniza-
tion of 10a’ as a function of x-ray pump-probe delay in 1-fs steps.

Schwickert et al., Sci. Adv. 8, eabn6848 (2022) 1 June 2022

100 T T T

Relative change of
electron yield (%)
&
o o
T
1

25
30fs

1 3
25fs 20 %
=
g 4 2
c —_ N c
© 20fs j e
=1 15 g
E =4
w S
1 =
15fs 110 g
15
N i
10fs
L L L 1o

160
Pump-probe delay (fs)

0 50 150

Fig. 2. Electron signal oscillations induced and monitored with 272.7-eV pho-
tons and wavelet analysis. (A) Relative change of the detected electron yield cor-
related with the generation of a Gly?** parent ion and recorded together with an
electron at the kinetic energy corresponding to valence ionization of 10a’as a func-
tion of x-ray pump-probe delay in 1-fs steps (black line). (B) The continuous wave-
let transform (see Materials and Methods) monitors the magnitude evolution of
the nonstationary signal at scaling frequencies (false color plot). The “cone of influ-
ence,” where part of the wavelet in time domain extends past the finite recorded
experimental signal trace, is given as a darker shaded area. Here, artificial edge ef-
fects disturb the frequency analysis, and therefore, peak structures in the shaded
area of the color plot are likely underestimated. Two dominant time periods of
T=(19.6"1%) fs (over the first 40 fs) and T= (29.3*22) fs (later on) can be extracted,
with the initial period being in excellent agreement with the ab initio theory ex-
plaining the oscillations as a result of electronic coherence averaged over the nu-
clear geometries (for details, see the main text).

Oscillations of the detected electron signal in the time domain are
clearly visible. The wavelet analysis of the electron signal shown in
Fig. 2B reveals the frequency components that exist in the temporal
domain (see Materials and Methods for details). The short-time os-
cillation period was determined as T = (19.63‘2) fs, in excellent agree-
ment with the 20-fs oscillation period predicted by our ab initio
many-electron calculations, and exactly matches the period that
was observed in the off-resonance sequential double-ionization
channel (see below). At resonance, the carbon 1s core-hole exci-
tation channel dominates. The calculations give a ratio between the
two processes of 3:1. The sequential process is expected to contribute
in minor part to the signal plotted in Fig. 2A. In addition, we observe
that the 20-fs-period oscillations in the signal fade away after 40 to
50 fs, and slower oscillations with a time period T = (29.33‘3) fs be-
come dominant and finally dissipate after two to three periods, re-
sulting in the reduced relative change of the detected electron yield
for long time delays.

Probing the x-ray-induced electron dynamics off-resonance and,
therefore, facing notably lower count rates, Fig. 3A shows the
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Fig. 3. Phase-sensitive electron wave packet interferometry of glycine with 274.0-eV photons. (A) Relative change of the detected electron yields in kinetic energy
ranges with contributions from Auger emission superimposed with sequential double ionization as a function of x-ray pump-probe delay. The solid lines are the sinusoi-
dal fitting functions of time period T. The 95% confidence bounds are given by dotted lines. (B) Kinetic energy distributions of detected electrons recorded for pump-
probe delays At=13 fs and At=25 fs compared with the average electron spectrum over all delays. (C) Delay-dependent electron spectra fitted in steps of 1 eV with
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plot. (D) Phases, (E) periods, and (F) amplitudes of the sinusoidal functions (solid black, solid red, and solid blue lines, respectively) depending on the kinetic energy of
detected electrons. The 95% confidence bounds are given by the shaded areas. The black dashed lines shown in (A) and (E) are the result of using a single time period

T=Q( 9.6ff:‘2‘) fs for fitting the complete dataset.

