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AbstratThis work presents appliations of an ab-initio moleular dynamis method, the so-alled nona-diabati quantum moleular dynamis (NA-QMD), for various moleular systems with many ele-troni and nulear degrees of freedom. Thereby, the nulei will be treated lassially and theeletrons with time-dependent density funtional theory (TD-DFT) in basis expansion. Dependingon the atual system and physial proess, well suited basis sets for the Kohn-Sham orbitals hasto be hosen. For the ionization proess a novel absorber ating in the energy spae as well asadditional basis funtions will be used depending on the laser frequeny.In the �rst part of the appliations, a large variety of di�erent laser-indued moleular proesseswill be investigated. This onerns, the orientation dependene of the ionization of multieletronidiatomis (N2, O2), the isomerization of organi moleules (N2H2) and the giant exitation of thebreathing mode in fullerenes (C60).In the seond part, fullerene-fullerene ollisions are investigated, for the �rst time in the wholerange of relevant impat veloities onerning the vibrational and eletroni energytransfer ("stopping power"). For low energeti (adiabati) ollisions, it is surprisingly found,that a two-dimensional (!), phenomenologial ollision model an reprodue (even quantitatively)the basi features of fusion and sattering observed in the fully mirosopi alulations as wellas in the experiment. For high energeti (nonadiabati) ollisions, the eletroni and vibrationalexitation regimes are predited, leading to multifragmentation up to omplete atomization.
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1 IntrodutionDuring the last two deades, large advanes have been made in the experimental studyof nonadiabati proesses in atoms, moleules and lusters, e.g. above-threshold ionization(ATI) [1℄ resp. above-threshold dissoiation (ATD) [2℄, high harmoni generation (HHG) [3℄,harge resonant enhaned ionization (CREI) [4℄, moleular alignment [5℄, seletive bondbreaking [6℄ or Coulomb explosion [7℄. Espeially, the rapid progress in the reation andmanipulation of femtoseond laser pulses with high intensities (1012 − 1015 Wm2 ) has lead tothe new �eld of femtoseond physis [8℄ or femtohemistry [9℄. Ultrashort light pulses annow be used to follow in real-time the primary events of many hemial but also physial orbiologial proesses. Pump-probe experiments allow for the study the vibrational dynamisin diatomis and more omplex moleules on the femtoseond sale using momentum imag-ing tehniques for eletrons, e.g. time-resolved photoeletron spetrosopy (TRPES) [10℄,and ion fragments [11�13℄.In addition, also the ontrol of atomi and moleular systems, e.g. hemial reations, isthe subjet of reent researh. In optimal ontrol experiments the moleular response ismanipulated by adaptive losed-loop feedbak shemes using phase-shaped laser pulses inorder to optimize hemial reations [14,15℄. In Coherent Control [16℄ resp. Quantum Con-trol [17℄ shemes, the eletroni or nulear wave pakets dynamis an be manipulated bya sequene of short laser pulses with tuned relative phases, whih steer the system into thedesired quantum state. On the attoseond time sale, it has beome possible to use HighHarmoni Generation, both to generate attoseond XUV pulses [18℄ and to study moleularproperties [19, 20℄.On the other hand, ab initio alulations of the dynamis of atomi and moleular systemswith many eletroni resp. nulear degrees of freedom is inherently a hallenging task. Upto now, at maximum the �ve-dimensional time dependent Shrödinger equation (TDSE) anbe propagated numerially only on large saled parallel omputers. This has been done forthe laser-driven He-atom [21℄, e.g. to ompare pertubation theory for the N-photon singleionization with numeris [22℄. For moleular systems, only the smallest moleules, the D+
2in a laser �eld, has been treated fully quantum mehanially without any onstraint, veryreently [23, 24℄.Therefore, the vibrational motion is usually approximated by a lassial treatment of thenulei in moleular dynamis (MD) methods [25℄. The oupling to the multieletron sys-tem is still a tough problem (see Se. 2.1 for an overview). The alulation of the time-independent eletroni and atomi struture, however, an be done meanwhile by manyquantum hemial methods like the Hartree-Fok approximation, or more sophistiated



8 1 Introdutionmethods like on�guration-interation (CI), multion�gurational self-onsistent �eld theory(MCSCF), or oupled-luster theory (CC) [26℄. However, all these methods are dealingwith the many eletron wavefuntion in one or another way. Therefore, their appliationsare limited due to the large omputational e�ort, espeially in ombination with moleulardynamis or even expliitly time-dependent situations. There are, however, a few methods,for example the time-dependent multion�guration theory [27℄, desribing the multieletrondynamis of a moleule in laser �elds. Muh more e�ient, however, is the use of a theoryequivalent to the TDSE � the time-dependent density funtional theory (TD-DFT) [28℄,whih an ope with the many eletron systems by reduing the problem of the multidimen-sional manybody wavefuntion to the propagation of the one-partile density.The �rst ombination of TD-DFT with lassial MD has been developed and realized bySaalmann and Shmidt [29℄. This method was named Non-Adiabati Quantum MoleularDynamis (NA-QMD). With this theory it beame possible to treat simultaneously and self-onsistently (quantum-mehanial) eletroni exitations and (lassial) nulear motion in�nite atomi many-body systems. From the historial point of view, the NA-QMD of Saal-mann and Shmidt represented the �rst attempt to generalize the till then existing QMD-methods (like the Car-Parrinello Theory [30℄) to ouple expliitely quantum-mehaniallyeletroni exitations and transitions (i.e. non-adiabati proesses) with lassial nulearmotion. So it beame generally possible to investigate non-adiabati proesses in atomimany-body systems on a fully mirosopi basis, like the eletroni and nulear "stop-ping power" in metalli lusters [31℄ and fullerenes [32℄, the harge transfer in ion-lusterollisions [33�36℄, or the reation mehanism in ollisions between ions and moleules orlusters [37�39℄ inluding an attempt to take into aount quantum e�ets in the nulearmotion [40℄. This early variant of the NA-QMD theory, however, was restrited to losedsystems, beause the lassial equations of motion have been derived from the total energyonservation, as done in the theory of nulear heavy-ion ollisions [41, 42℄. Furthermore,it was an approximative (i.e. non ab-initio) method, beause the exhange-orrelation po-tential in the time-dependent Kohn-Sham equations has been approximated by a sum ofatomi potentials [29℄.The present ab-initio version of the NA-QMD and its extensions to open systems (to inludee.g. also laser interations) have been developed by Kunert and Shmidt [43,44℄. Here, thelassial equations of motion are obtained by the general variational priniple leading toadditional (veloity-dependent) orretion terms in the fores ating on the nulei. For theexhange orrelation potential the time-dependent Loal Density Approximation (LDA) aswell as the Spin-dependent LDA (LSDA) have been numerially realized. Later, the wholeformalism has been extended to desribe also many-eletron ionization [45�47℄. However,up to now, most of the appliations of the ab-initio NA-QMD are restrited to one or twoeletron systems like H+
2 or H2 in strong laser �elds [43, 48, 49℄. The isomerization of ethy-lene in femtoseond laser pulses has been treated as well [50℄. Multieletron ionization, large



9lusters in strong laser pulses, or non-adiabati luster ollisions have not been examinedup to now, but, represent the main topis of the present thesis.The outline of the thesis is as follows:In Chapter 2, �rst a general overview of di�erent (ab-initio) moleular dynamis methodsis presented (Set. 2.1). The basi framework of QMD and NA-QMD are summarized inSet. 2.2 and 2.3, respetively.In Chapter 3, a large variety of di�erent laser-indued moleular proesses will be in-vestigated. This onerns, the orientation dependene of the ionization of multieletronidiatomis (N2, O2) [51℄, the isomerization of organi moleules (N2H2) [52℄ and the giantexitation of the breathing mode in fullerenes (C60) [53℄.In Chapter 4, fullerene-fullerene ollisions are investigated, for the �rst time in the wholerange of relevant impat veloities onerning the vibrational and eletroni energy transfer("stopping power"). For low energeti (adiabati) ollisions, it is surprisingly found, that atwo-dimensional (!), phenomenologial ollision model an reprodue (even quantitatively)the basi features of fusion and sattering observed in the fully mirosopi alulations aswell as in the experiment [54,55℄. For high energeti (nonadiabati) ollisions, the eletroniand vibrational exitation regimes are predited, leading to multifragmentation up to om-plete atomization [56℄.Most of the tehnial details or analytial derivations are presented in the Appendies A-C.Among them, the visualization of the eletroni struture and dynamis with the onept ofthe eletron loalization funtion (ELF) [57℄ will appear to be a very useful tool to displayhemial bonds [58℄ (Appendix A.2).The key point of the QMD or NA-QMD formalism represents the appropriate hoie of thebasis [46℄ in whih the Kohn-Sham orbitals are expanded. Therefore, for eah appliationpresented in the thesis this important point will be disussed seperately and in detail.Throughout this work atomi units are used (~ = e = me = 1a.u.) if not stated otherwise.





2 Theory: Ab-initio Moleular dynamisIn this hapter we will present the moleular dynamis approah whih allows the studyof large systems, e.g. organi moleules or fullerenes with all eletroni and nulear degreesof freedom (DOF). At �rst we will give an overview of the large �eld of moleular dynamismethods in Setion 2.1 in general. Seondly, we will summarize some results of the (adi-abati) quantum moleular dynamis (QMD) in Setion 2.2, and at last the nonadiabatiquantum moleular dynamis approah (NA-QMD), developed in our group [44℄, will bepresented in more detail.
2.1 Moleular dynamis methodsMoleular dynamis (MD) simulations are a powerful tool failitating the understanding ofvarious moleular proesses. For reasons of simpliity the interation with external �eldsis ignored here. We will refer to this ase later. To illustrate the moleular dynamistehniques, we will show the main approah starting with the full nonrelativisti Hamiltonianof the atomi many-body system (without oupling to external �elds):

H(r,p;R,P) = T (P) +Hel(r,p;R), (2.1)with the kineti energy of the nulei
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, (2.3)whih is the sum of the kineti energy of the eletrons T (p), the eletron-eletron interation
V (r), the eletroni-ion potential Vint(r,R), and the ion-ion repulsion potential U(R)1.1The potential U(R) does not depend on the eletroni oordinates, and is only a onstant for �xed nulei.It does not hange the eletroni eigenvalue problem and is only inluded in the eletroni Hamiltonian forthe de�nition of the Born-Oppenheimer energy surfaes (see below).



12 2 Theory: Ab-initio Moleular dynamisTo solve the many-body Shrödinger equation for 3Ne eletroni oordinates r and 3Ninulear oordinates (R = [R1 . . .RNi
℄)

i
∂

∂t
Ψ(r,R, t) = H(r,p;R,P)Ψ(r,R, t), (2.4)it is ommon to use the Born-Oppenheimer ansatz
Ψ(r,R, t) =

∑

i

φi(r;R)Ωi(R, t) (2.5)for the total moleular wave funtion Ψ(r,R, t). The eigenfuntions φi(r;R) of the eletronisystem for �xed nulear positions are de�ned by
Helφi(r;R) = Ei(R)φi(r;R), (2.6)form a omplete (orthonormalized) basis in the Hilbert spae. Note, that the eigenfuntionsand the Born-Oppenheimer energies Ei(R) depend parametrially on the nulear position.Inserting the Born-Oppenheimer ansatz (2.5) in the many-body Shrödinger equation (2.4),multiplying with φ∗

j (r;R) and integrating over the eletroni oordinates, gives a set ofoupled partial di�erential equations for the nulear wave funtions Ωi(R, t):
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, (2.8)where the bra-ket notation indiates only integration over the eletroni oordinates. TheMD approahes an be lassi�ed into adiabati and nonadiabati moleular dynamis. Inthe adiabati approah the eletroni system is �xed to a ertain eletroni state φi, in mostases the ground state, whereas in the nonadiabati ase the system an hange its eletronistate. In the �rst ase, also alled Born-Oppenheimer approximation, the nonadiabatioupling elements Cji are set to zero, whih allows us to separate the nulear motion oneah eletroni potential energy surfae (PES) Ei(R) :
i
∂

∂t
Ωi(R, t) = [T (P) + Ei(R)] Ωi(R, t). (2.9)For many hemial reations the ground state energy surfae E0(R) is well separated fromhigher lying eletroni states, and therefore, equation (2.9) (with i = 0) is appliable 2. Near2A deision between adiabati and nonadiabati proesses an be made with the so-alled Massey pa-rameter [59℄ ǫ = (Ei(R)−Ej(R))l

Ṙ
, where l is a harateristi length of the nulear motion. For values ǫ >> 1,i.e. large energy gaps and small nulear veloities Ṙ, nonadiabati e�ets are negligible.



2.1 Moleular dynamis methods 13avoided rossings, respetively onial intersetions, the Born-Oppenheimer approximationfails.A further approximation in standard moleular dynamis is the treatment of the nulei aslassial partiles governed by the Newton equation
MAR̈A = − ∂

∂RA

E(R), (2.10)whih makes it possible to study systems with many hundreds or thousands degrees of free-dom if the potential surfae E(R) is known [25℄. The redution of the quantum piture(Eq. (2.9)) to the lassial piture (Eq. (2.10)) an be ahieved in the lassial limit ~ → 0,for a detailed derivation see referene [60℄. Thereby, the nulear density |Ω(R)|2 is replaedby a produt of delta funtions ∏i δ(Ri−Ri(t)) loated at the atual positions Ri(t) of thelassial nulei.We will now present the di�erent adiabati moleular dynamis methods, an overview anbe found in [60, 61℄. In the lassial moleular dynamis the interation between nuleiand eletrons, i.e. the potential E(R) in Eq. (2.10), is omputed by using prede�ned po-tentials, whih have been obtained either from empirial data (fore-�eld approahes) orab-initio eletroni struture alulations. Sophistiated methods have been developed toapproximate the interatomi potentials by analytial two-body or also three-body potentialsinluding short and long-ranged parts. By replaing the eletroni degrees of freedom bythe parametrized potentials very large system an be investigated, e.g. the dynamis ofsolids [62℄ or �uids [63℄. However, the drawbak is the need for many di�erent interatomipotentials for all kinds of ombinations of atoms in various moleules. Furthermore thebond harateristis are �xed during the simulation, allowing for example no hange fromsingle to double bonds.The drawbak for the so-alled "hemially omplex" reations ould be irumvented byusing the global potential surfae from ab-initio methods, whih is in most ases impossibledue to the so-alled "dimensionality bottlenek". This means, that due to the high di-mensionality in the N-body problem, a mapping of the potential needs ∼ 103N−6 eletronistruture alulations if only 10 grid points in eah diretion are taken.The "dimensionality bottlenek" an be avoided either by reduing the ative degrees offreedom or by approximating the potential surfae, as mentioned above.A third approah is to alulate the ab initio potential "on the �y" for eah timestep ofthe nulear trajetory. This is the so-alled ab initio moleular dynamis (AIMD).In the AIMD di�erent methods an be distinguished. The Born-Oppenheimer dynamis isharaterized by solving the time-independent problem of the eletroni system, e.g. withthe Shrödinger equation (Eq. (2.6)) or equivalent methods like density funtional theory(DFT), for eah nulear geometry at a given time step of the trajetory determined by theNewton equation (2.10). An advantage is that the dynamis is determined by the motionof the nulei, whereas the eletron system is stati, so only the lassial time step ours in



14 2 Theory: Ab-initio Moleular dynamisthe propagation sheme. On the other hand, solving the eletroni eigenvalue problem fora multieletron system is omputationally very demanding.A very popular ansatz is the so-alled Car-Parrinello method [30℄, in whih the eletronsare desribed by DFT using the Kohn-Sham approah [64℄. There, the solution of thetime-independent Kohn-Sham equations is irumvented with the so-alled simulated an-nealing strategy by introduing the dynamis of a lassial �eld, whih has to be solvedself-onsistently with the Newton equations. The equations are more omplex beause ofadditional onstraints, but the time step for the lassial �eld and the nulei are of the sameorder, allowing for a fast propagation.A third method is the Ehrenfest moleular dynamis or mean-�eld approah 3 , in whihthe eletrons are desribed with the time-dependent Shrödinger equation (TDSE)
i
∂

∂t
ψ(r, t) = Hel(r,p;R)ψ(r, t). (2.11)The motion of the nulei is determined by the Newton equation

MAR̈A = − ∂

∂RA

〈ψ|Hel(r,p;R) |ψ〉 (2.12)with the gradient of the expetation value of the eletroni Hamiltonian , a term Ehren-fest originally derived by investigating the transition from quantum dynamis to lassialdynamis [65℄. Whereas the Born-Oppenheimer dynamis and the Car-Parrinello methodis only valid on the eletroni ground state surfae, the Ehrenfest moleular dynamis isin priniple also appliable for nonadiabati proesses (eletroni exitations) due to thetime-dependene of the eletroni wavefuntion ψ(r, t) whih is in general a superpositionof all eletroni eigenstates
ψ(r, t) =

∑

i

ci(t)ψi(r,R(t)). (2.13)Eletroni state transitions are aessible by the nonadiabati oupling terms inorporatednaturally in the approah. The disadvantage is that due to the di�erent time sales of thefast eletroni and the slow nulear dynamis, the propagation is omputationally very de-manding.Our method, the nonadiabati quantum moleular dynamis (NA-QMD), is based on themean-�eld approah ombined with time-dependent density funtional theory in the spiritof a time-dependent version of Car-Parrinello moleular dynamis, and will be desribed inthe next setion.Other nonadiabati approahes [66, 67℄ do not alulate the lassial trajetories on the3The following equations an be derived from the moleular SE (2.4) by using a single-on�guration ansatzfor the total wave funtion Ψ ≈ ψ(r, t)Ω(R) A(t), where A(t) is a phase fator, and the approximation oflassial nulei.



2.1 Moleular dynamis methods 15mean-�eld eletroni surfae but stepwise on individual exited states onsidering di�er-ent reation hannels. Eletroni transitions are done by hopping between the di�erenteletroni states taking into aount the eletron-nulear orrelation. The method was de-veloped by Tully, for nonadiabati moleular ollisions [68℄ and in general for moleulardynamis [69℄. It uses the fewest swith riterion on eah time step to deide whether tohop to another eletroni state surfae or to stay on the urrent surfae. The theory wasalso generalized to ontinuum states [70℄. A ritial point is that it is neessary to know allthe exited eletroni states (and transition elements) involved. They have to be alulatedusing quantum hemistry methods like Hartree-Fok, CASSCF or CI. Using density fun-tional methods for hopping is rather di�ult due to the severity to alulate exited states.For a two state system, hopping between the ground and �rst exited state surfae, allednonadiabati Car-Parrinello [71℄ method, was proposed desribing for example the photoi-somerization of formaldimine. There, the �rst exited state is omputed with the restritedOpen-Shell Kohn-Sham (ROKS) method [72℄. In another approah using the full time-dependent Kohn-Sham equations a hopping between all adiabati Kohn-Sham-eigenstateswas applied to the relaxation proesses in protein hromophores [73℄. Also a mixture ofhopping and mean-�eld approahes with TD-DFT was proposed [74℄.Great e�orts have been made to go beyond the approximation of the lassial nulei whihsu�ers by negleting the nulear-nulear orrelation, e.g. oherene e�ets, quantum dis-persion broadening or tunneling. The most natural way is to treat the nulei fully quantummehanially, propagating the nulear wave paket on oupled potential surfaes. But wavepaket simulations are only possible for small systems with restrited degrees of freedom. Avery powerful wavepaket dynamis algorithm, able to treat larger systems than the standardmethod, is the multion�guration time-dependent Hartree approah (MCTDH) [75,76℄. Upto 15 dimensional quantum-dynamial simulation of the protonated water dimer has beenperformed [77, 78℄. In another method, the nulear Shrödinger equation is not solved, butrather an ab initio path-integral tehnique [79℄ is used. The path-integral method allowsthe desription of up to 100 nulear DOF, see for example [80℄, but deals only with theeletroni ground state surfae. A method whih ombines lassial trajetory hopping andwave paket dynamis is the so-alled ab initio multiple spawning method (AIMS) [81℄ inwhih the nulear wave funtion is approximated by frozen gaussians. The AIMS method isbasially a nonadiabati extension of the frozen Gaussian wave paket dynamis in semilas-sis [82,83℄. A wide range of appliations has been investigated, i.e. the photoisomerizationof organi moleules (azobenzene) [84℄, hromophores [85℄, DNA [86℄ or proton transfer [87℄.Thereby, the eletroni surfaes, in most ases only two surfaes, were alulated usingquantum hemial methods like the CASSCF-method, or semiempirial methods suh asAM1(see ref. in [88℄).More sophistiated methods have been developed, whih are only appliable for one- ortwo-dimensional systems. For example, a surfae hopping of Gaussian phase-spae pakets



16 2 Theory: Ab-initio Moleular dynamiswith variable width was implemented solving the adiabati quantum-lassial Liouville equa-tion [89℄. It was applied to a two-state model of photodissoiation of moleular �uorine [90℄.We shortly note, that also a ompletely di�erent approah, the so-alled multiomponentDFT [91℄, was developed using density funtional theory for both types of partiles, eletronsand nulei. However, the method su�ers from the unknown exhange-orrelation funtionalwhih is needed in that ase also for the nulear system.2.2 Adiabati Quantum Moleular dynamis (QMD)For adiabati proesses only the knowledge of the eletroni ground state surfae is nees-sary. In priniple, we have to solve the many-eletron SE (2.6), whih is for large systemsbarely not possible or omputationally too demanding for standard quantum hemial teh-niques like on�guraton interation (CI).Another method is to alulate the Born-Oppenheimer surfae by the time-independent den-sity funtional theory [92℄ solving the oupled single-partile Kohn-Sham equations [64℄ forthe j = 1 . . .Nσ
e eletrons with spin σ =↑, ↓:

(

−∆

2
+ Veff [ρ](r,R)

)

φjσ(r) = ǫjσ φ
jσ(r). (2.14)The e�etive potential Veff [ρ](r,R) depends on the one-partile eletroni density

ρ(r) =
∑

σ=↑,↓

Nσ
e∑

j=1

∣
∣φjσ(r)

∣
∣
2
. (2.15)Note, that from now on r is only the eletroni position vetor of a single partile, andnot of all eletrons as before. The e�etive potential Veff [ρ](r,R) depends on the positions

R = [R1, ...,RNi
] of all Ni nulei. It inludes the generally unknown exhange-orrelationpotential Vxc[ρ], whih has to be approximated. The equations of motion for the nulei arethe Newton equations:

MA R̈A = − ∂E

∂RA

. (2.16)The potential E = E[ρ](R) depends on the eletron density and ontains the eletron-vibrational oupling term. The QMD approah solves the equations by expanding theKohn-Sham orbitals in a loal basis set of ontrated, e.g. LCAO, respetively primitiveGaussians. The quantum moleular dynamis is a limiting ase of the more general nonadi-abati quantum moleular dynamis (NA-QMD), so the basis expansion will be explainedin more detail in the next setion. It has been suesfully applied to ollisions mainly withfullerenes (for an overview see in [93℄). In partiular, atom-luster ollisions have beeninvestigated with lassial MD [94�96℄ using empirial potentials [97, 98℄, moleule-lusterollisions [99, 100℄ with QMD with approximations for the e�etive potential Veff [ρ](r,R)and also luster-luster ollisions [94, 101�105℄.



