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ABSTRACT

THE STRUCTURE, ENERGETICS AND MELTING BEHAVIOR OF

FREE PLATINUM CLUSTERS

Sebetci, Ali
Ph. D., Department of Physics
Supervisor: Assoc. Prof. Dr. Hatice Kokten

Co-Supervisor: Prof. Dr. Ziya B. Giiveng

JANUARY 2004, 96 pages

The Voter and Chen version of an embedded-atom model, derived by fit-
ting to experimental data of both the diatomic molecule and bulk platinum
simultaneously, has been applied to study the locally stable structures, ener-
getics, growth patterns and the melting behavior of free platinum clusters in
the size range of N=2-56 and N=75. Using the constant-energy molecular dy-
namics simulation, thermal and conjugate-gradient minimization techniques,
the global minima and the other locally stable structures have been distin-

guished from those stationary structures that correspond to saddle points of
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the potential energy surface. The number of isomers and the probabilities of
sampling different basins of attractions of the clusters from 2 to 22 atoms are
obtained. The energy spectra of these clusters have been analyzed. The corre-
lations between the total energy of the 75-atom cluster and the isomer number
and the energy-spectrum-width of the isomers are investigated. The number
of isomers of 75-atom cluster as a function of total energy is presented, and
the isomer probability distribution is discussed. The melting behavior of Pty
clusters in the size range of N=12-14, 54-56 and N=75 has been studied. An
atom-resolved analysis method including physical quantities such as the root-
mean-square bond-length fluctuation and coordination number for individual
atoms as functions of temperature has been presented. Comparisons have
been made with the results of previous calculations using electronic structure
and empirical potential methods. The results show that the global minima
have structures based on either octahedral, decahedral or icosahedral packing.
Some of the icosahedral global minima do not have a central atom. The 54-
atom icosahedron without a central atom is found to be more stable than the
55-atom complete icosahedron. The lowest energy structures are not always
the most probable isomers for each size. The global minimum structures of
Pt clusters do not melt at a specific temperature, rather, melting processes
take place over a finite temperature range. While some of the clusters exhibit
one-stage melting, some of them undergo two-stage melting as the temperature
increases. The specific heat of the clusters in the liquid phase is higher than

that of the solid form.
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Oz

PLATIN ATOM TOPAKLARININ YAPISI, ENERJISI VE ERIME

BICIMLERI

Sebetci, Ali
Doktora, Fizik Bolimi
Tez Yoneticisi: Assoc. Prof. Dr. Hatice Kokten

Ortak Tez Yoneticisi: Prof. Dr. Ziya B. Giiveng

Ocak 2004, 96 sayfa

Ayni anda hem iki atomlu platin molekiiliiniin hem de kristal yapidaki
platinin deneysel verilerine uyacak sekilde tiretilen gomiilii atom metodunun
Voter-Chen versiyonu, 2 ile 56 arasinda ve 75 atoma sahip serbest platin
topaklarinin yapilarinin, enerjilerinin, biiyiime yollarinin ve erime bi¢imlerinin
caligilmasi icin kullanildi. Sabit enerjili molekiiler dinamik simiilasyonu, sicaklik
diisiirme ve eglenik-gradyant minimizasyon teknikleri kullanilarak en diigiik en-
erji yapilar1 ve diger bolgesel kararli yapilar, potansiyel enerji ylizeyinin eyer
noktalarina (saddle points) kargilik gelen yapilardan ayrildi. 2 ile 22 arasinda
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atoma sahip topaklarin izomer sayist ve her bir izomerin temsil edilme olasiligi
hesaplandi. Bu topaklarin enerji spektrumlar1 analiz edildi. 75 atomlu topagin
toplam enerjisi ile izomer sayis1 ve enerji spektrum araliligi arasindaki iligki
aragtirildi. Bu topagin izomer sayisi toplam enerjisinin bir fonksiyonu olarak
sunuldu ve izomerlerin temsil edilme olasiliklar1 cahisildi.  12-14, 54-56 ve
75 atomlu topaklarin erime gekilleri aragtirildi. Sicaklik degigsimiyle her bir
atomun bag uzunlugundaki degisimin rms degeri ve her bir atomun komsu
sayisindaki degisim gibi fiziksel nitelikleri iceren bir analiz metodu sunuldu.
Elektriksel yap1 ve deneysel potansiyel metodlar: ile elde edilmis daha onceki
sonuclarla kargilagtirmalar yapildi. Elde edilen sonuglar gosterdi ki en diigiik
enerji yapilar1 octahedral, decahedral veya icosahedral yapi bi¢imlerinden
birine sahiptir. Bazi icosahedral en diigiik enerji yapilar1 merkezlerinde hig
bir atom igermemektedir. 54 atomlu merkezi bos icosahedron, 55-atomlu
merkezi dolu icosahedrondan daha kararhidir. En diisiik enerji yapilar1 her
zaman temsil edilme olasiligi en yiiksek yapilar olmak zorunda degildir. Platin
atom topaklar1 kesin bir sicaklikta erimezler, aksine erime siireci belli bir
sicaklik arahiginda gerceklesir. Bazi topaklar tek agamali erime gosterirken
diger bazilar1 iki agamali erime gosterir. Bir topagin sivi haldeki 6z 1s1s1 kati