result on the shorter, 25-fs time scale. Sequential double ionization
is dominant (by a factor of 10 at least) over the Auger decay for the
off-resonance probe FEL photon energy used in this part of our ex-
periment (see fig. S4). Here, we counted the electrons with kinetic
energies in four different ranges determined by the FEL spectral
bandwidth, (i) from 259 to 263 eV, (ii) from 252 to 256 eV, (iii)
from 235 to 239 eV, and (iv) from 231 to 235 eV, and plotted the
relative change of the electron yield in each energy bin (i to iv) as a
function of pump-probe delay in 1-fs steps. Oscillations of the de-
tected electron signal in the time domain are clearly visible. The
curves for high-energy and low-energy electron emission show a
n-phase shift with respect to each other, i.e., the electron yield in
different energy ranges is maximized/minimized for different x-ray
pump-probe delays, as shown in Fig. 3B. To work out for which
electron kinetic energy the phase jump occurs, the delay-dependent
electron spectra have been fitted in steps of 1 eV, with sinusoidal
functions and a 4-eV detection range keeping the oscillation period,
amplitude, and phase of the quantum beat as free parameters (see
Materials and Methods). The outcome is summarized in Fig. 3 (Cto F).
We observe the n-phase jump at an electron kinetic energy of (246 +
2) eV. Above and below this transition, the relative change of the
detected electron yield oscillates with a time period of T = (19.67%)
fs over the full kinetic energy range of electron emission from 224 to
264 eV shown in Fig. 1A. This time period is in close agreement to
the early time oscillations measured in the independent x-ray ab-
sorption measurement presented in Fig. 2.

We have simulated the experimental observables using the mea-
sured free-electron laser in Hamburg (FLASH) pulse parameters and
including the various ionization channels. The numerical ab initio

Schwickert et al., Sci. Adv. 8, eabn6848 (2022) 1 June 2022

results on the probe-induced electron yield modulation in pump-ionized
glycine molecules as a function of x-ray pump-probe delay are summa-
rized in Fig. 4 (A to C). Our theoretical simulations show that the phase
jump observed in the off-resonance experiment is a property of the se-
quential double ionization; see further details in section S2.2. Both chan-
nels monitor the same beating frequency of the cationic eigenstates.

The calculations were performed using the time-dependent
B-spline restricted correlation space-algebraic diagrammatic con-
struction (ADC) simulation method (24-26), which provided the
populations, degrees of coherence, and relative phases between
each pair of accessible cationic states computed using the ADC(2,2)
method in (27), as well as the relative change of electron kinetic
energy spectra as a function of pump-probe time delay as recorded
in the measurements. The simulation combines the accurate de-
scription of the photoelectron continuum by means of the B-spline
basis set (28) and the ADC description of electron correlation, but
in view of the required computational effort that is restricted to a
single (equilibrium) geometry of the Gly I conformer. The lack of
geometry averaging is probably the main source of discrepancy be-
tween the measured (Fig. 3) and simulated (Fig. 4) probe electron
spectra. The agreement between both on-resonance and off-resonance
experiments and the theory in terms of the initial period of the
oscillations of the many-electron wave packet allows us to interpret
the initial 25 fs of the quantum evolution of the glycine cation as
resulting from the electronic coherence. The amplitude of the ob-
served oscillation reflects the contribution of the 10a’ photoionization
channel and the magnitude of the electronic coherence produced
within the 10a’ band of many-electron states to the overall signal
(see further details in section S2.2 and fig. S3).
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Fig. 4. Ab initio time-dependent B-spline restricted correlation space-algebraic diagrammatic construction simulation of experimental observables using the
measured FLASH pulse parameters in the off-resonance probe scenario. (A) Relative change of the detected electron yields in kinetic energy ranges above and below
the phase jump including contributions from Auger emission and sequential double ionization as a function of x-ray pump-probe delay. The solid lines are a guide to the
eye, showing the onset of an oscillatory behavior with a time period of ~20 fs. (B) Kinetic energy distributions of emitted electrons simulated for pump-probe delays At=8fs
and At =20 fs compared with the average electron spectrum over all calculated delays. (C) Delay-dependent electron spectra presented as a false color plot system (for

details, see the Supplementary Materials).

The = difference between the oscillation’s phases in the lower
and higher kinetic energy ranges of the photoelectron spectrum is
due to the different time evolution of the 1h and 2h1p components
of the time-dependent ionic state created by the pump pulse in the
10a’ band. The initial decrease of the 10a’ 1h configuration weight
is accompanied by a corresponding increase of the 2hlp coeffi-
cients. As a result, because the former (the latter) carries most of the
oscillator strength for ionization into the highly excited states of the
dication with one hole in the 10a’ orbital (into the lowest-energy
dicationic states with two holes in outer-valence orbitals), the pho-
toelectron signal in the corresponding lower (higher) kinetic energy
range also initially decreases (increases).