2.3 Nonadiabati Quantum Moleular dynamis (NA-QMD) 172.3 Nonadiabati Quantum Moleular dynamis(NA-QMD)The nonadiabati quantum moleular dynamis ombines lassial moleular dynamis withtime-dependent density funtional theory in basis expansion for desribing the eletrons. Si-miliar methods were developed in whih the TD-DFT equations are solved numerially ona grid in real spae [106�108℄ or for the speial ase of ylindrial symmetry [109℄.The nonadiabati Quantum Moleular dynamis was developed to desribe luster olli-sion with eletroni exitation proesses [29℄, e.g. metalli luster ollisions: Na+9 +Na,Na+9 +He [31℄, Na4 + Cs ollisions [35℄, and harge transfer in ollisions of sodium lusterswith sodium atoms (Na+n +Na(3s/3p) → Nan+Na+) [34℄. Later, the theory was extended toinlude expliitely the oupling to external �elds [44℄ and to inorporate absorber potentialsto desribe ionization e�iently [47℄. The NA-QMD formalism is rather general and allowsfor the investigation of very di�erent nonadiabati phenomena. So far, it has been appliedto the desription of atom-luster ollisions [31℄, high energy ion (H+, C+, Ar+) - fullereneollisions [32℄, the laser indued alignment and fragmentation of H2 and H+
2 [48, 49℄, thefragmentation and isomerization of organi moleules [50,52℄ as well as the laser exitationof C60 [53℄.2.3.1 The mixed lassial-quantum equations of motionGeneral approahIn this setion, we present a summary of the NA-QMD theory (for a omplete derivationof the equations of motion see ref. [43℄ and for an extension of the formalism to non-loalfuntionals see ref. [50℄). As mentioned, the theory ombines a lassial desription ofthe nulear motion with a quantum mehanial treatment of the eletroni dynamis us-ing time-dependent density funtional theory (TD-DFT) [43℄ or Hartree-Fok theory [50℄in basis expansion. This way, all (nulear and eletroni) degrees of freedom are treatedexpliitly.The equations of motion (EOM) are derived from the variational priniple for the totalation, whih onsists of a lassial and a quantum part desribing the nulear resp. theeletroni dynamis. By the variation with respet to nulear oordinates RAα and themany-eletron wavefuntion |Ψ〉, the equations of motion for both subsystems will be de-rived. The following Shrödinger equation for the eletroni system will be solved by theequivalent desription using the density funtional theory. The obtained equations for the

N↑
e spin-up and N↓

e spin-down eletrons (Ne = N↑
e + N↓

e ) are the time-dependent Kohn-



18 2 Theory: Ab-initio Moleular dynamisSham-equations for the (single-partile) Kohn-Sham funtions Ψjσ (j = 1 . . .Nσ
e ):

i
∂

∂t
Ψjσ(r, t) =

(

−1

2

∂2

∂r2
+ V σe�(r, t))Ψjσ(r, t) (2.17)with the e�etive potential

V σe�(r, t) = V (r,R, t) +

∫

d3r′
ρ(r′, t)

|r− r′| + V σx(r, t). (2.18)The external potential
V (r,R, t) = Vint(r,R) + VL(r, t) (2.19)inludes the interation potential between an eletron and the nulei
Vint(r,R) = −

Ni∑

A

ZA

|r−R| (2.20)and the eletron-laser interation potential
VL(r, t) = er E(t) (2.21)in the dipole approximation with the time-dependent eletri �eld vetor E(t). V σx(r, t) isthe exhange-orrelation potential whih depends on the eletroni spin densities

ρσ(r, t) =
Nσ
∑

j

∣
∣Ψjσ(r, t)

∣
∣
2

σ =↑, ↓ . (2.22)The (time-dependent) total eletron density is de�ned as the sum of both spin densities:
ρ(r, t) =

∑

σ=↑,↓
ρσ(r, t). (2.23)The equations of motion in basis expansionThe Kohn-Sham funtions |Ψjσ〉 are expanded in a loal basis {Φα}

Ψjσ(r, t) =
∑

α

ajσα (t) Φα (r−RAα(t)) (2.24)entered at the nulear positions RAα. With the help of the expansion oe�ients ajσα , thespin-dependent density matrix
γσβα(t) =

Nσ
∑

j=1

ajσ∗α (t)ajσβ (t) (2.25)and the total density matrix
γβα = γ↑βα + γ↓βα (2.26)



2.3 Nonadiabati Quantum Moleular dynamis (NA-QMD) 19in basis representation, an be de�ned.Using Eq. (2.17) and (2.24) the equations of the time-dependent expansion oe�ients ajσαfollow ddt ajσα = −
∑

βγ

S−1
αβ

(
iHσ

βγ +Bβγ

)
ajσγ . (2.27)Here, the overlap matrix

Sαβ = 〈Φα |Φβ 〉 , (2.28)the Hamilton matrix
Hσ

αβ = 〈Φα| −
1

2

∂2

∂r2
+ V σe�|Φβ〉, (2.29)and the nonadiabati oupling matrix

Bαβ = 〈Φα|
d

dt
|Φβ〉 (2.30)are introdued with the notation Φα ≡ Φα (r−RAα). The brakets denote the integrationover the eletroni oordinate r.The e�etive potential matrix V σe�,αβ = 〈Φα|V σe� |Φβ〉 an be deomposed into

V σe�,αβ =

∫

Φ∗
α(r−RAα)

(

V (r,R, t) +

∫
ρ(r ′, t)

|r− r ′| d3r′)Φβ(r−RAβ
) d3r +

δAx
δγσβα

. (2.31)The x-term is the matrix of a loal potential
δAx[ρ↑, ρ↓]

δγσβα
= V σxαβ =

∫

Φ∗
α(r−RAα)V

σx(r)Φβ(r−RAβ
)d3r (2.32)with

V σx(r) = δAx[ρ↑, ρ↓]
δρσ(r)

(2.33)if the x-ation Ax = Ax[ρ↑, ρ↓] depends only on the densities ρ↑ and ρ↓. In all other asesthe x-potential is non-loal. In general, the matrix elements of this operator have to bewritten as
V σxαβ =

∫

Φ∗
α(r−RAα)V

σx(r, r ′)Φβ(r−RAβ

′)d3r d3r′ (2.34)with an integral kernel
V σx(r, r ′) =

δAx
δγσ(r ′, r)

, (2.35)with the density matrix in position spae representation
γσ(r, r ′) =

Nσ
∑

j=1

Ψjσ(r, t)Ψjσ∗(r ′, t) =
∑

αβ

γσβαΦ
∗
α(r

′ −RAα)Φβ(r−RAβ
) . (2.36)



20 2 Theory: Ab-initio Moleular dynamisFor the speial ase of the Hartree-Fok method, the kernel is given by
V HFσx (r, r ′) = −γ

σ(r, r ′)

|r− r ′| . (2.37)The dynamis of the nulei is determined by the lassial EOM
MAR̈A = − ∂U

∂RA
+
∑

σ,j

∑

αβ

ajσ∗α

(

−
∂Hσ

αβ

∂RA
+DAσ

αβ

)

ajσβ , (2.38)with the lassial potential
U(R, t) =

Ni∑

A<B

ZAZB

|RA −RB|
+

Ni∑

A

ZARAE(t) (2.39)as the sum of the nuleus-nuleus repulsion potential and the nuleus-laser interation po-tential, and the eletron-nulear interation desribed by ∂Hσ
αβ

∂RA
. The veloity-dependentmatrix

DAσ
αβ =

∑

γδ

(
BA+

αγ S
−1
γδ H

σ
δβ +Hσ

αγS
−1
γδ B

A
δβ

)

+ i

[

CA+
αβ −CA

αβ +
∑

γδ

(
B+

αγS
−1
γδ B

A
δβ −BA+

αγ S
−1
γδ Bδβ

)

] (2.40)with
BA

αβ = 〈Φα|
∂

∂RA
Φβ〉, and CA

αβ = 〈 d
dt
Φα|

∂

∂RA
Φβ〉 (2.41)appears due to the �niteness of the basis, and vanishes for a omplete or nonloal basisset [43℄. The term is related to the so-alled pulay fores (see for example in ref. [61℄).Due to the basis expansion a basis error ours aused by the limited Hilbert spae for theKohn-Sham orbitals. It is a big problem to �nd an appropriate basis set for a given moleularsystem. But, it has been shown that the basis error an be estimated in time-dependentalulations. [46℄. Unfortunately, the omputation of the basis error is very demanding andhas been done only for a one-eletron system (hydrogen atom) [46℄.2.3.2 NA-QMD and ionizationIn priniple, the NA-QMD approah also inludes ionization if the basis set is large enoughresp. is omplete in Hilbert spae. However, for numerial reasons (to avoid unphysialre�exions) it is neessary to de�ne an absorber for the eletroni motion, whih shouldbe suited to the basis set approah. A natural way in a basis set approah is to de�nethe absorber in the energy domain, whih is rather unusual in grid based methods, where



2.3 Nonadiabati Quantum Moleular dynamis (NA-QMD) 21absorber potentials in real spae are in use. To do so, basis sets desribing ontinuum statesare neessary. Therefore, we use larger basis sets, whih are not only entered at the nulearpositions but rather �ll out a larger region in spae. This will be done by employing a grid�xed in spae with Gaussians entered at the grid points, also allowing eletroni motionfar away from the nulei, e.g. the quiver motion in an eletri �eld.De�nition of the absorber potentialThe absorber potential V̂ σabs is de�ned as a weighted sum of all eigenstate-projetors, e.g.
V̂ σabs =∑

a

fσ
a |χσ

a〉 〈χσ
a | (2.42)with the time-dependent adiabati eigenfuntions |χσ

a〉 evaluated by
〈χσ

a | Ĥσe�(t) |χσ
b 〉 = ǫσa(t)δab (2.43)The fators for deay fσ

a = 1
2τσa

are determined by the life time τσa of the states |χσ
a〉:

τσa =







∞ ǫσa ≤ 0 a.u.
τmin

sin2( ǫσaπ
2Eref ) 0 < ǫσa < Eref

τmin ǫσa ≥ Eref , (2.44)and depend on the adiabati eigenenergies ǫσa . The de�nition guarantees that only stateswith positive eigenenergies ǫσa will be depopulated, whereas the eletron density of boundstates is not a�eted. The absorber parameters are �xed to be Eref = 0.3 a.u. and τmin =

4.76 a.u. guaranteeing a smooth absorption of states with positive energies (see for detailsref. [48℄).Equations of motion with absorberTo ensure a dereasing norm, i.e. ionization, the Kohn-Sham equations (2.27) are modi-�ed by the additional imaginary absorber potential (H → H − iVabs). Therefore, the fullHamiltonian is no longer hermitian, and the norm is no longer a onserved quantity. Theequations of the expansion oe�ients ajσα follow
d

dt
ajσα = −

∑

βγ

S−1
αβ

(
iHσ

βγ +Bβγ + V σabs,βγ) ajσγ (2.45)with the additional matrix element desribing the (semi-positive de�nite) absorber
V σabs,βγ := 〈Φα| V̂ σabs |Φβ〉 . (2.46)



22 2 Theory: Ab-initio Moleular dynamisExpanding the Kohn-Sham orbitals
∣
∣ψjσ

〉
=
∑

a

ajσa |χσ
a〉 (2.47)in the basis of the adiabati eigenstates |χσ

a〉 (see Eq. (2.43)), we �nd that the norm N jσ =

〈ψjσ| ψjσ〉 dereases in time, if states |χσ
a〉 with positive energies ǫσa > 0 were populated:

d

dt
N jσ = −2

∑

a

V σabs,aa ∣∣ajσa ∣∣2 = −2
∑

a

fσ
a

∣
∣ajσa

∣
∣
2
. (2.48)The nulear equations of motion will not be hanged expliitely, so the nulei move aordingto equation 2.38 4.De�nition of ionization probabilitiesWithin density funtional theory, all observables are funtionals of the eletron density.However, in most ases the funtionals are unknown and have to be approximated. The bestexample is the energy funtional E[ρ](t) where the exhange-orrelation energy is generallyunknown. This is also the ase for the single or multiple ionization probabilities. As a�rst approximation, the Slater-determinant of the �tiious Kohn-Sham system is takenseriously, meaning as the real physial many-body wave funtion. Then, the single ionizationprobability P 1(t) an be omputed aording to the single-partile piture of non-interatingpartiles:

P 1[ρ](t) ≈
Ne∑

i=1

N1(t) · · ·N i−1(t)N i(t)N i+1(t) · · ·NNe(t) (2.49)with the oupation probability N i(t) and the ionization probability N i(t) = 1 − N i(t) ofthe ith Kohn-Sham orbital. Note, that in the de�nition (2.49) the index i is a superindexinluding the spin (i =(1,↑). . . (N↑
e ,↑) (1,↓). . . (N↓

e ,↓). Very similar, the double ionization
P 2(t) is de�ned by the sum over all ombinations with two ionized Kohn-Sham orbitals (i,j)

P 2[ρ](t) ≈
Ne∑

i<j

N1(t) · · ·N i−1(t)N i(t)N i+1(t) · · ·N j−1(t)N j(t)N j+1(t) · · ·NNe(t) (2.50)with i and j being omposed indies as mentioned above. The de�nition for higher multipleionization probabilities an be de�ned in the same manner.4Note, that in a sense the oupled system of Kohn-Sham equations (2.45) and Newton-equations (2.38)is not self-onsistent anymore as a onsequene of inluding the absorber only in (2.45). But modifying alsothe Newton-equations allow for the reation of (unphysial) omplex trajetories, whih we would have todeal with.



2.3 Nonadiabati Quantum Moleular dynamis (NA-QMD) 232.3.3 De�nition of physial properties in the NA-QMD approahIn the following some quantities whih will be used throughout this work will be de�ned inthe ontext of the NA-QMD approah. Note, that the following properties are only de�nedproperly if no absorber potential is used.The total energy E(t)The total energy of the moleular system E
E(γ,R, Ṙ, t) = U(R, t)+Enukin (Ṙ, t)+Eelkin(γ,R, t)+Eint(γ,R, t)+EQ(γ,R, t)+Ex(γ,R, t)(2.51)ontains the potential energy of the nulei U(R, t) in the laser �eld (Eq. (2.39)), the kinetienergy of the nulei

Enukin =

Ni∑
A=1

MA

2
Ṙ2

A , (2.52)the kineti energy of the eletrons
Eelkin =∑

σ,j

〈
Ψjσ
∣
∣− 1

2

∂2

∂r2
∣
∣Ψjσ

〉
=

Nb∑
αβ

γβαTαβ , (2.53)the nulei-eletron and laser-eletron interation energy (see Eq. (2.19))
Eint = ∫ d3rρ(r, t)V (r,R, t) =

Nb∑
αβ

γβαVαβ (2.54)with
Vαβ = 〈Φα|V(r,R, t)|Φβ〉 , (2.55)the Coulomb energy

EQ =
1

2

∫
ρ(r)ρ(r ′)

|r− r ′| d3rd3r′ = 1

2

Nb∑
αβγδ

Qαβγδγβαγδγ (2.56)with
Qαβγδ =

∫
φ∗
α(r)φβ(r)φ

∗
γ(r

′)φδ(r
′)

|r− r ′| d3rd3r′ (2.57)and the exhange and orrelation energy Ex.The energy balane an be derived from the de�nition (2.51) using the equations of mo-tion (2.27), (2.38). The expeted result is that the total energy is only hanged by time-dependent external (laser) �elds:ddtE =

∫

ρ(r, t)
∂VL(r, t)

∂t
d3r −

Ni∑
A=1

ZA
∂VL(RA, t)

∂t
. (2.58)



24 2 Theory: Ab-initio Moleular dynamisThe absorbed energy Eabs(t)The absorbed energy or total exitation energy Eabs is given by the di�erene of the urrentenergy E(t) at time t and the initial energy E(t = 0) whih is in most ases the (eletroni)ground state energy Egs of the initial geometrial onformation R(t = 0):
Eabs(t) = E(t)−E(t = 0). (2.59)The eletroni exitation energy Eexc(t)As seen before, the system an be exited by external �elds. Depending on the parametersof the external �eld, either the nulear (seond term on the right hand side of Eq. (2.58))or the eletroni system (�rst term on the right hand side of Eq. (2.58)) will be exiteddominantly. A measurement of the eletroni exitation is the eletroni exitation energy.It is de�ned as
Eexc(t) = Etd

e (t)− Egs
e (R(t)), (2.60)where

Etd
e (t) =

∑

σ=↑,↓

Nσ
e∑

j=1

〈
Ψjσ(t)

∣
∣− 1

2

∂2

∂r2
∣
∣Ψjσ(t)

〉
+

∫

d3r ρ(r, t)
[

V (r,R, t)

+
1

2

∫

d3r′
ρ(r′, t)

|r− r′|
]

+ Ex[ρ](r, t) (2.61)is the time-dependent eletroni energy and Egs
e (R(t)) denotes the ground state energy ofthe eletrons for the urrent nulear on�guration R(t)

Egs
e (R(t)) =

∑

σ=↑,↓

Nσ
e∑

j=1

〈
φjσ
∣
∣− 1

2

∂2

∂r2
∣
∣φjσ(t)

〉
+

∫

d3r ρ(r)
[

V (r,R)

+
1

2

∫

d3r′
ρ(r′)

|r− r′|
]

+ Ex[ρ](r) (2.62)using the time-independent Kohn-Sham orbitals |φjσ〉 |R(t) resp. the density ρ(r)|R(t) ofEq. (2.14).The eletroni system an also be exited through the energy transfer from the nuleardegrees of freedom to the eletrons, e.g. in high energy ollisions.The number of exited eletrons Nexc(t)Besides the energy properties de�ned above also the number of exited eletrons Nexc(t)is of interest making it possible to distinguish between single eletron and multi eletrondynamis. The number of exited eletrons in DFT is de�ned as
Nexc(t) = N↑

exc(t) +N↓
exc(t) (2.63)
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Nσ

exc(t) = Nσ
e −

Nσ
e∑

a=1

nσ
a(t) . (2.64)Thereby, the oupation numbers nσ

a are alulated by projeting the Kohn-Sham orbitals
|Ψjσ(t)〉 on the ground state Kohn-Sham orbitals |φaσ〉 |R(t). A more detailed derivation andthe formula in basis expansion is given in Appendix A.1.2.3.4 NumerisGaussian basis setIn the NA-QMD approah the basis for the Kohn-Sham funtions onsists of primitiveand/or ontrated Gaussian funtions entered at the nulear positions or at �xed positionsin spae. A (normalized) primitive Gaussian funtion is given by

Φα(r−RAα) = g0(σα, r−RAα) Ji(σα, r−RAα) (2.65)with the s-type Gaussian (l = 0)
g0(σ, r) =

(
2

πσ2

) 3
4

e−
r
2

σ2 (2.66)The angular funtions Ji for the angular momentum l = i are a polynom of order i in theartesian oordinates x,y,z [44℄. A general primitive Gaussian funtion an also be expressedby a di�erential operator Di applied to a s-type Gaussian:
Φα(r−RAα) = Di(σα, r)g0(σα, r−RAα), (2.67)whih is helpful for the alulation of matrix elements. The simple Gaussians are normalized

〈Φα| Φα〉 = 1 (2.68)and Gaussians of di�erent angular momentum are orthogonal to eah other.Contrated Gaussians are a linear ombination of simple Gaussians. They are suited tomimi atomi orbitals and are ommonly used in quantum hemistry basis sets.The density is also expanded in an auxiliary basis
ρσ(r, t) =

Nρ∑

α=1

Φρ
α(r−RAα), (2.69)whih has to be hosen separately. The de�nition of the Gaussians Φρ

α di�ers from the Φαonly by a onstant fator due to the other normalization proedure.



26 2 Theory: Ab-initio Moleular dynamisMatrix elementsA main advantage of a Gaussian basis set is that the alulation of many matrix elementsourring in the Kohn-Sham equations (2.27) and in the Newton equations (2.38) an beperformed analytially. Four di�erent types of matrix elements our:
• one-enter matrix elements depending only on one nulear position
• two-enter matrix elements depending on two nulear positions
• three-enter matrix elements depending on three nulear positions
• four-enter matrix elements depending on four nulear positionswhih require inreasing numerial e�ort.All the one and two-enter matrix elements an be alulated analytially, e.g. Sαβ , Tαβor Bαβ. Fortunately, it is possible to alulate all higher matrix elements from two-entermatrix elements using the auxiliary basis expansion of the density ρ and some approxima-tions (Coulomb-interation). The two-enter matrix elements an be stored as a funtionof distane whih redues the numerial e�ort onsiderably. The angular dependene in thetwo-enter matrix elements an be separated by a rotational transformation.Due to the ompliated nonlinear dependene on the density ρ only the matrix elementsontaining the x-potential will be alulated numerially on a grid.The L(S)DA funtionalIn the loal spin density approximation (LSDA) the eletroni system will be treated ashomogeneous eletron gas. The exhange-orrelation energy is given by

ELSDA[ρ↑, ρ↓] = ELSDA
x [ρ↑, ρ↓] + ELSDA

c [ρ↑, ρ↓]. (2.70)The exhange energy ELSDA
x of the homogeneous eletron gas is known analytially as
ELSDA

x = −3

2

(
3

4π

) 1
3 ∑

σ

∫

ρσ(r)
4
3d3r. (2.71)The orrelation energy ELSDA

c an be written in the same way as
ELSDA

c =

∫

ρ(r)ǫc(r)d3r (2.72)No exat analytial expression for the orrelation energy per partile ǫc(r) is known and so ithas to be alulated numerially. In the implementation of dymol [110℄ the parametrizationby Perdew and Wang will be used [111℄.



2.3 Nonadiabati Quantum Moleular dynamis (NA-QMD) 27The LDA funtional for losed shell systems (singlet states) with the same number of spin-upand spin-down eletrons (ρ↑ = ρ↓ =
ρ
2
) is given by

ELDA[ρ] = ELSDA[
ρ

2
,
ρ

2
]. (2.73)The LSDA funtional has to be determined on a real spae grid sine no formalism forthe alulation in basis expansion exists in ontrast to the LDA funtional (f. also [44℄).Furthermore, it is even for the LDA better to use the LDA integration on a grid beausethis grid based determination of the funtionals is numerially more stable. Two di�erentkinds of grids will be used, (i) atomi grids that an be loated at eah nuleus and (ii) asimple ubi grid that extends the atomi grids.The atomi grid points are arranged in shells around the nuleus. The distane of the ithshell from the enter is given by

ri = −αgrid log(1− ( i

Ngrid)βgrid) . (2.74)The parameters that have to be spei�ed in atual alulations are the strething fator
αgrid, the number of shells Ngrid and the exponent βgrid. The standard values used in thedymol implementation [110℄ are αgrid = 3, Ngrid = 30 and βgrid = 3.For eah shell an angular grid is laid out. This angular grid is determined by the maximal
l of spherial harmonis for whih the angular integration on this grid is exat (see [44℄ andreferenes therein for details). This l is determined from the radial density of points ri/∆riwith

∆ri =
βgridαgrid ( i

Ngrid)βgrid−1

N

(

1−
(

i
Ngrid)βgrid) . (2.75)The maximal li,grid of the ith shell is then

li,grid = { [
ri
∆ri

γgrid√8π
]

− 1 if result ≤ lmaxgrid
lmaxgrid otherwise . (2.76)Two further parameters our, γgrid the ratio of angular and radial point density and lmaxgrid themaximal possible li,grid. The standard parameters in dymol are γgrid = 0.8 and li,grid = 50.Additional basis funtions entered on a grid in spae have to be taken into aount todesribe ionization. Therefore, an additional numerial simple ubi (s) grid for the L(S)DAintegration will be used. The s grid is in all three dimensions (i=x,y,z) symmetri to theorigin and eah diretion is determined by the number of points in that diretion Ni and thespaing between points ∆i. The total s grid size is then given by NxNyNz. The parametersof the s grid have to math the basis funtion grid in a way that the spaing between thebasis funtion enters is a multiple of ∆i. Thus the s grid ensures a good desription of thedensity far away from the nulei, whereas atomi grids must still be plaed on the nuleidesribing the density lose to the nulei.



