
Isolated and Deposited
Metal Clusters

Dissertation
zur Erlangung des Grades des Doktors der Naturwissenshaftender Naturwissenshaftlih-Tehnishen Fakultät IIIChemie, Pharmazie, Bio- und Werksto�wissenshaftender Universität des Saarlandes

vorgelegt von
Denitsa Alamanova

Saarbrüken, 2006





Aknowledgment
This work has been ompleted under the supervision of Prof. Dr. Mihael Springborgat the University of Saarland from 12/2003 to 12/2006. I would like to express my ap-preiation toProf. Dr. Mihael Springborg for his guidane, patiene, and willingness to help mesolving numerous problems during my work, as well as funding my stay in Saarbrüken.Dr. Valeri Grigoryan for helping me with software development, fruitful disussions,and proof-reading of this thesis.Our group members Dr. Yi Dong, Mihael Bauer, Violina Tevekeliyska, ElisavetaKasabova, Habib ur-Rehman, Ingolf Warnke, and Hanno Kamp for the pleasant atmo-sphere and their readiness to help me. Speial thanks go also to Dr. Sudip Roy.My parents, and my Diploma supervisors Prof. Dr. Alia Tadjer and Dr. Anela Ivanovafor enouraging me to work in the �eld of Theoretial Chemistry.





Contents
Abstrat 1Abstrakt 2Zusammenfassung 31 Introdution 72 Clusters 92.1 Cluster experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102.1.1 Cluster formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112.1.2 Investigation of lusters . . . . . . . . . . . . . . . . . . . . . . . . 133 Computational methods and algorithms 173.1 Density Funtional Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . 173.1.1 Hohenberg-Kohn Theorems . . . . . . . . . . . . . . . . . . . . . . 173.1.2 Kohn-Sham Equations . . . . . . . . . . . . . . . . . . . . . . . . . 183.2 The Embedded Atom Method . . . . . . . . . . . . . . . . . . . . . . . . . 203.2.1 The EAM of Daw and Baskes . . . . . . . . . . . . . . . . . . . . . 203.2.2 The EAM of Voter and Chen . . . . . . . . . . . . . . . . . . . . . 213.3 The Gupta potential . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223.4 Computational sheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224 Gold lusters 274.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 274.2 Small gold lusters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 284.3 Comparison to �rst priniples alulations . . . . . . . . . . . . . . . . . . 294.4 Energeti properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 384.4.1 Binding energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 384.4.2 Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 384.5 Strutural properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 434.5.1 Overall luster shape . . . . . . . . . . . . . . . . . . . . . . . . . . 434.5.2 Similarity funtions . . . . . . . . . . . . . . . . . . . . . . . . . . . 454.5.3 Coordination numbers . . . . . . . . . . . . . . . . . . . . . . . . . 48i



4.5.4 Cluster growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 494.6 Vibrational spetra and heat apaities . . . . . . . . . . . . . . . . . . . . 514.6.1 Dynamial matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . 514.6.2 'Magi numbers' in the spetra . . . . . . . . . . . . . . . . . . . . 514.6.3 The low-symmetrial Au55 and Au147 lusters . . . . . . . . . . . . 535 Silver lusters 555.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 555.2 Energetial properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 565.2.1 Point groups of the lusters . . . . . . . . . . . . . . . . . . . . . . 565.2.2 Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 625.3 Growth patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 655.3.1 Similarity funtions . . . . . . . . . . . . . . . . . . . . . . . . . . . 655.3.2 Minimal oordination numbers . . . . . . . . . . . . . . . . . . . . . 675.4 Comparison to the experiment . . . . . . . . . . . . . . . . . . . . . . . . . 696 NiN , CuN and AuN lusters: 2 ≤ N ≤ 60 796.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 796.2 Binding energies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 806.3 Strutural and energetial similarities . . . . . . . . . . . . . . . . . . . . . 826.4 Growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 907 Moleular Dynamis ode 937.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 937.2 Equations of motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 967.3 The Veloity Verlet algorithm . . . . . . . . . . . . . . . . . . . . . . . . . 977.4 The developed MD program . . . . . . . . . . . . . . . . . . . . . . . . . . 997.4.1 The Update routine . . . . . . . . . . . . . . . . . . . . . . . . . . . 1037.4.2 Potential energy and fores . . . . . . . . . . . . . . . . . . . . . . . 1047.5 Test system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1048 Collision proesses 1078.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1078.2 Dimer Formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1098.3 Internal temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1128.4 Strutural similarity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1139 Deposition of magi lusters on Cu(111)surfaes 1199.1 Introdution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1199.2 Simulation onditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1209.3 Energeti properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1209.3.1 Kineti temperature . . . . . . . . . . . . . . . . . . . . . . . . . . 1219.3.2 Internal temperature . . . . . . . . . . . . . . . . . . . . . . . . . . 1239.4 Strutural patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123ii



9.4.1 Monolayer formation . . . . . . . . . . . . . . . . . . . . . . . . . . 1239.4.2 Similarity funtions . . . . . . . . . . . . . . . . . . . . . . . . . . . 1269.4.3 Time evolution of similarity and epitaxy . . . . . . . . . . . . . . . 13010 Summary and Conlusions 133Bibliography 137List of publiations 148

iii



AbstratThe present work deals with the appliation of di�erent semiempirial potentials to theglobal optimization of transition and noble metal lusters. The three energetially lowestisomers of gold and silver lusters with up to 150 atoms have been determined. For stru-tural and energetial omparison, additional omputations have been performed on nikeland opper systems. The results on�rm the appliability of the embedding funtionseven to the smallest metal partiles. In order to determine general luster properties, wehave introdued strutural and energetial desriptors suh as stability funtion, momentsof inertia, radial distribution of distanes, similarity funtion quantifying the similarityto di�erent f and iosahedral fragments, and how muh a luster of N atoms an beonsidered as made of a N − 1 - atom luster plus one additional atom. When possible,omparison was made to ab initio and experimental results. While opper, nikel andsilver lusters show very similar strutural and energetial properties, gold lusters di�ermarkedly from those systems. In ontrast to the regular iosahedral luster growth ob-served for Ni and Cu, and the deahedral for Ag, the gold partiles show irregular growthwith predominant low-symmetri lowest-energy isomers, and no preferred strutural pat-tern.The seond part of this study onerns dynamial proesses of deposition of lusterson metal surfaes. The luster-luster interations were followed from the Low EnergyCluster Beam, using a newly developed Moleular Dynamis algorithm, simulating theexperimental proedure. It was found that applying even little kineti energy to thelusters leads to the formation of diverse (meta)stable produts. The luster moleulesemerged from the ollision proesses had relatively short lifetimes, and were ruiallydependent on the initial orientation of the impating lusters.Deposition of lusters on substrates was arried out using partiularly stable andpartiularly unstable opper luster strutures. The results showed that at low impatenergies the struture of the smallest deposited luster, Cu13, remained preserved on thesurfae up to relatively high impat energy of 0.5 eV/atom, where it ollapsed on thesurfae forming a monolayer. Similar behavior was observed for the partiularly unstableCu18. The �nal produts of the luster deposition depended on all parameters of thedeposition proess, i.e., impat energy, luster size, relative orientation and position.
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AbstraktDie vorliegende Arbeit beshäftigt sih mit der Anwendung vershiedener semiem-pirisher Potentiale zur globalen Optimierung von Übergangs- und Edelmetal-Clustern.Es wurden die drei energetish niedrigsten Isomere von Gold- und Silber-Clustern mitbis zu 150 Atomen bestimmt. Um die Strukturen und Energien vergleihen zu können,wurden zusätzlihe Berehnungen mit Nikel- und Kupfer-Systemen durhgeführt. DieErgebnisse bestätigen die Anwendbarkeit der Embedding-Funktionen auf kleinste Met-allpartikel. Um allgemeine Cluster-Eigenshaften bestimmen zu können, wurden struk-turelle und energetishe Deskriptoren eingeführt, wie zum Beispiel Stabilitätsfunktion,Massenträgheitsmoment, Radiale Verteilungsfunktion oder Ähnlihkeitsfunktion, welhedie Ähnlihkeit von vershiedenen f und ikosaedrishen Fragmenten quanti�ziert undinwiefern ein Cluster (bestehend) aus N Atomen als ein Cluster aus N − 1 Atomen plusein zusätzlihes Atom betrahtet werden kann. Wenn möglih wurde mit ab initio undexperimentellen Ergebnissen verglihen.Während Cu-, Ni-, und Ag-Cluster sehr ähnlihe strukturelle und energetishe Eigen-shaften zeigen, untersheiden sih Au-Cluster erheblih von diesen Systemen. Im Gegen-satz zu dem regelmäÿigen ikosaedralen Cluster-Wahstum, welhes für Ni und Cu beobahtetwurde, und dem dekaedralen Wahstum für Ag zeigen die Au-Partikel unregelmäÿigesWahstum, das zu vorwiegend niedrigsymmetrishen Isomeren führt. In diesem Fallbevorzugen die Au-Partikel keine bestimmten Wahstumsmuster.Der zweite Teil dieser Arbeit bezieht sih auf dynamishe Prozesse der Deponierungvon Clustern auf metallenen Ober�ähen. Die Cluster-Cluster-Wehselwirkungen wur-den dem Low Energy Cluster Beam-Experiment (LECB) nahgeahmt, in dem man einenMoleular DynamisAlgorithmus entwikelt hat, der die experimentelle Prozedur simuliert.Man fand heraus, dass selbst niedrige kinetishe Anfangsenergie der Cluster zur Bildungvon vershiedenen (meta)stabilen Produkten führt. Die Cluster-Moleküle, welhe ausdem Kollisionsprozess entstehen, sind relativ kurzlebig, und hängen entsheidend von derursprünglihen Orientierung der zusammenstoÿenden Cluster ab.Die Deponierung von Clustern auf Ober�ähen wurde mithilfe von besonders stabilen,bzw. instabilen Strukturen von Kupfer-Clustern durhgeführt. Diese Ergebnisse zeigen,dass bei niedrigen Anfangsenergien die Struktur des kleinsten deponierten Clusters, Cu13,auf der Ober�ähe erhalten bleibt. Bei höheren Anfangsenergien von 0.5 eV/Atom bildetdas Cluster eine Monoshiht auf der Ober�ähe. Ein ähnlihes Verhalten wurde mit dembesonders instabilen Cu18 Cluster beobahtet. Die Endprodukte der Cluster-Deponierunghängen von allen Parametern des Deponierungsprozesses ab, wie Anfangsenergie, Clus-tergröÿe, relativer Orientierung, und Position.
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Zusammenfassung
Seit mehr als 20 Jahren sind Cluster ein Brennpunkt für Experimentalisten undTheoretiker, da sie eine wihtige Rolle in Bereihen wie Nanoindustrie, Katalyse, In-formationsspeiherung, Kolloid- und Biophysikalisher Chemie sowie dem Transport vonMedikamenten innerhalb des metabolishen Kreislaufes spielen. Die rihtige Bestimmungder Strukturen der Cluster ist entsheidend für die erfolgreihe Anwendung, da dieseaufgrund ihres groÿen Ober�ähe/Volumen-Verhältnisses Eigenshaften zeigen, die sehremp�ndlih sind in Bezug auf Änderungen in der Cluster-Geometrie. Deshalb kann eineungenaue Bestimmung der Struktur zu falshen Vorhersagen von Cluster-Eigenshaftenführen. Gegenwärtig sind selbst die neuesten experimentellen Tehniken niht in der Lage,eine zweifellose Zuordnung von bestimmten Geometrien zu einem untersuhten Clusterdurhzuführen. Nur theoretishe Untersuhungen können eine vernünftige Grundzustand-skon�guration für eine gegebene Clustergröÿe ermöglihen. Hier sind die �rst-priniplesMethoden auf Berehnungen von vorde�nierten Kon�gurationen beshränkt, welhe 10 -20 Atome enthalten. Es gibt sehr wenige semiempirishe Untersuhungen, die sih auf dieglobal-Minima Strukturen von Metallen mit bis zu 80 Atomen beziehen. Die Strukturender mittelgroÿen und groÿen Cluster mit 80 - 150 Atomen sind bisher noh niht gründlihuntersuht worden. Selbst für die kleinsten Cluster kann das Problem durh Anwendungder �rst-priniples Methoden niht gelöst werden. Es wurden jedoh alternative Meth-oden vorgeshlagen, welhe eine Kompromisslösung zwishen Genauigkeit und E�zienzbieten.Semiempirishe Potentiale, welhe zu der Embedded-Atom Methode (EAM) Familiegehören sowie das many-body Gupta-Potential wurden erfolgreih auf niedrig-dimensionaleSysteme angewandt, unter anderem Nanodrähte, Ober�ähendefekte und Legierungen.In vorherigen Arbeiten hat man die Anwendbarkeit der EAM Methoden zur rihtigenBeshreibung von kleinsten Ni- und Cu-Clustern bewiesen. Während sowohl die origi-nale Version, die von Daw, Baskes und Foiles vorgeshlagen wurde, als auh die späterentwikelte Version von Voter und Chen, die Ni- und Cu-Cluster sehr genau beshreiben,wurde nur die Voter-Chen Version als geeignet für Gold-Cluster betrahtet. Eine alterna-tive Methode, die Eigenshaften der Gold-Cluster zu beshreiben bietet die modi�zierteEAM, so wie sie später von Baskes vorgeshlagen wurde.Die vorliegende Arbeit basiert auf der Anwendung von EAM- und Gupta-Potentialenzur globalen Strukturoptimierung von Übergangs- und Edelmetal Clustern. Es wurdeeine globale Strukturoptimierung von kleinen und mittelgroÿen Nanolustern von Cu,Ni, Ag, und Au durhgeführt. Strukturelle und energetishe Eigenshaften, wie z.B.Stabilität, Symmetrie, Wahstum, Form der Cluster, Massenträgheitsmoment, RadialeVerteilungsfunktion, Ähnlihkeitsfunktion, und inwiefern ein Cluster bestehend aus NAtomen als ein Cluster aus N − 1 Atomen plus ein zusätzlihes Atom betrahtet werdenkann, wurden quanti�ziert.Für Gold-Cluster mit bis zu 150 Atomen wurden auh die Vibrationsfrequenzen undWärmekapazitäten berehnet. Die bestimmten Vibrationsfrequenzen vom Gold-Dimer,3



180m−1, sind in guter Übereinstimmung mit dem experimentellen Wert von 191 m−1,was darauf hindeutet, dass die anderen Frequenzen auh gut reproduziert werden können.In Übereinstimmung mit früheren experimentellen und theoretishen Untersuhungen er-hält man durh die Anwendung jedes einzelnes Potentials die global-minimum-Strukturdes Au55 Clusters als niedrig symmetrish. Man fand heraus, dass das globale Minimumvom Au147 Cluster deutlih niedrigere Energie besitzt als das vollständige dritte MakayIkosaeder Au147, was bisher als global-minimum-Struktur für diese Clustergröÿe betra-htet wurde. Während die Ergebnisse zeigen, dass beide Clustergröÿen niht besondersstabil sind, weisen das unvollständige zweite Makay Ikosaeder Au54 und das 146-AtomDekaeder hohe Stabilität auf, im Gegensatz zu den Ergebnissen von Silber-Clustern.Unsere Berehnungen weisen darauf hin, dass sowohl mit dem Gupta- als auh mit demEAM-Potential die Silber-Cluster energetish und strukturell den Ni- und Cu-Clusternähnliher sind, als den Au-Clustern, zumindest für kleine und mittlere Gröÿen. Letztetheoretishe Untersuhungen mit Ag-Clustern mit bis zu 20 Atomen ordnen diese Än-lihkeit der mäÿigen s − d Hybridisation, die in Cu und Ag existiert. Ein Vergleihzwishen unseren Ergebnissen für Ag-Cluster und Berehnungen mit Cu- und Ni-Clusternlassen ein ähnlihes Wahstum für alle 3 Metalle bis zu ungefähr 55 Atomen erkennen.Oberhalb dieser Gröÿe wahsen Ni und Cu ikosaedrish, während das überwiegende Wah-stumsmuster für Ag-Cluster dekaedrish ist. Parallel zu der Auswertung der Cluster-Eigenshaften wurde eine strukturelle Zuordnung trapped ion eletron di�ration Datenfür ausgewählte Ag-Cluster-Gröÿen. Man fand heraus, dass ikosaedrishe Strukturen alsbesonders stabile Kon�gurationen für Cluster mit 19, 38, 55, 59, 75, und 79 Atomen do-minieren. Das Gupta-Potential liefert, dass das Clusterwahstum im Gröÿenbereih 65 -139 Atomen dekaedrish ist, nur mit Ausnahme von Ag79.In den meisten Experimenten liegen die Cluster weder in Gasphase vor, noh sindsie isoliert. Um dynamishe Prozesse in Verbindung mit der Deponierung von Clusterauf Ober�ähen zu untersuhen, entwikelten wir einen onstant-energy Moleular Dy-namis Algorithmus. Indem dieses Programm benutzt wurde, wurden Kollisionsprozessestudiert, welhe in der Herstellung von Clustern in der LECB experimentellen Tehnikstatt�nden. Die Abhängigkeit des Produktes von der Anfangsenergie, relativer Orien-tierung der zusammenstoÿenden Cluster, und ihrer Gröÿen, wurden untersuht. Dimer-bildung der Cu4Cu4, Cu7Cu7, Cu10Cu10, Cu13Cu13, Cu14Cu14, und Cu19Cu19 Molekülenähnlih zu früheren Ergebnissen für Na-Cluster wurde nahgewiesen. Das Cu4Cu4 Molekülbesitzt eine Lebenszeit von mehr als 8 Piosekunden, dennoh ist die Dimerbildung füralle Fälle sehr emp�ndlih gegenüber Änderungen in der Anfangsorientierung der kolli-dierenden Cluster. Für höhere Stoÿenergien wurde eine Dimerbildung niht beobahtet.Unsere Ergebnisse zeigen, dass man erwarten muÿ, dass selbst unter extrem guten experi-mentellen Bedingungen Cluster-Cluster-Kollisionsexperimente zu einem breiten Spektrumvon Produkten führen. Die stabilsten Strukturen wurden für sehr niedrige Stoÿenergienbeobahtet.Shlieÿlih wurde die Deponierung von kleinen und mittelgroÿen Cu-Cluster auf dieCu(111) Ebene simuliert. Es wurde nah einer Beziehung zwishen Deponierungsen-ergie der Cluster und der strukturellen und energetishen Charakterisierung der Pro-4



5
dukte gesuht. Eine höhere Stoÿenergie führte zu einer niedrigeren Energie des gesamtenSystems, was mit einer zunehmenden Wehselwirkungsenergie zwishen Ober�ähe undCluster erklärt wurde und niht mit einer Clusterstruktur von höherer Stabilität. Diekleineren Cluster erreihten höhere maximale innere Temperaturen im Vergleih zu dergröÿeren Cu55 Struktur, was auf die niedrigere Anzahl von Atomen zurükzuführen war,welhe zu einer zunehmenden Mobilität führte. Die deponierten Cluster zeigten bedeu-tende strukturelle Umordnungen auf der Ober�ähe und verloren shnell die Ähnlihkeitzur Anfangskon�guration. Die Endprodukte der Clusterdeponierung hingen emp�ndlihvon allen Parametern des Deponierungsprozesses ab, wie Clustergröÿe, Stoÿenergie, rela-tiver Orientierung, und relativer Position.
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Chapter 1
Introdution
Clusters form the link between the mirosopi objets onsidered by the atom- andmoleular physis at one extreme and the bulk solids at the other. Their large surfae-to-volume ratio gives them unique physial and hemial properties. Transition and noblemetal lusters have been reently investigated in onnetion with the synthesis of nanos-trutured materials and devies, and diverse appliations in the mediinal and olloidalhemistry, as well as in the atalysis. Their growth or aggregation are in lose relationwith the way they are produed. In the past 20 years, di�erent experimental setups havebeen developed, like gas aggregation tehniques and sanning tunneling mirosopy.However, none of the experimental methods has been apable of unambiguous deter-mination of the luster struture. Therefore, for both theoretiians and experimentalists,the problem of proper determination of the strutures of the small and medium-sizedpartiles remains addressed. Moreover, the quantum-size e�ets and the evolution frommoleule to bulk system have not been thoroughly disussed. It has been extremely di�-ult to draw a bridge between theory and experiment, as the experimentalists often workwith frations of luster sizes of relatively large partiles (1-2 nm, orresponding to fewhundreds of atoms), while even the most powerful �rst priniples studies have di�ultieswith the global optimizations already at very small luster sizes. For lusters with morethan 10 - 20 atoms unbiased struture determinations are not omputationally feasible,only seleted strutures with hosen geometries are relaxed. This is also due to the verylarge number ( 103 - 104 ) of loal minima already at these luster sizes.Alternatively, the global optimizations of larger lusters are all based on semiempir-ial potentials like the EAM, Sutton-Chen, Murrell-Mottram, or the many-body Guptapotential. With these methods, unbiased alulations have been performed up to the80-atom luster. The medium-sized lusters ( 80 ≤ N ≤ 150) are still sarely studied.Besides few �rst priniples studies onsidering partiular strutural motifs, there existsno further investigation on the lusters in this size range.Mass spetra experiments on lusters have shown that some luster sizes appear veryoften in the spetra. These espeially favored energetially strutures were alled 'magi'.The magi sizes are di�erent for the di�erent systems. For the transition and noble metallusters, for example, 'magi-numbered' lusters are those that possess losed eletroni7



8 CHAPTER 1. INTRODUCTION
and/or geometri shell. Suh lusters have number of atoms N = 2, 8, 13, 38, 55, 147,309, et.In the present work, the strutural and energetial stability of various isolated transi-tion and noble metal lusters will be disussed. Some of the studied systems have beenextended up to 150 atoms. Therefore, the use of semiempirial approahes is the onlyhoie, if one wants to perform an unbiased struture optimization of lusters with morethan several atoms. The applied omputational sheme allowed us to optimize thousandsof isomers for a luster with 150 atoms in less than one day with very good energetialand geometrial auray.In the experiment, the lusters remain very seldom isolated, but rather deposited ontodi�erent substrates, whih has beome rapidly an attrative �eld in the elaboration ofnanomaterials and nanodevies. The main problem is if the nanopartiles hange signif-iantly their shapes, and how. In order to study the deposition of these small partiles,a Moleular Dynamis sheme was developed. The ode used the same semiempirialpotentials with whih the isolated lusters were optimized. Finally, further modi�ationswere implemented in the Moleular Dynamis program in order to study thermodynamialproperties, suh as melting phenomena.This work is organized as follows: in Chapter 2 a short introdution to the densityfuntional formalism is given, as well as the potentials based on it used in this study.The algorithms used in the global struture optimization are also desribed. The mostimportant results for gold lusters with up to 150 atoms are presented in Chapter 3. Theirstrutural and energetial properties are disussed in details, a omparison between thesmallest lusters obtained with semiempirial potentials and ab initio studies is made.Further, thermodynamial properties, like vibrations and heat apaities are presented.For the same size range, a omparison between di�erent semiempirial approahes is madefor silver lusters. The main results, similarities and di�erenes between these lusters andsystems we have studied before, are generalized in Chapter 4. In Chapter 5, smaller nikeland opper lusters with up to 60 atoms are studied. Their thermodynamial propertiesare ompared to those of the gold lusters in the same size range. The main features of thedeveloped MD algorithms are desribed in Chapter 6. Their appliation in the ollisionproesses between isolated metal lusters existing in the experiment, and the depositionof lusters onto metal surfaes, are disussed in Chapters 7 and 8. Finally, in Chapter 8we summarise and onlude.



Chapter 2
Clusters
The lusters an be onsidered to onstitute a new type of material, sine they oftenhave properties whih are fundamentally di�erent from those of disrete moleules or therelevant bulk solid. The term luster means an aggregate of a ountable number (2-10n,where n an be as high as 6 or 7) of partiles (i.e atoms or moleules). The onstituentpartiles may be idential, leading to homo-atomi, or they an be two or more di�erentspeies - leading to hetero-atomi lusters. These lusters may be studied in the gas phase,in a luster moleular beam, adsorbed onto a surfae or trapped in an inert matrix.Clusters are formed by most of the elements in the periodi table - even the rare gases.Clusters of the oinage metals opper, silver, gold are to be found in stained glass windowsand silver lusters are important in photography. Some lusters, suh as water lusters,are even found in the atmosphere. Carbon nanolusters are now well known, inludingthe famous soer ball-shaped C60 and related fullerenes and the needle-like nanotubes.The lusters an be separated into metalli, semiondutor, ioni, rare gas lusters, andluster moleules.Metalli elements from aross the periodi table form a wide variety of lusters. Theseinlude: the simple s-blok metals suh as the alkali and the alkaline earth metals, wherethe bonding is metalli, deloalized and non-diretional, involving primarily the valene
s orbitals; sp-metals, where the bonding involves both the s and the p orbitals and has adegree of ovalent harater; and the transition metals, where the degree of ovaleny isgreater and there is also higher diretionality in the bonding, whih involves the valene
d orbitals. Metal lusters may be omposed of a single metalli element or of more thanone metal, giving rise to the sublass of intermetalli or nanoalloy lusters.There is onsiderable experimental and theoretial interest in the study of elementallusters in the gas phase and in the solid state. Clusters are of fundamental interestboth due to their own intrinsi properties and beause of the entral position they oupybetween moleular and ondensed matter siene. One of the most ompelling reasonsfor studying lusters is that they span a wide range of partile sizes, from the moleularto the mirorystalline. Clusters also onstitute a new type of material, nanopartiles,whih may have properties whih are distint from those of either disrete moleules orbulk matter. 9
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Sine lusters have a high perentage of their atoms on the surfae, there is a stronglink between the hemistry and physis of lusters and of the surfaes of bulk matter.As surfae atoms have by de�nition lower oordination numbers than the bulk atoms,there is the possibility of luster surfae rearrangements, analogous to the reonstrutionsobserved for bulk surfaes, whih lower the luster's surfae energy by forming additionalsurfae bonds. Clusters may also be stabilized by the oordination of ligands to theirsurfae. The reativity of under-oordinated surfae atoms makes lusters of interest asmodels for heterogeneous atalysis on bulk metal surfaes. In fat, sine metal lustersare small metal partiles, lusters (generally supported on an inert oxide substrate) anthemselves be used as very �nely dispersed metal for atalysis.A large nanotehnology industry has sprung up on the past deade, motivated by theneed to build devies for a variety of eletroni, optial, magneti and even mehanial ap-pliations, often using lusters as the basi building bloks. Another rapidly growing areaof nanotehnology is the �eld of organi and bio-organi nanosiene, whih enompassestopis suh as supramoleular hemistry and moleular reognition, ritial for the designof moleular sale mahines and omputers. At the beginning of the twenty-�rst entury,lusters promise to play a pivotal role as omponents in novel eletroni, magneti andoptial devies.Sine many luster properties (e.g. luster geometries, binding energies and energybarriers) are not easily measured diretly from experiment, theoretial models and om-putational methods have been very useful in helping to interpret spetrosopi (e.g. UV-visible and photoeletron spetrosopy) and mass spetrometri data. The �eld of lustersalso serves as an exating testing ground for theoretial methods - testing the range ofvalidity of theoretial models derived from the extremes of atomi/moleular and solidstate physis. One of the hallenges for theory is to ome up with a theory of lusterstruture and bonding whih is appliable over and extremely large size range - from afew atoms to millions of atoms.