haldekinden daha biiytiktiir.

Anahtar Kelimeler: metal atom topaklari, gémiilii atom metodu, molekiiler

dinamik, erime, faz degigimi

vil



To My Wife

viii



ACKNOWLEDGMENTS

I would firstly like to thank my supervisor Prof. Ziya B. Giiveng for his indis-
pensable support and guidance throughout the whole study. I would also like
to thank my co-supervisor Assoc. Prof. Hatice Kokten for her help. I would
finally like to thank to my wife not only for her patience and understanding

but also for her support and encouragement.

1X



PREFACE

There are considerable theoretical and experimental interest in the study of
gas phase and surface-deposited metal clusters in the last few decades, for a
number of reasons. The use of clusters as components of nanodevices is one
of the most important reasons. Due to their finite size, these small particles
may have totally different structures and material properties than their bulk
crystalline counterparts. Furthermore, these properties may sometimes change
drastically whenever a single atom is added to or removed from the cluster.
This opens the pathway for a whole new world of tailor made materials in the
future.

In this study, I try to help a fundamental understanding of three of the most
important properties of platinum clusters, namely, their structure, dynamics,

and thermodynamics.



TABLE OF CONTENTS

ABSTRACT . . . i

OZ . vi

DEDICATON . . . . viii

ACKNOWLEDGMENTS . . . . . . ix

PREFACE . . . . x

TABLE OF CONTENTS . . . . . s s, xi

LIST OF TABLES . . . . . . . . s xiii

LIST OF FIGURES . . . . . . . . . . ... xiv

LIST OF SYMBOLS . . . . . . s xvi
CHAPTER

I INTRODUCTION . . . . . . 1

I.1 Cluster Science . . . . . . . . . . ... 1

[.2 Aim and Scope of The Thesis . . . . .. ... ... ... 3

II METHODOLOGY . . . . . . . . 5

II.1 Voter-Chen Potential . . . . . . . . . .. .. ... ... 7

I1.2 Computational Procedure . . . . . . . ... ... .. .. 8

IIT Pty — Ptoy CLUSTERS . . . . . . . . . . . . . ... 11

III.1 Literature . . . . . . . . . ... 11

I11.2 Structures . . . . . . ... 13

II1.3  Isomers and Simple Growth Paths . . . . ... ... .. 22

II1.4  Probabilities . . . . . . . . . . . . . ... 30

x1



IV Ptyy — Ptsg CLUSTERS . . . . . .. ..o oo ... 39

IV.1  Computational Details . . . . . . . ... ... ... ... 39

IV.2  Global Minima . . . . . .. .. ... ... ... ..... 44

V  MELTING BEHAVIOR OF THE CLUSTERS . . . . ... ... 57
V.1 Computational Details . . . . . . ... ... ... .. .. 57

V.2 Results . . . .. . ... 58

VI Pty CLUSTER . . . . . . ... o 71
VI.1  Computational Details . . . . . . ... ... ... ... .. 71

VI.2  Isomers and Isomer Spectrum . . . . . . ... ... ... 73

VI.3  Phase Changes and Melting . . . . . . .. ... ... .. 78

VII CONCLUSIONS . . . .. . . . . 85
REFERENCES . . . . . . . 88
VITA . 94

xil



LIST OF TABLES

I1.1 Properties of the bulk platinum and the diatomic platinum
molecule . . . ..o 8

ITI.1 Results of 10,000 independent initial configurations for Pty — Pty 14
II1.2 Total energies (eV) for all isomers of Pts — Ptg and for the first

8 isomers of Ptg — Ptoy . . . . . . . . . ... 29
II1.3 Probabilities of all isomers of Ptgs — Ptg and the first 9 isomers
of Ptg - Ptgl ............................ 31

