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Abstract

Abstract

We present recent theoretical and methodological explorations on the dynamics of sodium
clusters in the framework of Time-Dependent Density Functional Theory (TDDFT), coupled
non-adiabatically to Molecular-Dynamics (MD). In particular, a hierarchical approach, in
the spirit of Quantum-Mechanical/Molecular-Mechanical methods, has been developed for
the description of metal clusters in interaction with a dynamically polarizable substrate, as
rare gases or MgO. Numerous examples of application of this approach (Na clusters in or on
Ar substrate, Na clusters deposited on MgO; optical response, dynamical deposition, laser
irradiation, ...) are reviewed.

We also briefly discuss complementing research activities. Formal developments on the
Self-Interaction Correction issue in DF'T and TDDFT are discussed in a word. We have fur-
thermore extended our TDDFT-MD theory to the case of organic (C, N, O, H made) systems
and a few examples of investigated dynamical processes are presented. Recent calculations
of photoelectron angular distributions of free metal clusters are reported as well. We finally
sketch with some perspectives for the years to come.

Résumé

Nous présentons des développements théoriques et méthodologiques sur la dynamique
d’agrégats de sodium dans le cadre de la théorie de la fonctionnelle de la densité dépendante du
temps (TDDFT), couplée non adiabatiquement a de la dynamique moléculaire (MD). En parti-
culier, une approche hiérarchique, s’inspirant des méthodes Mécanique-Quantique/Mécanique-
Moléculaire, a été élaborée afin de décrire des agrégats métalliques au contact avec un substrat
de polarisabilité dynamique. De nombreux exemples d’applications de cette approche (agré-
gats de Na dans ou sur un substrat d’Ar, agrégats de Na déposés sur MgQO; réponse optique,
dynamique de dépot, irradiation laser, ...) sont passés en revue.

Nous exposons aussi brievement quelques activités de recherche complémentaires. Des
développements formels sur le probléme de la correction de 'auto-interaction en DFT et en
TDDFT sont rapidement discutés. De plus, nous avons étendu notre théorie de TDDFT-
MD au cas de systémes organiques (composés de C, N, O, H) et quelques exemples d’études
de processus dynamiques sont présentés. De récents calculs de distributions angulaires de
photoélectrons sont également exposés. Enfin nous donnons quelques perspectives pour les
années a venir.
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This chapter summarizes my scientific activities during the last seven years. A particular
focus lies on the development of a hierarchical method to describe the interaction of metal
clusters with a substrate with dynamical polarizability (see Sec. II.1 and Appendix A). In
a second section, I briefly present complementary research activities, especially since 2005.
Finally I give some perspectives in the last section.

Nota Bene : The citations in arabic figures (as for instance [16|) correspond to my articles,
listed in Sec. 1.2.1, while those in latin alphabet and two arabic figures (as [Koh 99]) refer to
published articles from the bibliography at the end of the manuscript.
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II.L1 Dynamics of clusters in contact with an environment

I1.1.1 Starting scientific context

I arrived in 2002 in Prof. E. Suraud’s group, in the Laboratory for Theoretical Physics of
Toulouse, University Paul Sabatier (Toulouse 3) and got a permanent position as an assistant
professor in 2003. The “Finite Fermionic Systems” group consisted in Prof. E. Suraud and
Prof. M. Belkacem, and had already at that time a rich experience on the dynamics of
free metal clusters under irradiation. However Prof. M. Belkacem’s departure in Sep. 2005
strongly weakened the group. Nevertheless, the longstanding and active collaboration with
Prof. P.-G. Reinhard from Erlangen University (Germany) allowed our group to maintain a
high level of scientific production.

