Contents

FOTEWOT .. et eeeeeree s e e eetrrn e e e e e ss e snaseseeeeresessmeneaeesssenennnne vii
ACKNOWIEAZMENLS ..o XV
1. Introduction tO CIUSLELS ....coovieriareeaeriene s eenereserrees s e eeressssneens 1
1.1 The Field of CIUSIETS ...c.uvveeveeirieereeeereeeeere e eeecssere e 1

1.2 Types of CIUSIETS .....ccviciiiiiiiciiiie e 3

1.2.1 Van der Waals CIUSIETS ........ocoovvummiiieeieecirceceeee e 3

1.2.2 Metal CIUSLELS ...vvvveeeveee e ee et 4

1.2.3 Clusters of ionic materials ..........cccceveiveiiecionicinenenns 5

1.2.4 Network CIUSEETS ...cooivveeeeiiee e eeee e 6

1.2.5 Cluster assembled SolidS......cooeeiiivieieviienneieeneneceeee 6
REFEIEIICES «.nveevieieeeeieeee et cer e e e e e eseereees e s snarnen s 6

2. Experimental Production of Clusters...........cocoeoiiiiniee 7
2.1 Formation of Clusters in Matrices ........ccocereeiiacniniecnneninne 7

2.1.1 Chemical reaction in a liquid medium...............ccooe.ee. 7

2.1.2 Trradiation of @ s0lid ...coovvviieeiiiieicc e, 3

2.1.3 Immersion of a porous glass in a liquid metal............. 9

2.1.4 Condensation on a subStrate ..........cccceeveeveeeenrirerennnene. 9

2.2 Liquid Metal Ion SOUICE..........cooceiiieiiiecieiiices 10

2.3 Ton Bombardment .......co..ueeeeeuiiieirvieeeennereeneeeee e 10

2.4 Supersonic Nozzle Sources ..o 10

2.4.1 Kinetics of coagulation..........c.coeceeciviivnicninniiinieens 12

2.4.2 Seeded NOZZIE SOULCES ......cevvvrvmnneeerreercreitiiiceeeeeecnnes 13

2.4.3 Gas aggregation SOUICES ......covuiverierereneeienrenieerienans 13

2.4.4 Laser vaporiZation ........ccocovevreniesienesinnioceniennncens 14

2.4.5 Clusters in helium droplets. ... 14

2.5 Mass ANAlYSIS.....ccccoeireriiiniiiireiet e 14
RETEIEIICES .. ieeeeeeeeeeeee e s eeesrte e e enabe e e s e s sree e anreeeerane 18

ix



Structure and Properties of Atomic Clusters

Van der Waals CIUSLErS ....c..ovvierrrionerinninnreneenenrreneeseenee 21
3.1 Structure of Van der Waals Clusters ........ccoceveeverecennenne 21
3.2 Transition to the BulK ... 28
3.3 Thermal Properties ... 31
3.3.1 Solid to solid tranSitioNs .........ccccevereruimrinrissrensereneranes 31
3.3.2 Melting transition ..........c.coeverinienesincienenneennnssiinnnees 33
3.3.3 Mixed inert gas Clusters..........ooeevenieseennnnnecicnnncn 42
3.3.4 Liquid to gas phase transition in hydrogen clusters .43
3.4 Electronic Bfects ...ccoovrerineiieiniiiiei e 46
3.4.1 Delocalized electronic states of excess electrons ......46
3.4.2 Core level SPectroSCOPY.....cocrvvervrerrerresncrssenneiiniennes 50
3.5 Clusters of SFg and CO, Molecules.........ccccoeevvenniienenenn. 52
3.6 Interaction with Ultrafast Laser Pulses.......ccccccooveieneine 54
REFEIEICES ..o ocveieenreeeetereereecree e eertes et enr e nnaeesenee e 56
Electronic and Atomic Shells in Metal Clusters............c..c..... 59
4.1 Experimental Observation of Electronic Shells................ 59
4.2 Spherical Well Model of Metallic Clusters ...................... 62
4.3 Electronic Shell Effects in Large Clusters...............c...... 69
4.4 Spheroidal Deformations of the Cluster Shape ................ 74
4.5 A Full Description of the Cluster Structure.......c..occoeeeens 77
4.6 Shells Of AOIMS ..vcvvieeviiiieeceeeeeeerre e srrecrae e 83
4.7 Approximate Treatment of the Geometrical Structure .....86
4.7.1 Spherically Averaged Pseudopotential Model .......... 86
4.7.2 Cylindrically Averaged Pseudopotential (CAPS)
MOAEL ..cvvoevieie ettt e 88
4 8 Clusters of the Aluminum Group ........ccocoevmnreininnccnnes &9
4.8.1 Aluminum CIUSLETS......cuvieveierecieiiieiiiie e 89
4.8.2 BOTON CIUSIETS ....vvivieeieceiieeeeie e ecnn e 91
REfErenCes voovoeevieecrieeeecceeeeeerreeeseaeeesence e e 92