[11.4 The probabilities of sampling the isomers of Pty clusters ob-
tained by quenching 1900 K, 2600 K, 3000 K, 3500 K, and 4000

K initial configurations . . . . . . . ... ... 31
IV.1 Results for global minima of Ptoy — Ptsg clusters . . . . . . .. 45
IV.2 Coordination number analysis of Ptos — Ptsg clusters . . . . . . 51

VI.1 Energies of the first 14 isomers of the Ptz cluster at T=0 K . . 74

xiii



LIST OF FIGURES

ITI.1 Lowest energy structures of Pty — Pty clusters . . . . . . . .. 15
II1.2 (a):Binding energy per atom (E;/atom) for the global minima

of Pty — Pty clusters (b):First (D;) and second differences (Ds)

in the lowest energies of Pty — Ptoy clusters . . . . . .. .. .. 21
II1.3 (a):The number of isomers NN; versus cluster size N graph (b):The

width of the energy spectrum ESW /atom versus cluster size N

graph . . . . . 23
I11.4 All locally stable structures of Ptg — Ptg clusters other than the

global minima . . . . . ... ..o 25
I11.5 The 2" — 6" locally stable structures of the Pty — Pty5 clusters 26
IT1.6 Some locally stable structures of Ptig — Ptoy clusters . . . . . . 27
IT1.7 Growth pattern of the locally stable structures of small Pt clus-

ters. * denotes the most probable isomers . . . .. .. .. ... 28
IT1.8 The probability distributions of the isomers of Pts — Ptq3 clus-

ters obtained by quenching 2600 K initial configurations . . . . 33
II1.9 The probability distributions of the isomers of Pty — Pty clus-

ters obtained by quenching 2600 K initial configurations . . . . 34

IV.1 The short-time average internal kinetic energies versus time
graphs of Ptss clusters (a) for the first candidate at 297 K, (b)
for the second candidate at 969 K, (c) for the global minimum

structure at 979 K . . . . ..o 40
IV.2 (a) Energies where Fy = 13.1113—11.2291N'/3 +6.73356 N2/3 —

6.20365N (b) The second finite difference in binding energy . . . 47
IV.3 Global minima for Pty — Ptsg clusters . . . . . . . . . .. ... 48
IV.4 Global minima for Pty — Ptsg clusters . . . . . . . . ... ... 49
V.1 Heating process of Pt cluster. . . . . . . ... ... ... ... 60
V.2 Heating process of Ptigcluster. . . . . ... ... ... ..... 62
V.3 Heating process of Ptyy cluster . . . . . . . . .. ... ... ... 63
V.4 Heating process of Ptsy cluster . . . . . . .. ... ... ... .. 65
V.5 Heating process of Ptss cluster . . . . . . . . . ... ... .. .. 67
V.6 Heating process of Ptsg cluster . . . . . . ... ... ... ... .. 69

VI.1 The 1%, 274 374 and 7" locally stable structures of the Pts
cluster . . . . .. 72

X1v



VI.2 Correlations between isomer-energy-spectrum and isomer num-

ber with temperature . . . . . . . . ... L0 75
V1.3 Isomer number versus isomer energy in units of eV . . . . . .. 7
V1.4 Short-time averaged temperatures as a function of time interval 79
VI.5 Time averaged atomic RMS bond-length fluctuations as a func-

tion of temperature . . . . . .. ... 80
V1.6 Time averaged potential energies of all of the atoms as a function

of temperature . . . . . ... 81
VIL.7 Time averaged coordination numbers as a function of temperature 82
VI.8 Caloric curve of the Ptys . . . . . . . . . . . ... ... ..... 83
VI.9 Specific heat versus temperature of the Ptzs . . . ... ... .. 84

XV



LIST OF SYMBOLS

ADF  Amsterdam density functional

CASSCF complete active space self

CG
CN
DF
EAM
ESW
FOCI

consistent-field
conjugate gradient
coordination number
density functional
embedded-atom method
energy spectrum width

first-order configuration in-
teraction

Xvi

LDA  local density approximations
MC Monte Carlo

MC-CEM Monte Carlo-corrected ef-
fective medium theory

MD molecular dynamics
PES  potential energy surface
RMS root mean square

STKE short-time average internal
kinetic energies

TQ thermal quenching



CHAPTER 1

INTRODUCTION

I.1 Cluster Science

In general, interest on the area of atomic clusters has grown rapidly within the
last three decades not only because of their unique, size dependent structures
and properties different from those of the bulk, but also their central position
between molecules on the one hand and condensed matter on the other. A
systematic study of evolution of these properties with size allows elucidation
of the transition from the molecular structure to condensed matter phase.
Clusters, in particular metal clusters, play an important role in many chemical
reactions as catalysts. The structure of small metal clusters in a reaction can
have a major effect on the rate of formation of products [1]. Because of, at least,
above reasons there are considerable numbers of experimental and theoretical

studies on clusters in the literature [2, 3, 4, 5, 6, 7, 8, 9].