We note that, within the time-dependent B-spline ADC(2)x scheme
used for simulating the probe step of the experiment, the absolute
binding energies of the final dicationic eigenstates are not reproduced
with high accuracy and may easily be off by up to ~10 eV [this is in
contrast to the accurate cationic eigenenergies obtained using the
ADC(2,2) method and used in the simulations of the pump step].
Therefore, we plot the simulated time-dependent electron spectra
presented in Fig. 4 (B and C) relative to the theoretically derived
phase jump energy (~255 eV), which is above the observed experi-
mental value of (246 + 2) eV. Furthermore, the ionization dynamics
for pump-probe time delays of a few fs, where the x-ray pulses
strongly overlap, cannot be accurately described in our model. The
reason is that, theoretically, the pump and probe simulations are
carried out independently and the probe simulation assumes that
the pump-induced ionization is completed. This is also the reason
why the onset of the observed electron yield oscillation slightly dif-
fers between experiment and theory. We also note that, according
to theory, the Auger spectra and the sequential double-ionization
spectra do not majorly depend on whether the inner-valence hole

Schwickert et al., Sci. Adv. 8, eabn6848 (2022) 1 June 2022

is located on the a-carbon or on the carboxyl carbon (see the
Supplementary Materials). Although the resonant 4a’ — 9a’ transi-
tion energy for inner-shell excitation of the carboxyl group is close
to the FEL photon energy and, therefore, considered in the simula-
tion, the FEL spectral bandwidth of less than 1.2 eV (FWHM) is too
small to form a coherent superposition of the two C 1s core orbitals
4a’ and 5a’ with high efficiency. Their relative chemical shift is on
the order of ~2.9 eV, which gives a time period of ~1.4 fs for the
corresponding quantum beat that cannot be resolved in the present
experiment. Nevertheless, the contribution from adjacent 9a" con-
figurations to the observed dynamics is fully taken into account in
our simulation and is also visible in static experiments, where two
electrons are measured in coincidence (Fig. 5).

Our further simulations take into account the nuclear geometry
(but not nuclear dynamics) effects on the temporal evolution of the
many-electron wave packet. First, we note that, at an average oven
temperature of 160°C in our gas phase experiment, only two con-
formers commonly referred to as Gly I and Gly III are expected to
contribute to the molecular response at a ratio of approximately 2:1
(12, 29). Theoretical investigations have shown that the jonization
out of orbital 10a’ gives rise to different many-electron dynamics in
Gly IIT and Gly I, with time scales varying from about 10 to 20 fs,
respectively (23). Therefore, the time-resolved electron spectroscopic
data presented here give the effective oscillation period T for the mix
of conformers present in the molecular beam. In accordance, we
have also calculated the survival probability of the pump-prepared
ionic density matrix performing a 2:1 weighted average over the
Gly I and Gly III conformers. Furthermore, our simulation of the
survival probability also included the effect of the quantum uncer-
tainty in the nuclear geometry because of zero-point energy. To this
end, we have used the normal modes of Gly I and Gly III conformers
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obtained using the Molpro quantum chemistry software package (30).
Our simulations show that the oscillations of the many-electron
wave packet survival probability survive both conformer and the
geometry uncertainty averaging for over at least 25 fs, in agreement
with the experimental results (see fig. S5). Note that, in some other
systems, the effect of the quantum uncertainty in the nuclear posi-
tions led to a much faster dephasing of the coherent oscillations of
the many-electron wave packets. For example, in isopropanol (31),
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Fig. 5. Two-electron coincidence spectroscopy of glycine with 274.0-eV pho-
tons. Coincidence map of two-electron detection. Photoelectron (10a' and 9a’)-
Auger electron coincidences following the resonant x-ray transition (1s — 1h) are
indicated (green and orange squares). The density of valence states is indicated
(dotted black) by using the experimental data reproduced from (74). Valence elec-
tron emission from x-ray probe-induced sequential double ionization contributes
to an uncorrelated background with respect to the (initial) x-ray pump-induced
photoionization events, which allows observing the fingerprint of the probe-
induced Auger decay. The map also shows an enhanced probability for the detection
of two (photo)electrons with an equal kinetic energy, which are the likely result of
a false coincidence between two valence ionization events.