Electronic and Optical Properties of Simple Metal Clusters ..97

5.1 Ionization Potential and Electron Affinity..........cc.ccee. 97
5.2 Odd-Even Effects..........cccccoeeerrimiiniinininieciieeecee, 104
5.3 Temperature Dependence of the Ionization Potential ....108
5.4 Hardness and Reactivity ...........ccccovvvviininicciicinnniecenn, 110
5.5 Mass Spectrum Obtained at Near-Threshold Ionization

ERETIEs ..oooveeeiiiiiiiice e 113

5.6 Response to a Static Electric Field ..o 116



Contents

xi
5.7 Dynamical ReSponse ...........covvvoeiniceiiiiinniini 120
5.7.1 Relation between theory and experiment ................ 120
5.7.2SUMIUIES..cooniiiiicrieieccete e 124
5.7.3 Calculation of the dynamical susceptibility............. 128
5.7.4 Spherical CIUStETS.......c.cocveiriiininircenreeeeiee s 130
5.7.5 Effect of shape deformations...........ccoccovieiennnnnn, 135
5.7.6 Effect of the ion granularity ...........ccooevievnnncnnnnne 138
5.7.7 Vibrational structure of the optical response........... 143
5.7.8 Thermal line broadening...........c.cccoovvnminnicninine 145
RETETENCES ...ovvvievieeeeeiteeie et 147
Melting and Fragmentation of Metal Clusters...................... 153
6.1 Melting Transition ...........ococueevveiinesnnini e 153
6.1.1 Experiments for large alkali clusters ...................... 153
6.1.2 Calorimetric measurements of melting of medium
S1ZE CIUSTETS. c.vivvievieueiieiceei et e s b ennas 156
6.2 Computer Simulation of Melting..........c..cocooniineinenn, 162
6.2.1 Computer simulations using approximate methods.162
6.2.2 Ab initio SIMUIAtIONS. ... 168
6.3 Clusters with Abnormally High Melting Temperature...170
6.4 Optical Properties and Melting..........c.ooveenccnnnnn. 175
6.5 Fragmentation of Multiply Charged Clusters................. 176
6.5.1 Surface and Coulomb forces ......cc..ccoovnvieeiiinnnnns 176
6.5.2 Models and calculations of cluster fission............... 179
6.6 Optical Response Along the Fission Path..................... 191
6.7 From Fission to Fragmentation to Coulomb Explosion .193
6.8 Caloric Curves of Fragmenting Clusters ..............ccc...... 198
RETEIEINCES ...oovviivieeereire ettt 200
Bimetallic CIUSIETS ... ..ovietierieeire e e eane e 205
7.1 INErOAUCHION .ot 205
7.2 Alloying Effects in Alkali Metal Clusters ...................... 205
7.3 Collective Electronic EXCItations .........c.ccocovvvrvnenncene 208
7.4 Divalent and Monovalent Impurities in Alkali Metal
CIUSEETS .oecceveveeereeeeeeetreeiaee ettt eneeneeeee s sabs b s esse e s et 210
7.5 Higher Valence Impurities..........coocovverinnirinniiiiin 215
7.6 Impurities in Aluminum CIusters ...........c.cooevinnnnnns 220