A cluster is an aggregation of a countable number of particles which can



contain from a few to tens of thousands of atoms or molecules. The bonding
forces in a cluster can be metallic, covalent, ionic, hydrogen-bonded or Van
der Waals in character. These clusters may be studied in the gas phase, in a

molecular beam, absorbed onto a surface or trapped in an inert matrix.

It is possible to form, for instance, the transition metal clusters in the
gas phase, where they can be cooled to low internal energies. After such
species have been formed and cooled, their electronic and molecular architec-
ture can be probed in detail using various elegant spectroscopies, such as reso-
nant two-photon ionization (R2PI) [10, 11, 12] and dissociation spectroscopies
(R2PD) [13], laser-induced fluorescence (LIF) [14, 15, 16, 17], and photoelec-
tron spectroscopy (PES) [18, 19, 20]. The structure of the clusters deposited
on a surface can be probed by techniques such as high resolution electron mi-
croscopy [21], and scanning tunneling microscopy [22, 23]. However, the effects

of the surface on the cluster have then to be taken into account.

It can be said that the field of nanoscience and nanotechnology - the study
and fabrication of structures and devices on the nanometer scale (1072 m) -
has been derived from a famous talk by Richard Feynman in 1959 [24]. In his
talk, entitled There’s Plenty of Room at the Bottom, he challenged scientists to
develop a new field of study where devices and machines could be constructed
from components consisting of a small number (tens or hundreds) of atoms.
This article has inspired generations of physicists and chemists to try to make
Feynman’s vision a reality and there are now a large number of nanoscience
laboratories in universities and institutes throughout the world [6]. The new
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hopes and the dreams of the nanotechnology are the most recent reasons for
the increased interest in clusters. The present state of the knowledge of the
properties of the clusters of atoms which in their bulk form conventional metals

or semiconductors can be found in Ref. [25].

1.2 Aim and Scope of The Thesis

The aim of this thesis is to help a fundamental understanding of three of the
most important properties of clusters: structure, dynamics, and thermodynam-
ics. In this theoretical study, we have chosen the transition metal platinum
as our specific example and describe it by the Voter-Chen version [26] of the
embedded-atom method (EAM) potential. We did our calculations for the
Pty clusters in the size range of N=2-56 and N=T75.

Platinum, rhodium, and palladium have been used very extensively in het-
erogeneous catalysis, especially for the reactions involving CO and H,. They
are used, for instance, in automotive exhaust systems to reduce toxic pol-
lutants such as CO, NO, and hydrocarbons. Platinum clusters have small
hydrogenation energy compared to other metal clusters [27].

After presenting the details of the interaction potential and the compu-
tational procedure in Chapter II, the global minimum energy structures, the
growth pathways, the number of isomers, the probabilities of sampling different
basins of attractions, and the energy spectra of the isomers of Pty — Pto; clus-
ters are presented in Chapter III. The global minima of the clusters Ptog — Ptsg

are discussed in Chapter IV. The melting behavior of the icosahedral clusters



with 12-14 and 54-56 atoms is discussed in Chapter V. The global minimum
energy structure and a detailed study of the isomers and their energetics as
well as the melting behavior of the Pt75 cluster is presented in Chapter VI.
Finally, in the conclusion we summarize the results obtained in this work, and

suggest some possible future directions.



CHAPTER II

METHODOLOGY

The theoretical studies of atomic clusters can be classified into two groups as
density functional ab initio methods, and the model and the empirical poten-
tials for the simulations. Ab initio techniques seek to calculate the properties
of a system from first principles with no parameterizations. The advantage of
the first group methods is that in principle they can provide highly accurate
results. However, these approaches are much more computationally expensive
than empirical potentials. The pair interaction potentials such as the Lennard-
Jones [28] or the Morse [29] potentials on the other hand, are not adequate to
characterize the metals. Pair potentials fail to predict the Cauchy violation
for cubic solids where the elastic constants Cjy and Cyy are different (for a
pair potential C}, is always equal to Cy4). Pair potentials fail to predict the
inward relaxation of the outer layer of atoms at a metal surface. The ratio of
the vacancy energy, E,,., which is the energy needed to remove an atom from

the bulk and place it on the surface, to the cohesive energy, E.,,, which is the



energy of an atom in the bulk, is always overestimated by a pair potential as
it does not account for the effect of the local coordination environment at the
vacancy on the bonding (for a pair potential F,,. = E.o;). Pair potentials also
tend to favor more highly connected systems, preferring fcc and hep coordina-
tion over bce systems and disfavoring low coordination environments such as

the diamond structure [8].