28 2 Theory: Ab-initio Moleular dynamisCalulation shemePreparation of the initial stateBefore the propagation starts the initial state has to be determined. This is done by al-ulating the eletroni ground state for the given geometrial on�guration solving thetime-independent Kohn-Sham equations (Eq. (2.14)) in basis expansion
∑

β

(
Hσ

αβ − ǫjσSαβ

)
ajσβ = 0. (2.77)The seular equation (2.77) has to be solved for the unknown oe�ients ajσβ and Kohn-Sham energies ǫjσ iteratively sine the Hamilton-matrixHσ

βγ depends itself on the eletronidensity, i. e. on ajσβ . In order to do so a relaxed onstrained algorithm is being used [112℄.The geometrial groundstate on�guration, i.e. the nulear equilibrium on�guration, willbe found by minimizing the total groundstate energy. The optimization of the geometrialgroundstate on�guration is done by using a Polak-Ribiere variant of the onjugated gradi-ent method [113℄.Eletroni and nulear propagationIn the dynamial alulations two di�erent time domains our due to the fast eletronimotion and the (in most ases) slow nulear motion. In most ases the eletroni motionis muh faster than the nulear motion due to the di�erent mass. Therefore, the eletronisystem is propagated with a muh smaller time step (∼ 0.1 a.u.) than for the propagationof the nulei (fator 10 of the eletroni time step and more). The eletroni time step isset automatially by an adaptive multistep method [114℄ whih solves the oupled systemof ordinary di�erential equations (2.27) resp. (2.45).The lassial time step taken to solve the Newton equations (2.38) is adapted to the par-tiular problem and overs the range from 0.1 a.u. for high-energy ollisions to 50 a.u. forlow-energy ollisions without eletroni exitation. The Newton equations (2.38) are solvedby using the Verlet-algorithm taking two previous nulear positions into aount.



3 Laser-indued dynamisIn this hapter we will show three di�erent nonadiabati moleular proesses in di�erentmany-eletron systems alulated with the NA-QMD formalism.The �rst appliation is the investigation of the ionization of the dimers N2 and O2 whihdepends strongly on the eletroni struture as well as on the orientation between laser �eldand moleule. In most ases, single eletron methods using pertubation theory will be usedto alulate ionization probabilities negleting the many-eletron interation. Here, we willshow full ab-initio alulations for the ionization of unaligned moleules taking into aountall valene eletrons. We will �nd, that the shape of the outermost moleular orbital de�nesmainly the orientation dependene of the ionization but also other lower lying eletronistates ontribute to the ionization. In partiular, the ionization of N2 has a maximum foraligned moleules whereas the ionization of O2 is peaked at an angle of 40◦. This is ausedby the di�erent shape of the highest oupied orbitals (HOMO). Desribing the ionizationis numerially a tough task. Therefore, moleular motion will not be onsidered in this ase.In the seond example the moleular dynamis of the diimide moleule N2H2, a prototypefor an organi moleule, exited by a fs laser pulse will be shown. The dynamis dependsstrongly on the eletroni exitation whih an be tuned by varying the laser frequeny.Besides di�erent fragmentation reations, a very important reation in photophysis, thelaser-indued isomerization, will be investigated.In the last part, the laser-indued dynamis of a muh larger system, the fullerene C60with 174 nulear degrees of freedom, is presented. We will show, that for high eletroniexitation energies the vibrational motion is dominated only by a single vibrational mode �the breathing mode.3.1 Ionization of diatomisSine the basi proess for desribing multiple ionization or high harmoni generation is thesingle ionization, the ionization itself is of partiular interest. In the most simpli�ed piturethe single ionization rate depends only on one intrinsi parameter, the ionization energy IP .So there should be no di�erenes between ionization in atoms and moleules with the sameionization energy, but it has been shown that moleular e�ets are important. One e�etis the suppression of ionization ompared to ompanion atoms with the same ionizationenergy, e.g. N2 and Ar.Experimental works were done for the dimers N2 and O2 [115, 116℄ resp. F2 and S2 [115℄but also for CO2 [116℄. Sine it is very di�ult to ompute the ionization in multieletron



30 3 Laser-indued dynamissystems exatly, most groups are using approximated theories. Two approximated singleeletron theories were developed to desribe the ionization in the tunneling or the multi-photon regime taking into aount only the outermost eletroni orbital. The �rst is theADK theory, whih is a quasistati tunneling model. This theory desribes how the eletrontunnels through a barrier whih is given by the sum of the internal potential and the exter-nal �eld potential at a given time. The original theory for atomi systems was extended tomoleules [117℄ where the shape of the outermost orbital plays the important role.In the other approah pertubation theory is used. It was developed by Keldysh/Faisal/Reiss(KFR theory) [118�121℄ and later extended to the so-alled Intense-�eld Many-body S-Matrix Theory (IMST) [122, 123℄ respetively to the equivalent Moleular Orbital Strong-Field Approximation (MO-SFA) [124℄. Thereby, the S-matrix will be alulated using a�nal produt state of the ioni ground state and the (free eletron) Volkov-state. In thisapproah the symmetry of the orbital is very important, in that an interferene term re-dues the ionization for antibonding orbitals. The interferene term ours in the limit
kN R << 1 (kineti energy of the ionized eletron for a N-photon proess: k2N

2
, R: bondlength), i.e. smaller wavelengths λ. An example is suppression of the O2 single ionizationompared with Xe for 800 nm [125℄ but not for 1064 nm [126℄.Both approahes desribe the ionization behavior of N2 and O2 orretly, but fail in the aseof F2. An explanation was given by Dundas et.al. [127℄ using a grid-based TD-DFT approahadapted to the ylindrial symmetry suited to the speial ase of moleules aligned with thelaser �eld. They showed for aligned F2 moleules, that not only the (antibonding) highestoupied orbital but also other orbitals (with other symmetry) are needed for the desriptionof the ionization. A similiar TD-DFT approah was developed by Chu [128, 129℄ investi-gating also the ionization of aligned dimers with a self-interation orreted x-funtionalansatz, showing the importane of multieletron e�ets espeially for large laser intensities.Due to the moleular struture, a seond e�et, not known from atoms, ours � the orien-tation dependene of the ionization. The e�et an be measured nowadays due to the reentpossibilities to prepare aligned moleules (see refs. in [130�132℄). So for example, the angledependent ionization rate of N2 and O2 has been measured in experiments of Coke [131,132℄with a Ti:Sapphire laser (800nm). This e�et has been only investigated theoretially by theapproximated single ative eletron methods (ADK [117℄ resp. MO-SFA [124℄), reproduingthe main e�et aused by the eletron in the outermost orbital. However, it is desirableto hek if the orientation dependene is in�uened by many-eletron e�ets. In this ase,the TD-DFT methods in refs. [127, 128℄ are not appliable due to the broken ylindrialsymmetry. However, the big advantage of the NA-QMD approah is that no symmetryrestritions exist due to the basis expansion ansatz with Gaussians. So far, the method hasbeen mainly used to desribe moleular alignment and fragmentation for the most simplestdiatomis H+

2 resp. H2 [45, 48, 49℄.Here, we will investigate the angular dependent ionization of the "real" many-eletron dimers
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Figure 3.1: The highest oupied orbital (HOMO) for the moleules nitrogen (3σg orbital) andoxygen (1πg orbital). The density |ψHOMO|2 of the orbitals is shown in the moleularyz-plane (maximal value in red). The dimers are loated horizontally (z-diretion),and the nulei are indiated by small spheres.N2 and O2 aused by few-yle laser pulses (T = 8 fs) with di�erent laser frequenies. Thelaser is de�ned by
E(t) =







E0 sin2 πt
2T

cosωt for 0 ≤ t ≤ 2T

0 else (3.1)where E0 = E0ez denotes the amplitude of the linearly polarized eletri �eld (in z- di-retion), 2T the total pulse duration and ω the entral frequeny of the laser. In a �rstapproximation no nulear motion is onsidered restriting us to �xed dimers at the equilib-rium bond length, whih is omputationally muh more feasible. However, the di�ereneshould be small for old moleules in the vibrational ground state, whereas for higher exitedvibrational states deviations may our.3.1.1 The ground state properties of N2 and O2For the x-potential we use the LSDA-funtional whih gives satisfying results for the groundstate properties of the dimers. It is not su�ient to apply the restrited Kohn-Sham theory,i.e. treating spin-up and spin-down eletrons in the same way. In partiular, it is not pos-sible for the O2-moleule, whih has a triplet ground state with 9 spin-up and 7 spin-downeletrons. The N2 moleule has a singlet ground state with 7 spin-up and 7 spin-down ele-trons, but it will also be treated with the more general unrestrited Kohn-Sham approahto allow omparability on the same level as the O2 alulations. The 1s-ore eletrons of thenitrogen and oxygen atoms are treated in the frozen ore approximation, and do not on-tribute to the eletron dynamis. Thereby, the 1s orbitals were obtained by atomi groundstate alulations for the two speies. 5 spin-up and spin-down valene eletrons for N2, and



32 3 Laser-indued dynamis7 spin-up resp. 5 spin-down valene eletrons for O2 remain in the moleular frameworkand have to be treated expliitely with the help of the Kohn-Sham equations.For the valene eletrons the parameters of the Gaussian basis, loated at eah of the nitro-gen respetively oxygen atoms, are given in Table 3.1 resp. 3.2. Also the parameters of anauxiliary basis set for the expansion of the density are displayed.Additional basis funtions are used whih are loated in the plane haraterized by themoleular and the laser polarization axis. A sketh of the positions of the additional Gaus-sians in the y-z plane is shown in Fig. 3.2. These s-type Gaussians loated at hexagonalgrid points are onstruted aording to the parameters in Table 3.3. The hexagonal gridin the y-z plane is de�ned with the grid parameters d, N1 and N2 as
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 (3.2)with

0 ≤ i < N1 and
0 ≤ j < N2 − 1 if N1 + i even or

0 ≤ j < N2 if N1 + i odd .In total, we use 106 resp. 144 basis funtions loated at the nitrogen resp. oxygen nuleiplus 70 or more additional basis funtions. The hoie of the grid parameters is a nontrivialproblem. There exists an estimation of the basis error in the NA-QMD formalism but dueto the omputational osts, alulations are only possible for the hydrogen atom [46℄. Sothe parameters of the additional basis funtions were obtained by minimizing the basis errorof hydrogen alulations using the laser parameters of the alulations for the diatomis.Furthermore, two density basis funtions with σρi = σρ

2i
and i = 0, 1 are pinned to eah ofthe additional enters (see Table 3.3). The Gaussian width σρ for the density is alulatedas σρ = σ√

2
with the width σ taken from Table 3.3.1 Also an additional ubi grid adaptedto the hexagonal grid for the LSDA integration was used.In Figure 3.3 the potential energy surfae of the ground state of both dimers is depited.The equilibrium distane R0 for N2/O2 is obtained with 2.06/2.304 a.u. whih is near theexperimental values of 2.072/2.279 a.u. [133℄.To give us a lue to the physial mehanism in the ionization proess, we examined the Kohn-Sham orbitals. Though the Kohn-Sham orbitals are alulated for the �tiious Kohn-Shamsystem, the moleular orbitals are very similar to that of the Hartree-Fok sheme. In fat,1The Gaussian density basis funtion φρ should math the Gaussian orbital basis funtion φks at least.With φρ ∼ φ2ks ∼ e

r
2

2σ2 e
r
2

2σ2 follows φρ ∼ e
r
2

2σ2
ρ with σρ = σ√

2
. Also a seond φρ with half of the width istaken into aount.
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θ

y-axis
z-axisE = |E| · ez

Figure 3.2: Left) Sketh of a dimer in the eletri �eld E under an angle θ. Right) The hexagonalgrid with N1 = 9, N2 = 9 (blak points) and an aligned (θ = 0) O2 moleule (redpoints) in the yz-plane with the same oordinate system as in the left �gure.more sophistiated quantum hemistry methods show that the single-partile piture is agood approximation. This gives us the opportunity to use the Kohn-Sham orbitals to an-alyze the ionization proess. In partiular, the valene shell is of speial interest, sine thelaser-eletron interation a�ets primarily the weakly bound valene eletrons.The Kohn-Sham spetrum is plotted in Fig. 3.3, where also the oupied orbitals are in-diated by their symmetry labels. There, nondegenerate σ-orbitals and doubly degenerate
π-orbitals (for one spin-omponent) appear, whih are gerade (index g) or ungerade (indexu) under inversion. The doubly degenerate π-state an be loated in the yz-plane de�nedby the laser polarization and the moleular axis, than indiated as π(y), or perpendiularmarked as π(x). As one an see, the next unoupied orbitals have muh higher eigenener-gies near the threshold to the ontinuum (E = 0). Furthermore, many ontinuum states(E > 0) our due to the additional basis funtions in the yz-plane �lling the ontinuumvery densely up to energies of 20 eV. They are neessary for a good desription of theionization proess whih we are interested in. The eletroni ground state of N2 (singletstate:1σ2
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g) show signi�antdi�erenes. While the highest oupied moleular orbital (HOMO) in the nitrogen moleuleis a bonding σg orbital, we �nd for the oxygen dimer an antibonding πg orbital (see Fig. 3.1).Due to the symmetry, the eletroni density of the HOMO is loated along the moleularaxis for nitrogen and perpendiular to the moleular axis for oxygen.It is known from Koopman's Theorem for the DFT-theory [134, 135℄ that the Kohn-Shamenergy of the HOMO has a physial meaning and is equal to the ionization energy Ip whihgives for N2 10.8 eV (3σg orbital) and for O2 8.2 eV (1πg orbital). Due to the LSDA ap-proximation, we �nd that the ionization energy is underestimated in omparison with the



34 3 Laser-indued dynamis

2 3 4 5 6
R [a.u.]

-108.6

-108.4

-108.2

-108.0

-107.8

en
er

gy
y 

[a
.u

.] R
0

2 3 4 5 6
R [a.u.]

-149.4

-149.2

-149.0

-148.8

-148.6

en
er

gy
y 

[a
.u

.] R
0

-40

-20

0

20

K
oh

n-
S

ha
m

 e
ne

rg
y 

[e
V

]

2σ
g

2σ
u

3σ
g 1π

u

-40

-20

0

20

K
oh

n-
S

ha
m

 e
ne

rg
y 

[e
V

]

2σ
g

2σ
u

3σ
g
1π

u

1π
g

Figure 3.3: The ground state potential energy surfae (top), and the Kohn-Sham energy spetrum(bottom) of N2 (left) and O2 (right) for the equilibrium distane R0. The oupiedorbitals are labeled by their symmetry.
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Kohn-Sham basis density basisl f σ1 [a.u.℄ σmax [a.u.℄ N l f σ1 [a.u.℄ σmax [a.u.℄ N0 1.8 0.032 6.243 10 0 1.8 0.01 3.493 111 1.8 0.414 7.817 6 1 1.8 0.248 4.686 62 1.8 0.906 9.509 5 2 - - - -Table 3.1: Gaussian basis entered at eah nitrogen nuleus for the Kohn-Sham orbitals (left)and the density (right).Kohn-Sham basis density basisl f σ1 [a.u.℄ σmax [a.u.℄ N l f σ1 [a.u.℄ σmax [a.u.℄ N0 1.8 0.029 5.784 10 0 1.8 0.006 4.090 121 1.8 0.064 7.053 9 1 1.8 0.045 4.975 92 1.8 0.252 8.571 7 2 1.8 1.038 6.052 4Table 3.2: Gaussian basis entered at eah oxygen nuleus for the Kohn-Sham orbitals (left) andthe density (right).experimental values of 15.6 eV (N2) resp. 12.3 eV (O2) [136℄. Therefore, the single ioniza-tion probability will generally be overestimated in the LSDA alulations. To obtain betterresults, more ompliated x-funtionals than the LSDA funtional had to be used whihis beyond the sope of this thesis. However, the order of the ionization energies of N2 andO2, obtained by using Koopman's Theorem, are orret 2, and we are more interested inthe wavelengths- and orientation dependene of the ionization than in the absolute valuesof the ionization probabilities.3.1.2 Wavelength Dependene of the IonizationWhile experiments were done with a 800 nm laser showing the angular dependene of theionization probability for N2 and O2 [130℄, we are also interested in e�ets for other wave-lengths experimentally available in the infrared to near ultraviolet domain (1064 nm �266 nm ). Therefore, alulations were performed for aligned moleules with a �xed pulselength of 8 fs and an intensity of 2 · 1014 Wm2 and di�erent laser frequenies. The single anddouble ionization was alulated using the de�nitions (2.49) and (2.50). For these laser pa-2The experimental values an be obtained by saling with the same fator of nearly 1.45.
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λ [nm℄ σ [a.u.℄ d [a.u.℄ N1 N2266 6.653 5.36 9 7355 5.080 5.3 9 9400 4.588 3.88 9 9800 5.448 5.7 9 91064 3.039 3.38 9 9Table 3.3: Parameters of the hexagonal grid of s-type Gaussians laid out in the y-z plane. (σwidth of the Gaussians).rameters the Keldysh parameter γ 3 , ommonly used to distinguish between the tunneling(γ << 1) and multiphoton regime (γ >> 1) of ionization, lies between 2.4 (266 nm) and0.8 (800 nm) whih is more or less near the limit between the tunneling and multiphotonregime. In Figure 3.4 (left) the time-dependene of the single ionization probability of N2is plotted for di�erent wavelengths. The qualitative behaviour is very similar for all wave-lengths. The strongest inrease of ionization is around 8 fs, where the laser intensity ismaximal. A step-like behaviour is found with half the period of the laser. The modulationis aused by the urrent eletri �eld and is most pronouned for the longest wavelength of800 nm, in partiular. The plateaus indiate the time for the zero-rossing of the eletri�eld and the rising edges the time with the maximal absolute �eld strength. The right sideof Fig. 3.4 shows the strong dependene of the ionization on the laser wavelength. For longerwavelengths the ionization is muh smaller than for shorter ones, whih is understandablein the multiphoton piture due to the di�erent photon energies (266 nm: 4.66 eV versus800 nm: 1.55 eV). Therefore, far fewer photons for a wavelength of 266 nm are neessary toionize the nitrogen resp. oxygen moleule, whih has an ionization energy of 15.6 eV resp.12.3 eV [136℄. Furthermore, the ionization is of the same order of magnitude for both dimerspeies due to similar ionization energies.Double ionization is muh smaller than single ionization, as expeted, and shows the samequalitative behaviour as a funtion of the wavelength sine the primary e�et is the singleionization. Note, that the double ionization probability may be underestimated, sine theTDDFT-alulations with the LSDA-funtional are not apable to desribe nonsequentialdouble ionization (NSDI) (see for example in [137℄).3The Keldysh parameter is de�ned as γ =

√
Ip
2Up

with the ionization potential Ip and the ponderomotivepotential Up = E
2

4ω2 (energy of a laser-driven free eletron).
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Figure 3.4: (Left) Single ionization probability of aligned N2 as a funtion of time for di�erentwavelengths (laser parameters: pulse length T = 8 fs, intensity I = 2 · 1014 Wm2 ).(Right) Wavelength dependene of the single and double ionization probability of thealigned N2 and O2 moleule.3.1.3 Orientation Dependene of the IonizationUsing the same laser pulse with a pulse length of 8 fs and intensity of 2 · 1014 Wm2 we havealulated the ionization probabilities depending on the angle between the laser polarizationand the moleular axis θ 4.NitrogenFor nitrogen one an see the harateristi derease of the single ionization probability P 1(and also of the double ionization probability P 2) with inreasing θ for all shown wavelengthsin Fig. 3.5. The funtional dependene an be plotted as
P (θ) = P‖ cos

2(θ) + P⊥ sin2(θ), (3.3)where P‖ and P⊥ are the ionization probability for θ = 0◦ resp. θ = 90◦. The ratio P‖

P⊥
variesbetween 1.3 (for 266 nm, 355 nm and 400 nm) and 1.6 (800 nm). In the experimental workof Corkum [130℄ the e�et was muh larger ( P‖

P⊥
≈ 4) whih may be aused by the longerlaser pulse of 40 fs with the same intensity of 2 · 1014 Wm2 (λ = 800 nm).The study of the Kohn-Sham orbitals gives a lue about the physial mehanism of thealignment-dependent ionization. In the upper left of Fig. 3.6 the norms of the distint Kohn-Sham orbitals after the laser pulse are plotted as funtion of the angle θ for λ = 266 nm5.The deeper bound KS-orbitals are una�eted (2σg) or nearly una�eted (2σu and 1π

(x)
u ) by4For numerial reasons the dimer was rotated, and the laser polarization was �xed to the z-diretion inwhih the Gaussian grid has the largest extension (see piture 3.2).5Only the orbitals of the spin-up eletrons are shown sine the orbitals of the spin-down eletrons aresimilar.
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Figure 3.5: Angular dependene of the single and double ionization probability of N2 (left) andO2 (right) for di�erent wavelengths. The full lines are �tted funtions aording toEquation 3.3 in the ase of N2.the laser interation. Thus the frozen ore approximation for the two innermost 1s-eletronsof eah nitrogen atom is justi�ed.Only the two uppermost KS-orbitals (1π(y)
u and 3σg) are strongly ionized and determine theionization probability. Remarkable is the strong but ontrary angular dependene of bothorbitals. The outermost 3σg-orbital is stronger depopulated at θ = 0◦ than at θ = 90◦.whereas the 1π

(y)
u -orbital shows the opposite behaviour. In partiular, the 3σg-orbital ismore ionized than the 1π

(y)
u -orbital at θ = 0◦ and the order is reversed at θ = 90◦. This isnot surprising and an be explained by the geometrial shape of the moleular orbitals: the

3σg-orbital/1π(y)
u -orbital is aligned parallel/perpendiular to the moleular axis. However,the ionization of the outermost 3σg-orbital dominates, and therefore, the single ionizationprobability shows the angular dependene of the 3σg-orbital (Fig. 3.5). This shows that theassumption of the single-eletron theories using only the HOMO, like IMST, is basiallyon�rmed, but may be modi�ed by many-eletron e�ets.For all four wavelengths the same qualitative piture of the single ionization probabilityis valid but there are di�erenes in the strength of the ionization of the di�erent orbitals.Espeially the alulations with λ = 800 nm di�ers from the other three alulations withsmaller wavelengths. In lower right of Fig. 3.6 one an see that a third orbital is importantin the ionization proess for λ = 800 nm. The 2σu-orbital is more ionized than the 1πy

u-orbital at θ = 0◦, but the outermost orbital 3σg still dominates the ionization. The angularbehaviour of the 2σu-orbital and the 3σg-orbital is similar beause both orbitals are alignedparallel to the moleular axis. The ionization of the 2σu-orbital is muh weaker and nearlyvanishes at θ = 90◦. The derease of the 1πy
u-orbital with inreasing θ is not as large asin the alulations with λ = 266 nm (Fig. 3.6). So the norms of the 1πy

u-orbital and the
3σg-orbital are never hanging the order for inreasing θ. These di�erenes ause the largerratio P‖

P⊥
of λ = 800 nm ompared with P‖

P⊥
of the smaller wavelengths.
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Figure 3.6: Angular dependene of the norms of the spin-up Kohn-Sham orbitals of N2 for λ =

266, 355, 400 and 800 nm with the states 2σg (❑), 2σu (■), 1π(x)u (♦), 1π(y)u (◆) and
3σg (▼). The full lines are �tted funtions aording to Equation 3.3.