RETEIEICES ..oeeeeeeeeeerereeeeeeeeetaraereeeeesesesesasaeseesenensanenseaeeaees 225



Xii

Structure and Properties of Atomic Clusters

Clusters of the Transition Metals...........c.ccoceerinnnniiirnnnnnnn 229
8.1 Noble Metal CIUSLETS ......oeevveerreivene it 229
8.1.1 Electronic shell effects .........ccocovriiiivinnnniicnnn. 229
8.1.2 Interplay between d and s electrons......................... 231
8.1.3 SHIUCIULE ...eeereeereeerniteee e et 232
8.1.4 Special properties of gold clusters..........cocoeveeecnn 234
8.1.5 Optical Properties ..........cvveeeereemercenieninmennerecrnnns 236
8.2 General Bonding Properties in Clusters of Transition
IMIELALS oot e e eee e e tn e e e sene st is e e e e e easeenes 238
8.3 Electronic and Atomic Structure .....c..cooeevevererenecrenennns 240
8.3.1 Nickel CIUSLETS ..covveirieiiienie et 241
8.3.2 Iron CIUSLETS ...ove et 244
8.3.3 Niobium ClUSters........cccccovriviiiiiieriiiirneniee e 245
8.3.4 Titanium and Vanadium clusters...........coccovvrrnenne, 248
8.3.5 Chromium CIUSETS.....ccoceeriiriiciiiiiii e 250
8.4 Thermionic Emission from Refractory Metal Clusters ..253
8.5 Nonmetal to Metal Transition........ccoccoevvveiieninnnen, 256
8.6 Atomic Shell Effects........cccocconiiiiiiiniiin 259
8.6.1 Reactivity of Ni CluSters ........covvveviiiiieriniiieenen, 260
8.6.2 Shell effects in other clusters..........cooceieiiiininnnnn. 265
8.7 Gold Clusters with Impurities............ccccovvvinnnneninneenne, 266
8.8 Doubly Charged CIUSters.........covvieineninnni 268
REfEIEICES .vvvviicirieeeciiieee et ee et e et eete e eaanneeeeans 270
MAGREUISII ...c..ovviieriiene e 277
9.1 Some Basic CONCEPLS ....ccceveeereiiiiiiiieieiicirne e 277
9.2 Size Dependence of the Magnetic Moments ................. 279
9.3 Magnetic Shell Models..........coooiiiins 282
9.4 Temperature Dependence of the Magnetic Moments.....287
9.5 Magnetic Moments of Nickel Clusters and their
INEErPretation .......ocooviieieiniiiieie e 289
9.5.1 Tight-binding studies.........ccocoorviveinninninennn 289
9.5.2 Influence of the s electrons..........ccocevvieeenicncnnnnnne. 298
9.6 Density Functional Studies for Ni, Fe and Cr Clusters ..299
9.6.1 Nickel CIUSTEIS ..ccevnvveieeeveere e 299
9.6.2 Iron and and Chromium clusters ..........cccceeeeeeniene, 300
9.7 Experiments and Calculations for Mn Clusters............... 301
9.7.1 Clusters with less than ten atoms..........c.cccoeevveennn. 301

9.7.2 Clusters with more than ten atoms .........ccccceeeeereeeeens 305



Contents

10.

11.