There are two main approaches for including many-body character in the
bonding scheme. One can employ an explicit description of higher order terms
such as 3-body or 4-body terms in the potential energy series or one can in-
troduce many-body character through a dependency on the local electronic
density. The Axilrod-Teller potential [30] and the Murrell-Mottram poten-
tial [31] can be given as the examples of the first approach. Density dependent
potentials introduce a term which describes the binding in terms of the local
electron densities at each atom. The local electron density is dependent on
the configuration of the whole system and this introduces a many-body com-
ponent into the bonding. The Finnes-Sinclair potential [32], The Sutton-Chen
potential [33], the Gupta potential [34] and the EAM potential [35] are the

most popular ones of this type.

In this study the Pt clusters are characterized by a semi-empirical Voter
and Chen [26] version of the EAM. The virtue of Voter and Chen version is
that it is derived by fitting the EAM to both the basic bulk properties of
the Pt and to the bond length and bond energy of the diatomic molecule
Pty simultaneously [36, 37, 38]. This potential energy surface gives perfect

6



agreement with the experimental values of the equilibrium lattice constant,
the bulk modulus and the crystal cohesive energy (E..,) and it also produces
reasonably well values of the properties such as unrelaxed vacancy formation
energy (E/ ) and the three cubic elastic constants (C1;, O and Cyy) for the
following seven fcc metals: Ni, Pd, Pt, Cu, Ag, Au and Al [26]. Therefore this

EAM may have a wide range of validity from a few atoms to the larger sizes

of the Pty clusters.

II.1  Voter-Chen Potential

In any N-scaling energy expression, the total energy, E;, of a system of N

atoms can be written as a sum
N
Etot = ZEZ (IIl)
i

In the EAM, the configuration energy F; of each atom i is represented as

1 _

Ei =35> di(ry) + Fi(p), (11.2)
J#i

where Fj is the embedding term, ¢;; is the pairwise-addition part of the inter-
action between atoms ¢ and j, r;; is the distance between atoms 7 and j, and
pi is the total "host” electron density at the position of atom i:

pi =Y pi(rij)- (IL.3)

J#

The sums over neighboring atoms j are limited by the range of the cutoff for
¢ and p, which is generally one to four neighbor shells in the perfect crystal.

F(p) provides a many-body contribution to the energy. The key to EAM is the

7



Table I1.1: Properties of the bulk platinum and the diatomic platinum molecule

11 12 14 Ez{ac(ev) D.(eV) R.(A)

experimental 3.47 251 0.77 1.5 3.17 2.45
calculated 3.21 2.64 0.78 1.49 3.15 2.34

102 erg em™3

nonlinearity of the function F'(p). If F' were purely linear, the two terms in Eq.
(I1.2) could be collapsed to give a simple pair potential. Thus, a nonlinear F'(p)
provides a many-body contribution to the energy. Because p; depends only on
scalar distances to neighboring atoms, the many-body term has no angular
dependence. Nonetheless, this spherically symmetric, many-body interaction
is quite important.

All the parameters in the Voter and Chen model were determined by min-
imizing the root-mean-square deviation (x,ms) between the calculated and
experimental values of three elastic constants (Chy, Cia, and Cyy), and the
unrelaxed vacancy formation energy (EY ) of the bulk platinum and of the
bond length (R.) and bond strength (D.) of the diatomic molecule. The ex-

perimental data used in the fitting process along with the calculated values

can be found in Table II.1.

I1.2 Computational Procedure

Once one has a description of the interaction in a system, one can look for stable
configurations within that system. Many techniques have been developed for
searching the potential energy surface to find the lowest energy configuration
or global minimum: Simulated annealing techniques model the slow quenching

8



of a cluster from a high temperature configuration into low energy conforma-
tion while probing the thermally accessible regions of phase space [39]. The
evolution of the system can be performed using either Monte Carlo (MC) or
molecular dynamics (MD) techniques. The MC basin hopping algorithm has
been developed by Doye and Wales [40]. This algorithm combines local min-
imizations with MC sampling techniques. The local minimizations transform
the potential energy surface into a series of basins of attraction. Searching the
transformed potential energy is simpler than searching the original surface. Ge-
netic algorithms have been developed to study cluster structure [41, 42, 43, 44].
These algorithms borrow ideas from natural evolution to search for the global

minimum on the potential energy surface.