40 3 Laser-indued dynamisOxygenSine O2 has another eletroni struture than N2 with an outermost πg-orbital, the singleionization probability has a di�erent angular dependene. For all shown wavelengths thereis a maximum of the single ionization probability near θ = 45◦ (Figure 3.5). As mentionedabove, O2 is a triplet-state with a singly oupied 1π
(x)
g and a singly oupied 1π

(y)
g -stateas the highest orbitals. The maximum of the single ionization probability orresponds tothe behaviour of the 1π

(y)
g -HOMO with a minimum of the norm at θ = 45◦ (see the 1π

(y)
gstate in the graphs of Fig. 3.7). As mentioned above, the geometrial shape of the orbitalindues the angular dependene whih favours ionization in the diretion of 45◦ in the aseof the 1π(y)

g -orbital. The norm of the seond HOMO, the 1π(x)
g -orbital (perpendiular to thelaser-moleule plane), inreases for larger θ, whih is the same behaviour as σ-orbitals show.This orresponds to the shape of the 1πx

g -orbital projeted on the laser-moleule plane. For
λ = 400 nm it is ionized even more than the 2pπ

(y)
g -orbital (see Fig. 3.7). However, theharateristi angular behaviour of the total ionization results from one orbital, the outer-most π(y)

g -orbital, also in the ase of O2. All other deeper bound states are more or lessuna�eted. An exeption is the (bonding) 1π
(y)
u -orbital for a wavelength of 400 nm withminimal ionization for θ = 0◦ and a maximum for θ = 90◦. The orbital has the ontrarybehaviour of a σ-orbital, and di�ers also from the (antibonding) π(y)

g due to another shape.Sine the orbital does not dominate the ionization proess, the single ionization is not af-feted. However, it is worth to note that the bonding respetively the antibonding haraterof the π-orbitals hanges the angular dependene of the ionization drastily. Therefore, itwould be interesting to study a dimer whose highest oupied orbital has πu symmetry. Inthat ase, the ionization should be larger for moleules perpendiular to the laser �eld thanfor aligned moleules. Similar results for the πu-state were found in full 3d-alulations ofthe 1-eletron Shrödinger equation for H+
2 [138℄.The double ionization probability is one order of magnitude smaller than single ionizationprobability, and shows a slightly di�erent behaviour. The maximum of double ionizationprobability is shifted to smaller angles with θ = 25◦ (see Fig. 3.5). Aording to Equa-tion (2.50) the double ionization is dominated by the two most ionized orbitals. Therefore,not only the angular dependene of the π(y)
g -orbital but also of the π(x)

g orbital is important.The interplay of both orbitals with an ionization maximum at θ = 45◦ (π(y)
g ) and at θ = 0◦(π(x)

g ) leads to the orientation dependene of the double ionization probability.
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Figure 3.7: Angular dependene of the norms of the spin-up Kohn-Sham orbitals of O2 for λ =

266, 400, 800 and 1064 nm with the states 2σg (❑), 2σu (■), 1π(x)u (♦), 1π(y)u (◆),
3σg (▼), 1π(x)g (❍) and 1π

(y)
g (●).



42 3 Laser-indued dynamis3.2 Isomerization and fragmentation of organimoleulesIn this setion the dynamis of diimide (N2H2) under exitation of femto-seond laser pulsesis investigated [52℄. Distint fragmentation hannels are observed in partiular by varyingthe laser frequeny, and will be presented. Furthermore, we study the is-trans isomeriza-tion on the �rst exited state surfae S1 taking plae on a femtoseond time sale (∼ 25 fs).The photoisomerization proess is a genuine nonadiabati proess for two reasons: of ourseby the initial eletroni exitation by the laser, but also by the strong oupling between theground and the �rst exited state near the onial intersetion (or in other ases the avoidedrossing).The laser-indued dynamis of organi moleules beame a very ative �eld of researh dur-ing the last deade [139℄. Today the mehanism of photoisomerization, in partiular theis-trans isomerization, plays an important role in many biologial, hemial and physialproesses. The �rst step in vision represents one prominent example [140, 141℄.Experimentally, numerous studies have been performed to investigate the photoindueddynamis of organi moleules [142�147℄. Stilbene [142℄ and azobenzene [143℄ representprototypes of systems exhibiting ultrafast is-trans isomerization. For pyridine (a moleuleof the azobenzene group) the is-trans isomerization has been ontrolled in both diretionsusing UV-vis spetrosopy with di�erent wavelengths [144℄. The photoindued trans to isisomerization of azobenzene and the reverse (thermal) isomerization proess have been ob-served with NMR spetrosopy [145℄. In addition, azobenzene and related moleules havebeen suesfully used as building bloks in polymers to allow for potential appliations,suh as the manipulation of liquid ristals ( [146℄ and refs. therein), the onstrution ofholographi data storages ( [143℄ and refs. therein) or the prodution of mehanial workin moleular optomehanial yles (MOC) [147℄.Theoretially, di�erent methods have been developed to investigate the mehanism of theis-trans isomerization [71, 148�152℄. Qualitatively, the proess an be understood usinga two-surfae model for the propagation of the nulear wave paket inluding the nona-diabati oupling but restriting the nulear dynamis to a few (i.e. essential) degrees offreedom [148℄. With suh an idealization it is possible to desribe systems as large asrhodopsin [149℄. All nulear degrees of freedom are inluded in the so-alled "nonadia-bati Car-Parrinello moleular dynamis" whih was used to study the isomerization offormaldimine H2CNH by treating the lassial nulear dynamis on the ground and �rstexited surfae inluding a Tully hopping mehanism [71℄. Alternatively, the "ab initio mul-tiple spawning" wave funtion method has been applied to study the is-trans isomerizationof azobenzene [150℄ and ethylene (C2H4) [151℄. Very reently, two di�erent implementationsof time-dependent density funtional theory (TD-DFT) oupled with lassial moleular
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(b)Figure 3.8: (a) Diimide isomers: is-form with C2v symmetry (left) and trans-form with C2hsymmetry (right). (b) Nulear degrees of freedom of diimide. For the is-trans iso-merization two possibilities are indiated: rotation around the N=N dihedral angle θ(left), and the inversion of the angles φ0 or φ1 in the moleular plane (right).dynamis (MD) have been used to investigate, amongst others, the photoindued is-transisomerization of diimide [152℄.In all approahes summarized above [71, 148�152℄, the laser �eld leading to the eletroniexitation is not treated expliitly, i.e., the initial exitation is assumed to lift the systeminstantaneously to the exited state. This shortome is overome by the NA-QMD alula-tions, whih were performed only for the dynamis of ethylene in fs-laser pulses as a funtionof the laser parameters [50℄, taking into aount the laser �eld expliitly. It was found thatone an seletively exite di�erent bonds leading to distint fragmentation or isomerizationproesses. The alulated time of the is-trans isomerization is in exellent agreement withexperimental data (see refs. in [50℄).Here, we are interested in the nonadiabati dynamis of diimide under exitation of fs-laserpulses, in partiular the eletronially exited dynamis leading possibly to the is-transphotoisomerization.3.2.1 The ground state properties of the diimide moleule N2H2For the diimide moleule the exhange-orrelation funtional is approximated again by theLDA approah, whih is suited to desribe the system as we will show. The basis is givenby the -pVDZ basis set [153℄. This basis omprises 14 (s,p and d-type) basis funtionsfor eah nitrogen atom and 5 (s and p-type) funtions for eah hydrogen atom. The twoinnermost eletrons of nitrogen have been treated in the frozen ore approximation. Sinewe are mainly interested in exitation proesses exluding ionization, no additional basisfuntions and no absorber is onsidered, whih would also slow down the alulation time.Figure 3.8(a) shows the two (most) stable planar isomers of diimide. The trans-form isslightly more stable than the is-form.Diimide has six nulear degrees of freedom (see Fig. 3.8(b)), the double bond length NN(≡ | ~N |), the N-H bond lengths N0H0 (≡ | ~H0|) and N1H1 (≡ | ~H1|), the angles between the N



44 3 Laser-indued dynamisIsomer LDAa DFT [152℄ B3LYP [161℄ CI [159℄ LSDA [158℄ Exp. [156℄is NN [a0℄ 2.362 2.363 2.338 2.366 2.353 -NH [a0℄ 2.075 2.003 1.967 1.939 1.996 -
φ [◦] 114.0 113 113.0 112.3 113.4 -trans NN [a0℄ 2.381 2.363 2.340 2.368 2.364 2.366NH [a0℄ 2.056 1.985 1.956 1.915 1.985 1.943
φ [◦] 105.6 106 107.0 107.0 105.8 106.8
∆Ec−t [eV ] 0.21 0.2 0.27 0.14 0.22 -
∆EINV [eV ] 2.05 - 2.04 2.52 2.00 -
∆EROT [eV ] 3.19 - - - - -athis workTable 3.4: Geometrial and ground state properties of diimide obtained with LDA (this work)and ompared to di�erent previous alulations [152,158,159,161℄ (see text) as well asavailable experimental data [156℄. Here, ∆Ec−t is the di�erene in the total groundstate energies between the is and the (more stable) trans-state. The barriers for thetrans→is isomerization on the ground state surfae for the inversion proess in plane
∆EINV (right side in Fig. 3.8(b)) and the internal rotation around the dihedral angle
∆EROT (left side in Fig. 3.8(b)) are given.and H atoms φ0 and φ1, and the dihedral angle θ. The three angles are de�ned to be alwayspositive and smaller than π. The dihedral angle θ an be used to distinguish between thetwo isomers. Using two planes, haraterized by the vetors ~n = ~N × ~H1 and ~m = ~N × ~H0,it is determined by

cos θ =
~m · ~n

|~m| · |~n| . (3.4)Thus, the dihedral angle is θ = 0 for the is-form and θ = π for the trans-form. Note thatthe de�nition (3.4) of θ beomes problemati if φ0 or φ1 approahes π. In the ground stateone has of ourse N0H0 = N1H1 ≡ NH and φ0 = φ1 ≡ φ for both isomers.There exists a lot of experimental [154�156℄ and theoretial quantum hemial work [152,157�161℄ for ground state properties and exitation energies of diimide. In Table 3.4, thealulated ground state geometry parameters NN, NH (a0 ≡ 1 bohr), φ and the di�erenesbetween the total ground state energies of the is and the trans-state, ∆Ec−t, are pre-sented, as obtained with the present LDA approah. They are ompared with the resultsfrom DFT(BLYP/PBE) [152℄, B3LYP/6-311++G(d,p) [161℄, CI/6-311+G(3df,2p) [159℄,LSDA [158℄ alulations and available experimental data [156℄. Evidently, the results of theLDA alulations agree well with that of the more elaborated quantum hemial investiga-tions and are in satisfatory agreement with experimental data.So far, di�erent idealized reation paths for isomerization on the eletroni ground state



3.2 Isomerization and fragmentation of organi moleules 45eletroni state this work Gaussian 98 [162℄ polarizationis-form 1B1 3.1 3.1 perpendiular
1B2 5.2 5.5 N=N bondtrans-form 1Bg - 3.04 -
1Ag - 6.69 -
1Bu 6.3 6.7 in plane
1Au 8.3 8.5 perpendiularTable 3.5: The lowest exitation energies of diimide (in eV) alulated aording to our time-dependent proedure with δ-peak pulses [43, 50℄ (this work) and in linear responsetheory using the Gaussian 98 ode [162℄ with LDA option. The last olumn givesthe orresponding laser polarization axes leading to the partiular transitions: per-pendiular to the moleular plane (perpendiular), within the moleular plane andperpendiular to the N=N double bond (in plane) and along the nitrogen double bond(N=N bond). The dipole transitions to the 1Bg and 1Ag states are forbidden.surfae have been disussed [157�160℄, in partiular, the inversion of the N-H bonds withinthe moleular plane hanging φ0 respetively φ1 (right side in Fig. 3.8(b)), and the internalrotation of the N-H bonds around the N=N double bond, hanging the dihedral angle θ(left side in Fig. 3.8(b)). For both ases, the alulated energy barriers EINV ≈ 2 eV and

EROT ≈ 3 eV, respetively, for a trans → is isomerization are also given in Table 3.4.In Table 3.5, the alulated dipole exitation energies of both isomers are given. In thepresent work, the alulated dipole exitation energies have been alulated by using theNA-QMD formalism with a δ-peak laser pulse in the linear regime [43, 50℄. They are om-pared with the results obtained in linear response theory using the Gaussian 98 ode [162℄with LDA option. For ompleteness, the orresponding polarizations of the laser leading tothe individual transitions are given in Table 3.5, too. Note that the dipole transition fromthe trans-form to the �rst two exited states are forbidden for symmetry reasons.For the �rst transition (3.1 eV) we have alulated the ground state S0 and exited stateS1 surfaes as a funtion of the dihedral angle θ in on�guration-interation-singles (CIS)approximation using the Gaussian 98 ode (see Fig. 3.9). As expeted from previouswork [152, 160, 163℄ there are onial intersetions around θ ≈ 90◦ whih will dominatethe dynamis of the is-trans isomerization (see next setion). Of ourse, the exat positionof the onial intersetions depends on the other �ve nulear oordinates, i.e. the bondlengths and angles. With the dynamial alulations presented in the next setion, one anquantitatively haraterize this region of onial intersetions within the six-dimensionalsurfaes (see below).At this point, it should be noted that in the region of onial intersetions a single deter-
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Figure 3.9: PES of the ground state S0 and the �rst exited state S1 as a funtion of the dihe-dral angle θ omputed in CIS approximation with Gaussian 98 [162℄. Note that theexitation energy at θ = 0◦ is about 0.8 eV larger as ompared to the LDA results(Table 3.5) in aordane with previous CI-alulations [157, 159℄. The bond anglesand lengths are �xed to be the values of the is-isomer.minant approah (like LDA in the KS-approah) is not apable of desribing the groundand exited state potential surfaes properly within linear response theory. In this ase, theground state density has to be omputed, whih an be a problem with very distorted geome-tries and/or if the ground and exited states di�er signi�antly in the eletroni strutures(see also the next setion). In ontrast, in expliit time-dependent alulations (as presentedin the next setion) one only needs to know the time-dependent exited KS wave funtions,and no information is required onerning the ground state. Hene, no onvergene prob-lems do our in the viinity of onial intersetions (for a more detailed disussion of thispoint and the error introdued by use of LDA, in partiular for diimide, see [152℄).In the next setion, we will haraterize the main features of the dynamis of the moleuleby exiting it with fs-laser pulses with entral frequenies orresponding to the individualtransitions given in Table 3.5, i.e. 3.1 eV, 5.2 eV (is-isomer) and 6.3 eV, 8.3 eV (trans-isomer).
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3.2 Isomerization and fragmentation of organi moleules 49the angles orresponding to both ground state isomers. The initial veloities are set to zero.However, beause we inlude the laser �eld expliitly, the urrent veloities at the time ofthe laser peak intensity are di�erent in all simulations. The most important harateristiof the dynamis for the frequeny ω = 3.1 eV is the fat that the bond angle modes φ0, φ1and the rotational mode θ are predominantly exited. For intensities I ≤ 1 · 1014 Wm2 themoleule remains stable and osillates around the equilibrium angles φ0, φ1 and θ. Above anintensity of I ≈ 3 · 1014 Wm2 , the initial motion around φ0, φ1 and θ is followed immediatelyby fragmentation, preferentially into three produts (i.e. N2H2 → N2 + H + H). In allexamples shown below an intermediate intensity of I = 1.5 · 1014 Wm2 has been used. Thisvalue guarantees that the absorbed exitation energy is approximately that of the S1-state(≈ 3.1 eV). The atual value, of ourse, depends slightly on the initial nulear on�guration.In the Figures 3.10-3.12, the dynamis of the moleule as funtion of time is presented fordi�erent initial onditions. All nulear degrees of freedom are shown. Also, the atualeletroni exitation energy
Eexc(t) = Etd

e (t)−Egs
e (R) (3.5)is plotted, with the time-dependent eletroni energy Etd

e (t) and the eletroni ground stateenergy Egs
e (R) of the atual nulear on�guration R(t) (see 2.3.3, p. 24). In addition, thedi�erene between the �rst exited state and the ground state energies E1 is presented. Itis alulated in linear response theory using the Gaussian 98 ode [162℄ with LDA optionfor eah nulear on�guration. The omparison between Eexc and E1 gives insight into theeletroni on�guration at eah time step. In partiular, the ase Eexc = E1 = 0 learlyindiates that the system passes through a onial intersetion6.As an be seen from Figs. 3.10-3.12, in all ases, the short time behaviour (t <∼ 25 fs) isnearly independent of the initial onditions. The moleule undergoes a is-trans isomeriza-tion within a time sale of about τ ≈ 25 fs. The reation path is dominated by a rotationaround the dihedral angle θ (see upper part of Figs. 3.10-3.12). The �rst dominant motionduring the exitation, however, is a signi�ant inrease of the two bond angles φ0, φ1 upto a time of about 20 fs (lower part of Figs. 3.10-3.12). At the same time, the �rst onialintersetion ours where Eexc approahes zero (upper part of Figs. 3.10-3.12). This univer-sal behaviour is in exellent agreement with the results obtained in ref. [152℄ for a spei�trajetory. The total time of the isomerization proess in [152℄, however, is somewhat largeras ompared to our time sale whih an be attributed to the additional heat bath oupledto the moleule in the alulation of ref. [152℄.The long time behaviour of the eletroni system an be divided into three distint ate-gories:6As disussed in the previous setion, in the linear response theory and a single determinant desription(like LDA) the onvergene in the alulation of E1 is problemati at onial intersetions. This is thereason, why exatly at the time steps, where Eexc=0 in Figs. 3.10-3.12, the orresponding alulation of E1is missing.
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Figure 3.13: Eletroni exitation of is-N2H2 (θ ≈ 0) with a resonant (3.1eV) 5 fs pulse (S0 → S1transition) and the radiationless reverse reation (S1 → S0) at the onial interse-tion (θ ≈ 90◦). The total number of exited eletrons, the oupation number forHOMO and LUMO states as well as the torsion angle θ is plotted as a funtion oftime. (The laser ends at t = 10 fs.)1. Ground state dynamis (Fig. 3.10)After the exitation to the S1 surfae (t ≈ 10 fs), the eletroni system is immediatelydeexited by a nonadiabati transition around θ ≈ 90◦ passing through the intersetionwith Eexc = 0 at t ≈ 20 fs. Afterwards, the moleule remains on the eletroni groundstate surfae. Thus, the nulear degrees of freedom are highly exited (see the largeamplitude and irregular behaviour of φ and R in Fig. 3.10), and the moleule aneven undergo adiabati transitions between the is- and trans-on�guration on theground state surfae (see e.g. θ(t) at t ≈ 150 fs and 225 fs). This senario, i. e.persistene on the ground state surfae, is most likely observed in our simulations.The laser exitation to the S1 state and the deexitation via the onial intersetionis demonstrated in Fig. 3.13 by showing the oupation of the HOMO and LUMOone-partile states.2. Exited state dynamis (Fig. 3.11)The opposite ase is shown in Fig. 3.11, where after some nonadiabati transitions(t <∼ 75 fs) the eletroni system remains on the exited S1-state (t >∼ 75 fs) exhibitingnearly the total exitation energy. Consequently, the nulear dynamis is almostfrozen and shows nearly harmoni behaviour with small amplitudes (see φ(t) and
R(t) in Fig. 3.11). Evidently, the moleule is trapped within a is-minimum on the



3.2 Isomerization and fragmentation of organi moleules 51six-dimensional S1-surfae (see θ(t) in Fig. 3.11).3. Swithing between ground and exited state (Fig. 3.12)In the two previous ases, most of the exitation energy of the moleule is �nallyeither stored into vibrational modes (see Fig. 3.10) or into eletroni exitation (seeFig. 3.11). However, there are also ases where a permanent hange between eletroniand vibrational exitations is found. This is demonstrated in the example shown inFig. 3.12. As an be seen learly from the behaviour of E(t), the moleule undergoesseveral nonadiabati transitions between the S0 and the S1 state. In addition, thereare several transitions between the is- and the trans-state (see θ(t)). They an ouradiabatially on one surfae (e.g. at t ≈ 175 fs) or nonadiabatially hanging theeletroni state (e.g. at t ≈ 225 fs).From the altogether 14 nonadiabati transitions between the S0- and S1-surfaes in theexamples shown in Figs. 3.10-3.12 (i.e. E1 ≈ Eexc = 0), one may quantitatively haraterizethe loation of the intersetion funnel in the six-dimensional system. By averaging over the14 events, we obtain a mean value of the dihedral angle of θ = 93.6◦ with a standard deviationof 4◦. The mean values of the bond angles are approximately the same φ0 ≈ φ1 = 120◦ witha standard deviation of ≈ 13◦. The mean bond lengths are basially the same as those ofthe ground state with a standard deviation of about 0.15 a.u.3.2.3 Seletive fragmentation via higher exited statesWe have also investigated the dynamis of the is-isomer respetively the trans-isomer forother laser frequenies given by the higher resonant exitation energies in Table 3.5, i.e.
5.2, 6.3 eV and ω = 8.3 eV. Also, the laser polarization has been hoosen aording tothe diretions given in the table. The �eld strength E0 has again been varied withinthe range of E0 = 0.0377 − 0.0924 a.u. (orresponding to the laser intensities between
0.5 · 1014 − 3.0 · 1014 Wm2 ).We �nd di�erent vibrational exitation hannels, whih lead to di�erent fragmentation re-ations for higher laser intensities. Qualitatively, the results an be summarized as follows:1. exitation of the is-isomer with ω = 5.2 eVThe NH-bonds are preferentially exited. The moleule remains stable up to an in-tensity of I = 1.0 · 1014 Wm2 and dissoiates to neutral N2 and two H atoms for higherintensities. is-N2H2 → N2 + H+ H2. exitation of the trans-isomer with ω = 6.3 eVAgain the NH-bonds are initially ativated induing multifragmentation for intensitieslarger than 1.0 · 1014 Wm2 . trans-N2H2 → N2 + H+ H



52 3 Laser-indued dynamis3. exitation of the trans-isomer with ω = 8.3 eVFor this frequeny, the ativation of NN bond length mode is dominating. The nitrogendouble bond breaks for intensities I ≥ 1.0 · 1014 Wm2 leading to fragmentation into twoneutral NH dimers . trans-N2H2 → NH + NHIn all three ases, the rotational dihedral mode θ is pratially una�eted by the exitationwhih is in stark ontrast to the lowest frequeny. Therefore, isomerization via rotation isbloked for the higher eletroni resonanes. That means, the is-trans photoisomerizationis only possible via the S0 → S1 transition (ω = 3.1 eV). A seond point is the fat, thatthe bak reation, the isomerization from trans-diimide to is-diimide, is not aessible viaeletroni exitation. The S1-state (ω = 3.1 eV) is a dark state for the trans-isomer, andexitation of higher exited states (ω = 6.3 eV or 8.3 eV) does not lead to isomerization.Therefore, the time sale of a possible moleular swith (cis → trans and trans → cis)is dominated by the thermal bak reation, whih has a muh larger time sale than the
cis→ trans photoreation (25 fs).