- it
gplit-and-delay o7

TOroid

it has been found that while the initial quasi-exponential decay of
the inner-valence electron hole is barely affected by the averaging
over nuclear geometries, the subsequent quantum revivals of the
hole population predicted theoretically at the equilibrium geometry
of the neutral molecule are completely destroyed by the averaging
over an ensemble of geometries, representing a finite-uncertainty
vibrational state. Similarly, in paraxylene (11), averaging over the
nuclear geometries has been shown to lead to the very efficient de-
phasing of the hole oscillations because of the coherent population
of two electronic states.

DISCUSSION

This work contributes to the solution of the controversy on the pos-
sible time scale of the coherent many-electron dynamics leading to
charge migration in ionized polyatomic molecules. Whereas, previ-
ously, such dynamics, spanning tens of fs, was only detected indi-
rectly, e.g., via nuclear rather than electronic observables (3), here,
we present results of two direct modes of detection both based on
the electronic observables (see Figs. 2 and 3). We have shown that
the electron yield oscillations monitoring the quantum wave packet
dynamics of the positive charge in the photoionized glycine cation
persist for at least 40 fs. Our work, therefore, puts the idea of the
long-time coherent electronic molecular dynamics triggered by
photoionization on a much firmer ground than it was previously
possible by solely analyzing ionization-induced fragmentation as an
indirect signature of charge migration (3). Note that another study
of charge migration in a completely different (“frustrated Auger”)
regime in isopropanol was recently published (31) that also uses the
spectroscopic technique proposed theoretically in (12) to observe
highly transient hole states. However, the physical regime that (31)
addresses is the short-time one, covering only the first few fs of the
coherent evolution.

The presented observations of the oscillations in the photo- and
Auger electron yields prove the existence of coherent dynamics in
photoionized glycine extending over tens of fs. To extract the exact
nature of the coherence leading to these observed oscillations in an
experiment probing only the electronic degrees of freedom, we re-
quire theoretical analysis. Our high-level ADC(2,2) treatment is es-
sential to capture with sufficient accuracy the electronic dynamics,

0.75 m
fQS ! Molecular
~7,77 : beam oven
T=160°C

Fig. 6. Schematic setup. Experimental setup for the single-color, fs x-ray pump-probe measurements of glycine at FLASH2.
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as it provides the proper treatment of the 1h and 2h1p components
of the 10a’ state essential for this particularly challenging inner-
valence spectral region characterized by partial breakdown of the
molecular orbital picture of ionization. A full quantum mechanical
simulation of vibronic coherence and vibronic dynamics following
glycine photoionization, coupled to this accurate electronic calcula-
tion, is presently out of reach. Therefore, we limited the treatment
of the nuclear degrees of freedom in our theoretical investigation to
averaging over the zero-point energy spread in the nuclear posi-
tions, which has been previously shown to lead to dephasing of the
electronic coherence (11). Our ab initio theoretical investigation
showed that the period of the observed initial oscillations (~20 fs) is
fully consistent with the Born-Oppenheimer picture of an electronic
process taking place over a distribution of nuclear geometries.
While the oscillation period observed in the electronic signals is
also similar to that of the glycine C=O stretch, it cannot be ex-
plained by a coherent excitation of vibrations in the cation on a po-
tential energy surface of a single electronic state, because coherent
population of several bands of electronic states has been firmly es-
tablished by the pump simulation (see fig. S1). At the same time, it
would be naive to attribute the observed coherence to a purely elec-
tronic one, as modeled here within the Born-Oppenheimer picture.
Energy spacings in the energy region of partial breakdown of the
molecular orbital picture to which the 10a’ states belong are of the
same order of magnitude as some of the vibrational quanta, and
the two degrees of freedom are expected to strongly couple, result-
ing in quantum eigenstates represented by linear superpositions of
electronic states dressed by vibrational excitations. Nonadiabatic
dynamics and its effect on the vibronic coherence have been studied
by Mukamel and co-workers in the case of core ionization or exci-
tation (32-35), where breakdown of the molecular orbital picture is
not typical. In our work, we experimentally probe, via electronic
degrees of freedom, the cationic state coherence resulting from the
inner-valence ionization. Our many-electron simulations show that
this coherent oscillation period of the probe electron signal can be
successfully approximated by the coherent dynamics of the Born-
Oppenheimer electronic states averaged over the zero-point energy
distribution of the nuclear geometries. However, the full coherence
brought to life by the few-fs ionization of glycine in the inner-valence