The random search algorithm, which we have employed for Pty (N=2-21)
clusters in this study, is a simple method to determine the global minimum
on a potential energy surface. A large number of random configurations of
atoms are subjected to the thermal quenching (TQ) simulations to obtain the
equilibrium structural forms of the clusters. The random initial configurations
are produced by recording the atomic coordinates along a constant-energy MD

trajectory.

In our calculations, 10, 000 independent initial configurations are generated
by recording phase-space coordinates at every 500 MD simulation steps along
high-energy trajectories. The chosen internal energies (about 2600 K) are
much higher than the typical melting temperatures of the clusters (the melting

temperature of the bulk platinum is 2041 K) so that initial configurations can

9



sample as many points as possible in the 6/NV dimensional phase-space. The T(Q
of these configurations were completed by setting the internal kinetic energies
of the clusters to zero at every 50 or 100 simulation steps until the internal
kinetic energies are completely removed. Thus, the locally stable isomers are
separated from those metastable ones, saddle points of the potential energy
surface (PES). Hamilton’s equation of motion were solved for all the atoms in
a cluster using Hamming’s modified 4" order predictor-corrector propagator
with a step-size of 1071 s, which guarantees conservation of the total energy
of the clusters to within 0.03% — 0.15%.

However, the method of the consideration of a large number of initial con-
figurations is reasonable only for small sizes since the number of isomers of a
cluster increases exponentially as the number of atoms in the cluster increases.
Thus, the search of the global minima of the larger sizes (N > 22) has been
achieved by including some extra considerations. The details of this search
are discussed in Chapter IV. The computational details of the investigation
of the melting behavior of the selected size icosahedral clusters and those of
the calculations of the Pt;5 cluster are given in Chapter V and Chapter VI

respectively.

10



CHAPTER II1I

Pty — Pty; CLUSTERS

I11.1 Literature

Experimental studies on small Pt clusters are scarce. The only case of small
Pt clusters that has been studied experimentally to our knowledge, is the
Pty cluster. Taylor and co-workers [45] used resonant two-photon ionization
spectroscopy of jet-cooled Pty to find numerous vibronic bands of it. Jans-
son and Scullman [46] measured the vibrational spectrum of a Pty in an Ar
matrix. Gupta and co-workers [47] were successful in detecting Pty over the

temperature range 2259-2739 K.

On the theoretical side, Sachdev et al. [48] studied some of the Pt clus-
ters of 5 to 60 atoms using the EAM of Daw and Baskes [35]. They made a
stability analysis where they started with a fixed shape (e.g., an icosahedron)
and did a conjugate gradient (CG) minimization [49] to calculate a relaxed
shape. Garcia-Rodeja et al. [50] used the Voter and Chen version of the EAM

11



by carrying out MD simulations to study the structures and melting of 6 fcc
transition metals (N, Pd, Pt, Cu, Ag, and Au) in the size range of N=2-23.
However, they did not present neither the stable isomeric forms, nor their prob-
abilities of sampling. Yang and DePristo [51] performed the MD/Monte Carlo,
corrected effective medium theory (MD/MC-CEM) [52] to study only 13-atom
Pt clusters using two different interatomic potentials. Doye and Wales [53] re-
ported the global minima for metal clusters modelled by the Sutton-Chen [33]
family of potentials containing up to 80 atoms, using a Monte Carlo minimiza-
tion global optimization algorithm [54]. They did not present the other low
energy minima, and their probabilities of sampling, either. Finally, Johnston
and co-workers [55] have reported the global minima for Pt, Pd and Pt — Pd
bimetallic clusters using the many-body Gupta potential in their genetic algo-

rithm calculations.

There are also a few ab initio studies on the small Pt clusters. Ellis et
al. [56] studied the Pt, cluster using an ab initio generalized valence bond
method within the relativistic effective core potential and a double-zeta basis.
Complete active space self consistent-field (CASSCF) calculations followed by
the first-order configuration interaction (FOCI) computations has been per-
formed by Balasubramanian [27] on the Pt and by Dai and Balasubrama-
nian [57] on the Pt clusters to study their electronic structures. Yang and
co-workers [58] applied the non-self consistent Harris functional version [59] of
the local density approximations (LDA) within density functional (DF) theory
to obtain minimum energy structures of the Pty clusters for N=2-6. For-

12



tunelli [60] has performed DF calculations on the small Pty clusters (N=1-4)
by using Amsterdam Density Functional (ADF) set of programs [61]. Finally,
Apra and Fortunelli [62] have performed DF calculations on Pt;3 and Ptss
cuboctahedral clusters by using DF theory module of the NW-Chen computa-

tional chemistry package [63].