3.3 Giant olletive vibrational exitation in fullerenes 533.3 Giant olletive vibrational exitation in fullerenesIn this setion a muh larger system will be investigated � the Bukminster Fullerene C60 .Fullerenes have been the subjet of many dynamial studies in moleular physis sine theirdisovery in 1985 [164℄. The rather lately disovered new hemial group of fullerenes form-ing losed shell arbon strutures are on the edge between moleules and lusters showingmoleular as well as solid state properties. They are fasinating due to their highly sym-metri strutures and their high stability making them interesting for pratial reasons inmaterial siene as well as for pure researh [165℄. The large size with many eletroni andvibrational degrees of freedom gives rise to many e�ets unknown in atoms and also smallmoleules.One example is the existene of plasmon exitations in C60 [166℄, whih an be understoodas a olletive motion of the eletron loud relative to the nulear bakbone, and is alreadyknown from metal lusters and solids. The plasmon exitation in C60 has been widely stud-ied in theoretial works, in partiular using jellium models [167�170℄. Another phenomenon,the suppression of ionization leading to unexpetedly high saturation intensities [171℄, hasbeen explained either by multieletron e�ets [172, 173℄ or by multislit interferene e�etsdue to the �nite age size [174℄ known also from diatomis [123℄. Furthermore, it has beenfound in experiments that the ionization proess and the subsequent fragmentation dependson the laser duration going from diret multiphoton absorption for short fs laser pulses withpronouned ATI peaks in the photoeletron spetrum to statistial eletron evaporation forlonger pulses [175℄.Experimentally the laser-indued ionization and fragmentation of fullerenes have been stud-ied extensively [175,176℄. In two olor pump probe experiments also the in�uene of Rydbergexitations for e�ient energy absorption has been investigated [177℄.Conerning the vibrational degrees of freedom of highly exited C60 , it has been foundthat fragmentation ours mainly by the emission of arbon dimers [178℄, whih an beunderstood as a thermal statistial proess of a relaxed vibrational hot C60 age. While theeletroni relaxation leading to the statistial eletron evaporation takes plae on a timesaleof tens of femtoseonds [175℄, the timesale for vibrational energy relaxation via vibrationaloupling is muh larger leading to fragmentation on the order of pioseonds [179, 180℄.On a muh shorter timesale than the fragmentation time, the laser an indue distintvibrational modes. Using near-infrared laser pulses stable highly harged Cz+
60 ions witha harge up to z=12 an be produed [172, 181, 182℄. Furthermore, the exitation of the

Hg(1) vibrational mode has been proposed by using a metal sphere model [172℄ resp. atime-dependent adiabati MCSCF method [183℄. Theoretially, the vibrational dynamis ofC60 indued by a laser �eld with visible or near-visible frequenies has been studied mainlyusing tight-binding methods [184�188℄ resp. density-funtional-based tight-binding eletron-ion dynamis (DFTED) [189℄. For small laser intensities several vibration regimes depending



54 3 Laser-indued dynamison the laser parameters ould be found with the exitation of the Ag(1), Ag(2) [190℄ resp.of the Hg modes [188℄. However, for higher intensities the breathing mode Ag(1) dominatesin the semiempirial alulations [188, 189℄ in agreement with experiments for metal-dopedC60 [191℄.In this setion we will study the laser-indued dynamis of the eletronially highly ex-ited C60 moleule taking expliitely into aount all 240 valene eletrons as well as all 180nulear degrees of freedom. Our ab-initio alulations will support the emergene of thebreathing mode exitation but with a period larger than in the eletroni groundstate. Thebreathing mode motion an be probed with a seond laser pulse whih has been on�rmedin two-olour pump-probe experiments [53℄.3.3.1 The ground state properties of C60The C60 moleule has the highest symmetry that an be found in a moleular system � the
Ih-symmetry. It has the geometrial shape of a trunated iosahedron and onsists of 20hexagons and 12 pentagons with a arbon atom on eah vertex (see Fig. 3.14). Aordingto Euler's theorem the pentagons are neessary to form a urved shell whih would beimpossible using only a hexagonal struture, i.e. graphene sheet 7. All pentagons areisolated from eah other whih redues the loal urvature respetively the loal strain onthe ball. This is the so-alled isolated pentagon rule whih says that fullerenes with isolatedpentagons are energetially favoured. The smallest possible fullerene aording to Euler'stheorem is C20, whih is muh more unlikely to be produed than C60 due to the violationof the rule.The struture of the bukyball is determined by only two parameters: the single C-C bondlength a5 and the double C=C bond length a6. The 60 single C-C bonds are the bondsforming the pentagons. The 30 double C=C bonds are loated at the edge between twohexagons. Although the struture of the C60 moleule is not a regular trunated iosahedron(with only equal bond lengths), the Ih-symmetry is not destroyed. Alternatively, it issu�ient to know the radius R of the bukyball and the ratio a5

a6
. The radius R is de�nedas the distane between the enter of the bukyball and the arbon atoms.In the time-dependent alulations the symmetry is broken, and a mean radius is de�ned as

R = 1
60

∑60
i=1Ri with Ri the distane of the ith atom to the enter of mass of the C60 -age.As a measurement of the asymmetri deformation the standard deviation of the mean radiusR is used.7Euler's theorem for polyhedra is given by f + v = e + 2 with f the number of faes (hexagons andpentagons), v the number of verties and e the number of edges. For a polyhedron formed by h hexagonaland p pentagonal faes the following ondition an be derived: 6(f + v − e) = p = 12. One onsequene isthat all fullerenes have exatly 12 pentagonal faes.
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Figure 3.14: Left) The struture of C60 with the pentagon-hexagon single bond a5, the hexagon-hexagon double bond a6 and the radius R. Right) The vibrational normal modevetor of the breathing mode ag(1) whih hanges only the C60 radius R.The basis setThe C60 moleule onsists of 60 arbon atoms and 360 eletrons whih makes moleulardynamis simulations omputationally very demanding. Due to the many degrees of free-dom it is neessary to restrit the basis set for the expansion of the Kohn-Sham orbitalsto a few basis funtions. So, we use a minimal basis set, i.e. a set of atomi basis funtions(LCAO-ansatz). The atomi basis funtions were alulated from an atomi arbon groundstate alulation with the LDA option and are expanded itself in an auxiliary Gaussianbasis. The auxiliary basis8 and the expansion oe�ients of the atomi basis funtions aregiven in Table 3.6.The two 1s-ore eletrons of eah arbon atom will be treated in the frozen ore approxi-mation using the 1s atomi orbital spei�ed in Table 3.6. The approximation is reasonablefor the deeply bound ore-eletrons whih will not be a�eted by the interation with thelaser. Therefore, the basis set ontains the atomi funtions of the valene shell (2s, 2px,
2py, 2pz orbitals) whih gives in total 60 · 4 = 240 basis funtions.Additionally, a basis set for the eletroni density is given in Table 3.7. It onsists of twos-type funtions. With the frozen ore approximation for the 1s-ore eletrons, 4 · 60 = 240eletrons (4 valene eletrons of eah arbon atom) will be propagated expliitely. Theeletroni ground state of C60 is a singlet state with 120 spin-up and 120 spin-down (va-lene) eletrons. In the following alulations, the loal density approximation (LDA) forthe exhange-orrelation funtional will be used. Only 120 Kohn-Sham orbitals have tobe propagated expliitely sine eah Kohn-Sham orbital is oupied by a spin-up and aspin-down eletron.8The auxiliary basis onsists of nine s-type Gaussians (l = 0) and 4 p-type Gaussians (l = 1). TheGaussians' widths are taken from the -pVDZ basis set [153℄.
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oe�ientsl σ [a.u.℄ 1s 2s 2p0 0.01224897993 0.00067804119 0.00016717639 00.03162277660 0.00528347887 0.00130453647 00.06622661785 0.0270546901 0.00676278672 00.12431235677 0.10014582304 0.02583862261 00.21790681682 0.27192731036 0.07729813618 00.36527014869 0.43279188844 0.15614811959 00.59793471268 0.30469266021 0.16452982688 01.38475468647 0.02199811802 -0.7232367479 02.50313087161 -0.0056986628 -0.4186044404 01 0.32548951782 0 0 -0.04898380640.70675349274 0 0 -0.24040708481.35382590268 0 0 -0.64708205182.56748082982 0 0 -0.2675650093Table 3.6: Gaussian basis used for the desription of the atomi orbitals of arbon. Note, thatthere are three degenerated p-orbitals with di�erent orientations (2px, 2py, 2pz).
oe�ientsl σ [a.u.℄ 1 20 0.00094745241 -1.338322e-05 00.02996107589 0.00631269766 00.06696495302 0.04138988548 00.13396595554 0.60029975582 00.26822089039 1.31337139344 00.47673129462 -0.2808334476 01.07211253484 3.31699333167 01.76776695297 1.00247976672 1Table 3.7: The two basis funtions used for the desription of the density.
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ωAg(1) [m−1℄ TAg(1) [fs℄ a5 [a.u.℄ a6 [a.u.℄ R0 [a.u.℄exp. 497 [192, 193℄ 67 2.74 [194℄ 2.64 6.72 [195℄this work 521 64 2.73 2.616 6.66Brenner 1 358 93 2.74 2.68 6.73Table 3.8: Groundstate properties of C60 .
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Figure 3.15: (left) The groundstate energy surfae of C60 as a funtion of the C60 radius R (for a�xed ratio a5
a6

= 1.044). (right) The breathing mode Ag(1) for di�erent initial valuesof the C60 radius.Geometrial onformation and breathing modeThe optimization of the geometrial groundstate on�guration is done as mentioned in Se-tion 2.3.4. Due to the symmetry restrition only two parameters, the radius R and theratio a5
a6
, have to be varied. We �nd an equilibrium radius R0 = 6.66 a.u. and a ratio

a5
a6

= 1.044. In Table 3.8 the geometrial groundstate properties are listed and omparedwith experimental values [192�195℄ and an empirial model using 3-body potentials for ar-bon strutures [97,98℄. We �nd a good agreement with the experimental data, although thebond lengths are slightly underestimated by up to 1 %. Furthermore, the frequeny ωAg(1)respetively the period TAg(1) of the radial symmetri breathing mode Ag(1) is listed. Thevibrational mode Ag(1) hanges only the C60 radius R and is displayed on the right handside of Fig. 3.14. The mode will play a big role in the laser-exitation sheme.The alulated period of 64 fs is near the experimental value of 67 fs. The groundstateenergy surfae as a funtion of the radius R is displayed in Fig. 3.15. The potential be-omes anharmoni for large amplitudes R whih enhanes also the period slightly (rightside Fig. 3.15). This e�et has to be distinguished from the e�et we will see in the ase ofeletroni exitation by a laser �eld (see the next setions).
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Figure 3.16: The eletroni density of C60 of all eletrons ρ(r) =∑σ
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∣
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∣
∣2 (right). The isosurfae for ρ = 1.6 a.u., ρσ−orbitals = 1.6 a.u.and ρπ−orbitals = 0.5 a.u. is displayed in red olor.Eletroni strutureIn a simple piture based on Hükel alulation [196,197℄, the eletroni ground state stru-ture an be understood as a sp2-hybridized arbon system with 3 strongly binding σ orbitalsand an additional π-orbital for eah arbon atom giving together 180 σ eletrons and 60

π eletrons. The σ-orbitals are deeper bound than the π-orbitals giving the �rst 90 levels(180/2 due to the shared orbital for spin-up and spin-down eletrons) in the Kohn-Shamenergy spetrum alulated in the LDA approah and displayed in Fig. 3.17. The π-orbitalshave Kohn-Sham energies above the σ-levels lose to the Fermi level. Therefore, they playa more ative role in the eletron dynamis. The energy width of all oupied energy levelsis nearly 20 eV whih has been found also in other DFT alulations [165℄.The harater of the two di�erent types of orbitals an be visualized by the eletron densityformed from the partiular orbitals. In Figure. 3.16 the isosurfae of the eletron density isdisplayed for the total density ρ, the density of the σ-orbitals ρσ and of the π-orbitals ρπ.Obviously, the simple piture of sp2-hybridized arbon atoms is supported by the shape ofthe densities. A lear di�erene an be found between ρσ whih is mostly loated betweenthe atoms, and ρπ whih shows a strong π-harater normal to the moleular surfae. Thetotal density ρ shows more the harater of the σ-symmetry sine the majority of the ele-trons oupy σ-orbitals.In Figure 3.17 also the energy level of the highest oupied moleular orbital (HOMO) isindiated with its symmetry label h10u . It is �vefold degenerate and is ompletely �lled with10 eletrons (5 spin-up and spin-down eletrons). A omplete overview of the eletronistruture and the symmetry onsiderations an be found in [165℄.The losed-shell eletroni on�guration, i.e. the singlet eletroni groundstate S0, allowsus to desribe the C60 moleule with the (restrited) loal density approximation (LDA) asmentioned above. Due to this limitation we annot desribe any triplet exited states in the



3.3 Giant olletive vibrational exitation in fullerenes 59time-dependent alulations.3.3.2 Resonant and nonresonant laser exitationThe C60moleule an be exited resonantly or nonresonantly by a laser �eld. Resonantexitation allows to exite the eletroni system muh easier with moderate laser intensities.In partiular, we are interested in the �rst eletroni resonane whose frequeny is alsoaessible with standard laser tehniques. Furthermore, it has been found that the exitationvia the �rst eletroni resonane an be seen in general as a bottlenek for photophysialenergy deposition into C60, e.g. for the population of high-lying Rydberg states [177℄.Eletroni spetrumIn the Kohn-Sham spetrum (Fig. 3.17) all energy levels are plotted with energies up to 20 eVfor the uppermost unoupied orbitals. The �rst dipole allowed transition from the ungeradeHOMO to the gerade LUMO+1 is indiated by an arrow. However, in density funtionaltheory the exitation energies are not simply given by the di�erene of the Kohn-Sham ener-gies whih would give only a rude estimation. One possibility to �nd the optial spetrumis the exitation of the moleule with a very short laser pulse (δ − pulse) for �xed nulei.In the NA-QMD alulations the δ − pulse was mimiked by a sin2-pulse with a period of
T = 0.1 a.u. (see eq. (3.1)). The system was propagated for a time t = 20000 a.u. (484 fs).The Fourier transform d(ω) of the eletroni dipole moment d(t) = ∑

σ

∑Nσ
e

i=1 〈Ψiσ| r |Ψiσ〉gives the eletroni exitation energy spetrum.The spetrum is plotted in Fig. 3.17. The weak peak at ω = 3.37 eV is the �rst exitationenergy and is related to the HOMO → LUMO + 1 transition. The energy of 3.37 eV issomewhat larger than the experimental values of 3 eV [167, 198, 199℄.Strong resonanes our at muh higher frequenies. It is known that a giant plasmon ex-itation at 22 eV (surfae plasmon) [167℄ and at 40 eV (volume plasmon) [169℄ exist. Theplasmon exitation an be explained as a olletive exitation of the deloalized eletronloud whih osillates relative to the nulear bakbone. In the NA-QMD alulations thespetrum is ambigeous with high peaks between 15 eV and 25 eV whereas no strong reso-nanes near 40 eV an be seen. 9 For this reason we annot assign with ertainty a spei�struture to the �rst plasmon. However, the absene of strong resonanes near the positionof the seond plasmon (40 eV) is possibly aused by the limitations of the minimal basis set.9Sine there is no averaging over vibrational motion, the alulated spetrum is not smeared out like inthe experimental results for the plasmon peaks.
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Figure 3.17: (Left) The Kohn-Sham energies ǫi of C60 for the 120 oupied and the 120 unoupiedorbitals. The HOMO, LUMO and LUMO+1 are labeled. Also the �rst alloweddipole transition HOMO → LUMO + 1 is indiated by an arrow. (Right) Theeletroni spetrum of C60 (|d(ω)|). The inset shows the area for small exitationenergies ω.Dependene on laser polarizationThe Bukminster Fullerene is highly symmetri whih is obvious from the physial proper-ties. Therefore, we have tested the dependene of the absorbed energy on the laser polar-ization for a resonant and a nonresonant laser frequeny. The laser polarization was variedin the xy-plane whih is de�ned on the left side in Fig. 3.18. The nulei were taken as �xedfor the short laser pulse (T = 5 fs) sine they do not a�et the absorption proess. With thehosen laser intensities the C60 will be highly eletronially exited with absorbed energiesaround 300 eV resp. 150 eV for the nonresonant resp. for the resonant pulse (see right sideof Fig. 3.18). As expeted, the absorbed energy depends only marginally on the polarizationof the laser �eld with deviations from the mean value of a few perent. Therefore, it is justi-�ed to onsider only a spei� laser polarization without loss of generality. In the followingalulations the laser polarization is set to ~E ‖ C5 symmetry-axis whih is perpendiularto a pentagonal fae of C60 and orresponds to an angle α = arctan (

√
3−

√
5√

2
) ≈ 31.7◦ asde�ned in Fig. 3.18. In that ase the iosahedral symmetry Ih is not fully broken in thetime-dependent problem, C60 +laser, but rather redued to the C5v-symmetry. This requiresa lower omputational e�ort in the time-dependent alulations.Dependene on laser intensityThe energy deposition due to a laser pulse depends strongly on the laser intensity. Onthe left side of Fig. 3.19 the absorbed energy as a funtion of the laser intensity is plottedfor a resonant (370 nm) and a nonresonant (800 nm) laser with a pulse length of T =

27 fs. The absorption proess is of eletroni nature although for the nonresonant laser
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Figure 3.18: (Left) The de�nition of the orientation angle α in the x-y plane. The x-axis (α = 0)as well as the y-axis (α = 90◦) orresponds to a C2-symmetry axis of the C60 age.(Right) The absorbed energy after exiting the C60 moleule as a funtion of theorientation angle α for a resonant laser (ω = 3.37 eV, T = 5 fs, 1.6 · 1014 Wm2 ) (●)and a nonresonant laser (ω = 1.5 eV, T = 5 fs, 1.6 · 1015 Wm2 ) (■).frequeny, high absorption energies up to several hundreds eV our. The response forthe nonresonant exitation is an order of magnitude smaller than for the resonant ase.However, in both ases the energy absorption inreases nonlinearly with inreasing laserintensity. Additionally, we �nd some osillations at an intensity of 2.8 · 1013 Wm2 (resonant)resp. 5.8·1014 Wm2 (nonresonant). In the time domain we see a deexitation proess. However,it is not lear if the inrease of the absorbed energy is an artefat of our alulations due tothe limited basis.On the right side of Fig. 3.19 the number of exited eletrons Nexc is displayed. As one ansee, the laser exitation is a multieletron phenomenon for large laser intensities and annotbe desribed with a single eletron model. We �nd up to 40 exited eletrons for the largestlaser intensities. The number of exited eletrons orrelates well with the absorbed energy.3.3.3 Laser exited breathing modeIn the following, the response of the C60 moleule to the laser exitation will be investi-gated inluding the vibrational motion. The eletronially stored energy is transfered viaeletroni-vibrational oupling to the di�erent vibrational normal modes.The C60 moleule has 174 vibrational normal modes (inner degrees of freedom: 3·60 minus 6(translation+rotation)). How to alulate the eigenmodes and eigenfrequenies is explainedin Appendix B.1. A variety of normal modes with di�erent symmetries exist with vibra-tional periods in the range from 20 fs (with more tangential nulear displaements) up to120 fs (with radial motion) (see setion B.2). The fully symmetri breathing mode Ag(1)with a period of 64 fs (exp.: 67 fs) lies in between. A seletion of the eigenmodes is depited
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Figure 3.19: The absorbed energy (left) and the number of exited eletrons Nexc (right) as afuntion of the laser intensity for resonant (●) and nonresonant (■) laser exitation(T = 27 fs).in Fig. B.2.In the dynamial alulations the normal mode eigenvetors will be used to deompose thekineti energy (see appendix B.1):
Evib =

174∑

mode=1

Emode
vib (3.6)making it possible to observe the vibrational exitation of eah mode Emode

vib
10.For small laser intensities 3.3 · 1010 − 3.3 · 1012 Wm2 Zhang and oworkers [187, 188, 200℄,using a tight-binding model, have found that di�erent vibrational modes will be exiteddepending on the laser parameters. In partiular, depending on the laser length T, the modeswith Hg-symmetry (T > 40 fs) and the breathing mode Ag(1) respetively the pentagonalpinhing mode Ag(2) (T < 40 fs) dominate the vibrational motion explaining disrepaniesin experiments [171, 201, 202℄.For muh higher laser intensities resp. absorbed energies, i.e. in the multieletron exitationregime, we �nd a di�erent piture. In this ase the breathing mode Ag(1) dominates. Thisis onsistent with the tight-binding alulations for a nonresonant laser with T = 12 fs,

ω = 2 eV and I ≥ 2.1 · 1012 Wm2 [187℄.An example of the dynamis of C60 is shown in Fig. 3.20 left side for a resonant 27 fs-laser(ω = 3.37 eV, I = 3.3 · 1013 Wm2 ). For the �rst 54 fs, while the laser is swithed on, themoleule absorbs nearly 300 eV (upper part). The almost homogenously distributed exitedeletron loud ouples to the radially symmetri Ag(1) breathing mode (lower part). On atime sale of femtoseonds the radial motion will be strongly exited. Nearly all vibrationalkineti energy is stored in the breathing mode. For a time of 240 fs no damping of the radial10The potential energy annot be used due to the anharmoni deformation.



3.3 Giant olletive vibrational exitation in fullerenes 63osillation is taking plae. This shows that the oupling between the Ag(1) mode and othermodes takes plae at longer time sales, in the range of pioseonds 11. Furthermore, we �ndthat the period of the radial osillation is larger than the ground state period TAg(1) = 64 fs(Fig. 3.20 right side).In general, by inreasing the laser intensity, and therefore the absorbed energy, the breathingmode period TAg(1) grows as well (Fig. 3.21). The explanation is that due to the eletroniexitation the potential has been hanged towards muh weaker arbon-arbon bonds thanin the eletroni ground state. This, in turn, enlarges the equilibrium radius Req and thebreathing mode period TAg(1). The e�et is only signi�ant for high absorption energies inthe range of few tens eV or more. At the highest laser intensity (5 × 1013 W/m2) morethan 30 valene eletrons are strongly exited resulting in an impulsive fore that expandsthe moleule dramatially up to R = 8.9 a.u. whih is 130% of the C60 radius, orders ofmagnitude larger than expeted for any standard harmoni osillation.The dominant exitation of the breathing mode an also be found for smaller laser durations,e.g. for T = 9 fs, if the laser intensity is high enough to exite the moleule strongly. Thestatement also holds in the ase of nonresonant laser exitation (ω = 800 nm) but muhstronger laser intensities are needed to exite the moleule signi�antly (see Fig. 3.19).The dynamis of the eletroni system an also be visualized, whih is shown in Fig. A.6(Appendix A.2). In the �gure, snapshots of the eletron dynamis are displayed using theeletron loalization funtion (ELF) as well as the eletron density. Comparing the bondstruture before and after the laser exitation we �nd a signi�ant hange for the ELF whihindiates bond breaking, espeially of the double bonds. Looking at the eletron density wesee that the density between the nulei will be dereased, supporting the idea of the bondweakening. The hange in the bond struture is distributed over the whole age whih is inagreement with the observed exitation of the symmetri breathing mode.3.3.4 Pump-probe senarioIn summary, two interesting points have been found in our alulations:
• By exiting C60 with strong femtoseond laser pulses, multieletron exitation takesplae with absorbed energies up to 300 eV depending on the laser intensity. Due tothe multieletron exitation and subsequent eletron-vibration oupling, the breathingmode Ag(1) will be exited with large amplitudes.
• The period of the exited breathing mode depends strongly on the amount of absorbedenergy respetively the laser intensity. For higher exitation energies the period in-reases signi�antly.11In the td-DFT sheme alulations in the range of pioseonds are beyond our omputational apaity.
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Figure 3.22: Pump-probe senario with with a blue pump pulse (ω = 3.37 eV, T = 27 fs, I =

3.3 · 1013 Wm2 ) and a red probe pulse (ω = 1.5 eV, T = 27 fs, I = 7.3 · 1013 Wm2 ).(Left) The radius R (top) and the absorbed energy (down) as a funtion of timefor a pump-probe senario with a time delay of 120 fs. The dotted lines are de�nedin the same manner as in Fig. 3.20. (Right) (top) C60 radius at the maximum ofthe probe pulse Rprobe as a funtion of the delay time. (down) Absorbed energy(irles) and number of exited eletrons (squares) of C60 after exitation with thepump and probe pulse as a funtion of the time delay. The horizontal line indiatesthe absorbed energy after the pump pulse alone (292 eV).In a next step the response of a highly exited moleule to a seond laser pulse will beinvestigated.Femtoseond pump-probe experiments are a well known tool to examine vibrational motionin moleular systems. In partiular, the tehnique was suesfully applied to the dynamisof diatomi moleules [203℄ where it is possible to follow the only relevant nulear degreeof freedom, the internal distane. A similar situation ours in the laser exitation of theC60 moleule where the eletroni exitation indues primarly a one-dimensional motion ofthe radius.Using a resonant pump pulse as shown above (ω = 3.37 eV, T = 27 fs, I = 3.3 · 1013 Wm2 ) theindued breathing mode will be probed by a seond nonresonant laser pulse (ω = 1.5 eV,
T = 27 fs, I = 7.3 · 1013 Wm2 ) for di�erent time delays between the pump and probe pulse.Due to the pump pulse an energy of nearly 290 eV will be absorbed, and the radius of themoleule starts to osillate with a period of 75 fs and a large amplitude (Rmax = 7.9 a.u.).As one an see in Fig. 3.19 the nonresonant probe pulse is very weak, and annot exite theC60 moleule, initially in the eletroni ground state, signi�antly. However, the situationis hanged in the pump-probe senario.On the left side of Fig. 3.22 the dynamis is plotted for a time delay of 120 fs. The time delayis de�ned as the time between the maxima of the pump and the probe pulse, and the atualradius Rprobe as the radius at the time of the maximum of the probe pulse. The maximum



66 3 Laser-indued dynamisof the probe pulse oinides in time with a maximum of the radius R, where an additionalamount of energy is absorbed (∼ 100 eV). Probing the moleule also for other time delayswe �nd that the total absorbed energy after the probe pulse is strongly orrelated with theatual radius of the "breathing" moleule (Fig. 3.22), i.e. with large amplitude osillationsof the Ag(1) mode. The additional energy absorption due to the probe pulse is signi�antand lies between zero for the minimal radius and nearly 150 eV for the maximal radius. Forthe opposite ase (not shown in here), i.e. negative time delays (at �rst the nonresonant redpump pulse and then the resonant blue probe pulse), no osillation of the absorbed energyan be found due to the fat that the nonresonant pump pulse is too weak to exite thebreathing mode.For the photoabsorption as a funtion of the time delays a signature in the signals of thefragmentation produts should be found. The relaxation of the highly exited C60 moleulesleads to a thermally hot moleule. The subsequent evaporation of C2 fragments is a sta-tistial proess on a µs to ms timesale whih annot be investigated within the NA-QMDapproah.However, the theoretial observations have been on�rmed in two-olour pump-probe stud-ies [53℄. The experiments show a periodiity of 80 fs in the ion signal of the C60 fragmentationproduts as a funtion of the time delay. The experiments were performed with similar laserparameters using a resonant 400 nm pump pulse (T = 25 fs, I = 1.7 ·1013 Wm2 ) and a nonres-onant 800 nm probe pulse (T = 27 fs, 7.3×1013 W/m2). The pump pulse di�ers somewhatfrom the laser used in the alulation due to the fat that the experimentally obtained �rstoptial resonane at a wavelength of 400 nm does not math exatly the theoretial valueof 370 nm within the LDA-approximation.Figure 3.23 (b) shows the metastable C3+
48 ion signal as a funtion of the time-delay be-tween the 400 nm pump and the 800 nm probe-pulse. C3+

48 is most abundant and metastablefragmentation (on a µs-ms timesale) is a partiularly sensitive probe of the equilibrated ab-sorbed energy (temperature) of Cq+
60 generated in the initial photoabsorption proess [176℄ 12.At negative time delays, when the red pulse leads, almost no signal from C3+

48 is observed.One pump and probe pulse overlap, the ion yield inreases strongly and a maximum frag-ment signal is found at a delay of ≃ 50 fs. Closer inspetion of the pump-probe transientreveals a weak modulation on top of the C3+
48 ion signal. By �tting a pulse width onvolutedsingle exponential deay to the ion signal and subtrating it from the measured signal thismodulation - albeit small - is found in all pump-probe data from multiply harged largefragments with a periodiity of 80 ± 6 fs. This is shown in Fig. 3.23 (b) and an be under-stood due to the NA-QMD alulations 13.12As mentioned before, the relaxation proess takes plae on a timesale of pioseonds or longer, andannot be onsidered in the NA-QMD alulations.13The exponential deay of the probe signal (exitation energy) annot be seen in the LDA alulationson the same time sale may be due to the lak of eletron-eletron orrelation e�ets
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Figure 3.23: Pump-probe (left) and optimal ontrol (right) experiment (taken from ref. [53℄). (a)Metastable C3+
48 ion signal as a funtion of time delay between blue pump and redprobe pulse. An exponential deay is �tted to the data. (b) A modulation is foundfor all large fragments C3+

60−2m by subtrating the �ts from the measured transients.() Optimized temporal shape with 220 µJ laser pulses and (d) 280 µJ pulses.Besides the pump-probe experiments, additional, optimal ontrol experiments have beenperformed. The optimized pulse shapes also show periodi behaviour (Fig. 3.23 (),(d))whih may be explained by vibrational exitation. However, the periodiity lies in the rangeof 84 till 127 fs. The value of 84 fs is onsistent with the breathing mode of a highly exitedC60 moleule (see Fig. 3.21), but the maximal value of 127 fs is not reprodued by the the-ory, possibly due to the lak of ionization, sine the breathing mode period of ionized C60is inreased in omparison with the neutral moleule.