2.1 Cluster experimentsCluster experiments an be divided into three main stages: luster generation, lusterinvestigation, and luster detetion. As the latter onstitutes mainly of mass-spetrameasurements, here we will onentrate on the �rst two issues. It is important to notethat progress in luster siene has followed losely on the development of new experimen-tal tehniques. In partiular, the development of moleular beam tehniques has enabledthe study of free lusters in an interation-free environment. The study of free lusters,however, presents a number of problems assoiated with di�ulties in measuring physi-al properties of single partiles and with generating intense size-seleted luster beams.Sine there are often many luster isomers with similar energies and low barriers to in-teronversion, the onept of luster struture may not always be well de�ned. Anotherlass of experiments involves the deposition of size-seleted lusters on a substrate suhas graphite, silion or an inorgani one, or in an inert gas matrix. While suh experi-
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Figure 2.1: Examples for fullerene, metal, ioni, and semiondutor lusters.
ments allow individual lusters to be studied by mirosopi tehniques, it is di�ult toinfer the geometri or eletroni struture of a free luster from that of the orrespondingsurfae-supported luster, sine suh lusters may be perturbed by the substrate. Finally,sine lusters in a moleular beam are generally not in thermodynami equilibrium, theonept of temperature is not well de�ned in this ase.
2.1.1 Cluster formationThe �rst stage in a luster experiment is the generation of the lusters. They are generatedin a luster soure, and the generation onsists of the proesses of vaporization (produtionof atoms or moleules in the gas phase), nuleation (initial ondensation of atoms ormoleules to form a luster nuleus), growth (the addition of more atoms or moleules tothe initially formed nuleus), and oalesene (the merging of small lusters to form largerlusters). As well as growing, lusters an also shrink by evaporation or fragmentation.Depending on the nature and onditions of the soure, di�erent size distributions oflusters may be generated.In luster experiments, the extent of lustering depends on many fators - for example,in supersoni beam experiments, important fators are the stagnation pressure, the arriergas temperature - with lower temperatures and higher pressures leading to larger lusters.If the loal thermal energy of the beam is less than the binding energy of the dimer, thena three-atom ollision an lead to the formation of a dimeri nuleus, with the third atomremoving the exess energy as kineti energy:
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A+ A+ A(KE1) → A2 + A(KE2 > KE1) (2.1)In the presene of an exess of old, inert arrier or quenh gas (B), the nuleation stepis more e�ient:
A+ A+B(KE1) → A2 +B(KE2 > KE1) (2.2)The dimer ats a site for further ondensation. By inreasing both the nozzle diameterand the stagnation pressure, the average luster size and density inrease. The initiallyformed luster nuleus ats as a seed for further luster growth. Early growth ours byaretion of atoms one at a time. Subsequently, ollisions between smaller lusters anlead to oalesene and the formation of larger lusters:

AN + A→ AN+1 (2.3)
AN + AM → AN+M (2.4)In the luster growth region, the lusters are generally quite hot, so there is ompetitionbetween growth and deay - i.e lusters shrinking by losing individual atoms (evaporation)and/or fragmentation (splitting into two or more lusters).It is also di�ult to measure and de�ne the luster temperature aurately. If thereis negligible lustering then luster temperatures are very low. Cluster growth, whihis an exothermi proess, auses an inrease in the temperature (i.e the internal energyinreases due to the heat of ondensation of the added atoms). In heavily lustered beams,where there is a high ratio of atoms to lusters, and the lusters are larger, the lustersare very hot, possibly molten, when generated.There are three main mehanisms by whih lusters, in a moleular beam an lowertheir temperature, and these are the ollisional, evaporative, and radiative ooling. In theollisional ooling, the ollisions with other atoms in the beam remove the exess energyas kineti energy:

AN (T1) +B(KE1) → AN (T2 < T1) +B(KE2 > KE1), (2.5)where B may be another atom of element A or an inert arrier gas atom. Using aold arrier gas leads to more e�ient ollision ooling. This ooling mehanism is onlysigni�ant in the ondensation and initial expansion regions.The lusters an lower their internal energies also by evaporation - i.e by losing oneor more atoms in an endothermi desorption proess. In order for evaporation to our,internal energy must be hannelled into the appropriate luster vibrational modes, inorder to overome the kineti ativation barrier to bond breaking. After evaporation, thisexess energy is imparted as kineti energy to the esaping atom
AN (T1) → AN−1(T2 < T1) + A(KE) → AN−2(T3 < T2) + A(KE) → .... (2.6)
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This mehanism is the only ooling mehanism one free �ight has been ahieved, i.e,when ollisions no longer our. Finally, lusters an lower their internal energies byemitting infrared radiation:

AN (T1) → AN (T2 < T1) + hν (2.7)Radiative ooling is an ine�ient ooling mehanism, whih is slow ompared with thetime sales of typial luster experiments. The distribution of luster sizes produed bya luster soure depends on a number of fators. The distribution is strongly in�uenedby the partiular luster soure being used. The size distribution depends on the wayin whih the vapor is generated, the initial temperature and pressure, the presene of aarrier or quenhing gas, the dimensions and shape of apertures and nozzles.
2.1.2 Investigation of lustersMany experiments involving lusters rely on being able to separate them aording totheir mass. In order to do this, it is generally neessary to ionize the lusters so that massseletion an be aomplished by de�eting the lusters in a magneti or eletri �eld.Depending on the material and the type of experiment, either ations or anions may bereated. Cations and/or anions may also be formed in the initial luster generation step.These harged lusters are easily separated and seleted usually by using mass spe-trometry. In the time-of-�ight (TOF) mass spetrometer, luster ions are aelerated bya suession of homogeneous eletri �elds into a �eld-free �ight tube, �nally impatingon an ion detetor. The mass-to-harge ratio M/Q of the luster is determined from themeasured time-of-�ight. The mass resolution is limited by the initial onditions and tim-ing auray, but the resolution of the analyser is not mass-dependent, and the resolution(δM/M=10−4�10−3) is good throughout the mass range. One disadvantage of the TOFspetrometer is that it only operates on short luster pulses and thus low ion intensitiesare deteted.There are four main media for studying the nature of lusters: moleular beams, inertmatries, supported on surfaes, and in the solid state.Cluster moleular beams a�ord the opportunity to study isolated lusters, free fromthe in�uene of ligand or supports. While this is learly desirable, and moleular beamtehnology has developed tremendously over the past deade, suh studies of free lusterspresent di�ulties assoiated with generating a su�iently high �ux of lusters with anarrow enough size distribution to give de�nitive information on spei� lusters.Clusters an be also deposited in an inert matrix, whih may be liquid, glassy orrystalline, and is generally made up of ondensed rare gases or moleules. Matrix iso-lated lusters may be studied by diret UV-visible and IR spetrosopy, or eletron spinresonane.When lusters are supported on the surfae of an inert substrate, suh as ioni oxideor a layered semiondutor, it is possible to study the individual lusters using surfaemirosopy tehniques. These inlude sanning tunneling mirosopy, sanning eletron
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mirosopy and atomi fore mirosopy. For larger partiles, X-ray and eletron di�ra-tion tehniques an be used to study the degree of rystalline order in individual lusters.Finally, in the reent years, it has proved possible to rystallize solids omposed oflusters. In order to prevent luster oalesene the lusters are generally oated bysurfatant moleules - usually organi thiols or thioethers, and these rystals an bestudied using X-ray di�ration and mirosopy.If there is an inherent stability assoiated with a given number of atoms in a neutralluster then, all other fators being equal, this will give rise to a greater abundane of theselusters and a large peak in the mass spetrosopy intensity, e.g, a magi number. Maginumbers are found to be most prominent when luster generation leads to establishmentof a quasi-equilibrium, due to high initial luster temperatures (e.g. 300-600K for alkalimetal lusters) and slow ooling.In the ase of small metal lusters, it is possible to generate high intensity moleularbeams of size-seleted lusters. In this ase the measurement of diret UV-visible and IRabsorption spetra are possible. However, experiments on free lusters in moleular beamsgenerally make use of the high sensitivity of mass spetrosopy for the detetion of hargedpartiles. Thus, a UV-visible absorption spetrum of a beam of mass-seleted ionizedlusters an be measured by sanning the frequeny of the laser used for photoexitation.The absorption spetrum is traed out by monitoring the intensity of the mass of theundissoiated luster as a funtion of laser frequeny.Alternatively, the high sensitivity of detetors for harged partiles means that exper-iments involving harge separation are partiularly useful for lusters. Suh experimentsinlude the measurement of photoeletron spetra of neutral or anioni lusters, as well asthe measurement of traditional mass spetral abundanes of ationi or anioni lusters.Magneti or eletri �elds an be used to de�et or ollet luster ations or anions or theejeted eletrons.Neutral and ionized lusters an be exited either y absorption of light or by ele-tron or ion impat. The exited lusters may then relax by emitting radiation, losingan eletron and/or evaporation/fragmentation. This photo fragmentation an also giveinformation as to the luster binding energy, as an the related ollision-indued fragmen-tation/dissoiation proess.
Mobility measurementsIn the past deade, a luster ion hromatography, based on the luster ion mobility, wasdeveloped. In these experiments, luster ions are mass seleted and injeted into a longdrift tube, whih is �lled with an inert bu�er gas at a ontrolled temperature and pressure.The luster mobilities depend on the number of ollisions with the bu�er gas and thesein turn depend on the ollisional ross setional area, and hene the shape of the luster.Assuming that the ollisions with the bu�er gas do not lead to preferential orientation ofthe lusters, for a given number of atoms, spherial lusters have the smallest ollisionross setions and therefore travel fastest through the drift tube. As they rotate in the drifttube, prolate spheroidal lusters (where one dimension or axis of the luster is appreiably
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longer than the other two) arve out a large sphere, and thus have high ollision rosssetional areas and slow drift times. Oblate lusters (where one dimension or axis of theluster is appreiably shorter than the other two) have ollisional ross-setional areas,and hene drift times, intermediate between those of spherial and prolate geometries. Inthis way luster isomers, whih have the same number of atoms but di�erent shapes, aretemporally separated in the drift tube and appear at di�erent times at the detetor.
Eletron di�rationEletron di�ration studies have been performed on rare gas and metal lusters in lustermoleular beams. In suh experiments, a well ollimated eletron beam (with eletronenergies in the range 30�50 keV) is rossed with a luster beam. The eletrons are satteredby atoms in the luster and the di�ration pattern (arising from the interferene of thesattered eletrons) is olleted on a photographi �lm or by an eletron detetor. Beausethe information from di�ration experiments is averaged over all lusters that the eletroninterat with, eletron di�ration measurements require a narrow luster size distributionand a reasonably high luster intensity. A number of X-ray di�ration studies have alsobeen arried out on metalli lusters deposited on inert substrates. In both eletron andX-ray di�ration studies of lusters, the di�ration pattern is interpreted by generating amodel of the luster and adjusting the model so as to maximize the agreement with theexperimentally measured pattern. Di�ration experiments an be used to determine thestrutures and sizes and mean temperatures of the lusters.
Mirosopi tehniquesThe most diret way of determining the struture of a luster is by using mirosopy. Thisneessitates the immobilization of the luster on a substrate. Beause of the small lengthsales of the order of 10−10 m of atomi diameters and interatomi distanes, traditionaloptial mirosopy annot be used. Instead, the atomi struture of lusters is imagedby eletron mirosopy, using eletron beams, that an be aelerated to an appropriateenergy and an be foused by eletrostati lenses. Eletron mirosopy tehniques, suh astransmission eletron mirosopy (TEM), sanning eletron mirosopy (SEM) and highresolution eletron mirosopy (HREM) an now ahieve atomi resolution.In sanning probe mirosopy (SPM) tehniques, the shape of surfaes and lusters aremapped out using a needle tip that is positioned by piezoeletri drives, with an aurayof 10−11 m, i.e smaller than the width of a single atom. This enables suh tehniques todisplay atomi resolution. The needle tip is traked bakwards and forwards aross thesubstrate and detets atoms in one of two ways. In sanning tunneling mirosopy (STM)a potential bias is applied between the needle tip and the substrate, ausing eletrons totunnel from the surfae to the needle. The STM an operate in onstant urrent mode(where the height of the tip above the substrate is varied so as to keep the tunnelingurrent onstant) or in onstant height mode (where the varying tunneling urrent ismeasured). Another variant of sanning probe mirosopy is atomi fore mirosopy(AFM), where the repulsive fore between the tip and the substrate is measured.
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Figure 2.2: Image of Iron atoms on Copper (111) obtained with STM tehniques. Re-produed from M. F. Crommie, C.P. Lutz, and D.M. Eigler. Con�nement of eletrons toquantum orrals on a metal surfae. Siene 262, 218-220 (1993).
In summary, although there has been a signi�ant development in the experimentalsetups and many new tehniques have been introdued, the experimental data still annot unambiguously de�ne the strutures of the studied lusters. Even the most novelexperiments need orresponding omputational models whih are adjusted in order toahieve best agreement with the experimental results, and the latter have to be omparedto prospetive andidate strutures optimized with ab initio or semiempirial methods.Many of the smallest metal lusters with up to 10-15 atoms have been extensively studiedby photoeletron spetrosopy ombined with density funtional alulations[60℄. How-ever, the strutures of the larger lusters remain still unidenti�ed. In this work, thestrutural and energetial patterns of lusters of transition and noble metals have beendetermined by using semiempirial and density funtional approahes. Where it was pos-sible, omparison to the experimental data was made. Our aim is to �nd general trendsin the luster growth and deposition on surfaes, as well as to give further insight into thestrutural and energetial properties of these unique partiles.



Chapter 3
Computational methods and algorithms
In this Chapter we will give a short overview of the density funtional theory formalismand the semiempirial potentials based on it, and further we will present the main featuresof the used algorithms for global struture optimization.
3.1 Density Funtional TheoryThe main problem for the theoretiians remain the solution of the Shrödinger's equation

ĤΨ = EΨ, (3.1)whih is still possible to alulate without any approximation only if we treat the mostsimple system, e.g, the hydrogen atom. In order to be able to onsider multieletronsystems, an approximate solution of this fundamental equation is needed. The Born-Oppenheimer approximation that neglets the free motion of the nulei for the timeduring whih the eletrons move, and thus separating the Hamiltonian into eletroniand nulear motion, is the �rst approximation applied in the ab initio methods. Fousingonly on time-independent properties within this approximation we an solve Shrodinger'sequation for the eletrons:
ĤeΨe = EeΨe, (3.2)where Ψe is the eletroni wavefuntion depending on all eletroni degrees of freedom,e.g., three position-spae and one spin oordinate for eah eletron. For the alulation ofexperimental observables we need to know the omplete N-eletron wavefuntion Ψe. Thedensity-funtional theory itself is based on the two fundamental theorems by Hohenbergand Kohn published in 1964.

3.1.1 Hohenberg-Kohn TheoremsAording to Hohenberg and Kohn it is possible to alulate any ground-state property ofa given system if we know the distribution of the total eletron density ρ(r). Hene, the17
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total eletroni energy of a given system Etot beomes a funtional of the eletron density
ρ(r)

Etot = Etot[ρ(r)]. (3.3)Then
Ee[ρ(r)] = F [ρ(r)] +

∫
ρ(r)Vext(r)dr. (3.4)Here, Vext(r) is the external eletrostati potential that is determined by the atominulei. F [ρ(r)] is a universal potential that is independent of the external potential and,therefore, also of the geometry of the nulei of the system. Through the potential, theeletron density ρ(r) determines the Hamilton operator and, thereby, all ground stateproperties. The total number of eletrons of the system is also de�ned by ρ(r):

N =

∫
ρ(r)dr. (3.5)Aording to the seond Hohenberg-Kohn theorem, a variation of the ground state eletrondensity

∆ρ(r) = ρ(r) + δρ(r), (3.6)results in a positive hange of the total ground state energy:
Ee[∆ρ(r)] > Ee[ρ(r)] (3.7)By hanging the eletron density to ∆ρ(r) the number of eletrons remains unhanged:

∫
∆ρ(r)dr =

∫
ρ(r)dr. (3.8)Thus, for alulation of any ground state property of the system it is no longer neessaryto alulate the whole N -partile wavefuntion of the system but simply the eletrondensity.

3.1.2 Kohn-Sham EquationsUnfortunately, the Hohenberg-Kohn theorems themselves do not lead to the developmentof a partiular density funtional. In 1965 Kohn and Sham published a method forthe alulation of the eletron density with the so-alled Kohn-Sham equations. Alikethe Hartree-Fok equations, the Kohn-Sham equations are also split into single partilesolutions of the Shrödinger formula. Therefore, one needs to �nd a solution of this setof single-partile equations, whih are depited as follows:
Ee[ρ(r)] = T [ρ(r)] +

∫
ρ(r)

[
Vext(r) +

1

2
VC(r)

]
dr + E ′

xc[ρ(r)]. (3.9)
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HereEe[ρ(r)] is the total eletroni energy of the system, T is the kineti energy, ∫ ρ(r)Vext(r)dris the energy resulting from the external potential, and (1/2)

∫
ρ(r)VC(r)dr the Coulombenergy whih is resulting from the eletron repulsion (the fator 1/2 deletes the double-ounted terms). E ′

xc is the exhange-orrelation energy and ontains all terms that arenot inluded in the other three add ens.After exertion of the variational priniple using the Lagrange multiplier µ that is thehemial potential for the eletrons, we obtain
δT

δρ
+ Vext(r) + VC(r) +

δE′
xc

δρ
= µ, (3.10)where µ has been introdued to satisfy the ondition

N =

∫
ρ(r)dr. (3.11)The di�erene between the Hohenberg-Kohn formalism and the last equations is thataording to Kohn and Sham the partiles are non-interating. These N non-interatingpartiles shall move in an external potential Veff(r) that is de�ned in suh a way that theeletron density and the energy are equal to the eletron density and the energy of theoriginal system of interating partiles. The orresponding relation is embedded in thefollowing formula:

Ee[ρ(r)] = TKS[ρ(r)] +

∫
ρ(r)Veff(r)dr. (3.12)After applying the variational priniple we obtain

δTKS

δρ
+ Veff(r) = µ (3.13)with

Veff (r) =
δT

δρ
−
δTKS

δρ
+ Vext(r) + VC(r) +

δE ′
xc

δρ
. (3.14)It is important to know that the kineti energy TKS of the �tive system is not equal tothe kineti energy T of the real system.The resulting Hamiltonian is signi�antly simpli�ed and an be written as the sum of

N single-partile operators ĥeff :
Ĥ =

N∑

i=1

[
−

1

2
∇2

ri
+ Veff(ri)

]
≡

N∑

i=1

ĥeff (i) (3.15)
We an write the many-body wavefuntion as a single Slater determinant:

Ψ =| ψ1, ψ2, ..., ψN |, (3.16)and the single-partile equations are:
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ĥeff (i)ψ(i) = ǫiψi. (3.17)These determine the single-partile energies ǫi. Finally, the eletron density is the sumover the N orbitals with the lowest single-partile energies ǫi:

ρ(r) =

N∑

i=1

ni | ψi(r) |
2 (3.18)

where ni is the oupation number of the ith orbital. The eletron density of the systemonsisting of non-interating partiles has been onstruted in suh a way that it is equalto the eletron density of the real system. However, the single-partile wave funtions ofthe non-interating partiles ψi and energies ǫi are not idential with those of the eletronsbut pratie has shown that they provide a good approximation to them.
3.2 The Embedded Atom MethodThe Embedded Atom Method is entirely based on the density funtional formalism, withthe only signi�ant di�erene that the eletron density is alulated numerially for widerange of atom distanes, and therefore its realulation updating the positions of the atomsat eah step beomes unneessary. Therefore, the potential is expeted to predit resultssimilar to those obtained with the onventional ab initio methods, and to be extremelyomputationally e�ient due to the omission of the Hamiltonian.
3.2.1 The EAM of Daw and BaskesThe main idea of the EAM was initially proposed by Daw, Baskes and Foiles (DBF)[1, 2, 3℄ in 1983-1986 as suitable approah for extended systems with largely deloalizedeletrons (mainly for early and late transition metals), and sine then the generality of thefuntions of the EAM of DBF has been suessfully tested by numerous appliations todi�erent problems in metals and alloys, suh as defets, surfae and interfae strutures,surfae and bulk phonons, et.Aording to this theory, the energy hange assoiated with plaing an atom into ahost system of atoms is a funtional of the eletroni density of the host system before thenew atom is embedded [4℄. The energy of the host with impurity is then a funtional ofthe unperturbed host eletron density and a funtion of the impurity harge and position.By analogy with the approah of Stott and Zaremba, Daw and Baskes onsider eah atomof a metal as an impurity embedded in a host provided by all other atoms.The priniple of the method is to split the total energy of the system into a sum overatomi energies:

Etot =
N∑

i

Ei (3.19)



3.2. THE EMBEDDED ATOM METHOD 21
Etot =

N∑

i

Fi(ρ
h
i ) +

1

2

N∑

i,j 6=i

φij(rij) (3.20)
where ρh

i is the loal eletron density at site i, Fi is the embedding energy, i.e., the energyrequired to embed an atom into this density, and the eletron-eletron interation φij ismodeled as sums of short-ranged, pair potentials between atoms i and j separated bydistane rij:
φij(Rij) =

Zi(Rij)Zj(Rij)

Rij

. (3.21)Adjustable parameters that de�ne Fi and φij have been obtained by �tting to knownbulk properties suh as sublimation energy, lattie onstant, the heat of solution of bi-nary alloys, and, additionally, using the universal equation of Rose [5℄ that desribes thesublimation energy of the most metals as a funtion of lattie onstant. The values for
ρa

i , Fi and Zi are available in numerial form for Ni, Cu, Ag, Au, Pd, and Pt[6℄.
3.2.2 The EAM of Voter and ChenAnother version of the EAM was proposed by Voter and Chen[7, 8, 9℄ few years after theoriginal potential appeared. This version of the EAM distinguishes from the version ofDaw and Baskes mainly by means of the parameterization and by the form of the pairpotential. Furthermore, the version of Voter and Chen takes into aount properties ofthe dimer as well as bulk properties in the �tting proedure, whereas Daw and Baskesuse only bulk properties of the metals in their parameterization. In the �tting proedureof Voter and Chen the pairwise interation is taken to be a Morse potential,

φ(r) = DM [1 − e−αM (r−RM )]2 −DM (3.22)where the three parameters DM , RM and αM , de�ne the depth, position of the minimum,and a measure of the urvature near the minimum, respetively. The density funtion,
ρ(r), is taken as:

ρ(r) = r6[e−βr + 29e−2βr] (3.23)where β is an adjustable parameter. To be suitable for use in moleular dynamis, theinteratomi potential φ(r) as well as the eletron density ρ(r) should be ontinuous. Thisis aomplished by foring φ(r) and ρ(r) to go smoothly to zero at a uto� distane, rcut,whih is used as a �tting parameter. The �ve parameters de�ning φ(r) and ρ(r): DM ,
RM , αM , β, and rcut, are optimized by minimizing the root-mean-square deviation (χrms)between the alulated and experimental values for the three ubi elasti onstants,the vaany formation energy, the bond length and the bond strength of the diatomimoleule. The values of ρa

i , φij and Fi(ρi) that are used by the Voter-Chen version, arealso available in numerial form for Ni, Pd, Pt, Cu, Ag, Au and Al.[10℄
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3.3 The Gupta potentialThe Gupta potential[11℄ has been derived from the Gupta's expression for the ohesiveenergy of a bulk material and an be written in terms of repulsive and attrative many-body terms, whih are obtained by summing over all atoms:

Vclus =
N∑

i=1

[
V r(i) − V m(i)

] (3.24)
where

V r(i) =
N∑

j=1 ( 6=i)

A(a, b) exp

[
− p(a, b)

(
rij

r0(a, b)
− 1

)] (3.25)
and

V m(i) =

{ N∑

j=1 ( 6=i)

ζ2(a, b) exp

[
− 2q(a, b)

(
rij

r0(a, b)
− 1

)]} 1

2 (3.26)
In these three equations rij is the distane between atoms i and j, and A, r0, ζ, p,and q are �tted to experimental values suh as ohesive energy, lattie parameters andindependent elasti onstants for the referene rystal struture at 0 K. The tight-bindingversion (TBG) from Ref.[12, 84℄ uses redued units for the energy and the oordinates, e.g.the parameters r0 and ζ are set to 1, additionally, a saling fator equal to 0.5 is appliedto the total energy Vclus. This does not allow diret strutural omparison between thelusters obtained with this version of the Gupta potential (TBG) and those predited withthe EAM and the extended version of the Gupta potential[13℄ (nG). Hene, for struturalomparison, the redued oordinates of the lusters are to be saled by appropriate fator.In this way, the strutural peuliarities of the lusters obtained with the two versions ofthe Gupta potential an be ompared.

3.4 Computational shemePerforming a geometry optimization is often the �rst step one takes when studying amoleule using omputational methods. Geometry optimizations typially attempt to lo-ate a minimum on the potential energy surfae (see Fig. 3.1) in order to predit equilib-rium strutures of moleular systems, although they may also be used to loate transitionstrutures. The potential energy surfaes speify the way in whih the energy of a mole-ular system varies with small hanges in its struture. In this way, a potential energysurfae is a mathematial relationship linking the moleular struture and the resultantenergy. For example, for a diatomi moleule, the potential energy surfae an be rep-resented by a two-dimensional plot with the internulear separation on the X-axis andthe energy at that bond distane on the Y-axis; in this ase the potential energy surfae
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is a urve. For larger systems the surfae has as many dimensions as there are internaldegrees of freedom within the moleule. The potential energy surfae illustration depitedat Fig. 3.1 onsiders only two of the degrees of freedom within the moleule, and plotsthe energy above the plane de�ned by them, reating a surfae. Eah point represents apartiular moleular struture, with the height of the surfae at that point orrespondingto the energy of that struture. Our example surfae ontains three minima: a minimumis a point at the bottom of a valley, from whih motion in any diretion leads to a higherenergy. Two of them are loal minima, orresponding to the lowest point in some lim-ited region of the potential surfae, and one of them is the global minimum, the lowestenergy point anywhere on the potential surfae. Di�erent minima orrespond to di�erentonformations or strutural isomers of the moleule under investigation. The illustrationalso shows two maxima and a saddle point (the latter orresponds to a transition statestruture).At both minima and saddle points, the �rst derivative of the energy, known as thegradient, is zero. Sine the gradient is the negative of the fores, the fores are also zeroat suh points. A point on the potential energy surfae where the fores are zero is alleda stationary point. All suessful optimizations loate a stationary point, although notalways the one that was intended. Geometry optimizations usually loate the stationarypoint losest to the geometry from whih they started.The programs using the following algorithms within the EAM of Daw, Baskes, andFoiles were kindly provided by Dr. V. Grigoryan. Using expression (3.20) one an alulatethe total energy of any luster with any struture as a funtion of atomi oordinates {~Ri},
Etot(~R1, ~R2, . . . , ~RN ). In order to obtain the losest loal total-energy minimum we usethe variable metri/quasi-Newton method.[14℄For searhing the global minima an Aufbau/Abbau algorithm was developed (see Fig.3.1). It onsists of the following steps:1) We onsider two luster sizes with N and N + K atoms with K ≃ 5 − 10. Foreah of those we study a set of randomly generated strutures, Nran ≃ 1000. Using thequasi-Newton method the Nran relaxed strutures are identi�ed and the strutures of thelowest total energy seleted.Eah of the Nran starting strutures for a luster with M atoms is generated usinga random-number generator for positions within a sphere or a ube of volume Vcl =
(p · bnn)3M , where bnn is the nearest-neighbor distane in the bulk metal and p =
0.96, 1.0, 1.04, i.e. we onsidered slightly ompressed, normal, and slightly expandedstrutures. We inluded the onstraints that the smallest allowed inter-atomi distanewas 0.5bnn and eah atom has to interat with at least two others.2) One by one, eah of the M atoms is displaed randomly, and the losest loalminimum is determined. If the new struture has a lower total energy than the originalone, the new one is kept, and the old one disarded. This is repeated approximately
500 − 1000 times (depending on luster size).3) This leaves us with two `soure' metal lusters, MeN and MeN+K with their lowesttotal energies. One by one an atom is added at a random position to the struture with Natoms (many hundred times for eah size), and the strutures are relaxed. In parallel, one
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by one an atom is removed from the struture with N+K atoms � for eah intermediateluster with N ′ atoms we onsider all N ′ + 1 possible on�gurations, that one an obtainby removing one atom from the MeN ′+1 luster. >From the two series of strutures for
N ≤ M ≤ N + K those strutures of the lowest energies are hosen and these are usedas seeds for a new set of alulations. First, when no lower total energies are found, it isassumed that the strutures of the global-total-energy minima have been identi�ed, andwe proeed to larger lusters. Moreover, we an keep information not only about thesingle energetially lowest isomer, but more low-lying ones.When there are no new strutures with lower energies, the most stable ones are used asinput in a routine that disturbs the luster struture in order to hek for possible lower-energy isomers. In most of the ases it is onvenient to generate about 1000 andidatestrutures. The �rst struture orresponds to the unhanged geometry of the soureluster. Then the distanes between the atoms are expanded onseutively by 1.0, 1.3,1.6, 1.9, and 2.2 Å, e.g. the bonds of the soure luster are expanded by 1 Å and thestruture is optimized. This is repeated approximately 200 times. Then the struturewith lowest energy, whih ould be the initial luster, is seleted and its bonds expandedby 1.3 Å, and this is done again for 200 luster generations, then it ontinues with the nextdisturbane oe�ient. This program allows us to hek if the lowest-energy struturepredited by the Aufbau/Abbau algorithm lies indeed in the global minimum for thatluster size. In some 90% of the ases the global minima lusters have been suessfullyidenti�ed by Aufbau/Abbau, however, when a new minimum is found with the disturbanealgorithm, this struture is used as an input in new series of Aufbau/Abbau alulations,until no lower-energy on�gurations are found.
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M=5-10