I11.2 Structures

The number of isomers (N;), the lowest binding energies per atom (E;/atom),
the average bond lengths (Rp), and the energy spectrum widths (ESW) of
Pty — Pty clusters are given in Table III.1. The minimum energy geometries
of these clusters are presented in Fig. II1.1. Except the first three structures,
each of these clusters has one or more of the trigonal, tetragonal, pentagonal or
hexagonal bipyramid forms as a main sustaining part. Therefore, it is possible
to classify them with respect to their backbones. We call Pty — Pt, group
as primitive. The Pts5 is the only one belonging to trigonal bipyramid group.
The tetragonal bipyramid group consists of the lowest energy structures of
the Ptg and Ptg clusters. In the pentagonal bipyramid group, there are Ptr,
Pty — Pty and Ptyg clusters. The Pti5 — Ptig, Ptyy and Pty clusters are in
hexagonal bipyramid group. We now discuss the structures and energetics of
the Pt clusters in ten steps.

Pty: The bond energy and the bond length of the Pt dimer are 3.15 eV and
2.34 A, respectively. The value for the bond energy is in excellent agreement
with the experimental value 3.1440.02 eV measured by Taylor et al. [45], since
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Table ITI.1: Results of 10,000 independent initial configurations for Pty — Pty

N® NP Ej/atom(eV)¢ Ry(A)? ESW/atom(eV)°

2 1 1.58 2.34 0

3 1 2.45 241 0

4 1 3.12 2.46 0

5 1 3.44 2.49 0

6 2 3.74 2.50 0.11
7 4 3.89 2.53 0.15
8 8 3.99 2.52 0.18
9 17 4.08 2.56 0.20
10 29 4.16 2.57 0.22
11 59 4.22 2.58 0.19
12 147 4.30 2.60 0.22
13 76 4.43 2.61 0.20
14 322 441 2.62 0.21
15 253 4.46 2.64 0.23
16 364 4.49 2.63 0.22
17 423 4.52 2.65 0.22
18 541  4.54 2.64 0.18
19 849 457 2.64 0.20
20 1767 4.59 2.63 0.19
21 1847 4.61 2.66 0.16

“Size of the cluster

®Number of the stable isomers
“Lowest binding energies per atom
4 Average bond length

“Energy spectrum width

the properties of a Pty and those of the bulk Pt were considered simultaneously
in the fitting procedure of the PES. Yang et al. [58] have calculated the bond
strength and the bond length of the dimer as 3.30 eV and 2.40 A, respectively,
in their ab initio studies. Fortunelli [60] has calculated these quantities as 3.70
eV and 2.37 A, respectively, in his density functional study. Although Yang et
al. [58] has reported the dissociation energy of the platinum dimer measured as
3.26 €V, it was the bond strength of the Pt3 ion. Dai and Balasubramanian [57]
and Fortunelli [60] have also referred to 3.15 eV as the correct binding total
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Figure II1.1: Lowest energy structures of Pty — Pto; clusters

energy of the Pt dimer. As seen the bond energies and the bond lengths are

in good agreement with the experimental value.

Pt3: The lowest energy structure of a Pt3 cluster is an equilateral triangle
with a bond length of 2.41 A, and energy of 2.45 eV /atom. Yang et al. [58]
have also found an equilateral triangle for the least energy structure of the Pt3
with a bond length of 2.58 A, and energy of 2.40 eV/atom. But, they have
found two other locally stable structures also: a linear chain, and an isosceles
triangle. Fortunelli [60] has found the bond length of the equilateral triangle as
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2.54 A, and the energy as 2.41 eV /atom. He has also mentioned about a linear
arrangement. According to our results, the only stable structure of three-atom

Pt clusters obtained using the T(Q technique in 3-D is the equilateral triangle.