4 Collision-indued fullerene dynamisThe ollision dynamis of C60 and other fullerenes with ions or fullerenes has been in-vestigated sine the nineties of the last entury [204℄. Depending on the impat energydi�erent ompeting reation hannels our: sattering, fusion, (multi-)fragmentation [205℄,harge transfer [205, 206℄ and ionization [207, 208℄. In the high energy regime (multi-)fragmentation [104, 105℄ is the dominant reation, whereas for impat energies of 60 eV-500 eV (enter of mass) fusion resp. inelasti sattering takes plae in C60 +C60 olli-sions [209, 210℄. Considerable e�orts were made to obtain the fusion ross setion andespeially the fusion threshold [210, 211℄. For impat energies below the fusion thresholdinelasti sattering is the only reation hannel.To investigate the ollision dynamis theoretially, lassial moleular dynamis simula-tions [212℄ as well as QMD simulations have been performed [103, 105, 209℄.In this hapter the NA-QMD approah will be applied to the dynamis of fullerene+fullereneollisions. In the �rst part the low energy limit (impat energies Em < 150 eV) will be rein-vestigated in partiular in the ontext of the normal mode analysis. We will �nd that inpartiular the oblate-prolate mode Hg(1) dominates the ollision dynamis. A simple 2-dimensional model will be introdued whih allows us to understand the reation proesseswhih our in this energy regime, i.e. fusion and inelasti sattering.In the seond part the dynamis of high-energy fullerene-fullerene ollisions (Em ∼ keV-MeV) is shown. In this impat energy range a ompetition between eletroni and vibra-tional exitation ours whih leads to di�erent fragmentation regimes. The results willbe disussed with respet to ion-fullerene ollisions, whih have been investigated in thepast [32℄.4.1 Adiabati dynamisSeveral years ago, fullerene-fullerene ollisions at impat energies around 100 eV have beenstudied in detail experimentally [209,213℄ as well as theoretially [103℄. The results of theseextensive studies an be summarized as follows (for a review see e.g. [94℄):i) There are two reation hannels whih do our in this range of impat energies,namely, omplete fusion
C60 + C60 → C∗

120and deep inelasti sattering
C60 + C60 → C∗

60 + C∗
60.



70 4 Collision-indued fullerene dynamisFragmentation into three or more fragments does not our1.ii) Fusion ours only above a ertain impat threshold energy, the fusion barrier VB.For all target-projetile fullerene-fullerene ombinations with C60 and C70, the fusionbarriers are surprisingly large (VB ≈ 60− 80 eV) [209℄ as ompared to a typial bondenergy (≈ 10 eV) in the system.iii) The absolute values of the fusion ross setions as funtion of the bombarding energyare orders of magnitude smaller as ompared to the geometrial ross setion [213℄,whih is rather unusual for fusion of omplex systems like nulei, droplets or lus-ters [214℄.Although mirosopi QMD alulations do reprodue all experimental details [94, 103℄,there is up to now, no physial explanation of the underlying mehanism leading to theunexpeted and surprising observations summarized above. So, the simple questions, whyonly two reation hannels do our, why large fusion barriers and small fusion ross setionsare observed, represent a long-standing fundamental problem in the �eld.We reanalyze the reation mehanism of C60+C60 ollision with speial emphasis on thenormal mode analysis whih has not been performed in our earlier studies [94℄.4.1.1 C60+ C60 : Fusion versus satteringInitial onditionsThe initial state will be haraterized by the impat parameter b and the impat energy (inthe enter of mass system)
Em =

µ

2
v2with the relative mass of both fullerenes µ = M1M2

M1+M2
(M1/2: masses of the fullerenes) andthe relative initial veloity v (see Fig. 4.1).In partiular, we have only performed alulations for diret ollisions (b = 0) for thepurpose of simpliity. The reation hannel is very sensitive to the geometrial orientationof the two bukyballs whih an be varied by rotating eah C60 .The initial distane R between the enters of masses of eah luster 2 has been hosen tobe 20 a.u. whih is neessary to ensure two initially "isolated" moleules in the eletroniground state.1We do not onsider seondary evaporation proesses (of mainly dimers) whih proeed on time salesof µs [213℄.2In the following, the variable R denotes always the distane between the lusters, and not the C60 radius.
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Figure 4.1: The initial geometry of a C60+C60 ollision with the impat parameter b, the distaneR between both moleules, and the impat veloity v parallel to the x-axis. The totalmass of eah C60 is given by M1/2 = 60 ·mC = 1321920 a.u.Reation hannelsWe have investigated the C60 +C60 ollision for three impat energies: 40, 60 and 104 eV.For eah of these, di�erent initial onditions have been onsidered by varying the initialorientation of the bukyballs randomly for 17 events. In Figure 4.2 the typial reationsof the two ompeting hannels, fusion and inelasti sattering, are displayed for an initialimpat energy of 104 eV.The typial fusion produt is a vibrationally highly exited peanut-shaped C120 moleule [215,216℄ whih is expeted to have relatively low binding energies of a few eV [217℄. It may re-lax to form a more strongly bound and ompat isomer with the form of a "igar" or"sphere" [217℄ on a timesale of pioseonds, if no thermal evaporation of single C2 unitstakes plae.In the ase of inelasti sattering the two bukyball system deays into two highly exitedand deformed produts whih may also evaporate C2 dimers on a longer timesale.In Figure 4.3 the distane R, the kineti energy of the projetiles
Em =

µ

2
Ṙ2 (4.1)and the total vibrational (kineti) energy Evib (see Eq. (3.6)) of both moleules are displayedfor the di�erent initial orientations. As one an see from the distane and the kineti energy,the most events are inelasti sattering proesses. The point of losest approah is reahedat a time near 100 fs, where the deformation is maximal (see Fig. 4.2). For the impatenergies of 40 and 60 eV no fusion events our, and only at an impat energy of 104 eV
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t = 0 fs t = 115 fs t = 850 fs
t = 0 fs t = 115 fs t = 400 fs

Figure 4.2: Reation hannels of C60+C60 ollisions at an impat energy of 104 eV. Snapshots ofa fusion event (top) and an inelasti sattering event (down).fusion events an be found in agreement with former QMD results whih show a fusionbarrier of 80 eV [213℄.The vibrational energy Evib shows a harateristi struture during the ollision reation.At the beginning of the entrane hannel a strong enhanement of the vibrational motionan be seen due to the deformation proess. At the point of losest approah a minimuman be found whih is aused by the storage of vibrational (kineti) energy into deformationenergy. In the exit hannel the repulsion leads to a further dissipation of energy into thevibrational modes with a maximum �nal vibrational energy per atom of more than 0.3 eVwhih orresponds to a temperature of more than 2500 K for the vibrationally relaxedsystem.In the exit hannel the �nal relative kineti energy after the ollision di�ers for the variousinitial orientations. However, by averaging over the inelasti sattering events we �nd thatthe averaged relative kineti energy of the sattered fullerenes is nearly independent on the.m. bombarding energy Ec.m. (see Fig. 4.4). Therefore, the total amount of dissipatedenergy Ed(∞) into all vibrational modes after the ollision is simply given by
Ed(∞) = Ec.m. −∆E (4.2)with ∆E ≈ 17 eV.
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Figure 4.3: Collision dynamis for an impat energy of 104 eV (left), 60 eV (middle) and 40 eV(right) for T=0 K. The C60 -C60 distane R (top), the kineti energy Ekin (middle)and the total vibrational energy Evib (bottom) are displayed as a funtion of time forthe di�erent ollision events.
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Figure 4.4: The kineti energy Ekin averaged over the initial orientations for the impat energiesof 104 eV, 60 eV and 40 eV as a funtion of time. The �nal energy release ∆E isindiated.
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Figure 4.5: Normal mode analysis of C60+C60 ollision for an impat energy of 104 eV (left),60 eV (middle) and 40 eV (right). The vibrational energy of all 174 vibrational normalmodes as a funtion of time. The oblate-prolate mode Hg(1) is indiated by the blak(thik) line.The normal mode analysis - The oblate-prolate mode Hg(1)To gain an insight into the vibrational dynamis of the ollision a normal mode analysiswill be performed. Therefore, the vibrational energy Evib of eah C60 fullerene will bedeomposed using the eigenvetors of the vibrational normal modes (see appendix B.1). InFigure 4.5 the vibrational energy of the normal modes of both C60 moleules is plottedas a funtion of time for all three impat energies. Due to the fat that the results forsingle ollision events are very similiar, we show only the result averaged over all eventsleading to inelasti sattering. The normal mode analysis shows the following features: Inthe entrane hannel, i.e. during the approah phase, the Hg(1) mode (sum over all �vedegenerated eigenmodes) dominates the internal vibrational exitation mehanism. At thedistane of losest approah, the dominant part of the bombarding energy is stored intopotential (or deformation) energy of the vibrational modes (see distint minimum of thekineti vibrational energies Emode
vib at t ≈ 120 fs). Obviously, the largest ontribution to thisdeformation energy originates from the prolate-oblate mode. This dominant exitation ofthe prolate-oblateHg(1)mode is observed for all relative initial orientations of the fullerenes,all impat energies (Ec.m. ≈ 40 . . . 150 eV) and all relevant impat parameters. The longtime behaviour shows that due to vibrational relaxation, more and more of the 174 normalmodes do ontribute.Obviously, the dominant exitation of the quadrupole mode during the approah phaserepresents the key point in the understanding of the basi reation mehanisms of theseollisions. On the one hand, it prevents fragmentation into three or more hannels dueto its symmetry whih avoids any shearing fores. On the other hand, it ats as doorwaystate for fusion. In an idealized piture, the energy stored into this mode at the distaneof losest approah must exeed a ritial value of about ∆E ≈ 17 eV. This implies thatfusion an our only at impat energies onsiderably larger than ∆E whih explains thelarge fusion barriers VB. In the viinity of Ec.m. ≥ VB, this ritial amount of energy anonly be stored into the Hg(1) mode if their �ve (degenerated) priniple axes oinide with
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Figure 4.6: Sketh of the two-spring model for the C60 -C60 ollision.the ollision axis. Beause this is realized only very rarely, the absolute ross setions forfusion are muh smaller than the geometrial ross setion.4.1.2 A two-dimensional lassial trajetory modelThe simpliity of the single oblate-prolate mode exitation together with the mirosopi�ndings (see above) allows for the formulation of a simple two-dimensional and analytialtrajetory model of fullerene-fullerene ollisions ("spring-model") whih desribes quantita-tively the basi features predited by the fully mirosopi, 360-dimensional QMD alula-tions. 3A sketh of the model is given in Fig. 4.6 and onsists of two interating springs. Eahspring i = 1, 2, whih represents one moleule, is de�ned by the two oupled masses Mi

2
(Mi:here mass of C60 ), the fore onstant ki (here from the Hg(1) mode) and the equilibriumdistane D0

i (here diameter of C60 ). Introduing the .m. distane between the two reationpartners R and the spring oordinates D1, D2 the Hamilton funtion has the following form(with the relative masses µ = M1M2

M1+M2
, µi =

Mi

4
):

H =
P 2
R

2µ
+
∑

i=1,2

{p2Di

2µi
+ Vi(Di)

}

+ U
(
R− 1

2
(D1 +D2)

) (4.3)with the potential Vi(Di) for the inner (vibrational) mode of spring i
Vi(Di) =

ki
2
(Di −D0

i )
2 (4.4)and an external interation potential U whih depends on the 'ontat distane' betweenthe two springs x = R − 1

2
(D1 +D2).3This mode dominates the vibration of C60 during the ollision also in ollisions with impat parameters

b > 0.
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Figure 4.7: a) The deformation potential of the C60+C60 ollision for three impat energies andthe averaged harmoni �t for the entrane hannel. b) Sketh of the interationpotential U as a funtion of the distane in the model for the entrane and exithannel for the ase of inelasti sattering and fusion.The potential U mimis the response of all other vibrational degrees of freedom of themoleules. The Newton equations are determined using the Hamilton equations with (4.3):
µR̈ = −∂U(x)

∂x

∣
∣
∣
∣
x=R− 1

2
(D1+D2)

(4.5)
µiD̈i = − ∂Vi

∂Di
+

1

2

∂U(x)

∂x

∣
∣
∣
∣
x=R− 1

2
(D1+D2)

(4.6)In the following we onsider only the ase of idential springs, suited to the C60 +C60 ollision.The number of variables is redued to
D1 = D2 ≡ D

k1 = k2

µ1 = µ2.Then the simpli�ed Newton equations are given by (Vi → V ):
µR̈ = −∂U(x)

∂x

∣
∣
∣
∣
x=R−D

(4.7)
µ1D̈ = −∂V

∂D
+

1

2

∂U(x)

∂x

∣
∣
∣
∣
x=R−D

. (4.8)



4.1 Adiabati dynamis 77Entrane hannel (Ṙ < 0)In the entrane hannel the interation potential U an also be written as a harmonipotential:
U(x) =

k

2
(x− dint)

2 θ(dint − x), (4.9)where the interation distane dint and the fore onstant k is determined by the averagedmirosopi C60 +C60 alulations. In Fig. 4.7a the result is plotted for all three impatenergies whih show the harmoni behaviour of the potential. The deformation potential isequivalent to the potential energy di�erene between the initial and the �nal geometrialon�guration.A nie property is that the harmoni potential allows to solve the equations of motion (4.8)analytially.Exit hannel (Ṙ > 0)So far, no dissipative fores are inluded, whih would prevent fusion events due to therepulsive harater of the interation potential U (see Eq. (4.9)). To desribe the energydissipation whih leads to the inelasti behaviour resp. fusion, a method will be usedwhih has been developed in nulear physis, in partiular for deeply inelasti heavy-ionollisions [218℄. To do so, an additional deformation potential Ed(x) will be introdued inthe exit hannel
U(x) →W (x) = U(x) + Ed(x)with

Ed(x) =







(Er − Ed(∞))e−
x−xret

∆ + Ed(∞)− U(x) for x > xret
0 for x < xret .The potential Ed(x) depends on the returning point xret = x(tr) and on the potential energyat the returning point

Er ≡ U(xret) with Ṙ(tr) = 0. (4.10)The �nal deformation energy Ed(∞) = limx→∞Ed(x) after the ollision is the only freeparameter, whih determines the reation proess (see Fig. 4.7b):1. For Ed(∞) < Er the potential W is repulsive implying inelasti sattering.2. For Ed(∞) > Er the potential beomes attrative whih may lead to fusion.In the next part these relations will be used to �nd an analytial formula for the fusionbarrier.The width ∆ =
∣
∣
∣
xret−dint

2
(1− Ed(∞)

Er
)
∣
∣
∣ is fully determined by the other parameters andhoosen in suh a way, that the fore at the returning point −∂W

∂x

∣
∣
x=xret is ontinuous forsattering (Ed(∞) < Er) respetively hanges sign for Ed(∞) > Er.



78 4 Collision-indued fullerene dynamisAnalytial solution for the fusion barrier VBIn general the EOM's of the model system annot be solved analytially beause of theompliated form of the dissipation potential Ed(x) in the exit hannel. However, thedynamis of the system for the entrane hannel an be alulated analytially by solvingthe two oupled linear ordinary di�erential equations:
R̈ = −ω2(R−D − dint) (4.11)
D̈ = −ω2

1(D −D0) + ω2(R−D − dint) (4.12)with the frequenies
ω2 =

k

µ
, ω2

1 =
k1
µ1
. (4.13)The solution in the entrane hannel and the knowledge of the �nal deformation energy

Ed(∞) are su�ient to �nd an analytial expression for the fusion barrier VB whih will beshown in the following.Here, we shortly present the solution of the EOMs (4.11),(4.12). For a more detailed deriva-tion look in appendix C where also the more general ase of two di�erent springs is disussed.The solution for the distane R(t) and the vibroni oordinate D(t) with the initial ondi-tions
R(0) = D0 + dint, Ṙ(0) = v (4.14)
D(0) = D0, Ḋ(0) = 0 (4.15)is given by

R(t) =
v

ω

2∑

i=1

ai sin (Ωit) + (D0 + dint), (4.16)
D(t) =

v

ω

2∑

i=1

bi sin (Ωit) +D0 (4.17)with the fundamental eigenfrequenies
Ω1/2 = ω

√

κ+ 1±
√
κ2 + 1

︸ ︷︷ ︸

f1/2(κ)

(4.18)and the amplitudes
a1/2 =

1

2 f1/2(κ)
(1∓ κ√

κ2 + 1
) (4.19a)

b1/2 = ∓ 1

2 f1/2(κ)

1√
κ2 + 1

, (4.19b)



4.1 Adiabati dynamis 79where the ratio κ is de�ned as
κ =

k1
k

=
ω2
1

2 ω2
. (4.20)To alulate the fusion threshold, we need to determine the potential energy

Er =
µω2

2
(R(t)−D(t)− dint)

2

∣
∣
∣
∣
t=trat the returning time tr with Ṙ(tr) = 0. Using (4.16) we arrive at

a1Ω1 cos (Ω1tr) + a2Ω2 cos (Ω2tr)
!
= 0. (4.21)This equation annot be solved analytially but the returning time an be approximated by

tr ≈
π

2Ω2due to the fat that the seond term in Eq. (4.21) dominates (a1
a2
<< 1 in the relevant rangeof the parameter κ). Then the potential energy Er an be written as

Er = α(κ) Ec.m. (4.22)with the impat energy Ec.m. =
µ
2
v2 and the oe�ient

α(κ) =

[

(a1(κ)− b1(κ)) sin

(
π f1(κ)

2 f2(κ)

)

+ a2(κ)− b2(κ)

]2 (4.23)or inserting Eq. (4.19a), (4.19b)
α(κ) =

1

4(κ2 + 1)

[

(
κ− 1−

√
κ2 + 1

√

κ+ 1 +
√
κ2 + 1

) sin (
π

2

κ+ 1 +
√
κ2 + 1√

2κ
)− κ− 1 +

√
κ2 + 1

√

κ+ 1−
√
κ2 + 1

]2

.(4.24)Comparing the potential energy Er with the �nal deformation energy Ed(∞) = Ecm −∆E,we an estimate the fusion threshold. As mentioned above, we �nd that ∆E, averaged overthe initial orientation, is nearly 17 eV for the mirosopi alulations of C60 +C60 satteringevents independent of the initial impat energy in the investigated energy range 40 eV −
104 eV (see Fig. 4.4). If Er is smaller than the �nal deformation energy Ed(∞), the potentialW in the exit hannel is attrative, hene opening the hannel for fusion (see Fig. 4.6).Setting Er

!
= Ed(∞), we �nd for the fusion threshold (VB = Ec.m.)

VB =
∆E

1− α(κ)
. (4.25)Of ourse, the relation (4.25) is only a lower limit, sine the reversible energy transfer(vibrational energy to .m. energy) during the reoil is negleted. In Fig. 4.8 the fusion
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Figure 4.8: The fusion barrier VB as a funtion of the fore onstant k1 with the analytial (solidline) and the numerial result (dashed line) for k = 0.12 a.u. and ∆E = 20 eV.threshold is displayed as a funtion of the vibrational spring onstant k1 using the analytialformula (4.25). Additionally the numerial result is shown whih has been alulated bysolving the Newton-equations (4.8) for various impat energies with a Runge-Kutta method.The numerial fusion threshold is always slightly larger than the analytial value due to thereversible energy transfer in the exit hannel (bouning e�et). However, this e�et is notvery large, so the analytial formula gives a satisfatory result.Comparison with QMD resultsTaking the results from the mirosopi C60 +C60 alulations, we an make a omparisonof the model preditions and the full QMD results. The vibrational spring fore onstant
k1 = 0.51 a.u. orresponds to the Hg(1) mode of C60 (Texp = 124 fs) and has been evalu-ated using Eq. (4.13) with the orresponding relative masses for C60 . The interation foreonstant k = 0.12 a.u. is obtained from the QMD results of the deformation potential (seeFig. 4.7a). Finally the energy release is given by ∆E = 17 eV (see Fig. 4.4). Inserting thevalues in Eq. (4.24) we get a fusion threshold VB of 82 eV (see Fig. 4.8). The numerialmodel alulations show a slightly higher fusion threshold of 85 eV due to the reversibleenergy transfer in the exit hannel as mentioned above.Snapshots of the C60 +C60 and spring + spring ollision dynamis are displayed in Fig. 4.9illustrating the two reation types, inelasti sattering resp. fusion. Furthermore, the dy-namis for di�erent impat energies is plotted in Fig. 4.10 omparing the model and themirosopi C60+C60 QMD results qualitatively. In partiular the vibrational energy Evib,the kineti energy Ekin and the distane R are plotted as a funtion of time. The �rst twoexamples for Em = 40 and 60 eV show inelasti sattering, whereas the last ollision for
Em = 150 eV is a fusion event. A good agreement between the model and the mirosopialulations an be found. In the entrane hannel the dynamis is nearly idential, also the
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Figure 4.9: Snapshots of the full mirosopi C60+C60 ollision and the spring model for inelastisattering (left) and fusion (right) for an impat energy of 40 eV resp. 104 eV.
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Figure 4.10: Comparison of the model alulation with the mirosopi C60+C60 results for im-pat energies of 40, 60 and 150 eV. The distane R, the kineti energy Ekin and thevibrational energy Evib are shown as a funtion of time.�nal kineti energy mathes. The harateristi double hump struture of the vibrationalenergy is reprodued very well.The model preditions an also be extended to other fullerene ollisions or ollision ondi-tions. In Table 4.1 the experimental fusion barriers for di�erent kinds of fullerene ollisionsare shown. They will be ompared with former QMD and the simple model results. In ex-periments, where hot C60 moleules (T=2000 K) have been used, dereased fusion barrierswere found [213℄. Saling the fore onstant of the spring mode k1 with a fator 0.85 we �nda good agreement with the experimental result. This means by softening the oblate-prolatemode the fusion barrier an be lowered. Furthermore, for ollisions with C70 an enhanedspring mode onstant ki = 0.55 a.u. gives satisfatory results with an inreased fusion bar-rier.In the following setions, a justi�ation and physial interpretation will be given for thesaling of the vibrational onstant k1 (Hg(1) mode) for T=2000 K, and for the inreasedspring onstant k1 of the ollisions with the C70 fullerene.