N+M-2
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Figure 3.1: The Potential Energy Surfae (PES) of the lusters and our Aufbau/Abbaualgorithm for global struture optimization.
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Chapter 4
Gold lusters
4.1 IntrodutionGold lusters[15, 16℄ have been reently investigated in onnetion with the synthesis ofnanostrutured materials and devies [17, 18, 19, 20, 21℄. Their strutural and energetiproperties have been studied with High-Resolution Eletron Mirosopy (HREM) andvarious spetrosopi tehniques [22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37,38, 39℄. Literature onerning small AuN lusters is enrihed with numerous investigationsbased on density-funtional methods [41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55,56, 58, 57, 59℄ that are not yet apable of giving a de�nite answer to the problem at whatluster size the strutural 2D � 3D transition ours. Reent studies ombining theoryand experiment [60, 61, 62, 63℄ show that the gold lusters are planar at least up to N = 7for Ref.[61℄, or up to N = 12, aording to Häkkinen[60℄ and Furhe et al.[62℄. The globaloptimization is di�ult for the ab initio methods already at very small luster sizes. Theauthors of Ref.[42, 54℄ performed density funtional alulations on lusters ontainingmore than 30 atoms, relaxing seleted high-symmetri on�gurations. Alternatively, theglobal optimizations of larger lusters are all based on approximate methods like moleulardynamis [64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75℄ and semiempirial potentials likethe EAM [27, 76, 77℄, Sutton-Chen [78℄, Murrell-Mottram [79, 80℄, or the many-bodyGupta potential [81, 82, 83, 84, 85, 86℄. Using these methods, unbiased alulations wereperformed up to the 80-atom luster. The medium-sized lusters ( 80 ≤ N ≤ 150) arestill sarely studied. Besides the �rst-priniples study of Häberlen et al. [42℄, and theEAM alulations by Cleveland et al.[27, 76, 77℄ onsidering partiular strutural motifs,there exists no further investigation on the lusters in this size range.In most of the studies, speial attention is paid to the so-alled 'magi-numbered'lusters, that possess losed eletroni and/or geometri shell. Various alulations onthe �rst 'magi' luster Au13 have pointed to the formation of an iosahedron [41, 42, 78,79, 84, 86℄. Only the authors of Ref.[49, 50℄ found disordered struture as the lowest-lyingisomer of this luster. On the other hand, the semiempirial potentials [76, 78, 79, 86℄and the density funtional study by Häkkinen et al.[44℄ on the Au38 luster predited thetrunated otahedron to be the global minimum for this luster size. However, on the27



28 CHAPTER 4. GOLD CLUSTERS
basis of �rst-priniples and Gupta potential alulations, the authors of Ref.[83, 85℄ statethat a disordered struture is atually lower in energy than the symmetri. It is mostprobable that the obtained struture depends on the type of the used potential, as byusing another form of the same potential, Darby et al.[86℄ found a trunated otahedralstruture to be the global minimum of Au38. The situation is more lear for the Au55 andAu75 lusters, where a disordered struture [78, 81, 82, 84, 85, 86℄ and a Marks deahedron(m-D5h) [82, 84℄ seem to lie in the global minima.Several groups performed alulations on larger lusters minimizing symmetri ini-tial on�gurations, hene the strutures most probably do not orrespond to the globalminima. Few lusters were studied - the otahedral Au79 [76, 78℄ and Au140 [76℄, thedeahedral Au101, Au116, and Au146 [76℄, and the iosahedral Au147 [42, 76℄. The stru-tures and energetis of the lusters between these high symmetrial ones remain sarelyinvestigated.In the present Chapter the struture and energetis of the three most stable isomersof small and medium-sized AuN lusters with 2 ≤ N ≤ 150 have been determined foreah luster size by using a ombination of the embedded-atom method in the version ofVoter and Chen[7, 8, 9℄ (VC), the variable metri/quasi-Newton method, and our ownAufbau/Abbau method.
4.2 Small gold lustersFirst we alulated the bond length of the Au2 dimer with the two versions of EAM. Theobtained with the VC approah value of 2.40 Å was in a very good agreement with �rst-priniples studies (2.55 Å) and the experiment (2.47 Å), while the EAM of Daw, Baskes,and Foiles underestimated the bond length (1.80 Å) and overestimated the binding energyof the dimer. For this reason we hose to work with the Voter-Chen version that desribesorretly the dimer properties. However, this potential, like all other semiempirial poten-tials, does not inlude expliitly the eletrons and their orbitals, therefore for the smallestgold lusters, where the spin-orbit interations play important role, the global minimastrutures are ompat (see Table 4.4.1), and the planar strutures only metastable. Inthe size range N = 4 � 7 the �rst priniples studies obtain these 3D on�gurations ashigher-lying isomers, whih an serve as example how the inlusion of eletroni e�etsan hange the energeti ordering of the isomers. On the other hand, the addition of ele-trons in the semiempirial potentials would restrit their use only to small and relativelylarger lusters. An appropriate hoie are the Density Funtional Tight-Binding methods(DFTB) that inlude expliitly the eletrons and are omputationally more e�ient thanthe ommon density funtionals. In a reent study[91℄ we showed the important role thatthe eletroni e�ets play in the values of the binding energy and the stability funtions.However, exept for N = 4, where a rhombus was the lowest-lying isomer aording tothe DFTB method, all the ground state strutures for the smallest gold lusters Au5 �Au9 had 3D shapes. On the other hand, even the most reent density-funtional studiesare still not in agreement at whih luster size the strutural transition 2D � 3D ours.
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Aording to the LDA study by Wang et al.[50℄, it is the pentagonal bipyramid that liesin the global minimum of Au7. Remale and Kryahko[59℄ suggested that the gold lus-ters are planar at least up to N = 9, while Walker[58℄ predits that the transition oursat Au11. Using ion mobility measurements and ab-initio moleular dynamis Kappes etal.[61, 62℄ found that the 3D transitions our at Au−12 and Au+

8 . The same group studiedthe adsorption of CO on isolated gold luster ations in the size range N = 1 � 65. Thesmallest lusters with 4 ≤ N ≤ 6, and Au8 were found to be planar, while for Au7 theglobal minimum was a 3D struture, but not a bipyramid, in ontrast to the results ofWang[50℄. In a ombined experimental and theoretial study Häkkinen and oworkers[60℄on�rmed the 2D � 3D transition at Au−12, however, Xiao and Wang[57℄ suggested that forthe neutral lusters this ours �rst at Au15. In most of the ases the planar struturesare ompeting with 3D isomers, and the energeti di�erenes are insigni�ant, whih inturn means, that the ordering of the isomers depends strongly on the used funtional andthe starting onditions. For example, Häkkinen et al.[48℄ ompared the global minimaof relativisti and nonrelativisti Au−7 lusters and found that for the nonrelativisti goldthe lowest-lying isomer was a apped otahedron that orresponds to our seond isomerfor this luster size. At larger luster sizes the potential used in this study yields resultsin agreement to density funtional and experimental studies. The study by Häkkinenet al.[44℄ on the Au38 luster predited the trunated otahedron to be the global mini-mum, and a reent experiment[39℄ shows that the Au−55 luster most probably is not aniosahedron, but a struture with low symmetry, in agreement to our results.In summary, we an onlude that although our results for the smallest gold lustersorrespond to higher-lying isomers within the �rst priniples methods, due to the lak ofeletroni e�ets, our method is su�iently aurate in desribing the larger gold lus-ters with N > 9, where most probably the planar strutures begin to ompete with 3Don�gurations.
4.3 Comparison to �rst priniples alulationsIn order to ompare our results for the smallest gold lusters to the ones predited by theDensity Funtional formalism, we performed spin-polarized density funtional optimiza-tions of gold lusters with up to 10 atoms. For the largest lusters only a few possiblestrutures were onsidered, due to the very large omputational time needed (about aweek on a Pentium III omputer to optimize only one Au10 struture).The �rst issue to be addressed is the role of relativity in onnetion with the properhoie of a density funtional in the program pakage Gaussian 03. All alulations withAu lusters were performed using relativisti e�etive ore potentials developed parti-ularly for systems where the spin-orbit oupling plays important role in the geometrion�guration. We alulated the bond length and vibrational frequeny of the gold dimerAu2 with various exhange, orrelation, and hybrid funtionals, the results from whihan be seen at Table. 4.1.Although the loal spin density approximation LSDA implemented in the Vosko-Wilk-
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Table 4.1: The Au2 bond length and vibrational frequeny as predited by di�erentfuntionals and the experiment.Method d[Å℄ ω[m−1℄B3LYP 2.58 163BLYP 2.59 158PBE 2.55 169PW91 2.56 167VWN 2.49 194exp 2.47 191
Nusair (VWN) funtional gives the results that best agree with the experimental values,the LSDA funtionals are no longer used for optimizations of gold lusters, due to theirtendeny to overbind and thus predit mainly three dimensional global minima strutures,as found by Wang et al.[50℄. Reent experimental studies[60℄ unambiguously point tothe formation of �at gold lusters up to at least 12 atoms. The results most lose tothe experimental values, exept those from VWN, are predited by the Perdew-Burke-Ernzerhof (PBE) funtional. In our alulations we used a funtional ontaining bothexhange and orrelation parts modeled by the PBE approximation (PBEPBE). Therelativisti CEP-121G basis set is an e�etive ore potential that separates the eletronsof the atom into ore and valene ones. The 79 eletrons of the gold atom are split into60 ore and 19 valene ones, the in�uene of the ore eletrons is desribed by an e�etivepotential, and the Shrödinger equation is solved only for the remaining 19 eletrons.Calulations on the dimer were performed also with other basis sets, the LanL2DZ andthe Stuttgart/Dresden (SDD) ones, however, the results were worse than those obtainedwith the CEP-121G basis set.At Fig. 4.1 to Fig. 4.3 are shown the optimized strutures of gold lusters with 3 ≤
N ≤ 10 atoms, their symmetries and energy di�erenes are desribed in Table 4.2. Allprevious density funtional studies denote the obtuse triangle of about 66◦ as the globalminimum struture for the Au3 luster, although the next isomer, an aute triangle, is onlyabout 0.022 eV higher in energy. The other possible on�gurations, namely the hain andthe equilateral triangle, lie signi�antly higher, espeially the latter one, whih we wereable to optimize only in its triplet eletroni on�guration. This is the global minimum forthis luster size aording to the Voter-Chen potential, however, the inlusion of eletronie�ets here makes it possible to �nd a struture with lower symmetry as ground statealready for this luster size, as the semiempirial potential is optimized using spherial,nondiretional eletron density.Again, for Au4, our semiempirial global minimum orresponds to a tetrahedron, whihis the energetially most unfavored struture aording to the PBEPBE funtional. Allisomers for this luster size are already known, only the square has not been widely studied,
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however, in this alulations it is the fourth isomer, but when using other funtionals orsemiempirial methods, it ould beome a favored struture, lose or degenerate with theground state.The only one luster struture for whih it is known that it is most probably theglobal minimum for the aording luster size, is the Ag5 luster. Almost 10 years ago,Haslett, Bosnik, and Moskovits[110℄ obtained Raman spetrum of Ag5, mass-seleted froma sputtered jet of silver luster ions, neutralized and matrix isolated in solid argon. Inorder to assign the spetrum, they performed normal oordinate vibrational analysis forthe onsidered W-shaped luster and the C2v trigonal bipyramid, as well as a numberof other geometries. At least 7 distint peaks were observed, whih ruled out the high-symmetry strutures, sine they all possess vibrational degeneraies and therefore an notaount for the number of peaks observed. The highest symmetry that ould be assignedwas the C2v one, with all possible modes being non-degenerative and Raman ative. Todistinguish between the remaining two possible strutures, they extended the vibrationalanalysis to inlude a rough alulation of the relative Raman intensities of eah mode.The results showed that a very strong band at 162m−1 orresponded to a very weaklyRaman ative B1 mode in the bipyramidal struture as opposed to the strongest A1 modein the planar struture, therefore they ould unequivoally assign the spetrum to thetrapezoidal planar Ag5. It is very probable that this is also the ground state for thegold luster, as suggested by various experimental studies[60, 61, 62℄. Its third isomer,with trapezoidal shape, and the Y-shaped struture are proposed here for the �rst time,aording to our knowledge. The trapezoid omes immediately after the two popularlowest-energy strutures, and has signi�antly low energy omparing to the next isomers.The high symmetrial trigonal bipyramid lies again rather high in energy, but the mostunfavored struture for this luster size is the apped square, in ontrast to the resultsfor the Au4 luster.The �nding that the trapezoidal shape seems to be energetially advantageous is on-�rmed by the results for the global minima of Au6 and Au7, whih an be onsidered asapped and biapped trapezoid. For Au6 the energetial di�erenes between the isomersare signi�antly large, however, the otahedron and the "boat"-shaped struture orre-spond to the �rst and seond lowest-lying isomers for this luster size aording to theVC potential. It is not lear why the global minima for these small lusters are all two di-mensional aording to the density funtional formalism. As mentioned before, Häkkinenet al.[48℄ tried to address this question and optimized relativisti and nonrelativisti Au−7lusters and found that for the nonrelativisti gold the lowest-lying isomer was a appedotahedron that orresponds to our seond isomer for this luster size. This struture ispresented only in Table 4.2, in order to avoid repetition. Hene, the results obtained withthe EAMmethod are omparable to those from nonrelativisti �rst-priniples alulations.The LDA studies from the past deade established the 2D � 3D rossover for goldat N = 7, where the global minimum struture for this luster size was the pentagonalbipyramid, whih is most probably due to the overbinding in LDA leading too early tothree dimensional on�gurations. Wang et al.[50℄ found this struture as global minimumfor Au7, followed by the hexagon, while the latter was the preferred on�guration aord-
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Figure 4.1: The optimized andidate strutures for Au3, Au4, and Au5. The energygrows from left to the right.
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Figure 4.2: The same for Au6 and Au7. For optimal presentation, the global minimumof Au7 is shown at the fourth panel in the seond row.
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Figure 4.3: The same for Au8, Au9, and Au10.
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Table 4.2: Energy separations of isomeri strutures from the ground state struture(eV). The alulated lowest-energy strutures are marked in bold.N Shape Sym. ∆E N Shape Sym. ∆E3 obtuse triangle C2v 0.00 7 apped triangle Cs 0.003 aute triangle C2v 0.02 7 rown C2v 0.133 hain D∞h 0.04 7 triapped tetrahedron C2v 0.223 equilateral triangle D3h 1.50 7 hexagon C2h 0.234 trapezoid D2h 0.00 7 biapped bipyramid Cs 0.294 Y C2v 0.10 7 pentagonal bipyramid D5h 0.364 zigzag C2h 0.47 7 biapped square pyramid C2v 0.584 hain D∞h 0.92 7 inomplete bipyramid C2 0.624 square D4h 0.69 7 zigzag C2v 1.484 tetrahedron Td 2.72 7 apped otahedron C1 1.755 W C2v 0.00 8 apped rhombus D4h 0.005 X D2h 0.43 8 apped hexagon C2v 0.255 trapezoid C2v 0.63 8 biapped otahedron I C2v 0.275 triangle Cs 0.81 8 biapped otahedron II D2d 0.365 pyramid C2v 0.84 8 apped tetrahedron Cs 0.465 Y C2v 1.17 8 rown C2v 0.485 trigonal bipyramid D3h 1.35 8 biapped otahedron III D3d 1.795 square C2v 2.05 9 apped hexagon I C2v 0.006 triangle D3h 0.00 9 apped hexagon II C2v 0.126 pentagonal pyramid C5v 0.79 9 trapezoid D2h 0.176 double rhombus D2h 1.32 10 double hexagon D2h �6 boat C1 1.586 hevron C2v 1.696 square D2h 1.786 otahedron Oh 1.81
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ing to a study by Häkkinen and Landman[46℄ six years ago. The same group found threeyears later[60℄ a better on�guration than the hexagon, the apped Au6 triangle, and thetriapped square (rown) as the seond lowest-lying struture. Nevertheless, the pentag-onal bipyramid, our semiempirial global minimum, is only 0.36 eV higher in energy thanthe PBEPBE ground state, whih makes it the only one semiempirial minimum lying solose to the ab-initio one. Using other funtionals, for example in the loal spin densityapproximation, one ould determine this on�guration as ground state or degeneratedwith the ground state struture, as reported before.Few years ago, the global minimum struture of the Au8 luster was onsidered to bea distorted biapped otahedron, however, reent studies[58, 59℄ reveal that its groundstate most probably has the shape of a apped rhombus and is two dimensional. Thenext isomers are a biapped hexagon and a series of three dimensional strutures. All ofthem, exept for the last isomer, the biapped otahedron III, lie very lose in energy tothe ground state and also between themselves. This biapped otahedron is the globalminimum for this luster size aording to the VC potential, however, in the PBEPBEformalism it lies about 1.8 eV higher in energy than the ground state. The sixth isomer,about 0.5 eV higher in energy than the apped rhombus, is also a biapped hexagon,whih aording to our knowledge has not been proposed before.Finally, the number of the onsidered isomers for the lusters with N = 9 and 10 atomsbeomes more and more redued, due to the extremely long omputational time needed forthe optimization of eah struture. The density funtional methods ould be appropriatelyused for suh heavy systems only up to 10-15 atoms, optimizing hosen strutures andusing e�etive ore potentials developed espeially for these systems. Beyond 10 atoms oneneeds a omputationally e�ient method with reasonable ompromise between aurayand apability, and exatly suh are the potentials used in the present work - they allowus to optimize thousands of atoms without severe geometrial onstraints, and the mostimportant issue is that the alulations remain ompletely unbiased.At Fig. 4.4 are shown the alulated stability funtion, the HOMO-LUMO (highestoupied moleular orbital � lowest unoupied moleular orbital) gap, and the obtainedionization potentials for the global minima strutures of the lusters with up to 8 atoms.The stability funtion, Etot(N + 1.1) + Etot(N − 1.1) − 2Etot(N.1), where Etot(N.k) isthe total energy of the energetially k-lowest isomer of the AuN luster, shows peaksidentifying the highly stable strutures. Both the stability funtion and the HOMO-LUMO gap exhibit odd-even osillations indiating that the even-numbered lusters arerelatively more stable than their odd-numbered neighbors. This stabilization is mostlikely due to spin pairing in these lusters. The HOMO-LUMO gap is partiularly largerfor Au2 and Au6, and has its minimum at the 3-atom luster, in ontrast to the resultsby Wang et al.[50℄, who obtained the linear hain, our 3 isomer, as the ground state forthis luster size. Our results are in very good agreement with those from Ref.[46℄, exeptfor the Au5 luster, whose HOMO-LUMO gap is more lose to the results obtained byWang, although the lowest-energy struture in all onsidered studies is the W-shapedtrapezoid. Among the smallest lusters, the Au6 one has the highest partiular stability.The ionization potentials are alulated as the di�erene between the total energies of the
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positively harged, and those of the neutral lusters. The best agreement between theoryand experiment is found for Au2 and Au3, with deviations growing with the number ofatoms.In summary, although the strutures predited by the EAM are not among the �rstisomers for a given luster size aording to the PBEPBE funtional, the omission of therelativisti e�ets olloates these strutures very lose or degenerate to the global minima.The EAM formalism has proved its appliability to these small partiles[93, 132℄, therefore,onsidering the results for the smallest lusters with up to 7 atoms as exhaustively studiedby the �rst priniples methods, here we will onentrate on the larger lusters that anbe desribed only by the semiempirial approahes.
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4.4 Energeti properties
4.4.1 Binding energyThe high stability of the so-alled 'magi-numbered' lusters has beome a subjet of greatinterest in onnetion with its appliability in the mediinal and the olloidal hemistry,as well as in the prodution of atalysts and high-teh nanomaterials.In Fig. 4.5 are presented the binding energy per atom for the global-minima strutures,as well as the di�erene between the total energies of the lowest-lying isomers obtainedby us and those found by Sebeti et al.[89℄. One an see that the di�erene inreasesalmost linearly with the number of atoms and has its maximum at N = 79, where weobtained a trunated otahedron in ontrast to the struture with D3h symmetry found bySebeti and Güvenç. At N = 52 they obtained an unentered iosahedron-like struturewith C2h symmetry, that lies energetially between our seond and third lowest isomers.As the methods for the global minima optimizations used by these authors and ours areompletely di�erent (basin-hopping Monte Carlo algorithm used by Sebeti and Güvençand the Aufbau/Abbau method developed by us), it is quite possible that the higher-lying isomers found by them would not be found when using our approah, and vieversa. However, having observed the di�erenes in the symmetries of the ground statestrutures and those in the total energies, we an onlude that our approah performsbetter in the global-minima searh, at least for lusters with up to 80 atoms.
4.4.2 StabilityIn order to identify the partiularly stable lusters we have taken into aount the followingriteria. The lusters an be onsidered as very stable if their binding energy per atomis muh larger than that of the two neighboring lusters. This an be quanti�ed throughthe stability funtion, Etot(N + 1.1) +Etot(N − 1.1)− 2Etot(N.1), where Etot(N.k) is thetotal energy of the energetially k-lowest isomer of the AuN luster. This funtion, thathas maxima for partiularly stable lusters, is shown in Fig. 4.6.Here we an identify a large number of partiularly stable lusters, i.e., so-alled magilusters. These are found for N = 4, 6, 10, 13, 15, 17, 23, 28, 30, 36, 38, 40, 42, 45, 49,54, 58, 61, 64, 66, 68, 73, 75, 77, 79, 82, 84, 89, 92, 95, 101, 109, 111, 116, 118, 124,128, 133, 135, 140, 144, and 146. The most pronouned peaks our at N = 13, 30, 40,54, 75, 79, 82, 124, 133, 140, and 146. In agreement with Sebeti and Güvenç[89℄, the54-atom iosahedron without a entral atom is found to be more stable than the Au55luster. The latter possesses a distorted iosahedral struture with C3v symmetry, lyingwith 0,374 eV lower than the perfet iosahedron obtained by Sebeti and Güvenç, with2,9 eV lower than the deahedron, and is with 3,27 eV energetially favored omparingto the ubotahedron. In our study, all the three lowest-lying isomers of Au55 havelower energy than the symmetri strutures, in agreement with previous studies wheredisordered on�gurations were found as global minima for Au55[81, 82, 85, 86℄. For Au38and Au75, a ubotahedron [44, 78, 79, 86, 89℄ and a Marks deahedron [78, 82, 84, 89℄
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Table 4.3: Point groups of the optimized gold lusters. The lowest-lying isomer isdenoted as N.1N N.1 N.2 N.3 N N.1 N.2 N.3 N N.1 N.2 N.3 N N.1 N.2 N.32 D∞h 40 D3 C1 C2 78 C2v Cs C1 116 Cs Oh C3v3 D3h 41 C1 C1 C1 79 Oh Cs C1 117 Cs Cs C14 Td 42 D4 Td C1 80 Cs O Cs 118 C2v C1 C15 D3h 43 D2 C1 C1 81 C2v Cs C1 119 C1 C1 C16 Oh C2v 44 Cs C2 C1 82 Cs C3 C2v 120 C1 C1 C17 D5h C3v C2 45 Cs C1 C1 83 Cs Cs Cs 121 C1 C1 C18 D2d Cs D3d 46 C3 Cs C1 84 Cs Cs Cs 122 C1 C1 C19 C2v D3h Cs 47 C1 C2 C1 85 Cs Cs Cs 123 Cs C1 C110 C3v D4d D3h 48 C1 D2d C1 86 Cs Cs Cs 124 Cs C1 Cs11 C2v C2 C2 49 C1 C1 Cs 87 C2 C1 C1 125 C1 C1 C112 C5v C2 D3h 50 C1 C1 C1 88 C1 C1 C1 126 Cs C1 C113 Ih C1 Cs 51 C1 C1 C1 89 C2 Cs Cs 127 C1 C1 C114 C3v C2v Cs 52 D5d C2v C2v 90 C1 C1 C1 128 Cs C1 Cs15 D6d C2v Cs 53 C5v C3v C1 91 C1 C1 C1 129 C1 Cs Cs16 C2v D3h C2v 54 Ih C1 Cs 92 C1 C2 C1 130 Cs Cs Cs17 Td D4d Cs 55 C3v Cs C1 93 C1 C1 C1 131 C2v C1 C118 C4v C2v Cs 56 Cs C2v C2 94 C1 C1 C1 132 Cs C1 C119 D5h D4d C2v 57 C1 C1 C1 95 C1 C1 C1 133 C2v C1 C120 D3d D2 D2h 58 C1 Cs C1 96 C1 C1 C1 134 Cs Cs Cs21 Cs C1 Cs 59 Cs C1 C1 97 C2 C1 C1 135 Cs C1 C122 C1 Cs D6h 60 Cs Cs C1 98 C1 C1 C1 136 Cs C1 C123 C2v Cs Cs 61 C3v Cs C2v 99 C2 C1 C1 137 C2v C1 C124 C2 Cs C3v 62 Cs C1 C1 100 C1 C1 C1 138 Cs C1 C125 C2 C1 C2v 63 C2v Cs Cs 101 C2 D5h C1 139 C2v C1 C126 C1 Cs Cs 64 C2v C1 Cs 102 C1 C1 C1 140 Oh Cs Cs27 Cs C2 Cs 65 C1 C1 C1 103 C2 C2 C1 141 C2v C2v Cs28 Cs C2 C2v 66 Cs C2 C1 104 C1 C2 C1 142 Cs Cs Cs29 C2 Cs C2 67 Cs C1 C1 105 C2 Cs C2 143 Cs C2v Cs30 C3v C1 C2 68 Cs C1 C1 106 C3v C1 Cs 144 Cs Cs Cs31 C3 C1 C3v 69 C2 C1 C1 107 Cs C1 C1 145 C1 Cs C132 D2d C3 C2v 70 C1 C1 C1 108 Cs Cs C1 146 D5h Cs C133 C2 C1 C1 71 C2v C2v C1 109 C3v C1 C1 147 C1 C1 C134 Td C3 Cs 72 Cs Cs Cs 110 C2v C1 C1 148 C1 C1 C135 C2v D3 C2v 73 C2v C1 Cs 111 C1 C1 C1 149 C1 C1 C136 C2v Cs D2 74 Cs C5v Cs 112 C2v C1 C1 150 C1 C1 C137 C2v Cs C2 75 D5h C2v Cs 113 T C2 D238 Oh D4h Cs 76 Cs Cs Cs 114 C3 C2v C239 D3 Cs C4v 77 C2v Cs C2v 115 Cs C1 Cs
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Figure 4.8: Some AuN lusters with high or peuliar symmetry.
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were obtained, in agreement with �rst-priniples and semiempirial studies. However, twostudies employing the many-body Gupta potential denoted amorphous on�gurations asglobal minima of Au38 [83, 85℄, whih is most probably due to the parameterization of thepotential, as Darby et al.[86℄ found an otahedron as lowest-lying isomer by using anotherversion of the same potential.The most striking result is that the 146-atom Marks deahedron is more stable thanthe Au147 iosahedron. Aording to our study, the third Makay iosahedron lies with2,89 eV lower than the ubotahedron, with 2,53 eV lower than the deahedron, but with0,37 eV higher than a disordered struture with partly deahedral onstrution. To ourknowledge, this is the �rst study prediting a disordered global minimum for the Au147luster.Aording to our other riterion for a partiularly stable luster, suh a luster oursif the energy di�erene between the two energetially lowest isomers Etot(N.2)−Etot(N.1)is large. This energy di�erene is shown in Fig. 4.7, and omparing to Fig. 4.6 we an seethat many of the lusters that are partiularly stable aording to the �rst riterion arestable also aording to the seond one.
4.5 Strutural propertiesIn this subsetion, instead of disussing in partiular the strutures of the individuallusters, we shall introdue di�erent quantities that are devised to redue the availableinformation to some few key numbers. The theoretial bakground of the desriptors usedin the subsetion was introdued by us in a previous work.[93℄
4.5.1 Overall luster shapeFirst we shall onsider the overall shape of the lusters. As we showed in our earlier reporton Ni lusters[93℄, it is onvenient to study the 3 × 3 matrix ontaining the elements

Ist =
1

u2
l

N∑

n=1

(Rn,s −R0,s)(Rn,t −R0,t) (4.1)
with ul = 1Å being a length unit, and s and t being x, y, and z, and with

~R0 =
1

N

N∑

n=1

~Rn (4.2)
being the enter of the luster. The three eigenvalues of this matrix, Iαα, an be usedin separating the lusters into being overall spherial (all eigenvalues are idential), moreigar-like shaped (one eigenvalue is large, the other two are small), or more lens-shaped(two large and one small eigenvalue). The average of the three eigenvalues, 〈Iαα〉, is ameasure of the overall extension of the luster. For a homogeneous sphere with N atoms,the eigenvalues sale like N5/3. Hene, we show in Fig. 4.9 quantities related to Iαα but
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saled by N−5/3. The shape analysis in Fig. 4.9 separates the lusters into being overallspherial, more igar-like shaped, or more lens-like shaped. One an see that only fewlusters have a spherial shape (these are found for the energetially lowest isomer for N =4, 6, 13, 17, 34, 38, 54, 79, and 140, and for the next one for N = 42 and 116), all of themorresponding to high-symmetrial isomers (f. Table 4.4.1) and, for the lowest-energyisomer most of them to the lass of magi lusters. It is interesting that the average valuefollows more or less the same urve for all the three isomers, with some deviations at N= 130, 146, and 147. Also the largest di�erenes show similar behavior, exept for somefew ases mainly for N below 40 and between 80 and 85. Therefore, exept when theeigenvalues are all very similar (i.e., the largest di�erene is very small, whih ours for
N around 50, 70, 100, 116, and 140), the overall shape (i.e., lens- or igar-like) is the samefor all three isomers.

