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Ultrafast dynamics of correlation bands following
XUV molecular photoionization

M. Hervé

4 V. Despré??, P. Castellanos Nash3, V. Loriot®?, A. Boyer®', A. Scognamiglio’, G. Karras',

R. Brédy®1, E. Constant®', A. G. G. M. Tielens3, A. |. Kuleff®2 and F. Lépine ®12<

Modern ultrashort X-ray/XUV (extreme ultraviolet) sources
provide unique opportunities to investigate the primary reac-
tions of matter upon energetic excitation. Understanding
these processes in molecules on ultrafast timescales is
required to improve bespoke high-energy radiation detectors,
nanomedicine schemes or to study the molecular composition
of interstellar media. However, current experiments struggle
to provide a general framework because of the uniqueness and
complexity of each system. Here we show the universal role
of correlation bands—features created by electron correla-
tion. This is done by studying ultrafast energy relaxation of
size-scalable two-dimensional molecules following ionization
by an ultrashort XUV pulse. We observed long lifetimes that
nonlinearly increase with the number of valence electrons. A
general law based on solid-like electron-phonon scattering
is proposed, which explains both our results and previously
reported measurements. This offers new opportunities in
attosecond science and high-energy photophysics.

Energetic irradiation of molecular-sized structures followed by
ultrafast charge and energy flow is a general phenomenon encoun-
tered in nature and technology. For example, the detection of ener-
getic radiations in organic scintillators relies on detector devices
incorporating molecules such as polycyclic aromatic hydrocarbons
(PAHs), which convert high-energy radiation into low-energy light
emission’. In nanomedicine, the high energy deposited in nano-
sized structures can be used to enhance cancer treatments’. It also
plays a crucial role in space, where molecules evolve in interstellar
media upon interaction with energetic photons, shaping molecu-
lar structures and eventually leading to the appearance of prebiotic
molecules as a first step in the emergence of life in the Universe on
astrophysical timescales®.

Ultrafast extreme ultraviolet (XUV) technology has opened new
opportunities in these contexts by providing tools such as ultrashort
vacuum ultraviolet (VUV), XUV or X-ray pulses, allowing us to deci-
pher the initiated dynamics, with the ultimate aim of observing and
controlling photoinduced reactions on the femtosecond** and even
attosecond”® timescales. Since the early days of attosecond science,
ground-breaking results have been obtained by imaging ultrafast
molecular transformations using attosecond pulses, soon followed
by the possibility to control electron localization on the attosec-
ond timescale in H, (ref. °) and in small molecules'®'". However,
larger molecular species have been investigated far less because of
the experimental and theoretical challenges. Remarkable results
were obtained in phenylalanine'?, where oscillating features were
shown on the timescale of a few femtoseconds that were attributed

to attosecond hole migration'>' through the molecular backbone,
soon confirmed by similar investigations on tryptophan’®.

These experiments have demonstrated the existence of new
exciting processes that could be understood in terms of ‘pure’ elec-
tron dynamics'® yet questioning the role played by other degrees of
freedom'’~**. However, the lack of an adequate many-body quantum
theory and the limited available experimental data have restricted
our understanding of the underlying electron-vibration energy
transfer mechanisms.

We performed a systematic investigation of XUV-induced
relaxation in size-scalable two-dimensional (2D) molecular sys-
tems—PAHs. Our results reveal an unexpected simple trend for the
size-dependent relaxation lifetime that provides a general scaling
law. The process is understood as dynamics in the so-called cor-
relation bands*, which are intrinsic features of the high-energy
photoionization of many-electron systems, created by the electron
correlation. An electron—phonon scattering model is proposed as a
tool to describe dynamics in correlation bands in any complex mol-
ecule. We show that it provides a general framework to understand
XUV-induced processes in currently reported experiments.

The general concept of the experiment is presented in Fig. la.
Molecules are irradiated by an ultrashort 20-fs XUV pulse (centred
around 23eV), leading to ionization of inner-valence shells. This
produces excited cationic molecules, which are probed by a second
ionization step induced by a delayed 25-fs 800-nm pulse, leading
to doubly charged, stable cations detected by a time-of-flight spec-
trometer (TOF). The variation of the dication yield as a function the
XUV-infrared (XUV-IR) pump-probe delay provides direct infor-
mation on the non-adiabatic relaxation of the excited states popu-
lated below the ionization threshold of the dication (Supplementary
Information).