4.1 Adiabati dynamis 83QMD [213℄ Model QMD [213℄ Model Experiment [213℄
T = 0 K kexpi T = 2000 K kexpi · 0.85C60 +C60 80 82 60 65 60±1C60 +C70 94 87 70 69 70±6.5C70 +C70 104 93 75 73 76±4Table 4.1: The fusion barriers VB in eV. The values of the model are obtained with Eq. (4.24)using the parameters kexp1 (C60) = 0.51 a.u. resp. kexp2 (C70) = 0.55 a.u. (resp. thesaled values), k = 0.12 a.u. and ∆E = 17 eV.4.1.3 C60+ C60 : Fusion versus sattering for �nite temperaturesUp to now, only alulations of fullerene reations without onsidering any temperature hasbeen presented. Of ourse, in most ases experiments has been done at �nite temperatures.For room temperature the e�et should be small sine only a vibrational energy of 2 eV isstored, but for higher temperatures the e�et is notable.An example is the C60 + C60 fusion barrier, whih was investigated in the experiments at

T = 2000 K. For suh a setup a muh lower fusion barrier of 60 eV has been found, thanexpeted from ab-initio moleular dynamis simulations at zero temperature. In the ana-lytial trajetory model the fusion barrier ould be lowered by hoosing a softer vibrational
Hg(1)-mode. To hek the assumption of a softer oblate-prolate mode and other aspets ofthe ollision dynamis, alulations at T = 2000 K will be presented in this hapter.Preparation of the initial state for �nite temperaturesDue to the unknown analytial struture of the high-dimensional energy surfae dependingon 174 oordinates, it is impossible to �nd an equilibrated initial state expliitely. Toprepare a hot C60 with a given temperature T, simulations were initiated with only kinetivibrational energy of

Evib =
f

2
kTwith f=174 the number of degrees of freedom for C60

4. For a temperature T = 2000 K(k = 8.61735 ·10−5 eVK [219℄) the vibrational energy is given in total by 15 eV. The vibrationalenergy Evib was equally distributed among all 174 normal modes for the initial time t = 0.In Figure 4.11 the relaxation proess is displayed. The kineti energy drops within 25 fs tohalf of the initial value (indiated by the red line). This is understandable sine the kinetienergy is onverted into potential energy. Due to the virial theorem, the kineti energy isequal to the potential energy for a system of harmoni osillators (≡ normal modes) in the4In partiular, the translational and rotational degrees of freedom were exluded to ensure nearly thesame ollision geometries in the following ollision senarios ompared to the T = 0 alulations.
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Figure 4.11: Energy relaxation of C60 (equilibrium geometry) with an initial kineti vibrationalenergy of 15 eV. Upper part) The total kineti energy as a funtion of time. Lowerpart) The kineti energy of eah normal mode as a funtion of time.equilibrium. The virial theorem is only valid for the time averaged energies, so �utuationsaround the theoretial value our. The dynamis of the normal modes are muh moreompliated. It shows a strong oupling between the normal modes leading to an energytransfer between the modes (lower part of Fig. 4.11).The oblate-prolate mode at T = 2000 KTo show how the period THg(1) of the Hg(1) mode hanges for a vibrationally hot C60 ,alulations have been performed with a nonzero initial amplitude of the oblate-prolatemode and some initial kineti vibrational energy for all normal modes as mentioned above.In Figure 4.12 the kineti energies of the normal modes are displayed for two exitationenergies of the Hg(1) mode. One an see the dominating oblate-prolate mode osillationwhih is not fully harmoni due to the interation with other modes. We found that theperiod THg(1) inreases with inreasing temperature. For a old moleule THg(1) is 115 fswhereas it is inreased to 121 fs for T = 2000 K (left side in Fig. 4.12). The softening of the
Hg(1) mode an be explained by a stronger oupling to the other normal modes due to theanharmoni parts of the potential energy surfae.Dynamis of C60+ C60 ollisionsFor the ollision dynamis we started with an initial state taken from the alulation above(see Fig. 4.11), i.e. the two moleules were initialized to the states obtained at the arbitrarilyseleted times t = 375 fs resp. t = 605 fs. In priniple, averaging over far more di�erentinitial vibrational hot states would be desirable to simulate the temperature. That, however,is a very time-onsuming task. But for our purpose, it is su�ient to onsider only one initialon�guration and to study the e�et of the vibrational exitation. To ompare the ollision
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Figure 4.12: The kineti energies of all normal modes as a funtion of time for C60 with an initialprolate geometry (T = 2000 K). The dominating blak line indiates the oblate-prolate mode (Hg(1)) for an initially exitation energy of 2 eV (left) respetively8 eV (right).
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Figure 4.13: Collision dynamis for an impat energy of 104 eV (left), 60 eV (middle) and 40 eV(right) for T=2000 K. The C60 -C60 distane R is displayed as a funtion of timefor the di�erent ollision events.dynamis for T = 2000 K with the former alulations for T = 0 in Chapter 4.1.1, thesame initial rotation angles have been used. Only the old moleules were replaed by thehot C60s (see above). For the impat energies of 40, 60 and 104 eV the trajetories of thedi�erent ollision events are plotted in Fig. 4.13. In general, ollisions at T = 2000 K aremore inelasti than for old moleules, as expeted. Where only two fusion events an befound for T = 0, three fusion events our for T = 2000 K.In Figure 4.14 the averaged deformation energy U(R) for the three impat energiesis ompared with the T = 0 alulation. Besides small osillations due to the thermivibrational motion for T = 2000 K, no major di�erene an be found between old and hotmoleules. Also the averaged return distane Rret does not hange signi�antly (Table 4.2).
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Ec.m.[eV℄ Rret [a.u.℄

T = 2000 K T = 0104 9.98 10.060 11.34 11.440 12.4 12.4Table 4.2: Comparison of the return distane Rret averaged over 17 events for a temperature
T = 2000 K (15 eV) and T = 0 of the C60+ C60 ollision.
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4.1 Adiabati dynamis 87Comparison with the trajetory modelThe ratio k1(2000K)
k1(0K)

=
(

THg(1)(0K)

THg(1)(2000K)

)2

= 0.9 is very similiar to the saling fator 0.85 obtainedfrom the experimental values (T = 2000 K) and the analytial trajetory model results for
T = 0 (see Table 4.1). Furthermore we �nd that the deformation potential for T = 0 K isidential with that of 2000 K indiating no hange in the interation fore onstant k. Inonlusion, the trajetory model preditions are onsistent with the experimental results at
T = 2000 K.4.1.4 C70+ C70 : Fusion versus satteringIn this setion some results for C70+ C70 ollisions at T = 0 will be presented with speialfous on the trajetory model preditions for the fusion barrier. In partiular, it is knownthat the fusion barrier for C70 + C70 is higher than for C60 +C60 ollisions [213℄. Therefore,we take a loser look to the normal mode analysis of the ollision dynamis whih providesinsights into the fusion mehanism.The C70moleuleThe C70 moleule is the next higher fullerene to C60whose muh lower symmetry is D5h.It is shaped like an ellipsoid and an be onstruted by splitting C60 into two halves per-pendiular to the C5-axis and adding a ring of ten arbon atoms in between. Correspondingto this symmetry, the moleule has 8 di�erent bond lengths. The geometrial propertieshave been alulated using the LDA funtional and the same basis set as for C60 . They aredisplayed in Table 4.3. The results are ompared to other theoretial and to experimentalwork and shows a good agreement 5.The vibrational spetrumThe spetrum of C70 is not as well understood as in the ase of C60 . 122 distint eigen-frequenies, either one- or twofold, exist, due to the muh lower symmetry ompared toC60 . The more omplex spetrum makes it more di�ult to relate measured frequenies totheoretial values. Experimentally the spetrum was investigated with Raman [223℄ and in-frared spetrosopy [224℄ in the nineties. Phenomenologial models as well as �rst prinipleapproahes [220, 225, 226℄ have been performed showing frequenies in the range of 230 to1600 m−1. We have alulated the vibrational spetrum in the same way as for C60 .The alulated modes with the lowest frequenies are a doublet E ′

2 at 237 m−1, a doublet5More literature an be found in the book by Dresselhaus [165℄.



88 4 Collision-indued fullerene dynamispresent (LDA) LDA ( [220℄) experimental ( [221℄)d11 1.443 1.442 1.46d12 1.382 1.392 1.37d23 1.440 1.439 1.47d33 1.376 1.387 1.37d34 1.440 1.439 1.46d44 1.424 1.431 1.47d45 1.410 1.415 1.39d55 1.456 1.456 1.41long diameter 7.90 - 7.96 ( [222℄)short diameter 7.08 - 7.12 ( [222℄)Table 4.3: Bond lengths and other ground state properties of C70 in units of Å.present (LDA) LDA ( [220℄) MD simulation( [225℄)
E ′

2 237 219 235
E ′′

1 264 242 250
A′

1 270 262 251Table 4.4: Vibrational frequenies for C70

E ′′
1 at 264 m−1, and a singlet A′

1 at 270 m−1. These �ve modes orrespond to the lowesteigenmode Hg(1) (271 m−1) mode of C60 , whih are split due to the lower symmetry ofC70
6. In Table 4.4 the values are ompared with another LDA alulation [220℄, in whih thedynamial matrix is diagonalized as in our work but using also symmetry onstraints, anda Car-Parrinello moleular-dynamis simulation [225℄, based on an analysis of trajetories(avoiding the alulation of the dynamial matrix). The lowest three frequenies measuredby Raman spetrosopy [223℄ are 228, 250-267 cm−1 and may be related to the E ′

2 doubletresp. to the A′
1 + E ′′

1 doublet.Collision dynamisEven for the diret ollision of C70+C70 more geometrial on�gurations are possible6The largest ommon subgroup of Ih (C60 ) and D5h (C70 ) is the C5v group. Classifying the normalmodes of C60 and C70 only with the C5v irreduible representations, a omparison between the two moleulesis possible. The Hg mode is split into an A′
1, a E′′

1 , and a E′
2 mode.
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Figure 4.15: C70+C70 ollisions for the two symmetri initial onditions (top). The distane R(in a.u.) and the vibrational mode energies Evib (in eV) for the left (middle) and forthe right ollision partner (down) with the vibrational modes A′
1 (■) and E′′

1 (●)are plotted as a funtion of time.than for C60 , sine the system has two priniple axes. We will show inelasti satteringevents for four di�erent orientations at an impat energy of 60 eV. For the two symmetriinitial orientations a strong exitation of the A′
1 (270 m−1) mode (ollision diretion parallelto the long priniple axis) resp. of the E ′′

1 (264 m−1) mode (ollision diretion parallel tothe short priniple axis) our (Fig. 4.15). In the ase of asymmetri initial orientations amixture of both modes, the A′
1 and the E ′′

1 mode, is exited (Fig. 4.16). Thus the situationis more omplex than for C60 +C60 ollisions. However, the main feature, the harateristidouble hump struture of the dominant modes during the ollision, an be seen. For theasymmetri initial orientations also rotational exitation ours. In all ases the dominantvibrational modes, A′
1 and/or E ′′

1 , relax very quikly after the ollision proess due to vi-brational oupling to the other modes.Consequenes for the trajetory modelNow, we an adapt the trajetory model for C70 +C70 ollisions. In partiular, we see twodominant modes, A′
1 and E ′′

1 , whih are splittings of the Hg(1) mode in C60 due the lowersymmetry 7. Using the relation ω2
i = ki

µi
with ωi the vibrational frequeny of the modes7Surprisingly, the third mode E′

2 of the Hg(1) splitting is not signi�antly involved in the ollisiondynamis.
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Figure 4.16: C70+C70 ollisions for two asymmetri initial orientations (top) with the same prop-erties as in Fig. 4.15.and µi =
Mc70

4
the relative mass of C70 , the vibrational fore onstant ki an be alulated(see Fig. 4.17). As mentioned above the LDA alulation overestimates the vibrationalfrequenies ompared with the experimental values.For a symmetri ollision shown above the same mode is exited in eah fullerene makingit possible to use the formula for symmetri springs (4.25). Experimentally it is not learwhih frequeny belongs to a ertain mode (A′

1 or E ′′
1 ). For a �rst estimate we take theexperimental vibrational frequeny of 267cm−1 [223℄ whih may be related to the A′

1 resp.
E ′′

1 . This leads to a fore onstant k1 = 0.55 a.u. Under the assumption that the other modelparameters from the C60 +C60 ollisions do not hange, Equation (4.25) gives a fusion barrier
VB of 93 eV whih is higher than the C60 +C60 value and agrees well with the experiments.For asymmetri ollisions more than one mode is exited (see Fig. 4.15). In this ase, thetrajetory model for non idential springs (spring onstants k1 6= k2) an be applied (seeAppendix C) where a similiar equation for the fusion barrier VB(k1, k2, k) as Eq. (4.23) anbe derived. However, if the spring onstants k1 and k2 do not deviate very muh fromthe mean value k = 1

2
(k1 + k2): the exat result VB(k1, k2, k) for non idential springsdoes not di�er signiantly from VB(k, k) obtained with Eq. (4.24). This leads to similiarfusion barriers for the asymmetri C70 +C70 ollisions sine the A′

1 and E ′′
1 have very similiarfrequenies.Another asymmetri ollision is the C60+C70 reation. Like shown in setion 4.1.1 theoblate-prolate mode Hg(1) mode will be exited during the C60 +C60 ollision. Calulatingthe fusion barrier VB(12(k1 + k2), k) for the C60 +C70 ollision with k1 = 0.51 a.u. (C60 ) and
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k2 = 0.55 a.u. (C70 ) a value of 87 eV is obtained, whih is in between the C60 +C60 andC70 +C60 ollisions as expeted.



92 4 Collision-indued fullerene dynamis4.2 Nonadiabati dynamis of fullerene-fullereneollisionsThe ollision dynamis of C60-C60 systems in the (.m.) energy range up to 500 eV have beeninvestigated in the past [104℄. Di�erent reation hannels were observed. Depending on theollision energy sattering, fusion or multifragmentation ours. All these alulations weredone in the adiabati framework, e.g. no eletroni exitation was inluded.In this hapter we will show omputational results of ollisions up to energies of 1.8 MeVwhere eletroni exitation dominates, i.e. a genuine nonadiabati proess. We will �nddi�erent exitation regimes from vibrational to highly eletroni exitation, leading to mul-tifragmentation up to omplete atomization of the fullerene ages.The initial state of the moleules is the ground state (diameter of C60: 13.5 a.u.) with a givenimpat parameter b and the impat veloity v in the enter of mass system (v < 0.45 a.u.).During the inelasti ollision the system dissipates translational energy into internal energyof the moleules. The total energy loss ∆E is de�ned as the di�erene of the translationalenergy of both moleules Ekin = µ
2
v2 (shortly) after and before the ollision. The energy isonverted into exitation energy of the moleules whih onsists of two parts:
∆E = ∆Evib +∆Eelwith the vibrational energy ∆Evib = Edef + ∆Ekin

vib and the eletroni exitation energy
∆Eel. The deformation energy Edef is obtained by alulating the eletroni groundstateenergy di�erene between the initial and the �nal geometrial on�guration.4.2.1 Fragmentation regimes in C60+ C60 ollisionsVarying the initial veloity, di�erent ollision regimes an be distinguished: adiabati olli-sions ( < 500 eV) with sattering, fusion as shown in the last setion as well as fragmentationproesses, and nonadiabati ollisions ( > 500 eV ) with fragmentation. In Figure 4.18 (left)one an see that the vibrational exitation dominates for low ollision energies and the ele-troni exitation for high ollision energies. We �nd a maximum of the vibrational exitationand also of the total energy loss ∆E at an impat energy Ec.m. = 50 keV. For impat energieshigher than 400 keV a plateau of ∆E an be observed whih is dominated by the eletroniexitation energy. A similiar behaviour an be found for C+−C60 ollisions [32℄, whih willbe shown later. At the very high impat energies (eletroni exitation !), the satteringangle θ de�ned by the hange of the .m. momenta of the ollision partners, is nearly zero,only for lower impat energies (vibrational exitation !) the momentum transfer, i.e. thesattering angle, is muh larger (see Fig. 4.18 (right)). We �nd also that the sattering an-gle is always smaller as ompared with the ollision of elasti rigid spheres (billiard model)
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Figure 4.19: Snapshots of the ollision in the rest frame of one C60 for v = 0.45 a.u. (1.8 MeV)(Upper part) and v = 0.01 a.u. (900 eV) (Lower part) (b = 7.5 a.u.)



94 4 Collision-indued fullerene dynamis
0
2
4
6
8

10
12

N
fr

ag total

0 50 100 150 200 250 300
time [fs]

0
1
2
3
4
5
6

N
fr

ag

1
2
3
4

0
20
40
60
80

100

N
fr

ag total

0 50 100 150 200 250 300
time [fs]

0

20

40

60

80

N
fr

ag

1
2
3
4

Figure 4.20: The total number of fragments and the number of monomers (1), dimers (2) et. as afuntion of time for an initial veloity v = 0.01 a.u. (900 eV) (left), and v = 0.45 a.u.(1.8 MeV) (right) and an impat parameter of 7.5 a.u.within the investigated energy range from 40 eV to 1.8 MeV sine the ollisions are more orless inelasti in all ases.In Figure 4.19 some snapshots of the ollision dynamis is shown for two di�erent impatveloities. For the highest impat veloity v = 0.45 a.u. (1.8 MeV) the interation timebetween the nulei is very short, so the vibrational exitation is only small. Instead theeletroni exitation dominates, sine the eletron dynamis is muh faster. The moleulesare not destroyed during the interation time. Only few atoms in the upper part of theage have got some kineti energy. But due to the high eletroni exitation the ages willstart to expand and fragment isotropially into monomers and dimers (see Fig. 4.20). In thelower part of Fig. 4.19 one an see an example for an initial veloity v = 0.01 a.u. (900 eV).The ollision dynamis is muh slower, so the vibrational exitation dominates and the ele-troni exitation is small. We see a olletive �ow e�et whih has been proposed in QMDalulations for an impat energy of 500 eV and has been studied in nulear physis (seeref. [104℄ and refs. therein). The ages form a superdense state during the approah phase.For later times we �nd multifragmentation with ollision produts of monomers, dimers upto muh larger fragments (see Fig. 4.20). The larger ollision produts fragment under aertain angle in opposite diretions ("side splash").4.2.2 Dependene on the impat parameterThe results shown before were obtained for an impat parameter b = 7.5 a.u. and di�erentimpat energies. The energy loss ∆E depends strongly on the impat parameter b. As anexample, the absorbed energy as a funtion of b is plotted in Fig. 4.21 for an impat veloityof 0.45 a.u. where the eletroni exitation dominates. For a entral ollision (b = 0) thefullerenes interat very strongly and the maximum amount of energy will be lost. The energy
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b = 14 a.u. (bottom). The dashed lines indiates the upper and lower limit bymeans of the standard deviation.loss dereases with inreasing impat parameter b and vanishes for an impat parameterbigger than the diameter of C60. The exitation sheme found for b = 7.5 a.u. does nothange for the other impat parameters. The (almost exlusively eletroni) exitationenergy lies in the range of several keV leading to fragmentation into monomers and dimers.There were always some faster atoms whih are knoked out of the moleule due to a moreor less diret nuleus-nuleus ollision. For smaller impat parameters the probability forsuh diret "knok outs" is large.Note, that the interation range is larger than the geometrial diameter due to the eletrondensity distribution. For near grazing ollisions (b = 14 a.u.) the moleules will be highlyeletronially exited (∆E = 240 eV) leading not diretly to fragmentation but to vibrationalexitation, in partiular of the breathing mode Ag(1) with a period of TAg(1) = 75 fs (seeFig. 4.21). The breathing mode period is in good agreement with the result for laser exitedC60 (see Fig. 3.21 in Chapter 3.3.3). This shows that the exitation of the breathing modeis rather insensitive to the partiular eletroni exitation mehanism.4.2.3 Comparison with Ion-Fullerene ollisionsFor di�erent impat veloities simulations of ion-fullerene ollisions (H+,C+, Ar+) have beeninvestigated before in the same veloity range using the NA-QMD approah [32℄.The impat energy sale is muh di�erent due to the di�erent relative masses in the ollision,e.g. the saling fator is µC60+C60

µAr++C60

= 20.5 for the heaviest ion Ar+. As a onsequene alsothe energy loss di�ers on the same sale with ∆E ∼ keV for C60 +C60 and ∆E ∼ 10−1 keV
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2.0 a.u.) (taken from ref. [32℄) and C60+C60 ollision (b = 7.5 a.u.) for a �xedgeometry.for the ion+C60 ollisions. However, the impat energy dependene of the energy loss isvery similiar for the heavier ions (C+, Ar+) and C60+C60 ollisions (Fig. 4.22). We �nd amaximum of the energy loss at moderate veloities and a plateau for higher impat energies.The maximum is related to a strong exitation of vibrational energy whereas the eletroniexitation is very small. In the high-energy regime the eletroni exitation dominates.A lear tendeny an be found in the energy harateristis going from the light to theheavier ions and the C60 ollision partners: The heavier the ollision partners are, the morepronouned is the energy loss maximum. For hydrogen the e�et is hidden by the dominatingeletroni exitation. Furthermore, the maximum is shifted to higher impat veloities forthe C60+C60 ollisions (from v = 0.03 a.u. to v = 0.07 a.u.).Also the knok-out of single arbon atoms by the projetile an be seen in the ion-fullereneollisions for high veloities. They have been observed in Ar+-C60 ollision experiments withimpat energies up to 20 keV [227℄. However, in C60 +C60 there should be far more suhevents due to the higher probability of diret atom-atom ollisions.