The core activity of our group concerns the microscopic description of the dynamics of
clusters and molecules subject to violent electromagnetic perturbations, such as delivered by
short and intense laser pulses or highly charged ionic projectiles. From the formal point of
view, density functional theory (DFT) [Hoh 64,Par 89,Dre 90, Koh 99| has evolved over the
last decades to a standard theoretical tool for the description of electronic properties in many
physical and chemical systems, especially in systems with sizeable numbers of electrons. Its
time-dependent version (TDDFT) [Run 84,Gro 90, Mar 04] is a more recent achievement and
still motivating many investigations, both for formal and practical aspects [Mar 06]. TDDFT
offers a unique and versatile tool for the development of several theories in the realm of violent
dynamical scenarios in irradiated free metal clusters, from fully quantum to mostly classical
approaches [Rei 03]. In particular, the treatment of the valence electrons of the cluster by
TDDFT, coupled non-adiabatically to molecular dynamics (MD) for the cluster ions, allows
us to explore many possible scenarios of irradiated clusters and molecules, from the linear to
the highly non-linear regime. Our group has meanwhile worked out a platform of very robust
and flexible homemade numerical tools developed over the years [Cal 00]. Only few groups in
the world can actually compete with such a microscopic description of non-linear processes.

11.1.2 Hierarchical approaches for the description of clusters in contact with
an environment

In 2002, these methods were already well validated in the case of free metal clusters [Cal 00].
This scientific context was thus favorable for new methodological developments, as the con-
struction of dynamical hierarchical approaches to describe the coupled response of a cluster
in contact with an environment. This topic has been the core of my research activities during
the last years. The physical motivation of our investigations was the understanding of the
dynamics of clusters and molecules in contact with a substrate, a situation which occurs in
numerous physical contexts, ranging from surface physics to water-embedded biological sys-
tems. While environments may help controlling experimental conditions, such as for example
on surfaces, they also make the description of the system much more involved, precisely due
to the presence of the environment which may play a non-negligible role in the response of the
system to an external perturbation such as an irradiation. Nevertheless, standard approaches
do not take into account the dynamical polarizability of the environment. We have thus been
led to develop a more sophisticated model accounting for such degrees of freedom.

We first developed since 2003 a hierarchical modeling of metal cluster in contact with an
argon substrate (surface or matrix) [Feh 05, Feh 06a,Feh 06b]. While the cluster is treated
in TDDFT-MD as before, the environment is described at a lower level of sophistication in
the spirit of QM/MM (Quantum Mechanics/Molecular Mechanics) approaches of quantum
chemistry, hence the term “hierarchical”. The idea is to treat atoms of the environment as
classical particles. However, at variance with earlier approaches, we complement the descrip-
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tion by attributing dynamical dipoles to each atom of the environment. These new degrees
of freedom turn out to be a key issue for the description of irradiation processes, especially
when charges are involved, either because of dealing with charged species or as a result of an
irradiation process. The many results obtained demonstrated a posteriori the key importance
of this aspect, whatever the dynamical regime under consideration. We later extended our
hierarchical method to other rare gases (Ne, Kr) [18], and to a mechanically harder insulator,
that is MgO [Bar 07a,Bae 08].

The results of our hierarchical methods applied to various scenarios (neutral or charged
cluster deposition on a surface, Coulomb explosion of embedded clusters after irradiation by
an intense laser, photoelectron spectroscopy of deposited clusters, ...) represent 11 published
articles including 1 review [1,5,7,10,13-19], 1 submitted article [34] and 2 in preparation.
The review article [5] can be found in the Appendix A. For the sake of briefness, we refer the
reader to this appendix for an exhaustive report of our models and results on this topic.

1.2 Complementary research activities

Since 2005, we also developed new activities along three complementing lines : i) Formal
developments for the correct description of ionization dynamics in the framework of TDDFT;
ii) Technical and numerical extension of the non-adiabatic description of electron dynamics
to the case of organic systems; #i7) Elaborated study of the dynamics of free clusters under
extreme light irradiation. All three aspects have been successfully worked out over the last
few years. They are briefly discussed below and illustrated by a few typical results.