Xiii
9.8 Magnetism in Clusters of the 4d Metals..........ccoooeveeeev. 306
0.8.1 Rhodium CIUSIETS .......oveeerieeiiiirraenranscesnecicsceneeanes 307
9.8.2 Ruthenium and Palladium clusters .........cccoccoeeeeene 309
9.9 Effect of Adsorbed Molecules.........cccovvveveiiviiniinncnnen. 310
9.10 Determination of Magnetic Moments by Combining
Theory and Photodetachment Spectroscopy...........cooeeuvenecn. 312
9.11 Noncollinear Magnetism ............occocevrrennereiiniiniininn 314
REFEIENCES 1. vieevieereeeeerreesressrnsreeeeesrtesseeae e e rn st s e ens 316
Clusters of Ionic Materials .......ccocceeerviiirierinneneneeen 321
10.1 Nearly Stoichiometric Metal Halide Clusters............... 321
10.2 Nonstoichiometric Metal Halide Clusters ......c....ceeo... 325
10.3 Small Neutral CIUStErS.....c.ccocvevereerviiririneiiirnsrscneen 326
10.4 Structural TTanSitions .......cccccovmriiierinersrrasseeennnanes 329
RETEIEICES cnvieeceeeieee ettt ern e e e rae e 332
Carbon CIUSLETS ...ccvviiereicree e eter ettt 333
11.1 Carbon Fullerenes.......cooveeeeeriirieriie e 333
11.1.1 Discovery of the fullerenes...........coooneeiininicn 333
11.1.2 Electronic structure of Cep.vevvvvereirecreneiniciiinninnnn. 336
11.1.3 Other fullerenes ........cccoociiiiiiis 338
11.2 Fullerene ColliSIONS ...c..evivveeeiriiriniiirineeniecencice 340
11.2.1 Collisions at medium to high energies .................. 341
11.2.2 Collisions at low to medium energies ................... 342
11.2.3 Collisions with surfaces.........c.cccovniiinininn. 342
11.3 Coating of Fullerenes ...........ccocoovvvinnenncninnininen. 343
11.3.1 Alkali metal coverage..........cooooivinnninncnnennenns 343
11.3.2 Coverage by other metals ..., 345
11.4 Optical Properties of Carbon Clusters —.............c...... 348
11.4.1 FULlETENES ...cceveevreicieenreciir e e 348
11.4.2 Medium size CIUSIErS ...c.evvvmrieiiniiiieiirscre e 350
11.4.3 Coated fullerenes ......coce e eeieciinini e 352
11.4.4 Multilayered fullerenes..........cocooovvecnrencncinnnnns 353
11.5 Metalcarbohedrenes. ........ccovvevcierienienniriienneiicenneenn 355
11.5.1 Structure and infrared vibrational spectroscopy....355
11.5.2 Other physical properties of metcars..................... 359

11.5.3 Chemical reactivity........ccooeeerriiineniiieiinneece e 360



Xiv

12.

Structure and Properties of Atomic Clusters

11.6 Other Metal-Carbon Clusters: from Small Clusters to

Nanocrystals .......ocoeivieiiiiniceese e 361
RELEIEIICES ..vviieeiiiiieeiieereirreee e reneeeseinercsssrae e e s bes e e snnnas 364
Assembling of New Materials from Clusters ..............c........ 369
12.1 General Principles ......c..ccccoevvveeviniinnnninnicieie s 369
12.2 Crystalline Intermetallic Compounds Containing
CIUSIETS oo evveeeeeeeereeeieeeeeresreeeanasmesesaesssabseasnessrneesresesnsaasaes 371
12.3 Boron Clusters in Solids..........ccoveveveeiriniieeneniiennne 376
12.4 Assembling of Cg Fullerenes..........ccooooeiviiiinnn 378
12.4.1 (CypIn CIUSLEIS .ot 378
12.4.2 Fullerene SOldS.....cccveiiivieeicieeeireeeee i 383
12.4.3 Alkali-doped fullerene solids ..........ccoovvrieienenenn 385
12.4.4 Melting in assemblies of Cgo clusters ................... 387
12.5 Simulations of the Assembling of Doped Aluminum
Clusters to Form Clustered Matenials...........cccccociiiiiinannns 391
12.5.1 Al;,X clusters with 40 valence electrons............... 391
12.5.2 Assembling of AljsH clusters........coovveniiinnnenn 393
12.5.3 Assembling of superionic cluster-solids................ 396
RETEIEIICES oottt e e 397