5 OutlookIn this thesis, we have �rst of all demonstrated the universality of the ab-initioNA-QMD theory by applying it suesfully to a broad lass of very di�erent non-adiabatiphenomena in �nite atomi many-body systems (moleules, lusters), in partiular in laser-indued as well as in ollision-indued proesses. In addition, long-standing questions in thephysis of low-energy, i.e. adiabati fullerene-fullerene ollisions, have been lari�ed withthe help of a astonishing simple analytial ollision model, developed on the basis of fullymirosopi QMD-results.In Chapter 3, laser-indued proesses were investigated, in partiular the orientation de-pendene of the ionization of multieletroni diatomis (N2, O2) [51℄, the isomerization oforgani moleules (N2H2) [52℄ and the giant exitation of the breathing mode in fullerenes(C60) [53℄. In the �rst ase, the orientation dependene of the ionization of multieletronidiatomis (N2, O2) were studied in the LSDA approximation (Set. 3.1). Both moleulesshow a harateristi orientation dependene of the ionization mainly aused by the di�er-ent outermost eletroni orbital (HOMO) in agreement with single ative eletron theories(ADK/SFA). However, also other lower-lying orbitals are involved indiating the role ofmany-eletron e�ets. In the future, two improvements should be adressed for a moreaurate treatment: One point is the use of other exhange-orrelation funtionals bet-ter suited for ionization, suh as the optimized e�etive potentials of Krieger-Li-Iafrate(OEP/KLI) [228, 229℄ or the LB94 potential with gradient orretions suggested by vanLeeuwen and Baerends [128, 230, 231℄, sine it is known that the LSDA funtional does notpossess the proper long-range Coulombi tail (−1
r
). The seond point is the seletion of thebasis funtions desribing the eletron ontinuum, and related to this, the parameters of theabsorber in the energy spae, where up to now no satisfatory and simple proedure hasbeen found whih guarantees onvergene.Besides the photoisomerization of organi moleules (N2H2) in Set. 3.2, the (non)adiabatidynamis of fullerenes was of speial interest onerning laser-indued proesses (Set. 3.3)as well as ollision-indued proesses (Chapt. 4) [54℄. We found that distint vibrationalmodes play a dominant role, the breathing mode for the C60 fullerene dynamis exited byhigh-intensity laser pulses and the oblate-prolate mode in low-energy C60 -C60 ollisions. Inthe ase of ollisions in the low-energy regime, a simple two-dimensional lassial trajetorymodel was developed whih allows surprisingly to understand (partly quantitatively !) theunderlying ollision mehanism for fusion and inelasti sattering.In the future, a ombination of laser- and ollision-indued proesses an be investigatedregarding the question how the fullerene-fullerene ollision proess is in�uened by the



98 5 Outlooklaser-indued eletroni exitation itself but also by the laser-indued vibrational exita-tion (breathing mode).Preliminary alulations have been started showing a redued fusion barrier (up toabout 60 eV) and an enhaned fusion probability for eletronially exited C60 -C60ollisions. These preliminary studies have been done with the same setup as in Chap-ter 4.1.1 but with an additional laser pulse during the approah phase (total laser duration:100 fs; 800nm; 4e12 W/m2; E ‖ ollision axis) [56℄. Thereby, the C60 +C60 system will behighly eletronially exited (170 eV for eah fullerene). Sine the vibrational response tothe laser exitation takes longer than the ollision, the breathing mode does not in�uenethe ollision proess. The redued fusion barrier and enhaned fusion probability an beunderstood as a softening of the potential for the nulei due to the eletroni exitation.Hene, the oblate-prolate mode is also softened (k1 ↓) whih results in a smaller fusionbarrier aording to the trajetory model (see �g. 4.8). However, these phenomena must bestudied in more detail, in partiular with a time delay between laser exitation and ollision,leading possibly to phase e�ets due to the exited breathing motion of the C60 ages.In general, the interation of fullerenes with laser irradiation will ontinue to be a topiof urrent and future researh. For instane, reent experiments show di�erenes in theionization and fragmentation of C60 exited either by linearly or elliptially polarized laser�elds whih might be explained by multieletron dynamis e�ets [232, 233℄, but have notbeen heked theoretially, up to now. This, however, an be done with the present NA-QMD theory [234℄. Another topi, opening a new �eld of physis, is the exitation withVUV resp. XUV femtoseond laser �elds with tuneable photon energies of several eletronVolts, whih will be provided by the free eletron lasers (FEL) [235℄. Besides the strutureanalysis for biomoleules, the seletive exitation of high lying eletroni states of organimoleules or the physis in lusters an be studied, e.g. the energy absorption in atomlusters [236�239℄. So far, the NA-QMD approah has been only suesfully tested for theH-atom in the VUV range [240℄. For multieletron systems, like metalli lusters, furtheradvanements are neessary.



AA.1 Number of exited eletrons in TD-DFTWe shortly desribe how we de�ne the number of exited eletrons Nexc in td-DFT. A majorproblem is that the many-body wavefuntion is unknown within td-DFT. Therefore, we aredealing only with time-dependent density resp. the one-partile Kohn-Sham orbitals |ψjσ(t)〉whih are de�ned by the time-dependent Kohn-Sham equations (2.17). However, we willderive a formula whih is easy to understand in the one-partile piture by projetion to theadiabati eigenstates.If we onsider no ionization (no absorber), the total number of eletrons
Ne =

∑

σ=↑,↓
Nσ

e (A.1)with
Nσ

e =

Nσ
e∑

j=1

〈
ψjσ(t)

∣
∣ ψjσ(t)

〉 (A.2)is onserved. With the time-dependent adiabati eigenstates |χσ
a〉 de�ned by Eq. (2.43) wean expand the time-dependent Kohn-Sham orbitals in the orthonormal basis |χσ

a(t)〉:
∣
∣ψjσ(t)

〉
=

∞∑

a=1

cjσa (t) |χσ
a(t)〉 (A.3)with the oe�ients

cjσa (t) = 〈χσ
a(t)| ψjσ(t)

〉
. (A.4)Inserting (A.3) into (A.2), the total number of eletrons is determined by

Nσ
e =

Nσ
e∑

j=1

∞∑

a=1

∣
∣cjσa
∣
∣
2
=

∞∑

a=1

nσ
a (A.5)with the oupation numbers

nσ
a =

Nσ
e∑

j=1

∣
∣cjσa
∣
∣
2
. (A.6)In the ground state only the lowest orbitals |χσ

a(t)〉 with a = 1 . . . Nσ
e are oupied, whihallows us to de�ne the number of exited eletrons as:

Nσ
exc = Nσ

e −
Nσ

e∑

a=1

nσ
a . (A.7)
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Figure A.1: Comparison of the number of exited eletrons Nexc alulated with the groundstateKohn-Sham funtions (blak) and the adiabati eigenstates (red). The alulationis done for the exitation of C60 with a laser pulse (λ = 370 nm, I = 3.3 · 1013 Wm2 ,
τ = 27 fs) as a funtion of time.The time-dependent Kohn-Sham orbitals |ψjσ(t)〉 as well as the eigenstates |χσ

a(t)〉 areexpanded in a loal basis set {Φα} with Nb basis funtions:
∣
∣ψjσ(t)

〉
=

Nb∑

α=1

ajσα (t) |Φα(t)〉 (A.8)
|χσ

a(t)〉 =
Nb∑

α=1

baσα (t) |Φβ(t)〉 . (A.9)Inserting (A.8) and (A.9) into (A.4) the following equation for the oupation oe�ientsin basis expansion an be derived:
cjσa (t) =

Nb∑

αβ

baσ∗α (t) ajσβ (t) Sαβ(t) (A.10)with the overlap matrix Sαβ(t) = 〈Φα(t)| Φβ(t)〉. Note, that due to the basis expansion thenumber of eigenstates |χσ
a(t)〉 is also �nite (a = 1 . . .Nb).An alternative de�nition of the number of exited eletrons is possible, using the ground-state Kohn-Sham funtions at the urrent position R(t) (see Eq. (2.14)) rather then of theadiabati eigenstates |χσ

a〉. However, alulating the ground state is more time-onsumingdue to the iterative loop and the numerial results for Nexc are very similiar for our pur-pose here. As an example, the resonant laser exitation of C60 is shown in Fig. A.1 (seeChapter 3.3). After the laser exitation more than 20 eletrons of the 240 valene eletronsare exited, but due to relaxation proesses a derease in time an be seen within 250 fs.
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Figure A.2: (Left) Two dimensional ELF distribution of argon alulated with Hartree-Fok. Thenuleus is loated in the middle. (Right) Comparison of the radial ELF distributionof argon for a Hartree-Fok and a LDA alulation.However, there is no big di�erene between the projetion sheme using the adiabati eigen-funtions resp. the ground state eigenfuntions.A.2 Visualization of the eletron dynamisA.2.1 The eletron loalization funtion (ELF)In physial hemistry di�erent intuitive onepts emerged, i.e. the atomi shell strutureor hemial bonding. In most ases the eletron orbital piture will be used to desribethe onepts. However, the orbitals are not uniquely de�ned and an be hanged by anyunitary transformation. The density itself provides no lue to the harateristis of thebonds in most ases. To distinguish ovalent bonding types like single or double bond, thepurpose is to �nd a suitable physial property, invariant against a unitary transformationof the orbitals. For example, the Laplaian of the density was suessfully used to displaythe atomi shells in light atoms, but failed for heavier atoms beyond the period row withmany more shells (see in ref. [57℄). A basi onept in hemistry is the eletron pairing ofeletrons with opposite spin and was introdued by Lewis in 1916. However, the eletrondensity itself does not show any features of suh bonding. For atoms/moleules in the groundstate a eletron loalization funtion was suggested by Beke [57℄. A time-dependent versionwas proposed in [241, 242℄ with an additional term depending on the urrent density. Tode�ne the eletron loalization funtion, a formula was derived for the probability to �ndan eletron with equal spin near a referene eletron sitting at position r and time t:
Dσ(r, t) =

Nσ
e∑

i=1

|∇φiσ(r, t)|2 −
1

4

(∇ρσ(r, t))2
ρσ(r, t)

− j2σ(r, t)

ρσ(r, t)
(A.11)



102 Appendix Awith the spin density ρσ and the spin urrent density
jσ(r, t) =

1

2ı

Nσ
e∑

i=1

[φ∗
iσ(r, t)∇φiσ(r, t)− φiσ(r, t)∇φ∗

iσ(r, t)]. (A.12)The eletron loalization funtion is de�ned by an inverse transformation as
fELF (r, t) =

1

1 +
(

Dσ(r,t)
D0

σ(r,t)

)2 (A.13)with kineti energy density of a homogeneous eletron gas
D0

σ(r, t) =
3

5
(6π)

2
3ρ

5
3
σ (A.14)as the referene system. Aording to the de�nition the dimensionless eletron loalizationfuntion is restrited to values 0 ≤ fELF (r, t) ≤ 1. The upper limit fELF (r, t) = 1 orre-sponds to perfet loalization, whereas fELF (r, t) =

1
2
orresponds to the eletron-gas-likepair probability.We have tested the ELF implementation with the nobel gas argon. The results, depitedin Fig. A.2, are in good agreement with the values in the literature [57℄. The 3 shells(ELF≈ 1) an be identi�ed easily (red olor in the 2D plot). The Hartree-Fok and theLDA alulation do not show big di�erenes as expeted sine it is known that the in�ueneof the hosen method is small. Only the �rst shell an not be displayed in the LDA result,beause we have used the frozen ore approximation for the 1s eletrons and exluded theseeletrons from the ELF alulation.A.2.2 The dimers N2 and O2For the moleules the struture of the ELF is more ompliated, resulting in a more di�ultinterpretation. However, arguments have been developed to distinguish bonding types basedon the topologial analysis of the ELF in 3D [58,243℄. The gradient �eld and the salar ELFitself are used to �nd di�erent types of attrators, f-loalization domains, ore resp. valenebasins as well as basin populations. All these are used to de�ne bonding types. As a �rstexample we show some results for the dimer nitrogen N2. The triple bond in nitrogen isharaterized by the maximum of the ELF between the nulei (Fig. A.3). As one an see onthe right part, the density does not show suh a pronouned inrease. The ELF distributionof oxygen (O2) is plotted in Fig. A.4. It di�ers remarkably from the nitrogen dimer, sinethe eletroni struture is a triplet state with the highest oupied orbital related to πsymmetry.
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Figure A.3: (Left) Two dimensional ELF distribution of N2 and the isosurfae for fELF = 0.75(olored in red) alulated with LDA. The vertial axis is the prinipal axis of thedimer and the origin (0,0) is the bond midpoint. (Right) Cut of the ELF and thedensity along the prinipal axis. The dashed lines indiate the postion of the nulei.
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Figure A.4: (Left) The same as in Figure A.3 for O2
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Figure A.5: (Left) The isosurfaes of C60 for fELF = 0.8 (red) and fELF = 0.5 (blue) (C60 -agein green). (Right) Cut of the ELF and of the density between two arbon atoms forthe a5 and a6 bond.A.2.3 The C60moleuleC60 is a non-aromati moleule with 180 σ and 60 π eletrons. In C60 two di�erent bondsexist: 30 pentagonal edge bonds a5 (double bonds) and 60 hexagon-hexagon edge bonds
a6 (single bonds) with di�erent bond length. In Figure A.5 the isosurfae for fELF = 0.8is displayed. The highest eletron loalization is onentrated between the arbon atomsas expeted. Furthermore, it is elongated in radial diretion. The ELF isosurfae for bothbonds is very similiar but with some smaller volume for the pentagonal edge bond. In the1D plot of Fig. A.5 also no remarkable di�erenes of the eletron loalization respetively ofthe density an be seen between the two bonding types. This has also been found in otheralulations using a grid-based implementation for the td-DFT method [242℄.So far, only examples of the eletroni ground state have been presented. Now, we show atime-dependent example of the laser-indued dynamis of the eletrons with moving nulei.The laser parameters orrespond to a resonant exitation as used in Chapter 3.3.3 andexite the breathing mode. As one an see, the eletron struture will be hanged due tothe laser exitation (Fig. A.6). Finally (snapshot at t = 56 fs) the eletron loalizationis also onentrated outside the age above the arbon atoms, indiating the weakened ortotally broken double bonds.
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BB.1 Normal mode analysisDe�nition of the normal modesSuppose, we have a moleular system with the total energy
E = Ekin + V (~x) (B.1)with the kineti energy of the nulei
Ekin =

3N∑

i=1

mi

2
ẋi

2 (B.2)and the eletroni ground state potential V depending on the nulear positions
~x = (x1, . . . , x3N ) of N nulei. For small displaements, ~x = ~x0 + ~y, near the energeti-al minimum on�guration (~x0) the potential V an be approximated by a taylor seriestrunated at the seond order term

V (~x0 + ~y) ≈ V (~x0) +
∑

ij

∂2V (~x)

∂xi∂xj

∣
∣
∣
~x=~x0

yi yj. (B.3)By saling the positions ỹi = √
miyi the masses mi vanish in the kineti energy term. Then,by solving the eigenvalue problem

∑

j

Vijξnj = ω2
nξni (B.4)with Vij =

∂2V (~x)
∂xi∂xj

∣
∣
∣
~x0

1√
mimj

we get the vibrational eigenmodes ~ξn with the eigenfrequenies ωn(n = 1 . . . 3N). The most time-onsuming task is the alulation of the symmetri Hessianmatrix Vij. It needs the ground state energies for at least 4 3N (3N+1)
2

positions if we usethe simple four point algorithm for the (mixed) seond partial derivative:
∂2V (~x)

∂xi∂xj
≈ V (xi + h, xj + h) + V (xi − h, xj − h)− V (xi + h, xj − h)− V (xi − h, xj + h)

4h (B.5)In priniple, a further redution of the number of matrix elements is possible if additionalmoleular symmetries would be taken into aount. This means for C60 with 180 degreesof freedom that more than 65000 ground state energies had to be omputed.For a nonlinear moleule the �rst six eigenmodes with the lowest eigenfrequenies nearzero are related to the translation and the rotation of the entire system. The remaining
3N − 6 eigenmodes are the inner vibrational modes whih we are interested in.



108 Appendix BDeomposition of the kineti energyTo investigate the vibrational exitation of a moleule a riterion must be hosen to quantifythe strength of the distint eigenmodes. Therefore, we swith from the artesian oordinates
xi to the eigenmode oordinates ηn. The transformation

ηn =
∑

i

Uin

√
mi (xi − xi0) (B.6)is performed by virtue of the unitary matrix U (U+ = U−1) omposed of the eigenmodevetors ~ξn, de�ned in (B.4):

U =
(

~ξ1 . . . ~ξ3N

)

. (B.7)The elements of ~η are the amplitudes of the di�erent eigenmodes with respet to the equi-librium position.The potential energy itself is only a suitable quantity for small displaements from the equi-librium position. In that ase we an distinguish the potential energy for eah eigenmode
Vn and the total potential energy is given by

V (~η) = V (~η0) +
∑

n

Vn = V (~η0) +
∑

n

ω2
n

2
ηn

2 (B.8)But the potential energy annot be deomposed into the normal modes for larger amplitudes,where the harmoni approximation fails and oupling between the normal modes ours dueto higher order terms (Eq. (B.3)). In ontrast, due to the quadrati veloity dependene,the kineti energy of the nulei Ekin an always be expanded as a sum over the normalmodes
Ekin =

∑

n

En
vib (B.9)with the kineti energy of the nth vibrational eigenmode

En
vib =

η̇2n
2
. (B.10)The kineti energy Ekin without the three translational and three rotational modes is alledthe vibrational energy Evib.In the moleular dynamis alulations the system is often strongly deformed and far awayfrom the equilibrium state. Therefore, we employ the kineti energy of the eigenmodes toanalyze the vibrational exitations. The approah was applied suesfully for the investiga-tion of the vibrational relaxation in harged and eletronially exited C60 by Zhang andoworkers [185, 186, 188℄.The vibrational mode analysis is done by transforming the artesian oordinates used in themoleular dynamis alulations to the vibrational oordinates with Eq. (B.6) and alulat-ing the kineti energy En

vib of eah vibrational mode with Eq. (B.10).
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Figure B.1: The periods for all vibrational modes of C60 .B.2 Normal modes of C60The bukyball moleule has 174 intramoleular modes with a wide range of vibrationalperiods T between 20 fs and 120 fs. A general survey an be found in setion 11 in the bookof Dresselhaus [165℄ where the modes are ategorized by their symmetry properties.In Figure B.1 we show the vibrational spetrum alulated with our DFT ode. Variouskinds of modes an be distinguished, whih are not easy to depit due to their ompliatedstruture. A seletion of the eigenvetors of all modes with Ag and Hg symmetry is shownin Fig. B.2. The modes with the highest symmetry are the (non-degenerate) Ag modes: theso-alled breathing mode Ag(1) (T=67 fs) and the pentagonal pinh mode Ag(2) (T=20 fs).In both ases the iosahedral symmetry Ih of the equilibrium on�guration is onserved. Thebreathing mode hanges only the C60 diameter, whereas the pentagonal pinh mode Ag(2)involves tangential atomi displaements leading to a hange of the ratio of the pentagonaledge length to the hexagon-hexagon edge length.The Hg modes have muh lower symmetry and are degenerate with �ve eigenvetors for thesame eigenfrequeny. The most interesting mode is the oblate-prolate mode Hg(1) with thelowest frequeny (experimental value in [223, 244℄: 273 cm−1 ≡ 122 fs). Some snapshotsof one of the �ve Hg(1) vibrations are displayed in Figure B.3 showing the hange betweenthe oblate and prolate geometry. More generally, two groups of vibrational modes an bedistinguished. The vibrational modes with radial atomi displaements have in most asessmaller frequenies than modes with tangential atomi displaements.The periods of the vibrational modes, alulated here with the loal density approximation(LDA) and the minimal basis expansion, will be underestimated by 5 % in omparison withthe experimental results. For instane, we �nd a period of 64 fs (exp.: 67 fs) resp. 116 fs(exp.: 122 fs) [223, 244℄ for the breathing mode Ag(1) resp. for the oblate-prolate mode
Hg(1).
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Ag(1) Ag(2)

Hg(1) Hg(2) Hg(3) Hg(4)

Hg(5) Hg(6) Hg(7) Hg(8)Figure B.2: The eigenvetors with Ag andHg symmetry of C60 indiated by arrows for the nuleardisplaements. Note, that the Hg modes shown here are not uniquely de�ned duethe �vefold degeneray.

Figure B.3: The oblate-prolate mode Hg(1) of C60 for half a yle.



CC.1 Classial trajetory model for asymmetrialfullerene-fullerene ollisionsHere, we show the analytial results for the lassial trajetory model onsisting of two inter-ating springs (see Eq. (4.8)). For the exit hannel the EOMs annot be solved analytially.Therefore, the full dynamis is always alulated numerially using a Runge-Kutta method.However, in the entrane hannel the interation is harmoni whih allows us to solvethe problem in priniple analytially. Here, we show the general ase of two di�erentsprings as well as the speial ase of idential springs whih orresponds to C60+C70 resp.C60 +C60 ollisions.In the entrane hannel the EOMs (Eq. (4.8)) are redued to a system of oupled linearordinary di�erential equations (ODE) of seond order (ω2 = k
µ
, ω2

i =
ki
µi
):

R̈ = −ω2 (R− 0.5 (D1 +D2)− dint) (C.1)
D̈i = −ω2

i (Di −D0
i ) + ω2 (R − 0.5 (D1 +D2)− dint) (C.2)or to linear ODEs of �rst order:

d

dt
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. (C.3)
The transformation R → R − 0.5 (D1 +D2) + dint, Di → Di −D0

i has been performed toeliminate the inhomogenities in (C.1),(C.2). The eigenvalue equation |A− λ I| = 0 gives
λ6 +

(
ω2
1 + ω2

2 + 2 ω2
)
λ4 +

(

ω2
1 ω

2
2 +

3

2
ω2 (ω2

1 + ω2
2)

)

λ2 + ω2
1 ω

2
2 ω

2 = 0. (C.4)By means of the substitution Λ = λ2 we arrive at a ubi equation whih an be solved byusing Cardano's equations. Three pairs of pure imaginary eigenvalues λj± = ±i Ωj withthe eigenfrequenies Ωj (Ωj ∈ R+ ) our. Even the analytial solution of the eigenvalues isvery ompliated and not shown here. In priniple, the eigenvetors an be alulated withthe help of the eigenfrequenies Ωj . However, the analytial solution of the eigenvetors



112 Appendix Cwill be even more ompliated. Alternatively, we alulate the eigenfrequenies Ωj and theeigenvetor matrix U numerially. With an exponential ansatz for the general solution usingthe eigenvalues λj± and the eigenvetors Uj± the problem an be solved.For the initial onditions (going bak to the original oordinates)
R(0) = dint + 0.5 (D0

1 +D0
2), Ṙ(0) = v (C.5)

D1(0) = D0
1, Ḋ1(0) = 0 (C.6)

D2(0) = D0
2, Ḋ2(0) = 0 (C.7)the �nal solution is given by

R(t) =
3∑

j=1

aj sin (Ωjt) + dint + 0.5 (D0
1 +D0

2), (C.8)
D1(t) =

3∑

j=1

bj sin (Ωjt) +D0
1, (C.9)

D2(t) =
3∑

j=1

cj sin (Ωjt) +D0
2. (C.10)The oe�ients Aj = (aj, bj , cj) are de�ned as

Aj = −2 ℑ(cj) ℜ(Ũj+) j = 1 . . . 3 (C.11)with Ũj+ omposed from the �rst three omponents of the eigenvetor Uj+ and with theoe�ient cj de�ned by the system of linear equations for the initial onditions:
x0 = U c (C.12)with x0 = (0, 0, 0, v, 0, 0)T . (C.13)



C.2 Analytial solution for symmetrial fullerene-fullerene ollisions 113C.2 Analytial solution for symmetrialfullerene-fullerene ollisionsIn the ase of idential springs (ω ≡ ω1 = ω2, D
0 ≡ D0

1 = D0
2), the problem is simpli�ed bysetting D ≡ D1 = D2. The system of ODEs is redued to four equations

d

dt
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Ḋ







. (C.14)

As in the general ase mentioned above, the eigenvalue equation |A− λ I| = 0 has to besolved, whih gives the fundamental eigenfrequenies of the system (κ = k1
k
=

ω2
1

2 ω2 ):
Ω1/2 = ω

√

κ+ 1±
√
κ2 + 1 = ω f1/2(κ). (C.15)The solution R(t), D(t) for the initial onditions

R(0) = D0 + dint, Ṙ(0) = v (C.16)
D(0) = D0, Ḋ(0) = 0 (C.17)is

R(t) = v

2∑

j=1

aj sin (Ωjt) +D0 + dint, (C.18)
D(t) = v

2∑

j=1

bj sin (Ωjt) +D0 (C.19)with the amplitudes
a1/2 =

1

2 f1/2(κ)
(1∓ κ√

κ2 + 1
), (C.20a)

b1/2 = ∓ 1

2 f1/2(κ)

1√
κ2 + 1

. (C.20b)
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