11.2.1 Dynamical self-interaction correction

A correct treatment of ionization processes in TDDFT is still raising sizeable difficulties, es-
pecially from the formal side. Indeed, standard DFT approaches rely on the local density
approximation (LDA) which is plagued by the well known self-interaction problem, that is
the self-interaction of an electron with itself through the total density from which the electron
potential is built. There is thus a crucial need to overcome this problem in order to recover
properly ionization properties, especially when considering explicit time-dependent processes.
A key point thus concerns a clean formulation of the self-interaction correction (SIC) method
on top of the standard LDA of TDDFT, see [Mar 06,Kue 08| and references therein, for recent
reviews on the topic. While the problem is well studied in the static domain, time-dependent
versions of the theory have only been developed in the framework of further approximations,
especially within the optimized effective potential (OEP) strategy. The first task was thus a
clean reformulation of time-dependent SIC (TDSIC) in which an explicit account of orthonor-
malization was included in the theory [8,9]. The TDSIC equations are rather involved and in
order to be able to have a proper time propagation, we have been led to introduce two sets
of single electron orbitals. Such a strategy amounts to exploit the usually left-over degree of
freedom of unitary transform amongst electronic orbitals in time propagation, an idea which
had never been put forward. The result led, to the best of our knowledge, to the first complete
calculation of full TDSIC, which is thus providing a benchmark for the development of further
approximations.

This double set strategy also turned out to be extremely useful for the stationary limit
as it provided the basic idea for developing efficient and simple approximations of the OEP
methods built on top of SIC. This allowed to propose a new, efficient SIC-OEP scheme which
turns out to provide remarkably accurate results from a rather simple treatment [4,11]. The
double set scheme furthermore shed some light on the longstanding difficulties associated to
the more or less localized nature of electronic orbitals. Indeed, one set provides rather localized
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orbitals (which allow to properly ensure orthonormalization), while the second one leads to
more delocalized orbitals typical of bonding orbitals. An illustration of our simplified SIC-
OEP with the double set strategy (Generalized SIC-Slater) is given in Fig. II.1 and applied
to the cluster Nas in a dynamical situation [2]. The initial excitation is a small boost of
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Figure II.1: Total energy and dipole moments, (x) and (y), as a function of time, after an
initial small boost of groud-state electronic distributions of Nas. Are compared standard
(one-set) SIC-Slater and our simplified two-set SIC-OEP, Generalized SIC-Slater [2].

the initial (ground state) electronic distributions of Nas. This simulates a very short laser
pulse and still allows to check energy conservation in time. Time evolutions of the total
energy and the dipole moments are plotted and compared with standard (one-set) SIC-Slater
approximation. It is well known that this approximation suffers from inconsistencies in the
time domain, as it can strongly violate energy conservation and zero force theorem [Mun 07].
As it is obviously visible in Fig. II.1, the range of stability (that is, time of energy-stable
propagation) is dramatically enhanced by Generalized SIC-Slater, while standard SIC-Slater
diverges at very short times.

The full TDSIC and its simplified SIC-OEP version have been applied with success to
various physical systems including metal clusters, organic molecules and quantum dots, and
led to 6 publications |2,4,8,9,11,12|, and 2 in preparation. The next step to come is to develop
a simplified and robust version of the theory to be used in large scale calculations, since our
schemes, even in their simplified version, are still highly time-consuming.

[1.2.2 Extension to organic molecules and clusters

While we continued to investigate our model in the case of cluster /substrate combinations, we
also started in 2005 to consider its extension to the case of organic molecules in contact with
polar molecules. The description of water is a well explored field and we have identified a few
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approaches compatible with our strategy. Still, discussions with several colleagues working on
the irradiation of small organic/biomolecules led us to postpone the implementation of this
extension of our hierarchical modeling to the benefit of more detailed studies of very small
systems, which were more urgently interesting experimental colleagues. Indeed this turns out
to provide valuable prototype cases for irradiation studies even when very small. In such
cases, the system is fully treated at a TDLDA-MD level. SIC is still handled, however in a
simplified way (Average Density SIC, ADSIC [Leg 02]). This SIC allows to properly treat
electronic dynamics but fails at describing molecular dissociation quantitatively. Such calcu-
lations, in addition to their intrinsic physical interest, will furthermore serve as benchmarks
for hierarchical approaches to come.