Figure 4.9: Di�erent properties related to the eigenvalues Iαα. In the upper panelwe show the average value together with points indiating whether lusters with overallspherial shape (lowest set of rows), overall igar shape (middle set of rows), or overalllens shape (upper set of rows) are found for a ertain size. Moreover, in eah set ofrows, the lowest row orresponds to the energetially lowest isomer, the seond one tothe energetially seond-lowest isomer, et. In the lower panel we show the maximumdi�erene of the eigenvalues for the three di�erent isomers.
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Figure 4.10: The distribution of radial distanes (in Å) for the lowest-lying isomer asa funtion of luster size. Eah small line represents (at least) one atom with that radialdistane.
The onstrution of atomi shells an be easily seen from the distribution of radialdistanes shown in Fig. 4.10 for the ground state strutures as funtion of the lustersize. Up to N around 50, no trends an be identi�ed, but for N just above 50 a leartendeny towards shell onstrution an be seen for the �rst isomer. This orresponds tothe formation of the Au54 iosahedral luster. Also for N lose to 110 and around 140 shellonstrutions for the lowest-lying isomer are observed. In the latter ase, this orrespondsto the formation of an otahedron. The radial distributions for the seond and the thirdisomers are not shown, as they are quite similar to that for the �rst isomer. Partiularshell onstrutions are found only for highly symmetrial lusters orresponding to N =42, 48, 80, 101, 116, and around Au130 for the seond isomer, and around N = 40, 60,116, and 130 for the third isomer.

4.5.2 Similarity funtionsWe have found earlier[93, 132℄ that it was useful to monitor the strutural developmentof the isomer with the lowest total energy through the so-alled similarity funtions. We
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Figure 4.11: Eah panel shows the similarity funtion for all the three isomers whenomparing to (a) an iosahedral luster, and (b�d) a spherial fragment of the f rystalwhere the enter of the fragment is plaed at (b) the position of an atom, () the middleof a nearest-neighbor bond, and (d) the enter of the unit ell, respetively.
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Figure 4.12: (a) the average oordination number, (b) the minimum oordination num-ber, and () the average bond distanes as funtions of luster size. The dashed lines in(a) and () show the orresponding bulk values for gold.
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de�ne the radial distanes from the enter for eah of the atoms of a given luster AuN

rn = |~Rn − ~R0| (4.3)and sort these in inreasing order.Simultaneously we onsider a large spherial fragment of a f rystal as well as a largeluster of iosahedral symmetry, here Au309. Also for these we de�ne a radial distane foreah atom, r′n, whih also are sorted. In order to ompare a given luster with those twosystems we alulate subsequently
q =

[
1

N

N∑

n=1

(rn − r′n)2

]1/2

, (4.4)
giving the similarity funtion

S =
1

1 + q/ul
(4.5)(ul = 1Å). S approahes 1 if the AuN luster is very similar to the referene system, i.e.,a fragment of the f rystal or an iosahedral luster. In Fig. 4.11 we show the resultingfuntions in four ases, i.e., when omparing with the relaxed Au309 luster, and whenomparing with three fragments of the f rystal di�ering in the position of the enter(i.e., the position of an atom, the middle of a nearest-neighbor bond, and the enter ofthe unit ell, respetively).One sees both that lusters that learly resemble f fragments and that lusters thatresemble iosahedral lusters an be identi�ed. The most pronouned peaks for the iosa-hedral strutures orrespond to N = 13, 55, and 147, the �rst-, seond-, and third-layerMakay iosahedron, respetively. Clusters with iosahedral strutures are also found inthe interval between N = 75 and N = 79, as disussed in the previous subsetion. Theotahedral ones are found around N = 6, 8, 13, 28, 38, and 79. Beyond N = 135, thevalues for the f-like lusters derease, whereas an inreased similarity with the iosahe-dral lusters is observed. It is interesting to notie that the strutures are built up overa ertain range of luster sizes so that, e.g., the iosahedral struture for N = 55 an beseen also for both larger and smaller values of N around this value.

4.5.3 Coordination numbersIn Fig. 4.12 are shown the average and minimal oordination numbers, and the averagebond lengths of the lusters. We de�ne two atoms as being bonded if their interatomidistane is less than 3.49 Å, whih is the average value between the nearest-neighbordistane (2.89 Å) and the next-nearest-neighbor distane (4.08 Å) in bulk Au. Moreover,we distinguish between inner atoms with a oordination number of 12 or larger and surfaeatoms with a oordination number less than 12.Fig. 4.12(a) presents the average oordination number as a funtion of N . A saturationtowards the bulk limit of 12 is seen, although one has to remember that even for the
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largest luster of our study 94 out of 150 atoms are haraterized as surfae atoms. Also,the funtion inreases monotonially with the size of the systems, with osillations inpartiular for the lusters with N = 17 and 18, whih is due to the formation of atetrahedron for Au17, and a struture with C4v symmetry at N = 18, respetively. Thelatter is already obtained with the EAM method (see Ref.[89℄), but this is the �rst timewhen a tetrahedral on�guration is found for the Au17 luster. Its seond isomer in thisstudy (D4d) is already found by Wilson and Johnston[79℄ as a lowest-lying minimum.The minimum atomi oordination for eah luster size is shown in Fig. 4.12(b). Theexistene of low-oordinated atoms, i.e with oordination numbers of 3 or 4, ould pointto the ourrene of a luster growth, where extra atoms are added to the surfae of theluster, whereas the higher oordination numbers ould indiate a growth where atoms areinserted inside the luster, or, alternatively, upon a strong rearrangement of the surfaeatoms. This is the ase for the gold lusters, with few exeptions at N = 14, 17, 18, 78,83, and 134, where lower oordinations are found. The lowest oordination orrespondingto Au14 is in onnetion with the formation of an iosahedron plus one additional atom onthe surfae. At N = 17 and 18, some strutural hanges take plae, as disussed above.Au78 and Au83 orrespond to strutures with deahedral motif apped with one additionalatom. This is also the ase for Au134 where the C2v symmetry of the deahedral strutureorresponding to N = 133 is lowered by adding an atom on the surfae.Fig. 4.12() shows the average bond length as a funtion of the luster size. Thedashed line orresponds to the bulk value of 2.89 Å. The average bond length for allthe strutures is smaller than the bulk value, espeially for Au17 and Au18, where moreompat strutures are formed. However, this property approahes the bulk value fasterthan the average oordination number.
4.5.4 Cluster growthThe entral point in most of the moleular dynamis studies on gold lusters is to identifyhow the lusters grow and if the luster with N atoms ould be derived from the one with
N − 1 atoms simply by adding one atom. In order to quantify this possible relation, �rstwe onsider the struture with the lowest total energy for the (N − 1)-atom luster. Forthis we alulate and sort all interatomi distanes, di, i = 1, 2, · · · , N(N−1)

2
. Subsequentlywe onsider eah of the N fragments of the N -luster that an be obtained by removingone of the atoms and keeping the rest at their positions. For eah of those we also alulateand sort all interatomi distanes d′i, and alulate, subsequently,

q =

[
2

N(N − 1)

N(N−1)/2∑

i=1

(di − d′i)
2

]1/2

. (4.6)
Among the N di�erent values of q we hoose the smallest one, qmin and alulate thesimilarity funtion

S =
1

1 + qmin/ul

(4.7)
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Figure 4.13: The similarity funtion as funtion of the luster size. It desribes whetherthe luster with N atoms is similar to that of N − 1 atoms plus an extra atom.
(ul = 1Å) whih approahes 1 if the AuN luster is very similar to the AuN−1 luster plusan extra atom.The similarity funtion, shown in Fig. 4.13, approahes 1 if the AuN luster is verysimilar to the AuN−1 luster plus an extra atom. We see indeed that forN up to around 50,
S is signi�antly di�erent from 1, on�rming that in this range the growth is ompliated.The most pronouned peaks our at 6 < N < 9, 15 < N < 20, 34, 38, 39, 52, 56, 79, 80,85, 111, 126, 140, 141, and 145 < N < 147. Many of them orrespond to high symmetriallusters, however some of the lusters with larger peaks (N = 39, 56, 62, 85, 111, 126,141, and 145) have lower symmetry. The otahedral Au38 and the low-symmetrial Au39are struturally very di�erent from their N -1-atom neighbors. Au56 marks the end of theiosahedral shell built between Au52 and Au55, and the lusters resume their disorderedgrowth. The otahedral Au61 is followed by the disordered Au62, and the deahedralAu85 omes after the disordered Au84. Between the deahedral Au110 and Au112 liesthe disordered Au111. The addition of one atom to the disordered Au125 leads to theformation of an un�nished but regular deahedron at N = 126. The deahedral Au141omes immediately after the otahedron orresponding to N = 140. Although Au144 haspartly deahedral onstrution, its N+1-atom neighbor is disordered. It seems that foreah luster size there is a rearrangement of the gold atoms, and no a partiular growthmotif was observed. This in turn means that the luster growth is very ompliated and
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it is di�ult to onsider it as an one-by-one atom addition.
4.6 Vibrational spetra and heat apaities
4.6.1 Dynamial matrixWe omputed the vibrational spetrum of gold lusters with up to 150 atoms using theharmoni approximation. Employing the analytial form of the Hessian matrix, we on-struted the 3N x 3N dynamial matrix

Dni,mj =

(
1

M

∂2Etot)

∂Rni∂Rmj

) (4.8)ontaining the seond derivatives of the total energy with respet to the atomi oordinatesin the equilibrium on�guration. In this formula M is the atomi mass and Rni denotesthe oordinates (i = x, y, z) of atom n. We performed the numerial diagonalization ofthe dynamial matrix
|Dni,mj − ω2δnmδij | = 0 (4.9)in whih δnm, the Kroneker symbol, equals unity if n=m and is zero otherwise, and ω isthe vibrational frequeny. In this study we have determined the vibrational frequeniesfor eah global minima luster size, however, we will disuss in details only the minimaland maximal vibrational frequenies. These are presented at Fig. 4.14 where one an seethe maximal frequenies in the upper panel, and the minimal vibrations are shown in thebottom panel. Even the frequeny of the dimer Au2 is well reprodued - the experimentalvalue is 191 m−1, and the obtained with the Voter-Chen EAM is equal to 180 m−1. Thesmall di�erene is due to the slight ontration of the dimer bond in the EAM (2.40 Å)ompared to the experiment (2.47 Å).

4.6.2 'Magi numbers' in the spetraThe magnitude of the vibrations is most pronouned up to N = 31, then it dereasessigni�antly leaving only one island at 92 < N < 108, where probably some struturalhanges take plae. The most pronouned peak orresponds to Au19 that has D5h sym-metry. However, none of the next maxima or minima belongs to a struture of highsymmetry, therefore in order to be able to draw a general trend, we proeed to theminimal frequenies. At the bottom panel, the dashed line at 20K orresponds to thetemperature for whih the heat apaities per vibrational mode were alulated, see Fig.4.15. In this way, if a partiular luster has vibrations at or below this temperature, therewill be most probably also a orresponding peak in the heat apaity. At Fig. 4.15 thevalues of the heat apaities for N up to 15 are presented separately as they begin withvery small values and inrease rapidly in this luster range. The vibrations orrespondingto these lusters are also far above the 20 K temperature, therefore the most interesting
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Figure 4.15: The alulated heat apaities per vibrational mode at 20 K as funtionof the luster size.
ontributions will be �rst beyond N = 20. We an see that the lusters whose minimalfrequenies are far above the 20 K limit show orresponding low heat apaities - theseare found for N = 18, 30, 38, 54, 61, 64, 75, 79, many of them belonging to the lass ofmagi lusters. Also the luster vibrations lying signi�antly below the 20 K temperature,show orresponding large heat apaities - these are Au21, Au39, Au55, Au69, and Au145.
4.6.3 The low-symmetrial Au55 and Au147 lustersFor the Au55 and Au147 lusters a omparison was made between the vibrations of thelow-symmetrial lusters obtained as global minima in this study and their iosahedralrelatives. The results are shown in Fig. 4.16. In both ases, the spetra of the low-symmetrial lusters dereases monotonially, while, as expeted, the iosahedral isomersshow very high degeneray of the vibrations.To our knowledge, there is not an experimental vibrational spetrum of Au55 or Au147to whih we ould ompare our results. There exists an experimental work by Marus andoworkers[94℄ on the 55-atom gold luster made by the Shmid proess. They performedoptial absorption and temperature-dependent x-ray-absorption �ne-struture (EXAFS)measurements on that luster and the results were onsistent with a f ubotahedralstruture. Another study by Häkkinen et al.[39℄ employing photoeletron spetrosopyand density-funtional methods revealed the low-symmetrial nature of the Au−55 luster.However, there is not a data that undoubtedly engages a theoretially obtained struture
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Figure 4.16: On the left - the vibrational frequenies of the ground state of Au55, andits iosahedral isomer; on the right - the same for Au147

to experimental �ndings, at least not for Au55 and Au147. These are to be the main pointof further studies.



Chapter 5
Silver lusters
5.1 IntrodutionThe smallest silver partiles remain a subjet of great interest to both experimental-ists and theoretiians, due to their possible appliations in the atalysis, photohemistry,nanosiene. Although various spetrosopi and mirosopi tehniques have been ap-plied to study the properties of silver lusters[95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 34,105, 106, 107, 108, 109℄, none of them ould de�ne unambiguously the luster symmetry.Only one study[110℄ on the Raman spetrum of Ag5 revealed that the moleule had aplanar trapezoidal struture. Muh theoretial e�orts have been devoted to the determi-nation of the aurate lowest-energy strutures, optial and ondutive properties of thesesmall partiles. Numerous �rst priniples alulations[111, 112, 48, 113, 114, 115, 116℄denote Ag6 as the last two dimensional luster size, while aording to the tight-bindingmethods[117℄ the smallest three dimensional luster is more likely to be Ag5. However,both approahes predit the odd-even energy osillations found from the experiment[95,96℄. Aording to the spherial jellium model[118, 119℄, the eletroni shell losure isexpressed as pronouned peaks in the ionization potentials at luster size 2, 8, 14, 20, 40,et. The model suessfully interpreted the magi numbers found for alkali metals, andalthough silver has many d-eletrons, its 4d orbitals are low-lying and this metal is morelikely to be also well desribed. A reent[120℄ density-funtional study on silver lustersin the size range N = 9 - 20 atoms predited that layered strutures are the lowest-energyisomers for lusters with less than 16 atoms, while the larger ones most probably areompat with quasispherial shape.In order to be able to extend their studies beyond the too small silver lusters, manygroups have employed (semi-)empirial potentials, in some ases ombined with MoleularDynamis tehniques, to investigate stati and/or dynamial properties[121, 122, 123, 124,125℄. The authors of Ref.[87, 126℄ used onstant-energy moleular dynamis simulationsto study the strutures and melting behavior of di�erent f metal lusters with up to23 atoms. The model predited that all lusters had strutures based on iosahedralpaking and therefore exhibit similar thermodynami behavior. Another version of theEmbedded Atom Method used in [126℄ was employed by Garía González and Montejano-55
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Carrizales[127℄ to analyze the strutural stability and symmetry of nikel, opper, silverand platinum lusters, omparing the ohesive energy of various lusters with the samenumber of atoms but with di�erent strutures. Baletto and oworkers[128, 129, 72℄ studiedthe growth of larger silver lusters by means of moleular dynamis simulations, where inone of their works the sizes of the lusters were extended up to 40000 atoms[72℄. It wasshown that the strutures of the lusters depended ruially on the temperatures at whihthe growth ourred. Investigating three main strutural motifs - iosahedral, deahedral,and (trunated) otahedral, they found that iosahedra were favored at small (N ≤ 147),deahedra at intermediate (300 ≤ N ≤ 20000), and otahedra at large sizes(N > 30000).Similar trend was obtained by Calvo and Doye[130℄ in a study on the pressure e�ets onluster growth.In this Chapter we have studied silver lusters with up to 150 atoms using two di�erentversions of the many-body Gupta potential[11℄, whose parameters are shown in Table 5.1,in order to observe system- and potential-spei� as well as -independent properties. Weshall here ompare part of the results obtained with these two potentials to silver lusterswith up to 60 atoms independently studied with two di�erent EAM approahes.

Table 5.1: Parameters in the two versions of the Gupta potential used here.
Parameter tight-binding[12℄ 2nd order[13℄
A/eV 0.09944 0.1028
p 10.12 10.928
q 3.37 3.139r0/Å 1.0 2.892
ζ/eV 1.0 1.178

5.2 Energetial propertiesIn order to hek the auray of the hosen potentials, we alulated the dimer bondlength with all approahes and ompared the results to LDA and experimental values. Asan be seen from Table 5.2, all potentials are apable of good desription of the shortestluster bond length, with the VC potential losest to the experimental value, whih is dueto its parameterization to the dimer properties. As will be disussed below, the globalminima strutures obtained with the VC potential are idential to those obtained withthe other potentials up to luster size N=15.
5.2.1 Point groups of the lustersThe point groups of the global-minima strutures and the �rst two isomers with N up to150 atoms obtained with the two versions of the Gupta potential are shown in Table 5.3
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Table 5.2: The bond length (in Å) of the Ag dimer as alulated with the tight-bindingGupta (TBG), the extended Gupta potential (nG), the Embedded Atom potentials DBFand VC. The dimer bond length obtained in redued units (TBG) is appropriately saled.The results are ompared with LDA and experimental values.System nG TB VC DBF LDA[116℄ exp.[131℄Ag2 2.449 2.448 2.501 2.443 2.49 2.53
and Table 5.4. In order to hek the reliability of these approahes, results for the smallerand intermediate silver lusters (up to 60 atoms) obtained with the two versions of theEAM are shown in Table 5.5. In previous works we optimized nikel[93℄, opper[132℄ andgold lusters[133℄ with up to 150 atoms using the DBF and VC EAM potentials. There weproved the appliability of the EAM potential to the smallest nikel and opper lusters.However, the DBF potential was not apable of proper desription of the smallest goldlusters[90℄, espeially the dimer moleule, therefore we used only the Voter-Chen versionfor the alulations of the global minima strutures. Here, we aim to �nd an appropriatemethod to treat the smaller and intermediate silver lusters, as well as to determine thesimilarities and di�erenes between the di�erent potentials applied to these systems.The �rst di�erenes for the global minima silver lusters an be found in Table 5.3and Table 5.5 already at luster size N = 15, where the global minimum found for Ag15(D6d) exists as seond isomer aording to the nG potential. Likewise, the DBF methodalso denotes the highly symmetrial struture as a seond isomer. The Ag28 seondisomer obtained with the nG potential has T symmetry like the global minimum of thisluster size predited by VC/DBF, while all isomers for this luster size found with theTBG potential are disordered. The highly symmetrial D6h struture appears as thirdisomer at N = 22 for the silver lusters obtained with the Gupta potentials, but is notamong the three lowest-lying isomers aording to the DBF potential. Our results for theglobal minima strutures of silver lusters with N = 6, 7, 12, 13, 14, 19, 38, 55, and 75atoms are onsistent with those from Ref.[84℄. Up to N = 22 our global minima struturesobtained with the nG potential are idential to those found with the Sutton-Chen potential(SC) by Doye and Wales[78℄. The disadvantages of the SC potential suh as strongoverbinding and resulting short bonds and high binding energies lead to the identi�ationof highly ompat strutures as global minima. Therefore, it is not surprising that theglobal minima obtained in Ref.[78℄ are struturally very di�erent from ours. A detaileddisussion is o�ered in our previous work[132℄, hene here we will onentrate mainly onthe strutural omparison between the Gupta and EAM potentials. A symmetrial D2dstruture lies in the global minimum of Ag32 aording to both Gupta potentials, and is aseond isomer for the VC potential. Not surprisingly, for all potentials the global minimumof N = 38 is a trunated otahedron, the seond Makay iosahedron is most probablythe ground state struture at N = 55, and the 75-atom Marks deahedron appears to
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be the lowest-energy on�guration for this luster size. Growth of silver lusters revealswide iosahedral windows around N = 53 - 55 and N = 144 - 147. Although the mostprobable ground state geometry of the 79-atom luster aording to the semiempirialstudies is an otahedral one, the TBG potential founds a rather disordered struture withCs symmetry. It seems that low- and high-symmetrial isomers are indeed lose in energy,and the small di�erenes between the potentials lead to various preditions for the groundstate on�gurations. Finally, an iosahedral global minimum is found for the Ag140 lusterwith the nG potential, while the otahedron and the iosahedron are not energetiallyfavored by the DBF potential.
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Table 5.3: Point groups of the silver lusters with up to 77 atoms optimized with the
nG and TBG potentials.
N N.1 N.2 N.3 N N.1 N.2 N.32 D∞h 40 Cs/D4h Cs/D2 C1/Cs3 D3h 41 Cs/D2 C3v/C3v C3v/C3v4 Td 42 Cs/Cs Cs/C1 C2v/C15 D3h 43 Cs/C1 C2v/Cs C1/Cs6 Oh C2v 44 Cs/C2 C1/C1 Cs/C17 D5h C3v C2 45 Cs/C1 Cs/Cs C1/C18 D2d Cs D3d 46 C2v/Cs C1/C1 C1/C19 C2v/C2v D3h/C2v C2v/Cs 47 C1/C1 Cs/C1 Cs/C110 C3v/C3v D2h/D2h C2/C2 48 D2/D2 Cs/C1 Cs/Cs11 C2v/C2v C2/C2 C2v/C2 49 C3v/C3v Cs/C1 Cs/C112 C5v/C5v D2d/D2d D3h/D3h 50 Cs/Cs Cs/Cs Cs/Cs13 Ih/Ih Cs/Cs Cs/C1 51 Cs/Cs Cs/Cs C1/C114 C3v/C3v C2v/C2v C6v/C2 52 C2v/C2v Cs/C3v Cs/D215 C2v/D6d D6d/C2v C2v/C2v 53 C2v/C5v C2v/D2 C5v/D5d16 Cs/C2v C1/C1 Cs/Cs 54 C5v/Ih Ih/C5v C2v/D217 C2/C2v C2/C2 C2v/Cs 55 Ih/Ih C1/Cs Cs/C118 Cs/C2 Cs/Cs C2/C2v 56 C3v/Cs Cs/C2v Cs/C3v19 D5h/D5h C2/Cs Cs/Cs 57 Cs/C3v Cs/C1 Cs/Cs20 C2v/C2v D2/D2 D3d/D3d 58 C3v/C3v C1/C1 C1/C3v21 C1/C1 C1/C1 C2v/D2 59 C2v/C1 C1/C2v C1/C122 Cs/Cs C1/C1 D6h/D6h 60 Cs/Cs Cs/Cs C1/C123 C2/D2 D3h/Cs Cs/Cs 61 C2v/C2v Cs/Cs C1/Cs24 Cs/Cs Cs/D2 C2/Cs 62 Cs/Cs C1/Cs C1/C125 C3/C3 C3v/C1 C2v/C1 63 C2v/C2v C1/Cs C1/C126 C1/C1 D3h/C2v C2v/Cs 64 Cs/Cs C1/C1 C1/C127 Cs/Cs C2/C2 C1/C1 65 C2v/C2v C1/Cs Cs/C128 C1/D2 T/Cs Cs/C1 66 Cs/Cs Cs/Cs C1/C129 C3/C2 C2/Cs Cs/C2 67 C2v/C2v Cs/Cs C1/C130 Cs/Cs C2v/C1 C1/C1 68 C2v/C2v Cs/Cs C1/C131 C2v/C3 C3/Cs C2v/D2 69 Cs/Cs C1/C1 C1/C132 D2d/D2d C2v/C2v C2/C3 70 Cs/Cs C1/C1 C1/C133 C2v/Cs C1/C2 Cs/C2v 71 C2v/C2v C1/C1 C1/C134 Cs/C2 Cs/D2 Cs/Cs 72 Cs/Cs C1/Cs C1/C135 Cs/D3 D3/Cs C2v/D2 73 Cs/Cs Cs/Cs C1/D5h36 Cs/C2 Cs/C1 C2/D2 74 C5v/C5v C1/C1 Cs/Cs37 C3v/C2v Cs/C2v C2v/Cs 75 D5h/D5h Cs/Cs C1/Cs38 Oh/Oh C5v/D4h D4h/D2 76 C2v/C2v Cs/Cs Cs/Cs39 C5v/D4 C4v/D3 Cs/Cs 77 C2v/C2v C1/C2v C1/C2v
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Table 5.4: Point groups of the silver lusters with 77 � 150 atoms optimized with the
nG and TBG potentials.
N N.1 N.2 N.3 N N.1 N.2 N.378 Cs/Cs Cs/Cs C2v/C2v 116 D3d/Th Oh/T C1/Oh79 Oh/Cs C1/C2v C1/C2v 117 C1/C1 C1/C1 C1/C180 Cs/Cs C1/Cs C1/Cs 118 C1/C1 C1/C1 C1/C181 C2v/C2v Cs/Cs C1/Cs 119 C1/C1 C2v/C2v C1/C182 C2v/C2v Cs/Cs Cs/Cs 120 Cs/Cs C1/C1 C1/C183 C2v/C2v Cs/Cs C1/C2v 121 C2v/C2v C1/C1 C1/C184 Cs/Cs C2v/C2v C2v/Cs 122 Cs/Cs Cs/C1 C1/Cs85 Cs/Cs Cs/Cs Cs/Cs 123 C2v/C2v C1/C1 C1/C186 C2v/C2v Cs/Cs Cs/C1 124 Cs/Cs C1/C1 C1/C187 Cs/Cs Cs/Cs C1/Cs 125 C1/C1 C1/C1 C1/C188 Cs/Cs Cs/Cs C1/Cs 126 Cs/Cs C1/C1 C1/C189 Cs/Cs C1/Cs C1/C1 127 Cs/Cs Cs/C1 Cs/Cs90 Cs/Cs C1/C1 C1/C1 128 Cs/Cs C2v/Cs C1/Cs91 C1/C1 C1/C1 Cs/C1 129 Cs/Cs C1/C1 C1/C192 C1/C1 C1/C1 C1/C1 130 C2v/D2 C1/C1 C1/Cs93 C1/C1 C1/C1 C1/C1 131 Cs/Cs Cs/Cs Cs/Cs94 C1/C1 C1/C1 C1/C1 132 Cs/Cs C1/C1 C1/C195 C1/C1 C1/C1 C1/C1 133 Cs/Cs C1/Cs C1/Cs96 C1/Cs C1/C1 C1/C1 134 Cs/Cs C1/Cs C1/C2v97 C2/C2 C1/C1 C1/C1 135 Cs/Cs C1/Cs Cs/Cs98 Cs/Cs Td/C1 C1/C1 136 C1/C1 C1/C1 C1/C199 Cs/Cs C1/C1 C1/C1 137 Cs/Cs C1/C1 C1/C1100 C5v/Cs C1/C1 Cs/C1 138 Cs/Cs C1/C1 C1/C1101 D5h/D5h Cs/Cs Cs/Cs 139 C2v/D2 Cs/C1 C5v/Cs102 Cs/Cs Cs/Cs C1/C2v 140 C5v/Cs C3v/Oh C3v/Cs103 C2v/C2v C2/Cs Cs/D2 141 Cs/Cs Cs/C2v Cs/Cs104 C1/C1 Cs/C1 C1/C1 142 C2v/D2 Cs/Cs Cs/Cs105 C2v/C2v C2/C2v Cs/C1 143 Cs/C3v Cs/Cs Cs/Cs106 C1/C1 Cs/Cs Cs/Cs 144 C2v/D2 D5d/Ih C2v/D2107 C2v/C2v C1/C2v C1/C1 145 C5v/I C2v/D2 Cs/D2108 C1/C1 C1/C1 C1/C1 146 Ih/Ih C5v/I D5h/Cs109 C1/C1 C1/C1 C1/C1 147 Ih/Ih Cs/Cs Cs/Cs110 C1/C1 C1/C1 C1/C1 148 Cs/Cs Cs/Cs Cs/Cs111 C1/C1 C1/C1 C1/C1 149 C3v/C3v C3v/D2 Cs/C3v112 C1/C1 C1/C1 C1/C1 150 Cs/Cs C1/C3v C1/Cs113 Cs/Cs C1/C1 C1/C1114 C1/C1 C1/C1 Cs/C1115 Cs/Cs C1/Cs C1/C1
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Table 5.5: Point groups of the silver lusters with up to 60 atoms optimized with theVC and DBF EAM potentials.N N.1 N.2 N.3 N N.1 N.2 N.32 D∞h/D∞h 32 D3/C2v D2d/D3 C2v/Th3 D3h/D3h 33 C2/C2 Cs/Cs Cs/C14 Td/Td 34 Cs/Cs Cs/Cs C1/C15 D3h/D3h 35 D3/D3 C2v/C2v C2v/C16 Oh/Oh C2v/C2v 36 C2/C1 C1/C2 Cs/C17 D5h/D5h C3v/C3v C2/C2 37 C3v/C2 D2/C5v Cs/C18 D2d/D2d Cs/Cs D3d/D3d 38 Oh/Oh D4h/C5v D2/C5v9 C2v/C2v D3h/D3h C1/C2v 39 C5/C5v C5v/Cs C4v/Cs10 C3v/C3v D2h/D2d D4d/D2h 40 Cs/Cs D2/Cs C2/C211 C2v/C2v C2/C2 C2v/C2 41 C1/Cs C3/Cs Cs/C112 C5v/C5v C1/D2d D3h/C1 42 C2v/Cs Cs/Cs C1/C113 Ih/Ih Cs/Cs Cs/Cs 43 Cs/Cs C1/Cs C1/C114 C3v/C3v C2v/C2v C6v/C1 44 Cs/C1 C2/Cs Cs/C115 D6d/C2v C2v/D6d C2v/C2v 45 Cs/Cs Cs/Cs Cs/C116 Cs/Cs Cs/Cs D3h/C1 46 C2v/C2v C1/C1 Cs/C117 C2/C2 Cs/Cs C2v/Cs 47 C1/C1 C1/Cs Cs/Cs18 Cs/Cs C2/C5v C2v/Cs 48 C2v/Cs Cs/Cs Cs/C2v19 D5h/D5h C1/C1 Cs/Cs 49 C3v/C3v Cs/Cs C1/C120 C2v/C2v D2/D3d D3d/D2 50 Cs/Cs C2v/Cs C1/Cs21 Cs/C1 C1/Cs C2/Cs 51 C2v/Cs Cs/Cs Cs/C122 Cs/C1 D6h/Cs C1/Cs 52 C3v/C2v Cs/C3v Cs/Cs23 D3h/D3h C2/C2 D3h/Cs 53 C2v/C2v D5d/D5d C2v/C2v24 D3/C2v C2v/Cs Cs/D3 54 C5v/C5v Ih/Ih C2v/C2v25 C3/C3 C1/Cs C2v/C1 55 Ih/Ih C1/Cs Cs/C126 C1/C1 C2v/Td Cs/C2v 56 Cs/C3v C3v/Cs C3v/Cs27 Cs/Cs Cs/Cs C2/C2 57 Cs/Cs C1/Cs Cs/Cs28 T/T C1/C1 Cs/C3v 58 C3v/C3v C1/C1 C1/C129 C3/C3 C2v/C2v Cs/C2 59 C1/C2v C3v/C1 C2v/C130 Cs/Cs C1/C2v C1/C1 60 Cs/Cs Cs/C1 Cs/C2v31 C3/Cs Cs/C1 C1/Cs
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5.2.2 StabilityThe energetial di�erenes between the �rst and seond isomers an give informationwhether they are energetially very lose and most probably exist as a mixture in the ex-periment, or the global minimum lies very low ompared to the next isomers, whih is thease of the Ag79 luster obtained with the nG potential at Fig. 5.1. The results obtainedwith the TBG potential are not shown, as they are very similar to these. Here, along withthe peaks orresponding to the 'magi' N = 13, 38, 55, and 147 lusters, many new peaksappear. They orrespond to N = 63, 71, 79, 95, 101, 115, 120, 121, 126, 130, and 139.All of them exept for the Ag63 and Ag79 lusters have deahedral strutures, the groundstate of Ag63 has a distorted iosahedral on�guration. The energetial peuliarities anbe generalized by using the stability funtion presented at Fig. 5.2 for the silver lustersoptimized with the nG potential. A omparison with the TBG, DBF, and VC potentialsis made for the size range 2-60 atoms (Fig. 5.3).As already seen at the energy di�erenes between the �rst isomers, the Ag23 andAg28 lusters are not partiularly stable. Instead, for the �rst time the Ag38 and Ag61lusters appear to be magi. The Ag61 luster an be viewed as made of the Ag55 iosa-hedron apped with 6 atoms on one of its sides. In omparison to the results for opperlusters[132℄, here the silver lusters with N = 86, 92, 116, 119, and 131 atoms are notpartiularly stable, while the magi Ag121 and Ag130 an not be found in the stabilityfuntion for the opper lusters. The Ag116, Ag131, and Ag137 lusters are not magi inomparison to the nikel ones[93℄, while the silver strutures with N = 95, 101, 121, 130,and 139 are absent in the nikel stability funtion.At Fig. 5.3 are shown the stability funtions for silver lusters with up to 60 atomsobtained with the TB Gupta potential, the DBF and VC versions of the EAM method.One an see that both EAM methods yield very similar results omparing to the TBpotential, where the harateristi peaks at N = 19, 23, 28, and 49 are missing. Instead,two new magi lusters appear at N = 48 and 58. They are also found at the stabilityfuntion for the nG potential. These strutures have D2 and C3v symmetries, respetively.Although the global minima for Ag58 aording to the DBF and VC potentials have thesame symmetry, none of them appears as highly stable in the orresponding similarityfuntions.
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Figure 5.1: The energetial di�erene between the two lowest-lying isomers within the
nG potential.
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5.3 Growth patterns
5.3.1 Similarity funtionsThe similarity funtions obtained omparing the nG silver lusters to those found with theTBG, DBF, and VC potentials are shown at Fig. 5.4. Although the two Gupta potentialsare very similar, they seem to lead to signi�antly di�erent strutures around N = 15and beyond Ag30. However, revising Table 5.3 and Table 5.4 we see that for these lustersizes most of the global minima aording to the �rst potential orrespond to higher-lyingisomers within the seond one, and vie versa, whih is also the ase for most of the DBFand VC strutures.Surprisingly, the larger silver lusters (Fig. 5.5) obtained with the two Gupta poten-tials are more similar than the smaller ones with up to 60 atoms. The largest struturaldi�erenes our at N = 140 and 141, where the global minima of these two lusters haveiosahedral onstrutions aording to the nG potential. On the other hand, the lowest-lying Ag140 and Ag141 isomers predited by the TBG potential have deahedral strutures.A previous work[134℄ using a LDA density funtional ode predited iosahedral globalminima for the silver lusters with N = 55, 135, and 140 atoms. Aording to all po-tentials used in this study, the seond Makay iosahedron is most probably the groundstate of Ag55. However, our three lowest-lying isomers of Ag135 obtained with both Guptapotentials have deahedral strutures. Moreover, applying the Abbau algorithm startingfrom our iosahedral Ag140 global minimum, we were able to obtain an iosahedral isomerfor the Ag135 luster size, but it lay around 0.6 eV above our global minimum. Cubo-tahedral f strutures, as onsidered in Ref.[134℄, are not among our three lowest-lyingisomers for the three luster sizes, exept for the seond Ag140 isomer obtained with thetight-binding Gupta potential.Further insight into the luster growth ould be obtained if we onsider how di�erenta luster with N atoms ould be if it is ompared to a N -1-atom one plus one additionalatom, e.g in this way one an follow the strutural hanges ourring at the di�erentluster sizes. These growth patterns ould be seen at Fig. 5.6, where we ompare the globalminima strutures obtained with the nG potential for eah luster size. A more detailedomparison (for nikel and opper lusters) an be found in our previous works[93, 132℄.There are many strutural di�erenes to be seen, whih indiates an irregular growth ofthe silver lusters. Comparing to nikel and opper, where also signi�ant di�erenes wereobserved for the smaller lusters with up to 50 atoms, here there are a few strong peaksfor the larger Ag79, Ag80, Ag97, Ag116, Ag117, and Ag140 lusters. The seond strongestpeak in the �gure, orresponding to Ag39, is due to the transition from the otahedralglobal minimum for the 38-atom luster to an iosahedral ground state, whih is also thease for the f Ag79 and the deahedral Ag80. Although the lusters with N = 115,116, and 117 atoms all have deahedral on�gurations, the last two ones are struturallyvery di�erent, also between themselves. Aording to our results, the luster growth isdeahedral in the size range N = 65 - 139 atoms, with one exeption at the otahedralAg79. Our previous studies on opper and nikel lusters pointed to an iosahedral luster
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Figure 5.5: The similarity funtions for the omparison between the nG and TBG silverlusters. The strutures of the TBG lusters are appropriately saled.
growth, while the gold lusters showed irregular behavior, forming for eah luster sizedi�erent, more ompat strutures. This was also observed at the similarity funtionsfor the di�erent metals - there are signi�ant strutural di�erenes between silver and allother studied systems. Although the main 'magi' numbers and strutures for N = 19,38, 55, 75, and 147 remain the same for the silver lusters, these seem to be the only fewstruturally very similar strutures to the orresponding opper and nikel ones, exeptfor the smallest lusters with N up to 15.
5.3.2 Minimal oordination numbersFinally, another strutural desriptor that an give general information on the lusteron�guration is the so-alled minimal oordination number that is desribed elsewhere[93,132℄. Its lower values, 3 and 4, indiate growth by deposition of atoms on the lustersurfae, while the large values point to insertion of atoms inside of the luster, e.g. thisleads to the formation of more ompat strutures. At Fig. 5.7 are presented the alulatedoordination numbers for the silver lusters obtained with the two Gupta potentials.They are very similar, with few exeptions, for example at luster sizes N = 56 and148 that orrespond to the seond and third Makay iosahedra plus an additional atomon the surfae, with low oordination numbers that are learly visible within the nGpotential, but are absent in the orresponding TB Gupta results. Similar absene wasfound also at the orresponding opper lusters, although the global minima strutureshad the same on�gurations. However, most of the opper lusters had predominantlylarge oordination numbers, with very few lusters with oordination number equal to4. Here, the low-oordinated strutures are signi�antly more, espeially at the smaller
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luster sizes - N = 25, 29, 34, 36, 47, 50, and 62 - 65 for the nG potential in omparisonto the TBG one. On the other hand, the lusters with N = 39 - 41 atoms obtained withthe latter potential have low oordination numbers that are onneted with the formationof Ag38 f-based strutures apped with the extra atoms on the surfae.Conluding this setion, the strutural desriptors used in this work reveal a deahedralluster growth, whih gives us a further insight into the silver luster behavior. An atom-by-atom growth is observed along with preferene of ompat strutures. However, thesilver lusters are struturally not similar to any of the previously studied opper, nikel,or gold systems.
5.4 Comparison to the experimentIn a series of ombined experimental and theoretial studies[108, 135℄ the strutures ofmass seleted silver luster ations were probed by trapped ion eletron di�ration per-formed at temperature of 100K. The experimentally obtained sattering intensity wasompared to results from theoretial alulations using proposed strutures optimizedwith the Turbomole program pakage. For all luster sizes, the experimental data wasbest desribed by strutures ontaining the iosahedral motif, also regarding the Ag38and Ag79 lusters that have always been onsidered to be trunated otahedra by thesemiempirial approahes.In this setion we ompare our results obtained with the nG potential for the lustersizes of N = 19, 38, 55, 59, 75, and 79 atoms to the experimental results for the eletrondi�ration, whih were kindly provided by the authors of Ref.[135℄.The experimental redued moleular sattering intensity sMexp(s) as shown in Ref.[135℄is determined from the following formula:

sM exp(s) = s

[(
Iexp
tot

IatIback

)
− 1

]
, (5.1)where Iat is the atomi sattering ontribution and Iback an unspei� bakground, ap-proximated by a �at funtion of the form:

Iback(s) = Aexp(−αs) +
∑

i

(ais
i) (5.2)

For a homoatomi luster, the theoretial redued moleular sattering funtion sMtheoran be approximated as:
sM theor(s′) =

Sc

N
exp

(
−L2s′2

2

) ∑

i

∑

j 6=i

(
sin(rijs

′)

rij

) (5.3)
where N is the number of atoms in the luster, s is the momentum transfer, and rijthe distane between atoms i and j. The mean square vibrational amplitude L andthe amplitude saling fator Sc are used together with a saling fator for the s sale,ks, where s′ = kss. Usually Eq. 5.3 is �tted to the experimental moleular sattering
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intensity simultaneously with an unspei� bakground intensity approximated usuallyby a �at funtion of a momentum transfer.[135℄ Hene, one does not expet an importantin�uene of the bakground intensity funtion on the �tting proedure. The parameters
L, Sc, and ks are alulated by minimizing the di�erene between sMexp(s) and sMtheor bya χ2 �t. The alulated sattering intensities of our three best-�tting strutures for eahluster size are shown in Fig. 5.8 - Fig. 5.13 together with the experimental data.Most of the semiempirial potentials inluding the many-body Gupta potential preditthe global minimum struture of the neutral Ag19 luster to be a double iosahedronwith D5h symmetry. However, the density funtional study in Ref.[135℄ showed that thisstruture is 0.38 eV higher in energy than a distorted iosahedron apped with six atoms.On the other hand, in our study the di�erene between the �rst and the seond lowest-lying isomers is 0.36 eV. It seems that the DFT alulations ould signi�antly hange theordering of the isomers, as none of the strutures proposed for this luster size in Ref. [135℄exept for the double iosahedron orresponds to any of our low-energy isomers. However,our alulations are onstrained to neutral systems, and the ations ould exhibit di�erentlow-energy strutures, very probably ompat and with lower symmetry, as suggested alsoby these authors. Here, the struture that shows the best �t to the experimental data isthe double iosahedron, followed by the low-symmetrial C2v struture. Our third isomerwith partly otahedral onstrution ould be exluded due to its poor desription of theexperimental results at about 5.2 and 8.5 Å−1.Aording to previous semiempirial studies, the lusters with 38 atoms possess losedeletroni and geometri shell and exhibit partiular stability. Many studies have assigneda trunated otahedral symmetry to the Ag38 luster, however, there have been iosahe-dral and disordered isomers lose in energy with the ground state. Our results show anenergy gap of 0.17 eV between the f global minimum and the next isomer, whih hasiosahedral struture with C5v symmetry. This struture was also onsidered in Ref.[135℄as a suessful andidate, where it was obtained as a ation and had a lower C1 symmetry.This on�guration together with two isomers of higher energy is presented at Fig. 5.9. Theseond and the third strutures were obtained by simultaneous removal of 17 atoms fromthe iosahedral Ag55 luster and optimization of the resulting lusters. All possible stru-tures orrespond to the binomial oe�ients for 55 and 38, whih turned out to be about1 500 000 possible on�gurations. As it was impossible to optimize this number of stru-tures we restrited the searh to 5000 isomers. Surprisingly, the iosahedral luster withlowest energy orresponded to the already mentioned C5v struture that was the seondisomer for this luster size. The next two isomers have slightly higher energies omparingto the Ag38 ubotahedral luster and desribe very well the experimental sattering in-tensities, in agreement with a previous study[108℄, where it was proposed that the groundstate of the Ag38 luster is most probably not a single struture, but rather a mixture oflow-energy iosahedral isomers. In this ase the di�ration experiments enouraged us tosearh for new ways to alulate the isomers.For the next luster sizes, Ag55 and Ag59, our three lowest-lying isomers give a verygood desription of the experimental data. Numerous experimental and theoretial studieshave denoted the iosahedron as the struture most likely lying in the global minimum
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for the �rst luster size. Moreover, this luster is also magi-numbered as seen before,and exhibits partiular stability. Its seond isomer is separated with more than 0.5 eVfrom the ground state and di�ers from the iosahedron only by the rearrangement of oneatom. Here, ubotahedral and deahedral on�gurations an be eliminated as potentialandidates, as aording to the nG potential the deahedral Ag55 luster lies 0.93 eVhigher in energy than the iosahedron and desribes very poorly the experiment, and theubotahedron was found to be unstable with this potential.The global minimum and the next two isomers of the Ag59 luster orrespond to theAg55 iosahedron apped with four additional atoms. As the three strutures are verysimilar, they give also almost the same sattering intensities as seen in Fig. 5.11. Here thesmall strutural di�erenes between the lusters an not be expliitly seen in the resultingsattering intensities, as many strutures having the same growth patterns, but withdi�erent on�gurations, give very similar results. Therefore, it is di�ult unequivoallyto assign a partiular struture to the experimental data. Instead, one an propose apartiular strutural motif, as in the ase of the Ag38 luster, where it has been shownthat the otahedral isomer that is always preferred by the semiempirial studies in fatis most probably not seen in the experiment as an energetially favored struture. Here,unambiguous assignment of the strutures an not be made, however, it is learly seenthat for all onsidered luster sizes iosahedral lusters lie in the global minima, while forthe Ag38 luster most probably several iosahedral isomers lie lose or degenerate withthe global minimum.The global minima strutures for the Ag75 and the Ag79 lusters aording to thesemiempirial potentials orrespond to a Marks deahedron and a trunated otahedron,respetively. The Marks deahedron desribes relatively well the experimental data, show-ing only one shoulder at 4.8 Å−1 and an not be unequivoally exluded as potential low-energy struture. In our study the nG potential predits this struture to be the globalminimum for this luster size, followed by two deahedral isomers with energy separationof 0.36 eV and 0.37 eV from the deahedron, respetively. The same is the situationfor the Ag79 luster where the otahedral minimum lies 0.9 eV below the next two iso-mers that also have otahedral onstrution. It is lear that the iosahedral isomers willhave signi�antly higher energy than the global minima aording to this potential. Asseen in Ref.[135℄, ubotahedral isomers an be ruled out as possible andidates for bothluster sizes. Therefore, after exhaustive searh for iosahedral isomers we were able toobtain on�gurations that indeed desribe signi�antly well the experimental data, butare energetially unfavored omparing to the global minima strutures. Probably ab initioalulations may hange the energetial ordering, but what beomes obvious is that onlyiosahedral strutures are able of proper desription of the experimental �ndings. Withinthe Gupta potential the strutural fators for larger lusters only an lead to prefereneof more ompat strutures with f or deahedral symmetry. Even more important isthat the present alulations were performed for neutral lusters, while the experimentaldi�ration is obtained using positively harged lusters. Reent experimental studies[60℄show that even for the smallest gold lusters the positive or negative harge an lead todi�erent global minima strutures, therefore here it is also to expet signi�ant hanges in
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the energetial ordering of the isomers. Another aspet for speulation why the di�rationexperiments do not see f strutures ould be onneted with the entropy e�ets. In prin-iple, it is possible that the temperature e�ets ould hange the ordering of isomers[177℄,and, respetively, ould make the iosahedral motifs more favorable. All these experimentswere taken at a �nite temperature of 100 KThe most important results are that for all luster sizes iosahedral isomers are loseor lying in the ground state, with possible mixing with deahedral strutures. The bulkotahedral onstrution is not preferred, whih reminds us that these small partiles arenot piees of the large rystal, but unique systems.
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Chapter 6
NiN , CuN and AuN lusters:
2 ≤ N ≤ 60

6.1 IntrodutionEarlier empirial studies on nikel and opper lusters found that both metals have similarglobal-minima strutures and growth properties, while the properties of the gold lustersmay vary from method to method. For example, for CuN and NiN lusters[78, 86, 92, 93,136, 137℄ highly stable strutures are the �rst and seond Makay iosahedra at N = 13and N = 55. A f trunated otahedron was found to be the global minimum for theorresponding Ni38 and Cu38 lusters. However, Kabir et al.[136℄ found a struture withiosahedral geometry to be most likely the global minimum of the Cu38 luster, whihin our study[132℄ is the seond lowest isomer after the otahedron. The gold lustersshow a ompliated growth, possessing disordered lowest-lying or degenerated with theground state isomers[81, 82, 83, 84, 85℄. Results obtained with �rst-priniples alulationspredited a disordered struture[49, 50℄ as the global minimum of the �rst magi-numberedgold luster, Au13, while methods based on empirial many-body potentials denoted theiosahedron as the most stable on�guration[73, 78, 79, 86, 89℄. For the Au38 lusterthe empirial potentials[73, 78, 79, 86, 89℄ as well as the �rst-priniples alulations ofHäkkinen et al.[46℄ denoted the f trunated otahedron to be the most stable struture,while other studies pointed to the formation of either a disordered minimum or amorphouslow-lying isomers[82, 83, 84, 85℄. Reent experiments and alulations[39, 81, 82, 84, 85,86℄ suggest that Au55 possesses a low-symmetrial struture, in ontrast to the resultsobtained with the Murrell-Mottram and Sutton-Chen potentials[78, 79℄. Aordingly, inorder to obtain further insight into the strutures of the not-too-small metal lusters, it ishighly important both to study the in�uene of the potential that has been used and toperform unbiased struture optimizations. With this objetive we have studied lusters ofthree metals, Ni, Cu, and Au, using two di�erent versions of the embedded-atom method,and the many-body Gupta potential in order to study system- and potential-spei� aswell as -independent properties. The results for the gold lusters optimized with theVoter-Chen version of the EAM are taken from Chapter 3.79
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Table 6.1: Parameters[13℄ de�ning the Gupta potential for Ni, Cu, and Au lusters.
Parameter Ni Cu Au
A/eV 0.0376 0.0855 0.2061
p 16.999 10.960 10.229
q 1.189 2.278 4.036r0/Å 2.491 2.556 2.884
ζ/eV 1.070 1.224 1.790

6.2 Binding energiesWe began with alulation of the bond length of the dimers, Ni2, Cu2, and Au2. Ourresults together with EAM, ab initio and experimental values from Ref.[140℄ are shownin Table 6.2.
Table 6.2: The alulated bond length (in Å) of the dimers in omparison with ab initioand experimental values. nG denotes the n-body Gupta potential, while DBF and VCdenote the EAM versions of Daw, Baskes, and Foiles and of Voter and Chen, respetively.System nG/DBF/VC ab initio exp.Ni 2.38/2.13/2.22 2.17 2.20Cu 2.23/2.15/2.23 2.17 2.22Au 2.31/1.81/2.40 2.55 2.47

The bond length of Cu2 alulated with the Gupta potential is equal to the VC valueand shows very good agreement with the experiment, while only the latter potential givesreasonable value for gold dimer. However, the Ni2 bond length obtained with the nGmethod shows the largest deviation from the experimental value, whih suggests thatthe results for the small nikel lusters ould di�er from those obtained with the EAM.From the two version of EAM, the results from the DBF method are very similar tothose obtained with the ab initio methods, exept for Au, where one an see signi�antdi�erenes, whih suggests that the DBF version ould provide proper geometries of Niand Cu lusters even for the smallest luster sizes, but may fail for small Au lusters[90℄.On the other hand, the VC version gives an overall good agreement, whih is due to itsparameterization also to dimer properties.Our further alulations on�rm this statement. On the next �gure(Fig. 6.1) is pre-sented the binding energy per atom for the three metals with the three di�erent potentials.One an see that agreement between the alulated binding energies is very good for op-
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82 CHAPTER 6. NIN , CUN AND AUN CLUSTERS: 2 ≤ N ≤ 60

per, for gold the DBF and espeially the nG-potential overestimate the binding energyof the smaller gold lusters, while for the NiN lusters eah potential predits di�erentvalues. Moreover, while for the other two metals the urves approah eah other at larger
N , for nikel at N = 60 the three potentials give binding energies that still di�er signi�-antly from eah other. The method that gives the best results is again the Voter-Chenpotential.
6.3 Strutural and energetial similaritiesThe di�erenes in the binding energies per atom for the three metals with the threepotentials are presented at Fig. 6.2 to Fig. 6.4 together with the orresponding similarityfuntions. The best agreement is found for the opper lusters, where the di�erenesbetween the binding energies are insigni�ant exept for the smallest lusters. On theother hand, the binding energies also for the larger nikel and gold lusters di�er for eahpotential. Here, the VC potential gives the most reasonable values (see Fig. 6.1) due toits parameterization to the dimer properties. The strutures of the DBF and VC opperlusters are very similar, and signi�ant disagreements are observed only at N = 16, 17,27, 35, 36, and 41, while for the nikel lusters there are more �utuations, although theagreement is nevertheless reasonable. In ontrast to these results, for gold the di�erenesbegin already at N = 12, moreover, the similarity funtion approahes 1 only for fewvalues of N . The many-body Gupta potential appears to predit strutures that are moresimilar to the DBF potential rather than to the VC version.More details about the similarities and di�erenes between the three metals and po-tentials an be obtained through the stability funtion shown in Fig. 6.5. Here, we �ndthat the NiN and CuN lusters have very similar stability funtions, whereas the prop-erties of the orresponding gold lusters are di�erent. The partiularly stable opperlusters within the three potentials have N = 13, 19, 23, 28, 43, 46, 49, and 55 atoms,while only the nG and VC methods denote Cu38 as a magi-sized luster. For nikel, thesame di�erenes at the middle part of the �gure are observed, where, aording to the
nG potential, the Ni26, Ni29, and Ni38 lusters are partiularly stable. Aording to allmethods, the global-minimum on�guration of Ni38 is an otahedron, however, only the
nG potential points to its high stability, whih ould be due to the di�erenes betweenthis method and the EAM family of potentials. Exept for the partiular stability of Ni29within the nG potential, representing the only di�erene between the stability funtionsof the two metals, the opper and nikel lusters possess the same magi-sized lusterswith the same symmetries. The situation is ompletely di�erent for the ase of the goldlusters, where eah potential predits di�erent magi sizes, exept for the �rst Makayiosahedron Au13, where the three potentials are in agreement. The partiularly stablelusters aording to the DBF method have N = 13, 15, 17, 22, 24, 30, 40, and 44 atoms.The Au22 and Au24 lusters obtained with this method have higher symmetries (D6h andC3v, respetively) than the orresponding global minima obtained with the other twomethods. Aording to the DBF potential, many stable lusters have similar or lower
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Figure 6.2: The left olumn shows the di�erenes in the binding energies in eV/atombetween the opper lusters obtained with the di�erent potentials. The right olumnshows the similarity funtion for the omparison between the lowest-lying isomers obtainedwith the same pairs of potentials.