Schwickert et al., Sci. Adv. 8, eabn6848 (2022) 1 June 2022

region is, in all probability, of mixed electronic and vibrational
character. Full characterization of this coherence theoretically within
the highly computationally demanding inner-valence energy region
is currently beyond reach and should be the subject of future theo-
retical studies. One can, nevertheless, speculate on the basis of the
experimental results presented here that the long time span of the
coherent signal oscillations observed in this work may well be a re-
sult of the similarity in the time scales of the electronic and vibra-
tional dynamics.

MATERIALS AND METHODS

Experimental design

The experiment was carried out at the FL24 beamline of the FLASH2
FEL at Deutsches Elektronen-Synchrotron DESY in Hamburg (18).
The FEL is operated in 10-Hz bursts with trains of 400 electron
bunches each with 1-us separation, in a special short-pulse mode
with a low electron bunch charge of a few tens of picocoulombs.
Each bunch generates a coherent FEL pulse with sub-5-fs duration
at 274.0-eV (off-resonance) and 272.7-eV (on-resonance) photon
energy and an average pulse energy of about 5 puJ (4000 photon
pulses per second in total). The FEL wavelength is tuned by changing
the gap between the magnetic poles of the FEL undulator magnets,
while the electron beam energy is kept constant at 1.24 GeV. The
scheme of the experimental setup is shown in Fig. 6.

We used a split-and-delay unit consisting of two interleaved
lamellar mirrors in the unfocused beam to generate two replicas of
collinearly propagating FEL pulses with a controllable delay (17).
The resulting pump-probe sequences were focused into the interac-
tion region by a toroidal mirror with a focal length of about 5.7 m.
Both the lamellar-mirror pair and the focusing mirror were nickel-
coated and operated at 8° angle of incidence to the surface.

For the experiments, >98.5% glycine was acquired from Sigma-
Aldrich and used without further purification. The glycine mole-
cules were delivered to the interaction region by evaporation of
glycine powder at 160°C in a resistively heated oven. The resulting
vapor pressure of glycine in the 10>-mbar range produced an effu-
sive beam of sufficient density.

The photoelectrons and Auger electrons generated in the inter-
action region were detected by a microchannel plate (MCP) detector
in a magnetic bottle-type TOF electron spectrometer. It allows the
application of retardation fields to provide the necessary resolution
for fast electrons with several hundred electron volt kinetic energy.
The MCP signal was digitized by a fast analog-to-digital converter
and stored in the FLASH data acquisition system. The electron kinetic
energies were calibrated with the well-known photoelectron spec-
trum of argon. The setup also allowed for simultaneous measurement
of TOF mass spectra, which were calibrated by means of mass spec-
trometry using different rare gases.

To generate the shortest possible pulses, FLASH uses a separate
photoinjector laser optimized for low bunch-charge operation. The
low charge enables a very high bunch compression because of smaller
space-charge effects. The short electron bunch reduces the number
of individual longitudinal modes present in the FEL pulses, in the
ideal case, down to a single mode. This is referred to as single-spike
self-amplified spontaneous emission (SASE) or single-mode SASE
operation. It increases the longitudinal coherence as the slippage
between the electrons and the light in the undulator is larger than
the bunch length so the light emitted from the tail of the electron
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bunch reaches the head of the bunch within a few gain lengths and
clearly before saturation. Single-spike operation delivers sub-5-fs
pulses with a high degree of longitudinal coherence from a SASE
source as the whole electron bunch interacts with the light from the
same mode (20, 21).