The extension of our TDLDA-MD method to organic molecules is in principle straightfor-
ward but requires some technical fine-tuning. Surprisingly enough, such fully non-adiabatic
calculations allowing to cover any dynamical regimes had not been realized before. Only
simplified situations in which either ions are kept fixed (linear processes or very energetic
collisions) [Yab 99,Hei 00, Var 06] or electrons “follow” ions at Born-Oppenheimer level were
available for such systems. The major effort to be done in our approach concerned the vali-
dation of pseudopotentials especially designed for our grid representation of electronic wave
functions. Pseudopotentials imply a minimum length scale associated to the atomic core size
which, in turn, determines a minimum grid spacing. As long as only one material is present,
any well behaved (smooth enough) pseudopotential is applicable. In the case of mixed sys-
tems (as typical organic molecules), one has to retune pseudopotentials to a common (and
sufficiently large) minimum length. Such a fine-tuning was successfully done for the standard
organic elements (C, N, O, and H) to be used in our target molecules. Of course, the retuning
implies some compromises. But these are beneficial to attain representations which allow
robust calculations over long times and in the non-linear domain.

The new set of pseudopotentials was then used to study the dynamics of small organic
systems especially under laser irradiation and collisions with charged or neutral projectiles.
We studied the laser irradiation of the ethylene molecule extensively; two articles reporting
our findings have been submitted [32,33]. In close collaboration with Prof. M. Farizon’s
experimental group at the Institute for Nuclear Physics of Lyon (IPNL), with which we have
a joined contract from the French National Agency for Research (ANR), we have also focused
on the irradiation of simplest water molecules clusters. A common article on collision of a
molecule water with a proton at low velocity or a neutral carbon atom at high velocity has
been published recently [6]. The full non-adiabatic coupling between electrons and ions is
here crucial as it allows to cover any dynamical regime in the field, namely charged or neutral
projectiles at low or high velocity, a possibility which, to the best of our knowledge, is a
“premiere” in the field |Gai 07, Koh 08].

Further results on irradiation of small charged water cluster are currently available and
are being prepared for 2 publications. As an illustration, we present in Fig. I1.2 the dynamics
of (HoO)H30% irradiated by lasers with intensity I =2 — 7 x 10'* W/cm?, full width at half
maximum (FWHM) of 20 fs, and three different frequencies (far IR, optical, XUV). In the
optical domain, the electronic dipole nicely follows the laser pulse, and electronic excitation
ends as soon as the laser is switched off. This pattern is very similar to what is observed in
metal clusters when irradiated by an optical laser with frequency off the plasmon resonance.
As expected, no electronic emission is observed, since water is an electronic insulator with a
gap of about 10 eV. Only a slight cluster rotation is induced. Similar behaviors are observed
with UV frequencies (not shown). For XUV frequencies, which lie in the optical absorption
regime of (HoO)H30™, significant ionization occurs (~ 1 electron) and the charge instability
provokes a Coulomb explosion of the cluster. Note also the unusual dipole response pattern,
very different from the previous case. Highly non-linear dynamics obviously takes place as
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Figure I1.2: Trradiation of (HoO)H30™ by lasers with polarization along x axis, FWHM of
20 fs, intensities of about Iy = 10'* W /cm?, and three frequencies as indicated. The number
of escaped electrons N is also reported for each case. As a function of time : Electronic
dipole moment in z direction (left column), and ionic x coordinates (right column). The dark
(blue) lines correspond to the ionic positions of H3O™", while the light (green) ones show that
of HoO. The thick curves stand for the position of the oxygen atoms.
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soon as electrons are emitted. In the far IR domain instead, the water cluster is stable but ionic
vibrations show up after 30 fs, while still no electronic emission is observed. This frequency
scan thus nicely presents the various dynamical couplings between a laser and a water cluster.
A systematic study on larger water clusters is in progress. The case of irradiation by a charged
projectile is also currently investigated.

11.2.3 Detailed analysis of the dynamics of free irradiated clusters

In parallel to these (sometimes heavy) theoretical developments, we have continued to analyze
some detailed aspects of coupled electron and ion dynamics in free irradiated metal clusters,
motivated by new challenging experimental developments. Indeed, the new developments in
laser technology allow growing availability of light under extreme conditions : Attosecond
pulses, and high photon frequencies delivered by free electron lasers (FEL). Moreover new
experimental detailed data on properties of distributions of emitted electrons (high-order
harmonic generations, angular-resolved photoelectron spectra, time-resolved photoelectron
spectra) call us for pursuing our studies on free irradiated clusters [Sur 05,Rei 05,Nes 06,20,21].