The XUV-induced dynamics was measured for a series of seven
planar (2D) PAH molecules (from naphthalene (C,,Hy), which con-
tains two aromatic rings, to hexabenzocoronene (C,H,, HBC),
built from 13 rings). The results obtained for coronene (C,,H,,) are
shown in Fig. 1b; these correspond to a fast increase of the yield
around zero delay followed by an exponential decay of a few tens
of femtoseconds. A single time constant is sufficient to represent
the dynamics, which, in the case of coronene, is 51 +7fs. Varying
the infrared intensity and XUV spectrum (Fig. 1c) changes nei-
ther the observed behaviour nor the time constant, but only the
signal-to-noise ratio. Therefore, we conclude that the measured
dynamics is intrinsic to the excited cationic states created below the
double ionization threshold, because of the non-resonant character
of the photoionization process.
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Fig. 1| Dynamics in correlation bands. a, lonization of the inner-valence shells of molecules, well below the highest occupied molecular orbital (HOMO),
by an XUV pump pulse (left) leads to the formation of a correlation band (CB) composed of a multitude of strongly coupled multielectronic states

below the double ionization threshold, IP_, (right). The CB in PAHs can then be described as a solid-like band with a linear density of state (DOS).

The subsequent relaxation occurs through electron-phonon scattering and is probed by ionization with the delayed infrared pulse, creating a stable
dication. b, Measured dication yield as a function of the XUV-IR delay for coronene (purple dots), together with the exponential fit (purple full line), and

the cross-correlation between the pump and the probe pulses (dashed line).

¢, Measured relaxation time in coronene as a function of the probe intensity,

for different XUV spectra (see Supplementary Fig. 8 for the corresponding spectra; central energies: blue=22.3eV, red=24.1¢V, black=28.7eV).
The associated error bars correspond to the standard deviation of the fitting procedure for each measurement.

The relaxation dynamics follows a similar exponential trend
for all measured molecules. The decay timescales are presented in
Fig. 2j for all the molecules as a function of the number of valence
electrons, from benzene’’ to HBC. We clearly observe a smooth
increase of the decay time as a function of the number of valence
electrons. We emphasize that one needs to study a set of PAHs,
including large ones, to exhibit the nonlinear evolution of the
decay time. It also allows us to provide a general insight into the
XUV-induced dynamics.

The removal of an electron with an XUV photon can leave
the molecules in any of a large number of excited states. For high
enough photon energy (typically above 10eV), the character of
these excited states changes qualitatively from monoelectronic
(corresponding to one-electron transitions) to multielectronic
(describing correlated transitions of more than one electron).
As discussed by Cederbaum et al.”, typically above 15eV, the
representation in terms of molecular orbitals eventually breaks
down completely. The removal of a single electron populates
many multielectronic states, whose number and density rapidly
grow, forming structures called ‘correlation bands’ (CBs). These
CBs resemble the bands encountered in solid matter (Fig. 1a,
right) and lie below the double ionization threshold (typically at
~20eV). Despite their generality, the dynamics in these CBs has
never been experimentally studied elsewhere. Thus, we propose
a general model based on an analogy with solid-state physics***’
and show that they play an essential role in XUV-induced dynam-
ics in general.

In contrast to the molecular view, where the electronic states
are typically non-adiabatically coupled pairwise, the states con-
stituting these bands are all strongly coupled to each other**
(Supplementary Information). Consequently, the dynamics in CBs
can be seen as an electron-phonon scattering process, transferring
energy from the electronic band to the phonons. Based on general
considerations on electron correlation, and a linear increase of
the density of states (DOS) as a function of energy, a general
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expression for the relaxation lifetime can be derived (see
Supplementary Information for full derivation):

T=19ln— (1)
CB
with
3nh
To = m (2)

where g, is the mean electron-phonon coupling strength, w, is the
mean phonon energy and « is the slope of the DOS as a function of
energy. Interestingly, equation (1) depends only on two parameters
(79> Ncg), which are determined by the fundamental properties of
the corresponding molecule. In our model, 7, can be interpreted as
the characteristic time of the electron-phonon scattering process
and Ng; as the minimum number of electrons where the phenom-
enon begins. The latter depends on the strength of the electron cor-
relation: in strongly correlated systems, N, can be small, while in
weakly correlated ones, it will be large. The relaxation lifetime 7 cor-
responds to the timescale for electronic energy loss, driving a single
exponential decay.

Although equation (1) is derived for a specific molecule, a fit of
the overall PAH dataset with a single set of free parameters (z,, N;)
shows very good agreement (with an accuracy of *=97%, (purple
curve, Fig. 2j), much better than, for example, a linear dependence
(r*=88%, not shown)), yielding 7,=24 +3fs and Ny =14+ 3. This
shows that the constants (7, Ng;) carry information not only on a
specific molecule, but also on the intrinsic properties of the whole
family of PAH molecules. For a given molecular family, the strength
of the electron correlation is not expected to vary strongly, therefore
N will vary slowly with size.