During our beamtime, we used the Online Photoionization
Spectrometer (OPIS) system in the FLASH2 tunnel for photon di-
agnostics (18). OPIS consists of four electron TOF spectrometers
arranged in a cross shape to monitor the FEL wavelength and band-
width by detecting photoelectrons from a thin rare gas target. To
evaluate the FEL spectral bandwidth, we correlated events in which
two electrons were detected in opposite-lying TOF spectrometers.
Each photoelectron was assigned to either the argon 2p;/, or 2ps.,
orbitals, and only matching pairs originating from the same orbital
of two atoms within one FEL shot were considered. For the dataset
shown in Fig. 3, it results in a total number of ~2.6 x 107 electron
pairs, which are plotted in Fig. 7. For these pairs, the differences of
their respective photoelectron kinetic energies were calculated and
are shown as a histogram. The width of the equidistant energy bins
was chosen to approximate the resolution of the analog-to-digital
converter with a sampling rate of 7 GHz. This procedure results in
an autocorrelation of the FEL shots in the spectral domain. Assum-
ing a Gaussian distribution, the FEL spectral bandwidth during the
data acquisition in the glycine experiment can be calculated to be
1.24 eV (FWHM) or about 0.45% of the central photon energy
tuned in the range between 269 and 281 eV. We note that this num-
ber still includes the instrument functions of the OPIS spectrome-
ters as well as a broadening by the finite-size beam profile and
pointing jitter of the FEL and is therefore an upper limit.

Data analysis and fitting

In Fig. 1A, each spectrum was measured for about 5 to 6 min and
normalized by the respective number of detected electrons to ac-
count for any fluctuations in FEL pulse energy and other FEL pa-
rameters. The average FEL wavelength per bunch train drifted less
than 0.1% around the central wavelengths. Instead of using the
Jacobi transformation for the electron TOF-to-kinetic energy con-
version, the equidistant TOF bins were resampled to equidistant
energy bins with a linear filter to avoid aliasing effects. The energy
bin size of 0.3 eV was chosen to match the energy width of the first
TOF bin in the spectra shown in Fig. 1A.

For the false color plot in Fig. 1A, the spectra were additionally
smoothed by applying a moving average over a window of 2.5-eV
electron kinetic energy to suppress noise and emphasize the general
trends. Between the spectra recorded at different photon energies, a
linear interpolation was applied.

In Fig. 3A, the electron spectra were divided by the total number of
detected electrons for each delay to account for any FEL fluctuations,
and, afterwards, the residual gas contribution was subtracted. Here, the
measurement time was 10 min per delay. The y axis shows the relative
change of the electron yield compared to the average yield in percent.
All four oscillations were fitted with a sinusoidal curve of the form

fi(At)=a; - sin(w; - At + @;) (3)
where g; is the amplitude, @; is a phase offset, ®; = ZT—T_‘, and T;is the
period of the oscillation for i € [1, 4]. As the average spectrum over
all delays was subtracted for every single delay, the resulting relative
change of the electron yield in percent naturally oscillates around 0.
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The oscillation amplitudes, periods, phases, and the goodness R? of
the fits are summarized in Table 1.

For Fig. 3C, the kinetic energy range of 224 to 264 eV was split
into overlapping intervals, with 4-eV width in steps of 1 eV. Each of
these delay-dependent electron spectra was fitted according to the
formula used for Fig. 3A. The result of the 37 individual fits is plot-
ted in Fig. 3C, with the central energy of the 4-eV energy range on
the y axis.

All of the kinetic energy ranges from Fig. 3C were also fitted with
sinusoidal curves of the same period but free phase and amplitudes
according to

fi(At)=a; - sin(o - At + @) (4)
where g; is the amplitude and ; is a phase offset for i € [1,37], ® = ZT",

and T is the period of the oscillation. The resulting period T of this
fit is indicated in Fig. 3 (A and E) as black dashed lines. The shown
error values are the mean of the upper and lower 95% for the 37 in-
dividual sinusoidal fits of overlapping energy intervals.