In particular, non-linear interactions between an intense laser field and a dense cluster
matter constitute a topic of high current interest in which many investigations have been
carried over the past years (for a recent review, see e.g. [3]). For instance, these interactions
can produce an enhanced high-order harmonic generation (HHG), compared with the case
of irradiation of atomic jets. HHG have been observed in a few experiments on rare gas
clusters [Don 96, Tis 97, Vel 01,Pai 06]. It has also been observed in organic molecules [Lev 01,
Ita 04]. However the theoretical exploration of a such a phenomenon for multielectron systems
is still a developing domain, since computations in full time-dependent Schrédinger equation
are very time-consuming. Thus TDLDA-MD appears as a powerful tool to elucidate this issue
in large systems.

As an example, we simulated molecular HHG (MHHG) obtained after irradiation of an
ethylene molecule by a one-color laser (frequency of w; = 2.72 €V, intensity of I; = 10
W /cm?, ramp profile with whole duration of 30 fs, polarization along C-C double bond direc-
tion) and a two-color laser (same w; and I; for the first color, but wy = 2wy and Iy = I /4 for
the second color, and no relative phase; same time profile and polarization) [33]. The MHHG
spectrum of CoHy, obtained after interaction with the one-color laser, is more or less similar
to that of an atom. At variance, after the two-frequency laser irradiation, the MHHG pattern
strongly differs. To get a deeper insight of these discrepancies, we performed a Gabor trans-
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Figure I1.3: Time profile of the 5th harmonic obtained by Gabor transform of the dipole
moment of CyHy along the laser polarization direction (same as the C-C double bond one),
after irradiation by a one-color laser (w; = 2.72 eV, I; = 10 W/cm?, solid line), and a
two-color laser (same wq and I, and wy = 2wy, Iy = I1/4, dots). From [33].
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form of the dipole moment D(¢). The latter is dominated by the response along the laser
polarization, denoted in the following as Dp,. The Gabor transform consists in a Fourier
transform where the function to transform is multiplied by a Gaussian, viewed as a time
window. More precisely, we compute the function Dg(v,7) = [ dt Dpoi(t) 2mivte—(t=7)%/20%
where o is chosen as one-tenth of the laser optical period. This time-frequency analysis thus
provides time profiles of the different harmonics v. As an illustration, we plot Dg(5,7) in
Fig. II.3. The 5th harmonic, in the one-color case, smoothly evolves in time, indicating a
multiphoton mechanism. When the two-color laser is used instead, the yield is higher and
exhibits nice oscillations in phase with the laser optical cycles. One can explain this behavior
by recollisions of the electronic wave packet with the ionic cores.

The detailed study of photoelectron angular distributions (PAD) can also shed some light
on the dynamics of photoemission, in particular regarding the symmetry of the electronic
wave functions and the degree of thermalization. A few highly detailed experimental results
start to be available in the optical domain [Kos 07,Bar 09]. An example of such an analysis on
Nagg is presented in Fig. I1.4. Comparison with our calculations is drawn and fair agreement
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Figure I1.4: Experimental photoelectron angular distributions (PAD) of Na. after irradiation
by a laser of intensity less than 101 W/cm?, and a frequency of 4.02 eV (bottom) or 2.48 eV
(middle) [Kos 07|. Experimental results are compared with a theoretical PAD (top) obtained
with a laser frequency of w = 2.48 eV. The vertical lines in the lower panel indicate the static
single-particle energies, with an additional contribution from w (unpublished).

is found between theory and experiment. A complete investigation will be reported in a paper
in preparation.

It is also interesting to explore PAD for the case of irradiated deposited clusters. Such
calculations are underway in the case of simple metal clusters deposited on either an Ar or a
MgO surface (in preparation).