84 CHAPTER 6. NIN , CUN AND AUN CLUSTERS: 2 ≤ N ≤ 60

0.7

0.8

0.9

1.0

0.7

0.8

0.9

1.0

0 15 30 45 60

0.7

0.8

0.9

1.0

0.0

0.4

0.8

1.2

0.0

0.4

0.8

1.2

0 15 30 45 60

0.0

0.4

0.8

1.2

 

  

 

21

25
30

35

42

44

 

 

 S
im

ilarity function

 

17 21
27

29
35

42

51

 

 

 

 

17

25 2729
32

35

51

 

 

 
 

Ebind(DBF) - Ebind(VC) 

 ∆E
bi

nd
 (e

V
/a

to
m

)

 

 

  Ebind(nG) - Ebind(VC)

  

 

Number of atoms

 Ebind(DBF) - Ebind(nG) 

Figure 6.3: The same for the nikel lusters.
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Figure 6.4: The same for the gold lusters.
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symmetries than the orresponding VC and nG lusters. The Au38 and Au55 lusters arenot partiularly stable, while the Au54 iosahedron without a entral atom is a magi-sizedluster aording to the VC method. In agreement with previous studies on gold lusterswith the many-body Gupta potential [81, 82, 84, 85, 86℄, the lowest-lying isomer of Au55found by us is low-symmetrial (see Table 6.5).For better understanding of the peuliarities of the small and larger lusters, onehas to analyze their symmetries, whih for the lowest three isomers with N up to 13atoms are presented in Table 6.3, and the point groups of the lowest-lying strutureswith 14 ≤ N ≤ 60 atoms obtained with the three potentials are presented in Table 6.4and Table 6.5. The Ni6.2, Au6.2, and Au7.3 isomers do not exist within the nG and DBFpotentials.All small lusters found with the three potentials have the same global minima, exeptfor Au12, where the nG potential predits a struture with a D2d symmetry. In agreementwith previous semiempirial and moleular dynamis studies, the global minima for thelusters with 13 atoms orrespond to the seond Makay iosahedron. On the otherhand, Wang et al.[50℄ obtained a disordered struture for the Au13 luster on the basisof �rst-priniples alulations. By using the Generalized Gradient Approximation (GGA)Olviedo and Palmer[49℄ on�rmed this result and found a low symmetrial ground statealso for Cu13. Observing the seond and third isomers, one an determine that the EAMpotentials give similar results, while the nG potential prefers on�gurations with highersymmetry. For the nikel lusters, the nG potential gives 7 di�erenes in the symmetriesompared to the other two potentials, 8 for opper, but only 3 for gold, where in two ofthe three ases there is not agreement also between the two EAM potentials. It seems thatthe Gupta potential works well even for the smallest gold lusters, although it slightlyoverestimates the binding energy, and the di�erenes observed for Cu and Ni ould bedependent on the parameterization of the potential.The results presented in Table 6.4 and Table 6.5 show that the di�erene between theEAM and the nG potentials for opper diminishes at the larger lusters. There are only 7di�erenes between the nG potential and the EAM methods for the opper lusters, 14 forthe nikel, but 30 for the gold ones. The di�erenes between the DBF and the VC versionof the EAM are 6 luster sizes for opper, 9 for nikel, and 24 for gold, whih in turnmeans that for a given gold luster it is hard to �nd two equal symmetries. For opperand nikel, the EAM and the Gupta potentials predit altogether very similar results,while for the gold lusters all methods lead to di�erent strutures, whih one more timeon�rms their ompliated growth.Our results for the opper lusters with the n-Gupta potential are ompletely on-sistent with those by Darby et al.[86℄, while for gold we found lower-lying minima withdi�erent symmetries for the lusters with N = 47, 49, 50, 54, 55, and 56 atoms. Theenergy di�erenes between their and our lowest-lying strutures are as follows: 0.047eV for Au47, 0.066 eV for Au49, 0.053 eV for Au50, 0.025 eV, 0.051 eV, and 0.066 eVfor N = 54, 55, and 56, respetively. Exept for Au55, all other strutures have highsymmetries. Our global minimum struture of Au55 aording to the nG potential is adeahedron apped with one additional atom on one side, and it has a low C1 symme-
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try, similar to the results obtained with the EAM and previous studies on gold lusters[81, 82, 84, 85, 86℄. Moreover, the next two isomers aording to this potential also haveC1 symmetry. The iosahedron and ubotahedron lie above the ground state struture,with energetial di�erenes of 0.304 eV and 0.975 eV, respetively. The global minimumstruture obtained with the VC method (C3v symmetry) lies with 0.374 eV below theomplete seond Makay iosahedron optimized with the same potential, while the latteris pratially unstable within the DBF version.
Table 6.3: Point groups of the lowest three isomers of nikel, opper, and gold lustersfor 6 ≤ N ≤ 13. nG denotes the n-body Gupta potential, DBF and VC denote the EAMversions of Daw, Baskes, and Foiles and of Voter and Chen, respetively.Ni Cu Au

N nG/DBF/VC nG/DBF/VC nG/DBF/VC6.1 Oh/Oh/Oh Oh/Oh/Oh Oh/Oh/Oh6.2 � /C2v/C2v C2v/C2v/C2v C2v/ � /C2v7.1 D5h/D5h/D5h D5h/D5h/D5h D5h/D5h/D5h7.2 C3v/C3v/C3v C3v/C3v/C3v C3v/C2/C3v7.3 C3v/C2/C2 C3v/C2/C3v C2/� /C28.1 D2d/D2d/D2d D2d/D2d/D2d D2d/D2d/D2d8.2 Cs/Cs/Cs Cs/Cs/Cs Cs/Cs/Cs8.3 C2v/D3d/D3d D3d/D3d/D3d D3d/D3d/D3d9.1 C2v/C2v/C2v C2v/C2v/C2v C2v/C2v/C2v9.2 D3h/D3h/D3h D3h/D3h/D3h D3h/D3h/D3h9.3 D3h/C2v/C2v C1/C2v/Cs C2v/C2v/Cs10.1 C3v/C3v/C3v C3v/C3v/C3v C3v/C3v/C3v10.2 D4d/D2h/D2h C2/D2h/D4d D2h/D2h/D4d10.3 C2v/C2/C2 C2v/C2/C2 C2/C2/D3h11.1 C2v/C2v/C2v C2v/C2v/C2v C2v/C2v/C2v11.2 C2v/C2/C2 C2v/C2/C2 C2/C2/C211.3 C2v/C2v/C2v C2/C2v/C2v C2/C2/C212.1 C5v/C5v/C5v C5v/C5v/C5v D2d/C5v/C5v12.2 D3h/C1/C1 D3h/C1/C1 C2/D2/C212.3 Cs/D2d/D2d C1/D3h/D3h Cs/D2d/D3h13.1 Ih/Ih/Ih Ih/Ih/Ih Ih/Ih/Ih13.2 Cs/Cs/Cs Cs/D5h/Cs Cs/Cs/C113.3 Cs/Cs/Cs Cs/Oh/Cs C3v/C1/Cs
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Table 6.4: Point groups of the optimized nikel, opper, and gold lusters for 14 ≤ N ≤
40. Ni Cu Au

N nG/DBF/VC nG/DBF/VC nG/DBF/VC14 C3v/C3v/C3v C3v/C3v/C3v C6v/C2v/C3v15 C2v/C2v/C2v C2v/D6d/D6d C2v/D6d/D6d16 Cs/Cs/Cs Cs/D3h/Cs Cs/D3h/C2v17 C3v/C2/C2 C2/Td/C2 C2v/Td/Td18 C5v/Cs/Cs Cs/Cs/Cs Cs/C2v/C4v19 D5h/D5h/D5h D5h/D5h/D5h Cs/C2v/D5h20 C2v/C2v/C2v C2v/C2v/C2v Cs/Cs/D3d21 C2v/C1/Cs C1/Cs/Cs C6v/Cs/Cs22 Cs/Cs/Cs Cs/D6h/D6h Cs/D6h/C123 D3h/D3h/D3h D3h/D3h/D3h D2/C2/C2v24 Cs/C2v/C2v C2v/D3/D3 Cs/C3v/C225 Cs/C2v/C3 C3/C3/C3 C1/D2/C226 Td/Td/Td Td/Td/Td Cs/D3h/C127 Cs/C2v/C2v C2v/C2v/Cs Cs/Cs/Cs28 T/T/T T/T/T C2/C3/Cs29 D3h/C3/C3 C3/C3/C3 C2/C1/C230 C2v/C2v/Cs Cs/Cs/Cs C3v/C3v/C3v31 Cs/Cs/C3 C3/C3/C3 C2/C3/C332 C2v/D3/D3 D3/D3/D3 C3/C3/D2d33 Cs/C2/C2 C2/C2/C2 Cs/C2/C234 T/Cs/Cs Cs/Cs/Cs C2/C2/Td35 D3/C2v/D3 D3/C2v/D3 Cs/C2v/C2v36 C2v/Cs/Cs Cs/Cs/C1 C2v/C2v/C2v37 C3v/C2/C2 C2/C2/C2 C2v/C1/C2v38 Oh/Oh/Oh Oh/Oh/Oh Oh/C2/Oh39 C5v/C5v/C5 C5v/C5/C5 C4v/D3/D340 Cs/Cs/Cs Cs/Cs/Cs D2/D2/D3
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Table 6.5: Point groups of the optimized nikel, opper, and gold lusters for 41 ≤ N ≤
60. Ni Cu Au

N nG/DBF/VC nG/DBF/VC nG/DBF/VC41 Cs/Cs/C1 Cs/C1/C3 Cs/D2/C142 Cs/Cs/D2 Cs/D2/D2 Cs/C2/D443 Cs/Cs/Cs Cs/Cs/Cs C2v/C1/D244 C1/C1/Cs C1/Cs/Cs C2/C1/Cs45 C1/Cs/Cs Cs/Cs/Cs C1/C1/Cs46 C2v/C2v/C2v C2v/C2v/C2v C3/C1/C347 C1/C1/C1 C1/C1/C1 C2v/C1/C148 Cs/Cs/Cs Cs/Cs/Cs C1/C1/C149 C3v/C3v/C3v C3v/C3v/C3v D5h/C1/C150 Cs/Cs/Cs Cs/Cs/Cs D3h/C1/C151 C2v/C2v/C2v C2v/C2v/C2v Cs/C1/C152 C3v/C3v/C3v C3v/C3v/C3v C2v/C2v/D5d53 C2v/C2v/C2v C2v/C2v/C2v C3v/C3v/C5v54 C5v/C5v/C5v C5v/C5v/C5v C2v/C1/Ih55 Ih/Ih/Ih Ih/Ih/Ih C1/C1/C3v56 C3v/C3v/Cs Cs/Cs/Cs D2h/C2/Cs57 C2v/Cs/Cs Cs/C1/Cs C2v/C1/C158 C3v/C3v/C3v C3v/C3v/C3v C1/C1/C159 C2v/C2v/C3v C1/C1/C1 C2v/C1/Cs60 Cs/Cs/Cs Cs/Cs/Cs C2v/Cs/Cs

6.4 Growth
The distribution of radial distanes for all metals with all potentials is shown at Fig. 6.6.As disussed already at gold and silver lusters, when only few values are found for a given
N , the luster has a high symmetry and ontains only few atomi shells. It is interestingto observe how this property is not onentrated to the single values of N but is builtup over a larger range of N . This is found for all systems and potentials around N = 13and N = 55 where the �rst and seond Makay iosahedra are built, exept for the Au55luster obtained with the VC potential that has an irregular iosahedral struture, andthe iosahedral shell is built only up to the inomplete Au54 iosahedron. At Fig. 6.6we also see that the three potentials lead to very similar results for nikel and opper,whih is not the ase for gold lusters espeially with the DBF and nG potentials, oneagain on�rming that gold is a material for whih small, ritial parts of the potentialmay lead to signi�antly di�erent results. Moreover, we observe that the results for nikel
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Cu (VC) Cu(DBF) Cu(nG)

Ni(VC) Ni(DBF) Ni(nG)

Au(VC) Au(DBF) Au(nG)

Figure 6.6: The radial distribution (in Å) for the energetially lowest isomers. Eahsmall line represents at least one atom with that radial distane.
and opper resemble eah other, whereas those for gold are di�erent, with the resultsfrom the VC potential being loser to those for the nikel and opper lusters than theones obtained with the DBF potential that seems to indiate irregular strutures of lowsymmetry.
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Chapter 7
Moleular Dynamis ode
7.1 MotivationClusters have beome an important objet in the ontemporary nanosiene in onjun-tion with their potential appliations in the omputer industry and the atalysis. In theexperiments, the lusters are not only investigated in the gas phase, but also deposited ondiverse substrates , where the formation of �ne monolayers, or luster islands, respetively,is pursued. Various tehniques of luster deposition have been introdued, from Eletro-hemial Sanning Tunneling Mirosopy to Ionized Cluster Beam Deposition. There is agrowing need of omputer simulations whih an explain the mehanism of luster depo-sition on the surfae, predit if the struture of the nanopartile will be kept unhangedwhen deposited, and on whih kind of substrate this is most likely to happen. Moreover,the theoretial simulations an suggest at what experimental onditions the best resultsan be obtained.The �rst part of this study was onentrated on the global minima optimization ofisolated metal lusters. Further, the optimized strutures were to be deposited on di�erentmetal substrates in order to study the in�uene of the substrate orientation, impat angle,deposition energy, and di�erent luster strutures, stable and unstable, for eah lustersize. The impat luster energies used in this work are in the range of the experimental LowEnergy Cluster Beam Deposition, whih allows us to ompare our results to experimentaldata when suh is available.To simulate theoretially the experimental proess of deposition we need MoleularDynamis (MD) simulations, as they expliitly desribe the moleular system as a funtionof time, and an diretly alulate time-dependent phenomena. In the next two Chaptersthe luster interation is followed from the Low Energy Cluster Beam at the beginningof the experiment, where ollision proesses are studied, up to the deposition and ool-ing onto the surfae, where luster islands are produed. For the proper desription ofthese events the development of a Moleular Dynamis ode beomes essential. Anotheroption to investigate the luster growth on surfae was to extend our Aufbau/Abbau andRandom algorithms in order to generate and optimize lusters onto substrates. However,besides that this tehnique is limited only to studying the luster growth, the maximal93
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number of atoms that an be treated will be signi�antly smaller due to the inreasedomputational demand, espeially when the luster atoms are randomly generated, andmany optimization runs are needed, respetively.As there are typially few thousands of atoms needed in order to model the surfae,we were obliged to use a semiempirial potential for the evaluation of energy and fores.Among all potentials used in the present study, the approah that gave the results withbest agreement to previous theoretial and experimental data, was the EAM potentialas modi�ed by Voter and Chen. We hose to implement the lassial MD equations dueto the large number of atoms that had to be treated. There exist also ab initio MDproedures, suh as the Born-Oppenheimer[141℄ and Car-Parrinello[142℄ algorithms. TheBorn-Oppenheimer MD is limited to small metal lusters ontaining 10-15 atoms, studiedin vauum. As this formalism expliitly solves the Shrödinger equation, it has the samelimitations as the modern density funtionals. The Car-Parrinello program to our bestknowledge is used mainly for the simulation of organi moleules. The proper study ofgold lusters demands the use of relativisti e�etive ore potentials whih would makethe ab initio MD simulation of larger systems ontaining these atoms omputationallyinfeasible.In this Chapter, we will ontinue by giving a short overview of the basi priniplesof the lassial Moleular Dynamis. The equations of motion and the Veloity Verletalgorithm used for their solution here are introdued in Setions 7.2 and 7.3, respetively.The developed MD program is desribed in Setion 7.4, along with the introdution ofdi�erent routines in the ode. Finally, in Setion 7.5 the results from some test alulationsare disussed.
Classial Moleular Dynamis Based on moleular mehanis, it addresses numerialsolutions of Newton's equations of motion i.e. Hamiltonian mehanis on an atomistior similar model of a moleular system to obtain information about its equilibrium anddynami properties. The main justi�ation of the MD method is that statistial ensembleaverages are equal to time averages of the system. In moleular dynamis, the foresbetween moleules are alulated expliitly and the motion of the moleules is omputedwith a suitable numerial integration method. The starting onditions are the positionsof the atoms (taken for example, from a known rystal struture) and their veloities(generated from random numbers and saled to the desired temperature). FollowingNewton's presription, from the initial positions, veloities and fores, it is possible toalulate the positions and veloities of the atoms at a small time interval (a time step)later. From the new positions the fores are realulated and another step in time made.The yle has to be repeated many times in the ourse of a full simulation, usually formany thousands of time steps. It is worth noting that a single time step is usually of theorder of 1 femtoseond.Calulation of the atomi fores in a moleular dynamis simulation is usually themost expensive operation. It is normally assumed that the fores between atoms arepair fores; that is, they at exlusively between pairs of atoms. Higher order fores,involving three - or four body terms are also sometimes onsidered - espeially in omplex
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Figure 7.1: A generalized sheme of a MD simulation.

moleular strutures. If there are N atoms in the system, there will be at most N(N−1)/2unique atom pairs, eah with an assoiated fore to ompute. The time it takes toperform a moleular dynamis simulation is thus (approximately) proportional to N2.Usually however, a ut-o� is applied at a ertain interatomi separation, beyond whihit is assumed the fore is zero. This allows more e�ieny in omputing the fores, sineall atom pairs need no longer be onsidered. Design of a moleular dynamis simulationshould aount for the available omputational power. Simulation size (N = number ofpartiles), time step and total time duration must be seleted so that the alulation an�nish within a reasonable time period. However, the simulations should be long enoughto be relevant to the time sales of the natural proesses being studied. Most sienti�publiations about the dynamis of proteins and DNA use data from simulations spanningfrom nanoseonds (10−9 s) to miroseonds (10−6 s). To obtain these simulations, severalCPU-days to CPU-years are needed. Parallel algorithms allow the load to be distributedamong CPUs.
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7.2 Equations of motionThe most fundamental form to present the equations of motion is that by Lagrange:

d

dt
(∂L/∂q̇k) − (∂L/∂qk) = 0 (7.1)where the Lagrangian funtion L(q,q̇) is de�ned in terms of kineti and potential energies:

L = K − V (7.2)and is onsidered to be a funtion of the generalized oordinates qk and their time deriva-tives q̇k. The kineti and potential energies have the following forms:
K =

N∑

i=1

∑

α

p2
iα/2mi (7.3)

wheremi is the moleular mass, and the index α runs over the di�erent (x,y,z) omponentsof the momentum of moleule i. The potential energy V may be divided into termsdepending on the oordinates of individual atoms, pairs, triplets, et.:
V =

∑

i

v1(ri) +
∑

i

∑

j>i

v2(ri, rj) +
∑

i

∑

j>i

∑

k>j>i

v3(ri, rj, rk) + .... (7.4)
The ∑

i

∑
j>i notation indiates a summation over all distint pairs i and j without ount-ing any pair twie. The �rst term, v1(ri), represents the e�et of an external �eld on thesystem. The remaining terms represent partile interations. The seond term, v2, thepair potential, is the most important. The pair potential depends only on the magni-tude of the pair separation rij = |ri - rj|, so it may be written v2(rij). Despite the sizeof three-body terms in the potential, they are only rarely inluded in omputer simula-tions, beause the alulation of any quantity involving a sum over triplets of moleules isvery time-onsuming. Fortunately, the pairwise approximation gives a remarkably gooddesription of the properties beause the average three-body e�ets an be partially in-luded by de�ning an e�etive pair potential in the form:

V ≈
∑

i

v1(ri) +
∑

i

∑

j>i

veff
2 (rij) (7.5)

If we onsider a system of atoms, with Cartesian oordinates ri and the usual de�nitionsof K and V, then eqn (7.1) beomes
mir̈i = fi (7.6)where mi is the mass of atom i and

fi = ∇ri
L = −∇ri

V (7.7)
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is the fore on that atom. These equations apply also to the enter of mass motion of amoleule. The generalized momentum pk onjugate to qk is de�ned as

pk = ∂L/∂q̇k. (7.8)The momenta feature in the Hamiltonian form of the equations of motion
q̇k = ∂H/∂pk (7.9)
ṗk = −∂H/∂qk. (7.10)The Hamiltonian is stritly de�ned by the equation

H(p, q) =
∑

k

q̇kpk − L(q, q̇) (7.11)
where it is assumed that we an write q̇k on the right as some funtion of the momenta
p. For our immediate purposes this redues to

H(q, p) = K(p) + V(q) (7.12)and H is automatially equal to the energy. For Cartesian oordinates, Hamilton's equa-tions beome
ṙi = pi/mi (7.13)

ṗi = −∇ri
V = fi (7.14)Computing enter of mass trajetories involves solving either a system of 3N seond-order di�erential equations, eqn (7.6), or an equivalent set of 6N �rst-order di�erentialequations, eqns (7.13) and (7.14).

7.3 The Veloity Verlet algorithmPerhaps the most widely used method of integrating the equations of motion is thatinitially adopted by Verlet in 1967. This method is a diret solution of the seond-orderNewtonian equations (7.6). The method is based on positions r(t), aelerations a(t), andthe positions r(t-δt) from the previous step. The equation for advaning the positionsreads as follows:
r(t+ δt) = 2r(t) − r(t− δt) + δt2a(t) (7.15)Here, the veloities do not appear. They have been eliminated by addition of the equationsobtained by Taylor expansion about r(t):
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r(t+ δt) = r(t) + δtv(t) + (1/2)δt2a(t) + ... (7.16)
r(t− δt) = r(t) − δtv(t) + (1/2)δt2a(t) − ... (7.17)The veloities are not needed to ompute the trajetories, but they are useful for esti-mating the kineti energy (and hene the total energy). They may be obtained from theformula:

v(t) =
r(t+ δt) − r(t− δt)

2δt
(7.18)A method whih stores positions, veloities and aelerations all at the same time t, isthe Veloity Verlet algorithm used in the present work. This algorithm takes the form

r(t+ δt) = r(t) + δtv(t) +
1

2
δt2a(t) (7.19)

v(t+ δt) = v(t) +
1

2
δt[a(t) + a(t+ δt)] (7.20)Again, the Verlet algorithm may be reovered by eliminating the veloities. The VeloityVerlet algorithm involves two stages, with a fore evaluation in between. Firstly, the newpositions at time t+ δt are alulated using eqn(7.19), and the veloities at mid-step areomputed using

v(t+
1

2
δt) = v(t) +

1

2
δta(t) (7.21)The fores and aelerations at time t + δt are then omputed, and the veloity moveompleted.

v(t+ δt) = v(t+
1

2
δt) +

1

2
δta(t+ δt) (7.22)At this point, the kineti energy at time t+ δt is available. The potential energy at thistime will have been evaluated in the fore loop. The method uses 9N words of storage, andits numerial stability, onveniene, and simpliity make it perhaps the most attrativeproposed to date. Alternative method of numerial integration are the preditor-orretoralgorithms. Aording to this formalism, the positions, veloities, and aelerations ofthe atoms are predited using their urrent values, then the fores and the orrespondingaelerations are evaluated from the new positions, all old variables are orreted usingthe new aelerations, and this is repeated about 4-5 times depending on the order of thealgorithm until the quantities onverge to an aurate solution. However, the numerousiterations make these algorithms slow and memory-onsuming, while the Veloity Verletmethod is fast and allows the use of a long time step, whih is not the ase for thepreditor-orretor tehniques.
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7.4 The developed MD programFigure 7.2 shows a simpli�ed �ow hart of our newly developed Moleular Dynamisalgorithm. The following subsetions are referring to the haraterizations of the proessesin the diagram. The important routines will be desribed in extra setions afterwards.
Start By starting the program the input parameters are read, suh as number of atomsin the studied systems, simulation time and time step, and also the impat angle betweenthe strutures. One option determines if the initial on�gurations will be optimized. Asin our studies, desribed in the next two Chapters, we have used strutures previouslyoptimized with the EAM approah, this option is normally swithed o�.
Bakup Maintenane of bakup data in long-time simulations is an absolute must. Forexample, typial MD simulation of lusters requires 30000-50000 time steps, whih on aPentium III omputer take between 80 and 100 omputer hours depending on the size ofthe systems. Therefore, in order to use exhaustively the omputer time without unde-sirable restart of the simulation from the beginning, our program generates bakup �lesthat ontain important information about the luster oordinates, veloities, oordinatesof the enter of masses, time step and number of snapshots. Storage of the aelerationsis not needed as they an be easily reomputed from the fores, whih are reovered fromthe oordinates. The movement of the enter of masses is important for the evaluationof the internal temperature of the luster, whih in this work is de�ned as relying on thedi�erene between the kineti energy emerging from the luster movement and that of itsenter of masses. This di�erene in turn eliminates the ontribution to the energy arisingfrom the translational and rotational degrees of freedom. As a result of that, we obtainthe kineti energy and the orresponding temperature de�ned only by the vibrationalmotion of the partiles. As the MD simulations involve expliit movement of the systems,the trajetories of the interating partiles are saved periodially in order to follow theevolution of the systems in time. Normally, it is enough to take snapshots every 5-10steps, and even in greater intervals for the larger systems. In the present program, amathematial funtion de�nes how often to save the trajetories:

if(mod(itime, nprint).eq.0) (7.23)where itime is the urrent step number, and nprint is the total number of simulationsteps divided by a rough value of the desired snapshots. For example, if the total numberof steps equals 20000, and the desired number of snapshots is given to be 2000, the �nalnumber of snapshots aording to themod funtion will be about 1650, whih orrespondsto a trajetory bakup every 12 steps. This is a suitable step also regarding the size of thetrajetory �le, whih for 2000 atoms and 1650 snapshots will be about 150MB large at theend of the simulation. In this way, a "movie" from the partile movements an be reatedby using ommon ommerial programs like Molden. When the program is exeuted forthe �rst time, the values in the �rst restart �le are all equal to zero. This means that no
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Figure 7.2: A sheme of the developed MD program.
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bakup is reated and it moves to the next step, where the input oordinates are read. Ifthere is a bakup, after reading it, the program ontinues from where it had stopped.
Read input The input is read from a single �le ontaining the oordinates of the twointerating systems. The program an be extended so as to treat interations betweenmore systems. However, for our purposes (luster depositions on surfaes and luster-luster ollisions) it was enough to work with two systems. Immediately after readingthe oordinates, the program generates an initial graphis �le (pdb) ontaining the inputdata that an be easily visualized with ommon programs, whih is very useful in orderto eliminate possible mistakes in the input oordinates.
Optimization If the initial strutures are not relaxed, or just randomly generated in abox, there is an option to optimize them using the Steepest desent algorithm that relaxesthe struture to the next energy minimum. However, we use as input data strutures fromour previous alulations, whih most likely lie in the global minima for these luster sizes,so this option is swithed o� by default.
Assign veloities Here, the lusters' enter of masses are alulated, and initial velo-ities are applied along the (x,y,z) diretions. The movement is hosen to be along thediretion linking the two partiles' enter of masses. There is also an option for the par-tiles to impat with eah other under a de�ned angle. When a typial luster depositionon a surfae is studied, initial veloity is assigned only to the luster, perpendiular to thex-y plane de�ned by the surfae atoms. The luster an also hit the surfae in a hosenangle, so as to smear on it [143℄. Here, the initial kineti temperature of the system isevaluated as follows:

mυ2

2
=

3

2
NkBT (7.24)where N is the number of atoms, kB is the Boltzmann onstant in eV/K, and T is theabsolute temperature. In this formula, all degrees of freedom are aounted for.

Move atoms The most important part of the simulation begins with the movementof the atoms aording to the Newton law. This is the omputationally most expensivepart of the simulation, therefore it is worth mentioning that the fores are evaluated onlytwie in a step. Finally, the distane between the partiles' enters of masses is evaluated.Its values give important information on the degree of penetration of the luster in thesubstrate.
Annealing At the end of the simulation event, a ertain number of steps is dediatedto the simulated annealing of the system. Simulated annealing is an essential part ofthe MD simulation, in whih the temperature is gradually redued, often after an initialheating. This gives the system an opportunity to surmount energeti barriers, and �nd



102 CHAPTER 7. MOLECULAR DYNAMICS CODE
non-loal minima. As our program uses an NVE ensemble, e.g. the total energy, thenumber of atoms and the volume of the system remain onstant, we have to ool downthe strutures at the end of the simulation, while sine the beginning of the event thepotential energy of the system dereases as a result of the interation between the partiles.As the total energy is kept onstant, this leads to an inrease in the kineti energies of theluster atoms, thus, in order to obtain reasonable �nal strutures, we perform a simulatedannealing onsisting of a gradual veloity saling at eah MD step. After experimentingwith di�erent tehniques we deided to sale the veloities by a fator equal to 0.98.As the results shown in Chapter 9 will on�rm, a thermal equilibrium in the systemis reahed in about 20ps simulation time, and in most of our alulations the simulatedannealing begins after 40ps, when the values of the kineti and potential energies �utuateinsigni�antly.
Write bakup After a suessful MD step is made, it is important to save the progressfor the oordinates, veloities, and temperatures. At the end of eah step, the bakup�les for the oordinates and veloities are aessed and overwritten. Unfortunately, wean not keep reord for all quantities beause of spae limitations. The kineti, potentialenergies, as well as the instantaneous and internal temperatures of the systems are savedat eah step. After the simulation event, the total energy is alulated, and its �utuationswithin the miroanonial ensemble divided by the total number of atoms resulted to beof magnitude of 10−7, whih is a signi�ant improvement ompared to other results in theliterature, where this �utuation was mentioned to be of order of 10−5.
Fine optimization Sometimes it is useful to optimize loally the annealed struture inorder to obtain more aurate total energy, for example when two large strutures havevery similar energies and it is not possible to prove visually that they are idential, suhloal optimization an be very helpful. It is performed again using the Steepest Desenttehnique. It is important to mention that this loal optimization will not signi�antlyhange the luster on�guration, e.g. it will not �nd a lower-energy isomer, whih isnot the ase of the global optimization methods. In order to keep the results from thesimulation exatly as they are, normally we do not use this proedure, whih an beswithed on whenever it is needed.
End At the end of the simulation the �nal geometries of the strutures are plottedin "xyz" and "pdb" format. A suitable hek if the system has reahed an equilibriumare the last values of the fores, whih an be ompared to the initial ones, saved in aseparate �le. After the simulated annealing they are normally of magnitude 10−3 - 10−4,however, if the strutures are onseutively optimized the fores an be of order 10−6 -10−8 depending on what gradient value we hoose as a onvergene riterion.