To obtainadeeper insightinto theseresults, we performed ab initio
calculations. The DOS was computed using multielectronic theory
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Fig. 2 | Scaling law in the relaxation of CBs for 2D and 3D structures. a-i, Measured decay for all the different PAHs and 3D systems as a function of IR
intensity and the XUV spectrum (see Supplementary Fig. 8 for the corresponding spectra; central energies: blue=22.3eV, red=24.1eV, black=28.7eV,
green=33.8eV), with associated error bars: anthracene (a), pyrene (b), tetracene (c), pentacene (d), coronene (e), HBC (f), adamantane (g), diamantane
(h) and C, (D). j, The relaxation times, reported as a function of the number of valence electrons, for PAHs (blue diamonds) and 3D structures (green and
black squares), together with their error bars, taken as the standard deviation of all the measurements for each molecule. The orange dashed line and pink
dotted line correspond to equation (1), using parameters determined by ab initio calculations, while the purple dashed curve corresponds to a direct fit

of the PAH lifetimes with equation (1), with free parameters (see main text). The lifetime for benzene? is also shown (light blue circle). Inset: a zoomed
view of the area outlined with a grey rectangle, where previously reported data are also included (magenta circles): phenylalanine (C,H,;NO,, label a)"” and

caffeine (CgH,,N,O,, label b)*°.

in the case of naphthalene, anthracene and pyrene (Fig. 3), validating
the linearity of the DOS near the onset of the CB, even for small mol-
ecules (states in purple, Fig. 3). Quantum non-adiabatic relaxation
calculations performed on naphthalene” were used to compute the
two parameters (Supplementary Information). We would like to
stress that only a limited number of active vibrational modes need
to be considered for the determination of w,. This reduction of

NATURE PHYSICS | VOL 17 | MARCH 2021 327-331| www.nature.com/naturephysics

dimensionality is important for future theoretical studies. We
obtained 7 = 30 fs and NI} = 22, in good agreement with the
result of the fit (orange dashed line, Fig. 2j). This corroborates the
relation between non-adiabatic molecular relaxation, computed
with ab initio many-body molecular theories, and the electron-
phonon scattering defining our model. Although accurate ab ini-
tio calculations can be used to estimate the parameters for small
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Fig. 3 | Analogy between CBs and solid-like band structures. a, Third-order algebraic diagrammatic construction (ADC(3)) calculations of the cationic
states in naphthalene (left). The length of the line corresponds to the one-hole contribution to the state. Because the states are normalized to 1, the
shorter the line, the stronger the multielectronic character. Above 15eV, the breakdown of the molecular orbital picture leads to the creation of a CB.
The DOS is extracted from these calculations and plotted as a function of energy (shown on the right). A linear increase of the DOS up to the second
ionization potential is observed, fitted by the purple dashed line. b,c, Same analysis as in a for anthracene (b) and pyrene (c).

molecules, the model allows us to extract precise information on the
relaxation dynamics, even for very large systems. Once calibrated
on a few systems, our model can predict the behaviour of any mol-
ecule of the family.

Consequently, a given set of parameters determines the behav-
iour of a given class of molecules according to their CB. This idea
has been tested by measuring different types of system, follow-
ing the same experimental procedure (green and black squares,
Fig. 2j). We see that diamondoids and fullerenes do not follow the
PAH curve and new sets of parameters have to be determined for
these structures. We determined a z§® = 21fs for diamondoids
(Supplementary Information), and assuming that NO@ = NZAH, we
obtain a new scaling law that agrees well with the measured dia-
mondoid data (dotted pink curve, Fig. 2j). Interestingly, the lifetime
observed in Cy lies clearly off the diamondoid curve, showing that
Cyo belongs to a different molecular family and should thus follow a
different scaling law.

CBs appear due to the universal breakdown of the molecular
orbital picture and are present in any complex-enough molecule.
The dynamics in CBs is driven by electron-phonon scattering,
which is also ubiquitous. Therefore, the process should arise in any
larger molecular system, and might already explain previous results
obtained in biomolecules'>*" (inset, Fig. 2j). It is indeed very strik-
ing that pyrene and caffeine, which have exactly the same number
of valence electrons (74) but very different molecular properties,
give exactly the same decay timescale (40fs). This means that their
CBs have the same properties. On the other hand, phenylalanine lies
between the PAH and diamondoid curves and therefore could cor-
respond to a third class of CB. One of the remarkable features of the
CBs is that the excited population is ‘trapped’ there for an unexpect-
edly long time. Recent experiments have shown that electronic’?
and nuclear® coherences could survive a few tens of femtoseconds,
while calculations based on few coupled electronic states'”** pre-
dict a much faster dephasing. We presume that high-density CBs
might be responsible for the long-lived coherences observed in
these experiments, showing the importance of many-body quan-
tum effects.