The fitted period presented in Fig. 3 within two SDs, T' = (19.6:'%_'2) fs,
corresponds to an energy level separation of the two cationic
eigenstates ¥; and ¥; of AE =~ (0.21 % 0.02) eV according to Eq. 2.

To identify the somewhat weaker probe-induced Auger channel
at the central photon energy of 274.0 eV (off-resonance) experi-
mentally demonstrating the element specificity and orbital selectiv-
ity of the 1s — 1h resonant transition, we selected FEL shots in
which two electrons were detected in coincidence. Of ~6 x 10° elec-
trons created in the interaction of glycine molecules with ~1 x 10° FEL
pulse pairs, we identified ~7600 coincidences integrated over all
time delays. In Fig. 5, the kinetic energy of the first (faster) and sec-
ond (slower) electron is plotted on the x and y axis, respectively.
Among the many possible multielectron excitation pathways and
decay channels creating doubly charged final states, particularly
those cascades starting with photoionization of the 9a’ and 10a’,
molecular orbitals are significantly enhanced in the coincidence
map as indicated in Fig. 5. The signature of a pump-probe event
including Auger decay is the observation of a photoelectron at ki-
netic energy corresponding to valence ionization of 10a’ (or 9a’) in
combination with an Auger electron that is downshifted in energy
by the difference of the first and second ionization potential.

The coincidence event map is obtained as follows: Every single-
shot kinetic energy spectrum with two electrons is represented by a

Table 1. Fitting parameters of sinusoidal curves of the form of Eq. 3.
The oscillation amplitudes, periods, phases, and the goodness R,2 of the
fits describing the experimental data shown in Fig. 3A are summarized.

E::gl‘gy Amplitude Period Phase Goodness
259to a,~ (28 + T = ¢ ~(00=+ 2

263 eV 11)% (206739 fs 02)n Ri ~ 0.58
252 to a,~ (26 + T, = P2~ (-01% 2

256 eV 14)% (188739 fs 03)n Ry ~ 037
235 to a3~ (16 + T3 = p3=(1.2+ 2

239eV 6)% (21452 fs 03)n Ry = 0.55
231 to as~ (24 Ty = Pa= (1.1 % 2

2356V 9)% (20.539) fs 03)n R, ~ 0.58
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row vector S(Ej, ..., Ey), where 1...N are the indices of energy bins.
It is transformed into an N x N matrix M = S’S. Then, all these sin-
gle-shot matrices, which are symmetric with respect to the diagonal,
are summed up, and the diagonal line, together with the upper tri-
angle, is removed for clarity. Columns and rows of the resulting
matrix represent the energies of the first electron and the second
electron, respectively. The values of elements py,, of the matrix con-
tain the number of double events, where the first electron had the
kinetic energy E, and the second electron had the kinetic energy E,,.

On the basis of the knowledge gained from the coincidence map
of the static experiment discussed above, we searched our data re-
corded at the FEL photon energy of 272.7 eV (on-resonance) for
two or more electron detection simultaneously to the appearance of
the doubly charged glycine parent ion (Gly**) per FEL shot. Then,
we filtered these triple events, fixing the kinetic energy of one elec-
tron to the valence ionization of 10a’ within a detection window of
15 eV. The resulting electron yield is divided by the total number of
detected electrons for each delay to account for any FEL fluctua-
tions. Afterwards, the difference between this signal and the average
over the full delay scan is plotted to derive the relative changes of
the electron yield as a function of x-ray pump x-ray probe delay in
1-fs steps, which is shown in Fig. 2. Continuous wavelet transform
(CWT) allows us to study the magnitude evolution of a nonstation-
ary signal at scaling frequencies. We used generalized Morse wave-
lets as described by Lilly and Olhede (36) with symmetry parameter
¥ = 3 and time-bandwidth product P* = 60. The CWT uses 48 voic-
es per octave. The “cone of influence” (COI), where part of the
wavelet in time domain extends past the finite recorded experimen-
tal signal trace, is given as a darker shaded area. In the COI area,
artificial edge effects disturb the frequency analysis and, therefore,
peak structures in the shaded area of the color plot are likely under-
estimated. The boundaries of the COI are chosen as the points,
where the autocorrelation magnitude of the respective wavelet de-
cays by 1/e.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn6848
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