7.4. THE DEVELOPED MD PROGRAM 103
7.4.1 The Update routineThis routine moves the atoms using the Veloity Verlet algorithm. Here, a part of it ispresented:
all fore(n1,nomp,0)
do 100 i=1,nompdo 101 j=1,3fold(j,i)=fomp(j,i)romp(j,i)=romp(j,i)+vomp(j,i)*deltat++0.5d0*(fold(j,i)/(amu*zmas))*deltat*deltat101 ontinue100 ontinue
all fore(n1,nomp,0)
avx=0.d0avy=0.d0avz=0.d0do 200 i=1,nompvomp(1,i)=vomp(1,i)+0.5d0*((fold(1,i)++fomp(1,i))/(amu*zmas))*deltatvomp(2,i)=vomp(2,i)+0.5d0*((fold(2,i)++fomp(2,i))/(amu*zmas))*deltatvomp(3,i)=vomp(3,i)+0.5d0*((fold(3,i)++fomp(3,i))/(amu*zmas))*deltatavx=avx+vomp(1,i)avy=avy+vomp(2,i)avz=avz+vomp(3,i)200 ontinue
avx=avx/�oat(nomp)avy=avy/�oat(nomp)avz=avz/�oat(nomp)
do 221 i=1,nompvomp(1,i)=vomp(1,i)-avxvomp(2,i)=vomp(2,i)-avyvomp(3,i)=vomp(3,i)-avz221 ontinue
The �rst step is to evaluate the fores (fold) before the atom movement. Simultaneously,



104 CHAPTER 7. MOLECULAR DYNAMICS CODE
the atom positions are updated using these fores, atomi masses and time step. Thenthe fore subroutine is alled for a seond time, and the new veloities are alulated. Asmall routine whih removes the angular momenta is inserted in the algorithm. Here, theveloities and the positions of the atoms in the whole interating system orrespondingto the value of ncomp are evaluated simultaneously.
7.4.2 Potential energy and foresThe subroutine for the potential energy onsists of three parts whih orrespond to thepotential energy of the two isolated partiles, and that of the whole system. In the Voter-Chen EAM potential, a spherial uto� radius for the potential is used, whih for opperorresponds to about 4.96 Å. This makes the potential short ranged, in omparison toother semiempirial potentials like Gupta, or Sutton-Chen. However, the advantage ofthis uto� is that the important interations are inluded, and the most weak interationsare omitted. This makes the evaluation of the potential energy signi�antly faster inomparison to other potentials.The EAM potential is in form of alulated values for the embedding energy, repulsivepotential, and density, plotted as funtion of the distane, e.g, they are not derived ana-lytially. As the luster interatomi distanes most likely do not orrespond to partiularpoints in the grid, but very probably lie between them, to ensure that the potential be-tween these points remains ontinuous, the potential energy is evaluated by using a splineon eah of the quantities.Similarly, the alulation of fores involves the evaluation of the gradient for eah atom.Here, besides the spline used for the omponents of the potential energy, additional splineensuring that the �rst derivatives of the energy are ontinuous, is introdued. Again, thefores ating in the two partiles are separately omputed, as well as those in the wholesystem.The individual omputation of energy and fores gives a lear overview of the dy-namial proesses ourring in the simulation. As the kineti energy is alulated in thesame way, one an distinguish the kineti and potential energies of the both systems. Inthis way the exhange from kineti into potential energy an be followed, and we andetermine how and whih one of the two partiles absorbs it.
7.5 Test systemIn order to test the developed MD program on our systems of interest, we simulated thedeposition of an otahedral Cu38 luster onto a Cu(111) surfae onsisting of seven layerswith eah layer ontaining 267 atoms. The substrate was previously relaxed with theVoter-Chen potential. As seen in Fig. 7.3, the edges of the substrate are not symmetri,whih is due to the struture optimization, and not to the MD simulation. The impatenergy was hosen to be zero eletron volt, and the total simulation time 40ps withinluded 10ps simulated annealing. Periodi boundary onditions were applied in the x-y



7.5. TEST SYSTEM 105
diretions. We wanted to determine the optimal width of the substrate, whih after testsimulations with surfae onsisting of 9, 8, 7, and 6 atomi layers, respetively, turned outto remain unhanged redued up to 6 layers. This result is also supported by the shortrange interations de�ned in the used potential. In our further simulations desribed inChapter 9, even at high impat energies suh as 0.9 eV/atom the bottom layers of thesubstrate remain unhanged. After reduing the number of layers to 7, we ompared theresults obtained by "freezing" of the bottom layer atoms to other without restritions.The results were pratially the same, therefore for the �nal omputations we deided notto anneal the bottom substrate layer.At Fig. 7.3 are shown the strutures of the interating partiles at the beginningand at the end of the simulation. For the 40ps simulation time the Cu38 on�gurationremains very ompat. As it will be shown in Chapter 9, where the time is extended upto 50ps, during this larger period the luster rearranges few of its side atoms, whih doesnot happen here. The simulation was repeated with impat energies of 0.1, 0.3, and 0.5eV/atom.The potential energies of both luster and substrate derease smoothly exept for theareas marked with red irles, where the potential energy of the substrate atoms dereasessigni�antly as a result of the attration to the luster atoms, while the luster inreases itspotential energy due to the energetial barriers whih have to be surmounted in order tobreak the existing bonds in the luster and establish new ones with the substrate surfae.This proess is ompensated by an inrease in the kineti energy of both systems as seenat the middle right panel of Fig. 7.3. The potential and kineti energies hange mirror-like whih is expeted to happen in a onstant-energy simulation. This ensures the goodonservation of the total energy, as seen at the bottom right panel, where the �utuationsin the total energy are of magnitude 10−7 and are alulated as the di�erene betweenthe instantaneous total energy and its initial value divided by the number of atoms of thesystem. This obtained result is very good not only omparing to previous studies, butalso taking into aount the larger time step of 2fs and the numerial evaluation of energyand fores within the EAM potential.



106 CHAPTER 7. MOLECULAR DYNAMICS CODE

-115

-114

-113

-112

-111

-110

0 5 10 15 20 25 30

-6232

-6231

-6230

-6229

-6228

-6

-4

-2

0

2

4

6

0 5 10 15 20 25 30
-8

-6

-4

-2

0

 

 

Po
te

nt
ia

l e
ne

rg
y 

(e
V)

 

 

Po
te

nt
ia

l e
ne

rg
y 

 (e
V)

Time (ps)

 

 

 

∆E
 (e

V)

 
 

(∆
E to

t/N
)*
10

8  (e
V/

at
om

)

Time (ps)

Figure 7.3: The initial and �nal struture of the deposited Cu38 luster and the evolutionof the potential energies of the Cu38 luster and the Cu(111) substrate (middle and bottomleft panels). On the right panels are shown the hanges in the potential (blue line) andkineti (red line) energy of the whole system and the �utuations in the total energymultiplied by fator 108.



Chapter 8
Collision proesses
8.1 IntrodutionCollisions proesses are an important ingredient in nulear and luster physis.[144, 145℄For instane, luster-luster ollisions provide an important possibility to study forma-tion of marosopi aggregates and luster moleules, ollision-indued dissoiations, andvibrational energy transfer between two lusters (see, e.g., [146℄).From a theoretial point of view, it is most onvenient to study suh proesses by meansof moleular-dynamis simulations, whereby the trajetories, rotations, and dissoiationbehavior of the partiles an be thoroughly studied. Then, there are two approahes,i.e., the adiabati luster ollisions where the reation hannels involve only vibrationaland rotational exitations and the nonadiabati ollisions where also eletroni e�ets areinluded.[153℄ Muh interest is paid to the adiabati ollisions, where larger lusters anbe studied for a longer simulation time by ombining lassial moleular dynamis with(semi-)empirial potentials, whereas nonadiabati simulations like the quantum moleulardynamis (QMD)[154, 155℄ employing di�erent density funtionals, are limited to shortersimulation times and smaller systems.Experimentally, small opper partiles, CuN , have proven to have an unusual eletro-hemial stability,[156℄ whih makes them attrative andidates for eletroatalysts. Inorder to larify whih luster sizes are partiularly stable, Krükeberg and oworkers[157℄studied the deay pathways and dissoiation energies of small singly and doubly hargedopper lusters by employing the multiple-ollision indued dissoiation method. Forsingly harged lusters, an odd-even osillation in the dissoiation energy was observed,with partiularly large values for N = 3, 9, 15, and 21 luster sizes, suggesting eletronishell losures for N = 2, 8, 14, and 20.On the other hand, theoretial studies of ollision proesses between opper lustershave so far not been presented whereas more studies on sodium lusters have been re-ported. Thus, ollision proesses between magi sodium lusters with N = 2, 8, 20, and40 atoms were studied by Shmitt and oworkers[150℄ using a two-enter jellium modelfor the ioni ores. The energeti stability of luster moleules (i.e., NaN1

NaN2
moleulesresulting from NaN1

+NaN2
ollision proesses and ontaining the largely unhanged initial107
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N = 6 N = 7 N = 9 N = 10 N = 13

N = 14 N = 19 N = 23 N = 26 N = 57

Figure 8.1: The initial strutures of the opper lusters studied in the ollision proesses.
entities), as well as the main reation hannels of the luster-luster ollisions were studiedtheoretially by Seifert, Shmidt, and Lutz[147, 148℄ by using MD alulations ombinedwith a density-funtional formalism within the loal-density approximation (LDA). A-ording to this study, the Na9Na9 moleule formed in ollisions between two Na9 lustershas binding energies lose to that of the magi Na18 lusters, while the Na8Na8 moleulewas unstable. A study onerning the thermodynamial stability of luster dimers[152℄on�rmed that the latter luster moleule was not a stable struture exept when theprodut happened to get the struture of the stable Na16 luster. This was found also byHäkkinen and Manninen[151℄ using ab initio moleular dynamis. This issue was furtherinvestigated by Zhang et al.[149℄ using a tight-binding approximation, where, in addition,the possibilities of formation of the Na19Na19 and Na20Na20 luster dimers were studied.The purpose of the present work is to study ollision proesses between two Cu lusterswith N1 and N2 atoms for low impat energies. Speial emphasis is put on the harater-ization of the produts as a funtion of impat energy and size of the olliding lusters.In partiular, we shall explore whether the produt resembles either the initial lusters,CuN1

and CuN2
, or the most stable larger CuN1+N2

luster. In the former ase, one mayonsider the produt as being a luster moleule, whereas the latter ase orresponds to afusion proess. A study with a similar aim was reently presented by Rogan et al.[73℄ whoinvestigated ollision proesses between small gold lusters using a parameterized poten-tial for the inter-atomi interations similar to the one we shall use, i.e., the Voter andChen[7, 9℄ version of the embedded-atom method.[1℄ Rogan et al.[73℄ varied the ollisionenergy and the impat parameter in order to over the omplete fusion, sattering, andfragmentation regimes. Here, however, we are interested in fusion proesses in the lowollision-energy range.
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8.2 Dimer FormationIn the simulation of the reation paths we use lassial onstant-energy moleular dynam-is in order to investigate larger strutures over longer simulation time. The Newtonianequations of motion are integrated by using the Veloity Verlet algorithm with time stepsof 1 × 10−15 s. The integration time in most of the simulations was 35 ps, while for thelarger lusters some of the alulations were extended up to 50 ps. In order to identifythe produts of the ollision proesses, the simulations inlude a �nal simulated-annealingperiod of 5 ps.We simulated the ollision events between various (non)magi opper lusters atenter-of-masses inident energies of E = 0.0, 0.038, 0.1, 0.3, and 0.5 eV/atom, andhose in all simulations the impat parameter b = 0, as our study is onerned entirelywith possible fusion proesses between the lusters. In most ases the initial orientationof the lusters ontained parallel prinipal axes of inertia, although also some additionalalulations with di�erent relative orientations were performed.In all ases, we �nd that the total energy of the �nal produt of the CuN1

+CuN2ollision proess is very lose to that of the global-minimum struture of the CuN1+N2luster. This is illustrated in Fig. 8.2. It is seen that there is an overall tendeny for thetotal energy of the �nal produt to derease as a funtion of inreasing impat energy,although smaller deviations our. An interesting exeption is that of (N1, N2) = (6, 7),whih is the lowest urve in the �gure. In this ase, the relative total energy shows thelargest deviations from that of the globally optimized struture with N = 13 atoms, inpartiular for an impat energy around 0.3 eV/atom. A possible reason is that the Cu13luster is partiularly stable, having the iosahedral symmetry, and that this strutureorresponds to a global total-energy minimum with a narrow basin, i.e., even smallerdeviations from this struture will lead to strutures of other loal total-energy minima.In that ase, it is quite unlikely that the strutures that result from a ollision proesswill relax to the iosahedron. On the other hand, the overall derease in the relative totalenergy an be explained through the total-energy hypersurfae that has an essentiallyexponentially growing number of loal minima with luster size so that it beomes verylikely that the produt luster gets trapped in not the global, but in an energetiallyhigher-lying loal total-energy minimum.It turned out that longer simulation times in some ases lead to lower total energiesof the produts, i.e., to di�erent strutures. This �nding may be due to the fat thatsystems at a non-zero temperature have the possibility to overome energy barriers be-tween di�erent loal total-energy minima, and it implies that in experiment slow and fastooling rates may lead to di�erent produts.For an impat energy of 0.0 eV/atom the simulations for whih the main axes ofthe olliding lusters were aligned, led to the following produt strutures. The �nalstruture for N1 = N2 = 6 ollision onstituted of two otahedra with a ommon sideand two additional atoms lying next to eah other on one of the sides. Therefore, itan be onsidered as a `double otahedron' bridged by two atoms. The N1 = N2 = 13system has a symmetrial, oblate shape suggesting the formation of a dimer. This luster
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Figure 8.2: Various properties quantifying the end produt of the CuN1
+CuN2

ollisionproess ompared to the luster with N = N1 +N2 atoms. The top panel shows the totalenergy of the �nal produt relative to that of the CuN luster, whereas the middle panelshows the maximal internal temperature of some of the reating lusters. Here, the labelson the right show N1/N or N2/N . In the lowest panel the similarity funtion quantifyingwhether the struture of the �nal produt of the ollision resembles the struture of theglobal total-energy minimum for the CuN luster. The labels show N . In eah panel, thesolid urves represent the results for N ≤ 28 and the dashed urves those for N ≥ 38.



8.2. DIMER FORMATION 111

Figure 8.3: The produt of a CuN1
+ CuN2

ollision proess for zero impat energy.From left to right: (N1, N2) equals (6,6), (13,13), (14,14), and (19,19).
possesses the D3d symmetry, in ontrast to the C1 low-symmetrial N1 = N2 = 6 and
N1 = N2 = 19 ases. On the other hand, the N1 = N2 = 14 system (with D2 symmetry)ontains elements of tetrahedral symmetry and an be onsidered a fusion produt. Thesefour systems are shown in Fig. 8.3.Repeating the simulation for the N1 = N2 = 6 luster, but for other relative spatialorientations, the struture of the global total-energy minimum for Cu12 was found atimpat energies of 0.038 eV/atom and higher. The formation of a dimer moleule was notobserved in any of the simulations for this luster size. On the other hand, for the Cu13 +Cu13 interation at an impat energy of 0.0 eV and with aligned main axes a stable lusterdimer was formed for around 2.45 ps simulation time, at whih time a �nal rearrangementled to the highly symmetrial produt Cu26. For the Cu19+Cu19 and Cu14+Cu14 systemsshort-living dimers were observed for the �rst 1.75 ps, and 1.4 ps of the simulations,respetively.In Fig. 8.4 we show the Cu13Cu13 dimer strutures at di�erent stages of the simu-lation. After rotating one of the Cu13 olliding lusters by a 90◦ angle around an axisperpendiular to the ollision diretion and repeating the ollision, a dimer formation wasnot observed even at the beginning of the event, but the lusters rapidly fused resultingin a low-symmetry produt. The same behavior was observed for the simulations leadingto the Cu28 and Cu38 produts. Therefore, the formation of dimers seems to be stronglydependent on the initial luster orientation.Calulations for olliding lusters with 4, 7, and 10 atoms all led to dimer formationsat di�erent stages of the simulations. For Cu7Cu7, the dimer existed between 0.7 ps and2.1 ps, the Cu10Cu10 moleule lived for 1.2 ps, and, �nally, the Cu4Cu4 dimer turned outto be highly stable, having a lifetime of 8.4 ps. At the end of the simulations the Cu4Cu4system had reahed the geometry of the global total-energy minimum for N = 8 whereasthe Cu14 and Cu20 lusters had low-symmetry strutures, orresponding to higher-lyingisomers for those luster sizes. The fat that the number of loal total-energy minimagrows essentially exponentially with the size of the system is most likely the explanationfor why the ollisions for the larger systems do not result in the strutures of the globaltotal-energy minima.
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t = 1225fs (side and top view)

t = 2450fs (side and top view)

Figure 8.4: The formation of a Cu13Cu13 dimer.
In order to hek the in�uene of the relative orientation of the lusters, we performedalulations on the same set of lusters but with other initial orientations of the ollidingpartiles. The results did not indiate any dimer formation, again implying that theoutome of the ollision proesses depends very sensitively on all details of the proess.

8.3 Internal temperatureOne interesting issue in onnetion with the behavior of the olliding lusters is the vari-ation of the internal temperatures of eah luster during the ollision proess. We de�nethese as follows. For eah of the two lusters we determine its enter of mass,
~R0,j =

1

Nj

Nj∑

i=1

~Ri,j, (8.1)
where ~Ri,j is the position of the ith atom of the jth luster and Nj is the number of atomsin the jth luster. Subsequently, the internal temperature of the jth luster, Tj, is de�nedas

3

2
NjkTj =

1

2
m

Nj∑

j=1

[
| ~̇Ri,j |

2 − | ~̇R0,j|
2

] (8.2)
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where m is the mass of a Cu atom and the dots represent time derivatives.The highest internal temperatures that are reahed in a ollision proess are shown inthe middle panel in Fig. 8.2, where eah urve orresponds to the value for one of the twoolliding lusters. The results show a lear di�erene between the smaller lusters with upto 9 atoms and the larger ones. For three of the four ases inluding smaller lusters, thetemperature possesses minima at 0.038 eV/atom impat energy, whih, omparing to thezero impat energy, an be explained with the lower mobility of the luster enter of massesof the latter, leading to a higher internal temperature. Moreover, exept for the ase ofenergy of 0.0 eV/atom for the smallest strutures, the relation between impat energyand temperature is almost linear for all lusters. However, again the ase of N = 13 andan impat energy of 0.3 eV/atom is di�erent, with a partiularly high maximal internaltemperature. The high internal temperature suggests that the atoms are moving muh,whih, therefore, may result in a �nal struture of an unusual low total energy, f. Fig.8.2.
8.4 Strutural similarityWe shall now study how the strutural properties of the ollision produt depend onthe properties of the individual properties of the olliding lusters. In partiular, weshall explore whether both or at least one of the olliding lusters experiene signi�antstrutural hanges, i.e., whether one may talk about a `harder' and a `softer' luster. Tothis end we shall use the onept of similarity funtions.[132℄ These an be used also toquantify to whih extent the produts are more f- or iosahedral-like, and whether theprodut resembles one or the other of the two olliding lusters.For the CuN1

+CuN2
ollision proess we ompared the �nal struture with the twoinitial strutures of the non-interating lusters. We onsidered all subsets of N1 (N2)atoms of the produt luster and ompared eah of those with the isolated luster of N1(N2) atoms. However, the results (not shown) did not indiate a orrelation between sizeor impat energy on the one hand and similarity funtion on the other. Thus, althoughthe total energy of the produts in general dereases as a funtion of impat energy, f.the upper panel in Fig. 8.2, this does not imply that the struture of the lusters getsinreasingly di�erent from those of the olliding lusters before impat.Instead we ompare the �nal struture of the CuN1

+CuN2
ollision proess with thestruture of the global total-energy minimum of the CuN (N = N1+N2) luster. One mayimagine that for a larger impat energy, the atoms of the olliding lusters are so mobilethat they are able to avoid getting trapped in loal total-energy minima and, therefore,will be able to obtain the struture of the global total-energy minimum. Alternatively,for smaller impat energies it may be possible that the lusters do not break up intosmaller fragments that are not able to relax to the struture of the global total-energyminimum. The lowest panel in Fig. 8.2 shows the results. There is at most a weaktendeny for a dereasing similarity funtion with inreasing impat energy. Moreover,the smaller lusters tend to obtain strutures that are most di�erent from those of the
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Figure 8.5: Various properties used in omparing the �nal and initial strutures of theCuN1
and CuN2

lusters. The top panel shows the total energy of the �nal struturesrelative to that of the initial one, and in the bottom panel we ompare the struturesthemselves using the similarity funtions. For details, see the text. Moreover, the labelsshow N1/N or N2/N (N = N1 +N2). In eah panel, the solid urves represent the resultsfor N ≤ 28 and the dashed urves those for N ≥ 38.
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global total-energy minima for slightly larger impat energies. The latter may surprise asone may expet that the smaller lusters are less `rigid' so that the atoms easier an �ndthe struture of the global total-energy minimum and, furthermore, these systems havea smaller number of total-energy minima. On the other hand, the larger lusters mayontain an inner, ore, part that is somewhat independent of the size of the luster and,therefore, is identi�ed in the lusters both before and after the ollision proess.When using the similarity funtions in omparing the produt lusters and di�erent fand iosahedral strutures (not shown) fairly low values are found. This may not surprise,as also the strutures of the global total-energy minima in this size range only for fewspeial sizes (e.g., N = 13 for whih an iosahedron is found) resemble f of iosahedralfragments.We may use Eqs. (3.19) and (3.20) in analyzing the energy distribution of the �nalproduts. Eq. (3.20) allows to asribe eah atom a ertain part of the total energy andby adding the ontributions from the N1 or N2 atoms of the olliding lusters after theollision, we an split the total energy of the �nal struture into ontributions from thetwo initial lusters. Finally, these an be ompared with the total energies of the twolusters before they start interating. The results are shown in the upper panel in Fig.8.5. Sine the atoms of the �nal strutures interat with more atoms, the total energygoes down (beomes more negative), i.e., the relative total energies are in all ases above1. Moreover, the smallest part (N1 = 14) of the largest system (N1 + N2 = 71) is ofthat reason the system for whih the relative total energy is the largest. Furthermore,the �gure indiates an overall derease in the relative total energy as a funtion of impatenergy with some deviations for the absolutely smallest impat energies, i.e., as we haveseen above the larger impat energies make the systems get trapped in energetiallyhigher-lying strutures.Also when omparing the �nal strutures of the N1 and N2 atoms with those of theinitial strutures (using the similarity funtions above) we see, f. the lower panel in Fig.8.5, that in general the strutures beome inreasingly di�erent from the initial strutureswhen inreasing the impat energy. But from the disussion above it is lear that thishange is not aompanied with a trend towards more stable �nal strutures.Finally, we shall study the struture and the overall shape of a ollision proess byvarying the relative orientation of the two olliding lusters as well as the impat energy.We shall onsider the single ase of N1 = N2 = 19. The initial orientations of the ollidingpartiles are shown in Fig. 8.6.For a struture with N atoms we alulate the 3 × 3 matrix with the omponents∑N

i=1 siti with si and ti being the x, y, or z omponent of the ith atom relative to theenter of mass. The eigenvalues of this matrix give information on the overall shape.In partiular, ompat strutures have a small average value and spherial systems havethree idential values.In the upper panel in Fig. 8.7 we show the results of this analysis. It is interestingto observe that for impat angles of 30◦ and 60◦ the overall shape depends only weaklyon the impat energy. Moreover, situations an be identi�ed (i.e., impat angle of 30◦and impat energy of 0.3 eV/atom as well as impat angle of 60◦ and impat energy of
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Figure 8.6: Side and top view of the initial orientations of the two interating Cu19lusters. From left to the right the impat angle orresponds to 0, 30, 60, and 90 degrees.The on�guration in whih the priniple axes of inertia of both lusters are aligned (right)is also onsidered.
0.1 eV/atom) where the produt luster is essentially spherial. On the other hand, forother impat angles (e.g. 0◦ and 180◦) the �nal struture depends strongly on the impatenergy.Also when omparing the initial and �nal struture of the olliding lusters it beomeslear that the results depend sensitively on the impat angle. This is illustrated in thelower panel in Fig. 8.7.
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Figure 8.7: Various properties used in omparing the �nal strutures of the Cu19+Cu19ollision proess. The top panel shows quantities related to the overall shape. Here, theaverage value of the eigenvalues of the matrix ontaining ∑
i siti is shown (for details, seethe text) and the insert shows the largest di�erene of those. In the bottom panel thesimilarity funtion between the initial and �nal strutures of the olliding lusters is shown.Squares, irles, triangles, and stars mark results for impat energies of 0.0, 0.1, 0.3, and0.5 eV/atom, respetively. Here, open and losed symbols are used in distinguishing thetwo lusters.
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Chapter 9
Deposition of magi lusters onCu(111)surfaes
9.1 IntrodutionThe deposition of atomi lusters on metal surfaes has beome an ative �eld in thepast deades, sine it opens up new opportunities for appliations in the nano- andbiotehnologies.[158, 159, 160℄ As a onsequene of the growing need for ways of de-positing a luster on a surfae, new tehniques like Low Energy Cluster Beam Deposition(LECBD)[161℄ and Ionized Cluster Beam Deposition (ICBD)[162, 163℄ have been devel-oped. By using sanning tunneling mirosopy (STM)[164, 165℄ on the deposited lustersone may obtain information on the luster shape and stability, as well as possible oagu-lation of the lusters.[33℄The experimental proesses an be simulated by using Monte Carlo or MoleularDynamis alulations. Sine the omputational requirements for suh simulations anbe quite large, it is most onvenient to ombine the alulations with (semi-)empirialpotentials for desribing the interatomi interations. Depending on the initial veloityof the lusters, one may distinguish between three di�erent kinds of moleular dynamissimulations, whih lead to di�erent produts: the soft landing[123, 166℄ of lusters withkineti energy less than 1 eV/atom leads to the formation of islands on the surfae andin most ases does not damage the substrate; the energeti luster impat,[167, 168℄espeially when using larger lusters (some 300-3000 atoms)[169℄ is of importane forunderstanding the formation of thin �lms,[170, 171℄ and the bombardment with high-energeti lusters (from eV to some few keV per atom)[172, 173, 101℄ leads to raterformations, sputtering and even radiation damages.For the appliations in the miroeletronis, reliable methods for the soft deposition orgrowth of metal lusters on di�erent substrates are sought.[174℄ However, experiments anonly provide information about the size and the approximate distribution of the lusterson the surfae, but not on the mehanism of their deposition. It is known that when asu�iently small luster lands on a single-rystalline substrate, it will align epitaxi withthe substrate, and as the luster grows in size it will reat more slowly due to the lowering119
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of the surfae-to-volume ratio.This Chapter addresses the question how fast the deposited luster reahes epitaxy,what is the in�uene of the initial veloity on the rearrangement of the luster atoms andthe stability of the produt on the surfae, how muh does the struture of the depositedluster hange, and how similar is the deposited luster to a f or an iosahedral fragment.In partiular, we have varied the impat energy and the size of the deposited luster, andde�ned di�erent tools for a quantitative desription of our results.
9.2 Simulation onditionsAs substrate we onsider a Cu(111) fragment onsisting of seven atomi layers (in the zdiretion) with dimensions 10a0 × 10a0 (a0 being the lattie onstant, in this ase 3.615Å). A uto� for the potential (4.96 Å) allows us to use a relatively thin slab, making itpossible to onsider a larger surfae area in the two other diretions. Periodi boundaryonditions are applied in the (x, y) plane.For the ollision proesses we orient the �rst and the seond Makay iosahedra (Cu13and Cu55) relative to the surfae so that the S6 axis remains perpendiular to the (x, y)plane, while for the Cu38 luster the trunated side with the smaller surfae is plaedtowards to the substrate.The Newtonian equations of motion of the miroanonial (NV E) ensemble are in-tegrated by using the veloity Verlet algorithm with a time step of 2 × 10−15 s. For thesmaller lusters, i.e., Cu13, Cu18, and Cu38, the total integration time is 50 ps, while forthe larger Cu55 luster the alulations are extended up to 90 ps. In the omputationalsheme are inluded 10 ps simulated annealing in order to relax the �nal strutures totheir total-energy minima. The starting veloities of the lusters orrespond to 0.0, 0.1,0.3, 0.5, 0.7, and 0.9 eV per atom, the range in whih the Low Energy Cluster BeamDeposition is performed. Both the lusters and the substrates are initially relaxed toequilibrium at 0 K. Then an initial veloity in diretion perpendiular to the substrate isassigned only to the luster, whereas the substrate remains old. It ould be interestingto ompare these alulations using di�erent substrate temperatures, however, a previousstudy[175℄ has shown that inreasing the temperature leads to a more rapid spreading ofthe luster on the surfae whih is ompensated by a lower degree of epitaxy due to themovements of the surfae and the luster.
9.3 Energeti propertiesFor eah simulation a relaxed struture from the ones shown in Fig. 9.1 is released in theviinity of the Cu(111) substrate with a veloity perpendiular to the surfae ranging from0.0 to 0.9 eV/atom. The kineti energies of the luster and the substrate grow rapidly,and for the �rst few hundred femtoseonds their potential energies derease due to theattrative interations between the atoms of the luster and those of the surfae. Later,
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Figure 9.1: The optimized strutures of Cu13, Cu18, Cu38, and Cu55.
when the luster reahes the surfae and begins to rearrange its atoms, the potential en-ergy of the surfae inreases and ultimately the omplete system reahes an equilibriumstruture, whih in our alulations is determined through a simulated-annealing proe-dure at the end of the simulation. Thereby, we model the energy uptake of a muh largersurfae than the one of the simulation.
9.3.1 Kineti temperatureFig. 9.3 presents the translational kineti temperatures for various ombinations of lustersand impat energies. This is alulated from the mass of the luster and the speed of theenter of mass of the luster. We ompare this temperature with that of the substrate,alulated from the kineti energy of all the atoms forming the substrate.In the upper left panel we show the results for the Cu13 luster released with zerokineti energy in the proximity of the surfae. The kineti temperature grows rapidlyduring the �rst pioseonds and then abruptly drops, but possessing some few furtherpeaks around t = 10 ps that orrespond to the adsorption of the luster on the surfae. Onthe other hand, the kineti temperature of the substrate reahes a maximal temperatureof only 17 K, whih shows that the large rystal ats well as a thermal reservoir. Alreadyafter around 20 ps the system is lose to the equilibrium, and at t = 40 ps, the twourves have almost onverged to the same temperature. As the last 10 ps onstitute thesimulated annealing of the system, they are not shown here. When inreasing the impatenergy, the time needed for the system to reah thermal equilibrium dereases, and forCu38 and Cu55 the system thermalizes in only 20 ps.
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Figure 9.2: The internal temperatures of Cu13, Cu18, Cu38, and Cu55 at impat energy0.0 eV/atom as funtions of the time.
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9.3.2 Internal temperatureThe translational, `kineti' temperature measures only the veloity of the olliding lus-ters, but not their internal temperatures. In Fig. 9.2 we show the evolution of the internaltemperature with the luster size in the ase that the lusters are released with zero ki-neti energy. The internal temperature is obtained from the veloities of the individualatoms relative to that of the enter of mass. As expeted, the lusters with the most�utuating temperatures are those with smaller number of atoms, namely Cu13 and Cu18.The slower heating of Cu18 ompared to the Cu13 iosahedron an be explained from the`igar-like' shape of the former luster, while the iosahedron is relatively ompat, andtherefore most of its atoms more rapidly ome into ontat with the substrate. The largerlusters, Cu38 and Cu55, have more atoms and a smaller surfae-to-volume ratio, so thatthe energy an be better distributed among the atoms, whih results in an overall smallerheating, exept for the �rst 5 ps for the Cu38 otahedron. At around 15 ps all four lustersare already lose to thermal equilibrium.It is interesting to ompare the total energies of the produts of the di�erent simu-lations, sine they give information on the relative stability of the strutures. Table 9.1lists the total energies of all produts together with the energies of the optimized lustersin the gas phase. In all ases, the attrative interations between the substrate and theluster leads to a lowering of the total energy of the luster when being deposited on thesubstrate. For Cu13 the deposition driven only by the attration to the substrate givesthe highest total energy, but inreasing the deposition energy we obtain lower values witha minimum at an impat energy of 0.5 eV/atom. The situation is di�erent for the Cu18luster, where the impat energies 0.3 and 0.7 eV/atom give more stable strutures. Forthe larger lusters with N = 38 and 55 the most stable strutures are obtained for thelowest impat energies, with one exeption for Cu55 at an impat energy of 0.9 eV/atom.In onlusion, the energetially more stable produts of the smaller lusters are ob-tained with higher deposition energies, whereas lower deposition energies are used for thelarger lusters.
9.4 Strutural patterns
9.4.1 Monolayer formationThe �nal strutures of the ollisions of the four lusters on the substrates at di�erentimpat energies are presented in Figs. 9.4, 9.5, 9.6, and 9.7.The shape of the Cu13 iosahedron stays almost unhanged for the lowest impatenergies. But for a deposition energy of 0.5 eV/atom the luster spreads out on the surfaeforming a slightly deformed monolayer involving also two atoms from the substrate. Thisrearrangement of the atoms of both the substrate and the luster is not observed for thelarger deposition energies. Instead, the struture beomes a symmetrial pyramid for theimpat energy equal to 0.7 eV/atom and a double layer for an energy of 0.9 eV/atom.It has been found[176℄ that the relatively small (i.e., 55 � 125 atoms) three-dimensional
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0eV/atom 0.1eV/atom 0.3eV/atom

0.5eV/atom 0.7eV/atom 0.9eV/atomFigure 9.4: The �nal produts of Cu13 lusters with di�erent deposition energies, ol-liding on substrates.