Interaction of clusters with lasers in the FEL frequency domain finally constitute challeng-
ing and exciting issues, since ionization mechanisms strongly differ from that in the optical
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domain. We have thus started to compute the response of (organic and metal) clusters and
molecules to very high laser frequencies, focusing on the detailed analysis of the properties of
emitted electrons, and PAD in particular.

1.3 Scientific project

As exemplified in Secs. II.1 and II1.2, the elaborated TDDFT-MD codes developed in our
group over the years offer a unique numerical tool to explore many non-linear scenarios in
clusters and molecules under extreme conditions, processes that are usually not accessible by
other techniques. They also constitute a great opportunity to test in truly realistic situations
the applicability of formal developments from a numerical standpoint. We also have long-
standing contacts with experimental groups working in related fields, for instance in Rostock
(Germany) and Lyon (France). This provides promising opportunities for the applications of
the developed formalisms. Following these considerations, we have identified several comple-
mentary axes of work. Three of them rely on the hierarchical methods developed during the
last years. The fourth one focuses on free cluster dynamics irradiated by extreme light. The
last topic concerns numerical and formal developments of our codes. We shortly present all
of them in the following sections.

11.3.1 Metal clusters adsorbed at defects on MgO(001)

Whereas the dynamics of Na atom/clusters in contact with a rare gas environment (deposited
or embedded) has been extensively explored [5,7,10,13-19], the case of MgO(001) still offers
many interesting dynamical scenarios to explore. Indeed, metal oxides are of great technologi-
cal importance in surface science and engineering, especially for their applications in catalysis
processes, protective coatings, and microelectronics [Hei 94, Woo 01]. It has been moreover
demonstrated experimentally that defects at the MgO surface can act as strong nucleation
and diffusion sites [Als 88,Meu 94,Haa 00]. This has also been investigated theoretically but
only in static calculations [Yan 02, Vit 05,Inn 06, Hon 07,Bar 07b]. Within our hierarchi-
cal model, we can easily explore dynamical deposition/diffusion of Na clusters on neutral or
charged oxygen vacancies, and fully appreciate the effect of the dynamical polarizabitility of
the oxygen atoms in these processes.

11.3.2 Helium surrounding

Chemical physics of ultra-cold atoms and molecules represents nowadays a growing field for
the exploration of a large variety of phenomena, e.g., formation of metastable molecular
complexes or chemical reactions under extremely well-defined conditions (temperature, orien-
tation, distributions of populated states). Superfluid helium nanodroplet beams now provide
a powerful tool for chemical and physical investigations at very low temperatures for a wide
range of embedded molecules and clusters.

In the ANR contract MIRRAMO, joined with Prof. Farizon’s experimental group in Lyon,
we aim at elucidating at the microscopic level the damage on water-coated biomolecules
when interacting with a high-energy projectile. The next step in this experiment is to use
embedding in rare-gas (helium or argon) droplets to control the external conditions under
which irradiation takes place. From the theoretical point of view, the simplest assumption is
that the rare gas mostly provides a low temperature heat (cold) bath. But a high precision
description has also to account for the side-effects due to the embedment. This thus calls for
an extension of our hierarchical model to the case of a helium environment. We have then
identified two complementing directions, relying on the energy scale involved there.
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Electronic spectroscopy in helium droplets We have already performed detailed stud-
ies of low energy observables (structures, optical response) for simple metal clusters in contact
with rare gas environments (Ar, Kr, Ne) and found that, in spite of their inert character, rare
gases do contribute [17]. However there is only a weak influence on the optical response
of the embedded cluster and on electronic transport, in agreement with experimental find-
ings [Die 02].

Still many experimental and theoretical works exist for electronic spectroscopy of doped
helium droplets (see [Sti 01,Sti 06] for recent experimental reviews). For instance, excited
states of benzene |Log 07| or Ag atoms |Evg 08| embedded in helium droplets have been
explored experimentally, and measurements of metastable states have been reported. In the
same spirit, it has been observed very recently by means of pump-probe techniques that the
interaction of Mg with He can lead to metastable Mg complexes, with a delayed collapse
when irradiated by a laser [Prz 08]. These findings have been confirmed theoretically by DFT
calculations [Her 08].