Our findings also bring important information for molecular
astrophysics, as the dynamics in CBs might strongly influence the
competition between ionization, direct dissociation and radiative
channels’. The relaxation-time evolution law can also be incor-
porated easily into the astrochemistry models used for simulating
XUV-induced chemistry in interstellar media.
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Methods

Experimental set-up. The experimental set-up is presented in Supplementary
Fig. 1 (Supplementary Information). In this set-up, the XUV-IR interferometer is
seeded by a 25-fs, 2-m), carrier-envelope-phase-stable Ti:sapphire laser, operating
at a repetition rate of 5kHz. The beam is split into two equal parts using a 50:50
beamsplitter. The first part is focused (using an f=30cm lens) into a 5-mm gas cell
filled with rare gas to generate XUV photons through the high-order harmonic
generation process. The beam is then reflected on a Nb,O,-coated mirror to
remove most of the remaining infrared light, and is focused with a toroidal mirror
towards the molecular jet inside the velocity map imaging (VMI) spectrometer.

A 200-nm aluminium filter is inserted in its path to completely remove harmonics
below harmonic 13 (that is, the photon energy of the transmitted XUV beam is
above 20eV), and the XUV spectrum can be measured using a movable grating.
The second part of the interferometer is used as the probe arm. Its power can be
controlled using a half-wave plate and a polarizer, and is delayed with attosecond
precision using a pair of wedges. It is then focused with a f=1m lens and
recombined with the XUV pump beam using a motorized holey mirror, enabling
spatial overlap of both beams at the focal point. The pump-probe experiment was
performed in the interaction region of a VMI/TOF spectrometer. There, gas-phase
molecules are injected via an oven filled with the corresponding molecule (in
powder), and heated for sublimation of the sample at 80 °C (diamantane, C,,H,,),
90°C (anthracene, C,H,,), 120°C (pyrene, C,H,,), 210°C (tetracene, C;;H,,),
240°C (coronene, C,,H,,), 290°C (pentacene, C,,H,,), 450°C (HBC, C,,H,;) and
530°C (Cq). Naphthalene (C,,H;) and adamantane (C,,H,¢) did not need to be
heated due to their high vapour pressure. Delay-dependent TOF spectra were
recorded using this configuration. For the largest species, special care was taken

to maintain good mass resolution in the TOF spectra by adopting a long field-free
drift tube configuration.

Fitting procedure. Following time-dependent measurements, the dication yield
was integrated and subtracted from the pump- and probe-only signals, defined as
the two-colour signal. This is then fitted to a standard lifetime function according
to a least-square fitting procedure:

TXco

[6‘(t —t) (Adecay exp(— ti[“) + Astep)]

Tdecay

ASy(t) = Sa+(t) — Sxuv = exp <—41n(2)(4)2>®

where t is the XUV-IR delay, 7y, is the experimental XUV-IR cross-correlation
duration, ¢, is delay 0 and 7., the extracted lifetime from the fit.

For each independent measurement, we evaluated the error bars as the
standard deviation of the least-square fit. Overall, the cross-correlation duration
extracted from these fits is 35 fs, imposed by the pulse duration of both infrared

and XUV pulses.

Electronic structure calculations. The ionization spectra of the different
molecules were computed using the third-order non-Dyson algebraic
diagrammatic construction methodology (nD-ADC(3)), with the cc-pVDZ
basis set. At this level of theory, all two-hole-one-particle (2h1p) configurations
contributing to each state are included. Each line in the spectrum corresponds

®3)
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to a cationic eigenstate. The length of the line, or the spectral intensity, is given
by the weight of all 1-hole configurations contributing to the corresponding
state, or its monoelectronic part, which can be shown to be related to the
partial-channel ionization cross-section. Because all the states are normalized

to 1, the ‘invisible’ part of the states in the spectrum reflects the contribution of
the 2h1p configurations, or the multielectronic part of the state. We see that, due
to the electron correlation, the 2h1p contribution becomes very important after
~15eV together with an increase in the number of states, whose decreased 1-hole
contribution make them less visible in the ADC spectrum. The DOS, extracted
from the ADC spectrum, thus becomes a complementary representation of the
electronic structure.
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