0eV/atom 0.1eV/atom 0.3eV/atom

0.5eV/atom 0.7eV/atom 0.9eV/atomFigure 9.5: The same for Cu18.
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0eV/atom 0.1eV/atom 0.3eV/atom

0.5eV/atom 0.7eV/atom 0.9eV/atomFigure 9.6: The �nal produts of Cu38 lusters with di�erent deposition energies, ol-liding on substrates.

0eV/atom 0.1eV/atom 0.3eV/atom

0.5eV/atom 0.7eV/atom 0.9eV/atomFigure 9.7: The same for Cu55.
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lusters tend to have the shape of a pyramid, with sides oriented in the diretions of smallsurfae energy, when being deposited on a surfae.The behavior of the Cu13 iosahedron spreading into a monolayer at impat energy 0.5eV/atom is also found in the simulation for the Cu18 luster. This luster was hosen as theenergetially most unstable, for omparison with the behavior of the magi lusters with
N = 13, 38, and 55. Moreover, it possesses a not ompletely losed `double-iosahedral'shell that beomes losed at the next luster size, N = 19. In our simulations we �ndthat the monolayer obtained at energy 0.5 eV/atom is more regular than that of Cu13,but, in general, the behavior of this luster is very similar to that of the iosahedron.In ontrast to the results obtained for the smaller lusters, we do not �nd monolayerproduts in the simulations with the Cu38 and Cu55 lusters. For Cu38 all produts onsistof three layers exept the one obtained with the highest initial veloity, where one atomfrom the luster penetrates the surfae of the substrate, but later in the simulation thisatom beomes substituted by an atom from the substrate, thus giving a double-layeredprodut. Like above, at a deposition energy of 0.7 eV/atom a symmetri produt is formed,and at the highest impat energy there are substitutions with atoms from the surfaes forboth luster sizes. One interesting observation is made for the Cu55 iosahedron for animpat energy of 0.7 eV/atom where we see the formation of a fourth layer and where alsothe number of atoms onstituting the bottom layer of the produt dereases, in omparisonwith the ase of 0.5 eV/atom impat energy.In total, our simulations suggest that for impat energies in the range 0.5�0.7 eV/atomone obtains produts that onsist of more layers or have a partiularly high symmetryompared with those that are found at lower deposition energies. Hene, this impatenergy range ould be attrative for the prodution of monolayers of small lusters.
9.4.2 Similarity funtionsIn previous studies[93, 132℄ we have demonstrated the ability of the similarity funtions togive very good qualitative and quantitative estimation of the luster growth and the stru-tural di�erenes between two lusters with the same number of atoms, but struturallydi�erent.In Table 9.2 we show the resulting funtions in �ve ases, i.e., when omparing theproduts of the ollisions with the initial MN lusters, with the iosahedral Cu309, andwhen omparing with three fragments of the f rystal di�ering in the position of theenter [i.e., either at the position of an atom (marked with '1'), at the middle of a nearest-neighbor bond (marked with '2'), or at the enter of the ubi unit ell (marked with '3'),respetively℄, where from the last ase only the largest value of the similarity funtion isshown.The results suggest an epitaxi rearrangement of the luster atoms on the f Cu(111)surfae, sine all the produt lusters have values of the similarity funtion when ompar-ing to f fragments that are similar or higher than those to the iosahedral luster. It isnot surprising that the similarity funtions between the original and produt strutures forthe larger Cu38 and Cu55 lusters derease relatively smoothly when inreasing the impat
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Table 9.1: The total energy of the luster after the ollision with the surfae as a funtionof the impat energy per atom. The results from the alulations with translated (tr.) orrotated (rot.) initial strutures are also shown. The total energies of the initial struturesobtained with the EAM are shown for omparison.Cluster 0eV 0.1eV 0.3eV 0.5eV 0.7eV 0.9eV EAM13 -36.66 -37.67 -37.67 -37.79 -36.80 -36.96 -33.5018 -52.02 -51.91 -52.89 -52.53 -52.79 -52.15 -47.4738 -115.04 -115.63 -115.54 -114.84 -115.16 -114.83 -108.6255 -169.79 -169.66 -169.49 -169.62 -168.48 -170.62 -162.6213(tr.) -37.67 -37.7113(rot.) -36.9618(tr.) -53.2918(rot.) -52.09
Table 9.2: Eah panel from top to the bottom shows the similarity funtion whenomparing with (top) the optimized with the EAM struture orresponding to this lustersize, an iosahedral luster (middle), and a spherial fragment of the f rystal (bottom)when the enter of the fragment is plaed at (1) the position of an atom, (2) the middleof a nearest-neighbor bond, and (3) the enter of the ube, respetively. From the latteronly the highest value and its orresponding fragment are shown.Cluster 0eV 0.1eV 0.3eV 0.5eV 0.7eV 0.9eV EAM0.724 0.829 0.830 0.506 0.622 0.544 -13 0.739 0.847 0.848 0.513 0.635 0.554 0.9660.741 (1) 0.843(1) 0.844 (1) 0.664 (2) 0.696 (3) 0.679(3) 0.858(1)0.776 0.797 0.676 0.432 0.677 0.559 -18 0.659 0.699 0.603 0.451 0.650 0.604 0.6070.725 (3) 0.744 (1) 0.720 (3) 0.481 (3) 0.721(3) 0.611 (3) 0.706(2)0.561 0.543 0.545 0.506 0.525 0.418 -38 0.570 0.548 0.549 0.519 0.530 0.441 0.6560.694 (2) 0.676(2) 0.671 (2) 0.615 (2) 0.632 (2) 0.487(2) 0.906(3)0.638 0.549 0.514 0.511 0.514 0.456 -55 0.648 0.555 0.518 0.515 0.519 0.459 0.9630.727 (2) 0.657 (2) 0.607 (2) 0.604 (3) 0.597(2) 0.541 (3) 0.770(1)
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0.4eV/atom 0.6eV/atom

Figure 9.9: The �nal produts of Cu13 lusters with deposition energies 0.4 and0.6eV/atom.
energy. For both lusters, the 0.9 eV/atom impat energy seems to be ritial and thesimilarity funtions derease abruptly, whih orresponds to the large deformation of thelusters shown in Figs. 9.6 and 9.7. However, the small Cu13 and Cu18 lusters maintainhigh similarity to their original strutures at lower impat energies, and for Cu13 there iseven an inrease in the similarity for 0.1 eV/atom and 0.3 eV/atom impat energies.The similarity funtions from the strutural omparison between the original and theprodut lusters are shown in Fig. 9.8. At energy 0.5 eV/atom the similarity funtions forboth the two smaller lusters have deep minima, and inrease at higher impat energies.This orresponds to the formation of the monolayers on the opper substrates, as disussedabove. The peaks in the similarity funtions at 0.7 eV/atom an be explained with theformation of symmetrial strutures, that at even higher energies not are found where,instead, �at strutures our.In order to investigate the reasons for the inrease in the similarity funtion for theCu13 luster, we performed simulations also with impat energy 0.2, 0.4, and 0.6 eV/atom,whih results are inluded in Fig. 9.8. The produts of the ollision of these lusters withCu(111) substrates are shown in Fig. 9.9, exept for the ase of Cu13 with depositionenergy 0.2 eV/atom, for whih the �nal struture is very similar to the ones obtained atenergies 0.1 and 0.3 eV/atom. From the �gure it an be seen that a small hange in thedeposition energy away from 0.5 eV/atom for Cu13 leads to the formation of double-layeredstrutures, and the monolayered produt is found only at an energy of 0.5 eV/atom.Subsequently, for N = 13 and N = 18 for impat energies in the range 0.1�0.3 eV westudied further ollision proesses where we varied either orientation of the luster or itsposition on the surfae both for N = 13 and for N = 18. The results are inluded in the�gure, and it is learly seen that the similarity funtion depends very sensitively on the
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Table 9.3: The height of the luster (in Å) after the ollision with the surfae as afuntion of the impat energy per atom. The results for the rotated/translated opperlusters are also shown.Cluster 0eV 0.1eV 0.3eV 0.5eV 0.7eV 0.9eV13 5.365 5.295 5.349 3.609 5.564 4.04218 5.999 5.980 4.062 2.061 3.992 3.94338 6.331 5.929 5.626 5.696 5.734 4.12255 8.174 8.049 6.659 6.652 8.071 6.44313(tr.) 5.288 4.10313(rot.) 4.07818(tr.) 4.07718(rot.) 4.209
details of the ollision proess. We propose the following explanation.When the luster starts interating with the substrate, the interations an lead tothe exitation of vibrations, both of the substrate and of the luster. If the vibrationalamplitudes of the luster are su�iently large, the luster may be deformed. Whihvibrations are exited is also determined by the symmetry properties of the ompletesystem, luster+substrate. Thus, if the luster arrives at a high-symmetry position of thesurfae and, in addition, so that the luster itself shares many symmetry properties withthe substrate, only few vibrations an be exited and in that ase it is muh less likelythat the luster is deformed through the deposition. On the other hand, a high-symmetryollision may also lead to resonanes between luster and surfae whih, in turn, amplifythe vibration amplitudes of the luster, so that the luster beomes more deformed. Wesuggest that the results for N = 13 and N = 18 for the �rst, high-symmetry depositionproesses an be explained through those two senarios. For impat energies below 0.4 eVthe �rst e�et an explain our �ndings, whereas the seond one an be held responsiblefor the partiularly low value of the similarity funtion for an impat energy of 0.5 eV.When the ollision proess has a lower symmetry, neither e�et is pronouned.
9.4.3 Time evolution of similarity and epitaxyIn order to get further information on the strutural rearrangements of the lusters duringthe deposition, we shall study the temporal development of the similarity funtion, whenomparing with the original struture. The results are presented in Fig. 9.10. Only theases of impat energy of 0.0, 0.3, and 0.5 eV/atom are shown, sine the results for higherenergies are similar to those for an impat energy of 0.5 eV/atom.The larger lusters show a more smooth strutural hange with the time, and form the�nal produt faster when inreasing the deposition energy. The ourrene of steps for
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the lowest impat energies suggest that ertain meta-stable strutures have been formedduring the deposition. Not so simple are the similarity funtions for the smaller Cu13 andCu18, where there are signi�ant �utuations in the values with larger periods of time. Weinterpret these �utuations as indiations of the large vibration amplitudes, mentionedabove, that ultimately may, or may not, lead to a hange in the struture of the luster.The ase of the Cu18 luster deposited on the surfae with zero kineti energy is interestingbeause the similarity funtion dereases smoothly at the beginning of the simulation, andrapidly drops at around 7.2 ps, when the kineti energy of the Cu18 luster is around 0.038eV/atom. This luster has a igar-like shape and is in our simulation deposited with thelong axis perpendiular to the surfae. Therefore, it takes some time after the touhingof the luster with the surfae before the most distant atoms start moving.As the last issue we shall study quantitatively whether the atoms of the depositedluster possess a struture that is ditated by the underlying f substrate, i.e., to whihextent the deposition an be lassi�ed as being epitaxi. To this end we shall introdue aparameter, the `index of epitaxy', I, through

q =
N∑

i

|~Ri − ~Rc|
2

I =
1

1 + q/u2
l

, (9.1)
where |~Ri− ~Rc| is the distane between the positions of the ith atom and the losest-lying�titious atom in the in�nite, periodi rystal that is obtained by ontinuing the strutureof the substrate periodially. I = 1 if perfet epitaxy is obtained.The results are shown in Fig. 9.11 for three di�erent impat energies of the lusters.The alulations for the Cu55 lusters were expanded over a longer period of time. It issurprising that an inreased impat energy does not neessarily lead to an inreased valueof I. Moreover, the fat that in most ases I is well below 1 implies that the interatomifores within the lusters are su�iently strong to in�uene the �nal struture of thelusters signi�antly. Among all simulations only the Cu18 luster for an impat energyof 0.5 eV/atom ahieves a high epitaxy index whih an be related to its monolayeredarrangement on the surfae.The height of the produt lusters as a funtion of the deposition energy is shown inTable 9.3. It an be seen that at a deposition energy 0.5 eV/atom there is a minimum inthe height of the lusters, exept for the Cu38 luster that has the same height also for animpat energy of 0.3 eV/atom. This fat suggests one again that the deposition energyof 0.5 eV/atom ould be favorable for the prodution of monolayers.
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Figure 9.10: The evolution of the similarity funtions with the time for the simulationswith luster energies of 0.0, 0.3, and 0.5eV/atom. The similarity funtions orrespondingto energy 0.0eV are solid lines, the ones for 0.3 and 0.5eV/atom are dot-dashed, and dottedlines, respetively.
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Figure 9.11: The evolution of the index of epitaxy with the time for the simulationswith luster energies of 0.0, 0.5, and 0.9eV/atom.



Chapter 10
Summary and Conlusions
In the present work we have investigated strutural and energeti properties of di�erenttransition and noble metal lusters. The global optimization of the isolated partiles wasarried out using our Random, Aufbau/Abbau, and Disturbane algorithms in ombinationwith the variable metri/quasi-Newton method.Within this formalism, using the EAM potential as developed by Voter and Chen forthe expressions of the total energy and fores, we have determined the three energetiallylowest isomers of gold lusters in the range 2 ≤ N ≤ 150. Although the alulationsprovide a large amount of information for eah individual luster, instead of disussingeah luster separately, we foused on identifying general trends suh as total energyper atom, overall symmetry and shape, average bond length and oordination number,similarity with N − 1-atom lusters, vibrational spetra and heat apaities.The version of EAM used in these alulations is parameterized to bulk, as well as tothe dimer properties, whih allows it to desribe properly the properties of the smaller goldlusters. We have performed[90℄ alulations on smaller gold lusters with 2 ≤ N ≤ 60atoms omparing the EAM of Daw, Baskes, and Foiles (DBF) and the version used inthis work, and we found that the DBF overestimated the binding energy of the dimer by209% and underestimated the bond distane by 37%. For omparison, the EAM of Voterand Chen gives dimer binding energy orresponding to 99,6% of the experimental, andbond distane that is 92,2% of the experimental value. Therefore, we deided to expandour studies by applying the Voter-Chen version of the EAM method.The alulations predited a number of partiularly stable lusters, i.e., 'magi-numbered'lusters that in many ases are in agreement with results obtained by �rst priniples andother semiempirial studies when suh exist, but the advantage of our study is that thestrutures were obtained by using a ompletely unbiased approah. These magi num-bers were learly visible both in the `stability funtion' and in the total-energy di�erenebetween the energetially lowest and higher-lying isomers.We also found that even for our largest luster the binding energy per atom hasstill not onverged to the bulk limit. Similarly, the average oordination number is farfrom the bulk value, but higher than for nikel lusters, where several strutures withshell onstrutions and orresponding low oordination numbers were formed [93℄. The133
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average bond distane for gold has not reahed the bulk value, due to the rearrangementof the atoms for eah luster size that leads to the formation of very ompat strutures.The shape analysis showed that roughly spherial lusters orresponded mainly to theenergetially lowest isomer, but in some ases also to the seond-lowest one, and thatthese often belong to partiularly stable strutures.By analysing the distribution of radial distanes as a funtion of the luster size weould identify a region with N around 55, where a shell onstrution was formed. Com-paring to previous results for nikel lusters [93℄, where lear shell onstrutions wereformed at N around 13, 55, and 147, here the atoms rearrange for eah global minimum,and therefore partiular shell onstrutions an not be observed. The similarity funtionalso points to the lak of regular growth.The most entral results are the alulated vibrational spetra and heat apaities.Many of the "magi" lusters, identi�ed with the stability funtion, have partiularlyhigh or low vibrational frequenies or heat apaities, respetively. The Au19 lusterpossesses the highest vibrational frequeny among all luster sizes, and the seond lowestheat apaity in the size range 16 ≤ N ≤ 150. The vibrational spetra and the heatapaities appear to osillate with the luster size without tendenies to form "islands"at whih typial vibrations ould take plae, whih is the ase for opper and nikellusters[177℄. It seems that the word "disordered" desribes most aurately the growthof the smallest gold partiles.For the silver lusters with up to 150 atoms we hose to use two di�erent many-bodyGupta potentials for the evaluation of the energy and fores. Aording to numerousprevious studies, the Gupta potential has been suessfully applied to metal lusters.However, for silver we were able to �nd only one work, whih onsidered partiular lus-ter sizes. For those luster sizes, our minima are ompletely onsistent with the resultsobtained in Ref[84℄. Up to 60 atoms, an energetial and strutural omparison was madeto our independent results from two Embedded Atom Method approahes. Although thesmall silver lusters obtained with all potentials are very similar, signi�ant struturaldi�erenes our already at Ag15. The potential that predits the strutures most sim-ilar to the obtained with the extended Gupta potential is not the tight-binding Guptaapproah, but the EAM of Daw, Baskes, and Foiles. Along with the peaks for the magi
N = 13, 38, 55, and 147 lusters, many new peaks appear, all of them exept for theAg63 and Ag79 lusters revealing deahedral strutures, the ground state of Ag63 havinga distorted iosahedral on�guration. The peaks orresponding to the partiular stabilityof AgN with N = 23, 28, and 137 atoms are missing, in ontrast to previously studiednikel[93℄ and opper[132℄ strutures. The similarity funtions and the minimal oordi-nation numbers show ompliated growth, espeially at N = 31 - 42, N = 62, 80, 97,117 and 140 atoms, where signi�ant strutural hanges take plae. The luster growthis predominantly deahedral, e.g., in the size range 65 - 139 atoms, with islands of iosa-hedral and f strutures, in ontrast to the results for opper and nikel lusters, wherethe main strutural motif is the iosahedral onstrution.The omparison to the experimental sattering intensities unambiguously shows thatiosahedral strutures lie in the global minima or are degenerate with it, however, three
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out of the six experimentally suggested systems ould not be desribed properly by the
nG potential, whih predits the otahedral Ag38 and Ag79 lusters and the 75-atom Markdeahedron to lie in the ground state for those luster sizes. The latter one ould notbe unequivoally exluded as a potential andidate, whih ould lead to a ground stateontaining a mixture of deahedral and iosahedral isomers. Regarding the Ag38 and Ag79lusters, we suppose that the parameterization of the Gupta potential leads to a prefereneof ompat strutures suh as the otahedral ones. The experimental data was obtainedusing ationi silver lusters that an have di�erent global minima geometries than theneutral lusters optimized in this work. However, the unbiased struture optimization ofmany andidate on�gurations is still omputationally infeasible for the density funtionalmethods, and only by using semiempirial potentials one an selet prospetive andidateslying lose to the global minima.In order to ompare the results from the EAM and Gupta potentials used in this workwe performed also unbiased struture optimization of Ni, Cu, and Au lusters with up to60 atoms using the two EAM potentials and the seond-moment approximated Gupta po-tential. Regarding the binding energies, the best agreement between the three potentialswas found for opper, and the poorest for nikel, with the Voter-Chen potential giving themost reasonable results. As expeted, the orresponding di�erenes between the bindingenergies obtained with the di�erent potentials were most insigni�ant at the opper lus-ters, while for the smallest gold lusters they reahed deviations of about 1.2eV/atom.Again, the opper lusters optimized with the three potentials are struturally most sim-ilar exept for some luster sizes, where the global minima obtained with one potentialorresponded to higher-energy isomers aording to other potential, and vie versa. Thesimilarity funtions for nikel and gold reveal signi�ant strutural di�erenes, espeiallypronouned for the gold lusters, where there are more di�erenes than similarities, asalso suggested by the point groups of the global minima. We found that the sequeneof magi numbers is very similar for Ni and Cu lusters, but markedly di�erent for gold,where eah potential predits di�erent magi lusters, and the only one agreement be-tween the three potentials is that the lusters with N = 19, 23, 38, 46, 49, and 55 atomsare not partiularly stable in ontrast to the results for opper and nikel. Similar trendhas been obtained with the Sutton-Chen potential[78℄. In aordane with these results,the distribution of radial distanes learly shows the formation of large iosahedral win-dows ending at the omplete seond Makay iosahedron at N = 55 for nikel and opper,while for gold the distribution is more sattered, with a small shell for the iosahedralAu54 within the Voter-Chen potential, while the global minima for Au55 obtained with allpotentials point to a low-symmetry struture, in agreement with previous theoretial andexperimental studies. It is very lear that the strutures of AuN lusters depend ritiallyon the used potential whih may be an explanation for the large sattering in the resultsthat have been obtained for this system. On the other hand, the weak sensitivity of theresults for opper lusters on the potential makes us propose that this may be a more gen-eral property for those systems, i.e., also other theoretial approahes should give resultsthat only di�er little from those presented here. Finally, whereas both EAM potentialsgave realisti results for Ni and Cu, only the VC parameterization was onsidered useful
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for Au.The next issue in the present work was to investigate the luster deposition on asurfae. This has beome a subjet of interest for many experimentalists and theoretiiansover the past 20 years. In order to be able to follow the proesses ourring from the lustergeneration in the Low Energy Cluster Beam up to the ooling onto the substrate surfae,we developed a Moleular Dynamis program working with a onstant-energy ensemble.The program was suessfully tested on opper lusters desribed with the Voter-Chenpotential.We have studied ollision proesses between smaller opper lusters at di�erent impatenergies in order to �nd possible relations between the initial energies and the energetiand strutural stability of the produts. A main �nding of the omputations is thatwith inreasing impat energy the �nal produts of the CuN1

+CuN2
ollision beomeinreasingly di�erent from the struture of the global total-energy minimum of the CuN(N = N1 + N2) luster. The maximal internal temperature showed an essentially lineardependene on the impat energy, i.e., the atoms beome inreasingly mobile, whih mostlikely is the reason for why the �nal strutures of the ollision proesses depend sensitivelyon all parameters of the ollision proess, i.e., size of the lusters, impat energy, relativeorientation, and impat parameter. We have demonstrated this with the exeption of thedependene on the impat parameter that was not varied.A further outome of the alulations was the predition of the possible formationof the luster moleules Cu4Cu4, Cu7Cu7, Cu10Cu10, Cu13Cu13, Cu14Cu14, and Cu19Cu19similar to the earlier �ndings for sodium lusters.[149℄ In all ases we have studied, thestability of the luster moleules (inluding their lifetime) shows a strong dependene onthe initial orientation of the lusters. For larger impat energies dimer formation was notobserved. The strutural omparison between the produt lusters and di�erent f andiosahedral strutures shows that all ollision produts have only marginal similarity withf-like and iosahedral-like strutures. In total, our results show that even at extremelywell-de�ned experimental onditions, luster-luster ollision experiments should be ex-peted to lead to a broad spetrum of resulting strutures. The most stable struturesare obtained for low, although not almost vanishing, impat energies.Then the lusters were deposited onto Cu(111) surfaes previously relaxed with theEAM potential. The soure CuN lusters (N = 13, 18, 38, and 55) were taken fromour previous alulations with the Voter-Chen potential desribed in Chapter 6, andorresponded to the global minima for these luster sizes aording to the used potential.The reason we hose these lusters is that we wanted to ompare the deposition behaviorof partiularly stable partiles suh as the �rst and seond Makay iosahedra, and theotahedral Cu38 to that of a partiularly unstable struture, suh as the inomplete doubleiosahedron Cu18. The main issue was the relation between deposition energy of the lusterand the strutural and energeti harateristis of the produts. As shown in Table 9.1,a higher impat energy leads to a lower total energy of the omplete system, whih �rstof all is due to an inreased interation energy between substrate and luster, and not toa luster struture of larger stability. The larger lusters reah rapidly and smoothly thethermal equilibrium at higher impat energies, while for the small Cu13 and Cu18 lusters
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there are many seondary peaks in the kineti temperatures at low energies. The slowerinrease in the internal temperature of the Cu18 luster ould be related to its `igar-like'shape with the long axis perpendiular to the surfae. The smaller lusters reah highermaxima in their internal temperatures in omparison to the larger Cu55 struture, whihis due to the smaller number of atoms and their inreased mobility, respetively. However,the surfae heats very smoothly, without �utuations, to onstant temperatures duringthe simulations, whih shows that it suessfully ats as a thermal reservoir.Another important issue, is the problem how similar are the original and the produtlusters at di�erent deposition energies, and how these similarity funtions propagate withthe time. A strutural desriptor, similar to one of those used in this study, was previouslyintrodued by Palaios et al.[175℄ It is remarkable that the deposited lusters have valuesof this funtion that indiate a signi�ant strutural rearrangement, so that even softlydeposited lusters hange their struture markedly from the ones in the gas phase.Through these desriptors we are able to formulate our main onlusion: Clustersdeposited on surfae, even at low impat energies, are not simply gas-phase lusters ona substrate, but form a di�erent system onsisting of both luster and substrate. Thestruture of this system depends very sensitively on all parameters of the depositionproess, i.e., luster size, impat energy, relative orientation, and relative position.Further insight into the struture and dynamis of these small partiles an providethe modi�ation of the existing software in order to desribe deposition of homoatomiand/or bimetalli lusters on diverse (non)metalli substrates.
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