Hence, regarding the numerous works using helium surrounding for the study of electronic
properties, the calibration of the potentials between Na and He in our hierarchical method
will definitely add versatility to our model. The basis of modeling will remain the same as
before, that is the description of helium by classical atoms dressed with (classical) dynamical
polarizabilities. There exist, in addition, recent detailed experimental measurements on Na-
doped helium droplets [Log 08], which will allow the fine-tuning of the parameters of our
model.

High energy excitations in helium droplets At the other limit, we aim at describing the
microscopic mechanisms involved in the irradiation of molecules embedded in helium droplets
in the non-linear regime, more closely to Prof. Farizon’s experiment. The strategy here is
to describe the interaction of an organic system with a He environment, and thereafter the
time evolution after collision with an energetic proton. New developments and calibration
in detail will be needed here and will probably ask for more effort, since one has to define
model potentials for the various combinations of C, N, O, H and rare gases. We will rely on
benchmark computations from the literature, especially from ab-initio quantum chemistry, if
available. We also have the capability to perform our own ab-initio calculations and will do
that if necessary. Final re-tuning of model parameters allows in the end of the process to fit
available experimental results on such mixed systems.

11.3.3 Chromophore effects in irradiated water clusters

When, in 2005, we aimed at extending our hierarchical method of sodium clusters in contact
with an insulator substrate to the case of organic systems in contact with a polar environment,
we started in the same spirit a few studies of Na and Nay embedded in water clusters. Indeed
some experimental and theoretical investigations are available (see e.g. [Sch 03,Bao 07,Cwi 08,
Kry 09]). Note that, at variance with the exothermic reaction between alkali metals and water,
single Na atoms do not react with HoO molecules or clusters.

However, as mentioned in Sec. 11.2.2, we postponed the calibration of such a theory and
preferred to describe the water molecules at the same level of refinement as the embedded
molecule. Indeed in Prof. Farizon’s experiments, the number of coating water molecules will
be precisely controlled (from 2 to about 30). Hence water will not act as a macroscopic
environment but rather as a finite system in contact with the biomolecule under study.

The exploration of a Na atom embedded in a water cluster recently gained a high interest
from our point of view. Indeed, Prof. L. Sanche’s group in Sherbrooke (Canada) has, since
the eighties, a longstanding expertise on the damage on biomolecules caused by low-energy
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electrons (LEE). The latter are primary produced by an irradiation, as the interaction with fast
projectiles during radiotherapy [San 05]. The understanding and the control of the chemistry
induced by LEE produced in biological cells is thus of utmost importance. Very recently,
L. Sanche et al. reported that in the presence of gold nanoparticles, the amount of LEE
created by a high energy radiation near DNA considerably increases and thus causes much
more damage [San 09]. What is observed here is a chromophore effect of the gold cluster.
Indeed the gold cluster, constituting an electron reservoir, can easily couple with an external
electromagnetic field, and thus can be highly ionized.

The theoretical description of such a phenomenon is not possible nowadays for such a
large system (gold cluster-DNA complex), since electronic emission is involved and thus calls
for a detailed description of the ionization. However, within TDDFT-MD, we can explore the
underlying mechanisms by investigating the irradiation by an optical laser of a simpler atom
embedded in a water cluster. The idea here is to gently deposit a small amount of energy
in an organic system, by means of a (cheap) optical laser, via the preferrential coupling of
a metal atom with the laser field. LEE can hopefully be emitted from the metal atom, and
provoke a fragmentation of the water cluster, in line with the dissociative electron attachment
observed by Sanche et al.. Work in that direction is under way.

11.3.4 Irradiation of clusters by laser light under extreme conditions

High-intensity X-ray/XUV Free Electron Lasers (FEL) are now available and will allow new,
possibly time-resolved (TR), spectroscopies for imaging the electronic motion on its natural
time-scale and at the length-scale of a molecule. Furthermore, the availability of attosecond
pulses will even reduce the time scale at which dynamics will be resolved. While there was
for years no urgent need for theoretical studies in that regime, the recent new experiments in
these fields open exciting areas in cluster and molecular physics. However, accurate theoretical
descriptions are still missing. Indeed, intense fields as provided by these lasers inevitably excite
complex dynamics. The success of imaging techniques depends on our understanding of these
largely unknown dynamics, creating demand for the theory of complex polyatomic systems in
non-perturbative and ultrashort external fields.

Some contact with Dr. F. Lépine’s experimental group at the LASIM in Lyon (France)
have been established this year and scientific collaborations are expected to come. This group
aims at developing an experiment on Cgg combining attosecond pulses and modern imaging
detection techniques, to investigate ultrafast multi-electron dynamics in complex isolated
systems. From the experimental standpoint, Cgg is a welcome test case since it can be easily
produced with no need for mass selection. At the side of theory, it appears as a good candidate
for theoretical investigations because of its high symmetry, still keeping the complexity of a
large multielectron system. Up to now, no experiment has explored extreme light excitations
in the highly non-linear dynamical regime in Cgg, and furthermore on a sub-fs timescale.

Production of experimental time-resolved photoelectron spectra of Cgg is extremely promis-
ing for us. Our previously developed theoretical and numerical tools are ideally suited to tackle
the opening issues of the dynamics of clusters and molecules in extreme light. The simulation
of the dynamics of irradiated Cgg is actually essentially a matter of computing time. One
of our goals here will be to establish time-resolved photoelectron spectra and angular distri-
butions of electrons emitted after the interaction of Cgo (or another cluster/molecule) with
an extremely short-pulse and/or a high-frequency laser. This will allow us to explore the
mechanism of light absorption and electronic emission in such new processes.
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11.3.5 Development of softwares

Our platform of TDDFT-MD codes allow us to explore in principle many different types of
dynamical situations which are sketched in Fig. I1.5. However, our numerical tools has been

free Na, [free CNOH clusters|
!

¢ @Q(H0),H30%

@Ne,Ar,Kr @MgO

5 ‘ Structure optimization‘
¢}
]
= ‘ Optical response‘
Photoelectron spectra Collision with Collision with
Photoelectron angular distributions charged projectile neutral projectile
at high velocities at low velocities
Cluster deposition
5 on insulator surface
E
g Coulomb explosion Collision with neutral projectile at high velocities
= v after laser irradiation charged projectile at low velocities

Figure II.5: Top : Various cluster/environment combinations that can be studied by our
TDDFT-MD codes. The thick arrows indicated the cases described within our hierarchical
method. Bottom : Dynamical processes that can be simulated with our TDDFT-MD codes,
from statics and the linear regime downto the highly non-linear domain.

developed over the years in the groups of Profs. Reinhard and Suraud, with clear purposes on
simulations of physical processes, and not on with ultimate numerical optimization as a first
task. This makes them hard to handle for users from outside. It is time for a clean-up of the
code and possibly some further optimization, particularly with respect to parallel execution.

Regarding the numerous possible calculations that our codes can offer, and the potential
audience that may be interested to use them, we aim at improving the interface and the
optimization of our codes, so that we can propose them as open sources, similarly to what
have been achieved with the Octopus code. To that end, we will start during this fall a close
collaboration on this topic with Prof. Reinhard, Prof. F. Calvayrac from the University of
Maine (Le Mans, France), who actually developed the three-dimension version of our TDDFT-
MD code during his Ph.D. thesis with Prof. Suraud at the end of the nineties [Cal 00|, and
Prof. S. Contassot-Vivier from the University Poincaré (Nancy, France), who is a professor
in computer science. This will also probably ease the test and the implementation of formal
developments in TDDFT, as TDSIC or SIC-TDOEP. Indeed, although formal problems have
been clarified in the SIC issue, the techniques developed up to now (see Sec. I1.2.1) are very
costly numerically and almost prevent any practical use of such a correction in realistic cases.
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However, the implementation of more sophisticated TDSIC than ADSIC, as it is currently
used in almost all presented results, will allow to upgrade the treatment from qualitative to
quantitative description of dissociation of systems, especially organic ones.

By combining our various expertises, we are quite confident that we will be able to offer
versatile TDDFT-MD softwares with a competitive computing speed in the years to come.
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Review article: P. M. Dinh et al., Phys. Rep. (2009) in press
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