Pt,: Tetrahedral is found to be the lowest energy structure for a Pty, with
a bond length of 2.46 A, and a binding energy of 3.12 eV/atom. Again we
did not find any other stable isomer in 3-D for the Pt,. Dai and Balasub-
ramanian [57] have also reported that a tetrahedral geometry with the 3T}
electronic state is the ground state of the Pt;. They have given the bond
length as 2.60 A and estimated the binding energy as 2.95 eV /atom, which
are in good agreement with our result. They have also found a rhombus and
a square as the other locally stable structures similar to the results of Yang et
al. [58] and Fortunelli [60]. On the other hand, Yang et al. [58] have reported
that the most stable structure for the Pt; is a rhombus of C5, symmetry, with
a bond length of 2.64 A, and a binding energy of 2.56 eV /atom. However, For-
tunelli [60] has reported that the most stable structure for the Pt, is a rhombus
of Dy, geometry, with a bond length of 2.52 A, and a binding energy of 2.63
eV /atom. In these calculations the tetrahedron structure was unstable, which
is not in agreement with the present, and Dai and Balasubramanian [57)’s ab

mnitio work.

Pts: The largest cluster with a single stable structure in our calculations
is the Pts. A trigonal bipyramid is found to be the least energy structure.
The bond length in the equatorial equilateral triangle is 2.52 A, and all other
bond lengths are 2.47 A. The binding energy of the Pt cluster is calculated as
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3.44 eV /atom. Yang et al. [58] have found a planar structure as the minimum
energy structure of the Pt5 clusters. They have also found a pyramid and a
disordered trigonal bipyramid as the other locally stable structures with the

binding energies of 2.53 eV /atom and 2.59 eV /atom respectively.

Ptg: The Ptg is the first size of which we have obtained more than one
locally stable structure in our calculations. We will discuss the isomers in the
next subsection. The minimum energy geometry of the Ptg cluster is a bipyra-
mid with a bond length of 2.50 A, and a binding energy of 3.74 eV /atom. A
bipyramid with a bond length of 2.78 A, and a binding energy of 2.61 eV /atom
was also found by Yang et al. [58] as one of the locally stable structures. They
have found 5 distinct stable structures of the Ptg. All of these structures are
in planar configurations except the bipyramid, and the lowest energy struc-
ture consists of four small equilateral triangles, which form a larger equilateral
triangle. The lack of some locally stable structures in our results compared
to the ab initio studies is might be due to that empirical potentials, such as
EAM, lack directionality in bonding, which favors dense packets. This effect
decreases with increasing number of atoms in the cluster but with the smallest

clusters it is influential.

Pty;: A pentagonal bipyramid is the most stable structure of Pt; clusters.
This structure forms the backbone of the icosahedral symmetry. The bond
length in the equatorial plane is 2.50 A, and the bond length between the
poles and any atom in the equator is 2.53 A. The binding energy is calculated
as 3.89 eV /atom.
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Ptg: The lowest energy structure of the Ptg can be constructed from the
minimum energy structure of the Ptg by capping the symmetric two faces
of the bipyramid with respect to the equatorial plane, and its energy is 3.99

eV /atom. The average bond lengths are presented in Table I1I.1.

Pty — Pty4: The minimum energy structures of Pty — Pty4 clusters have
the pentagonal bipyramid as their backbones. It is possible to construct one of
them from the previous size by just adding an atom without changing the exist-
ing structure. The global minimum energy structures of the first three of these
clusters (Ptg— Pty1) and the icosahedral form of the Pt;3 are also presented as
the global minima by Doye and Wales [53]. However, our results for Pt;5 and
Pty — Ptq; are different from theirs. These differences might be because of the
potentials used, which depend on different type of methods employed to de-
scribe atomic interactions, and the different computational procedures. Many
of the lowest energy geometries of the Pty — Pts; clusters given by Doye and
Wales [53] are found to be some energetically higher locally stable isomers. For
instance, the lowest energy structure of the Pty4 presented by them is found
to be the 4" isomer in our calculations. The lowest energy structure of N=13
has a particular importance since it is the first of so called magic numbers
(i.e. 13, 55, 147, ...) for icosahedral structures. In an icosahedron with 13
atoms, a central atom is surrounded by 12 atoms, which form a spherical shell.
We have calculated the radius of the shell as 2.52 A. This number has been
calculated as 2.50 A by Sachdev et al. [48]. They have calculated the total
binding energy of this geometry as 57.71 eV which is very close to our result
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of 57.58 eV. Yang and DePristo [51] have also studied the Pt;3 clusters with
two semi-empirical interatomic potentials. One of the potentials predicted the
icosahedral structure with a binding energy of 52.14 eV, the other predicted
an open and fluxional structure with a binding energy of 65.66 eV. Sachdev
et al. [48] have stated that the magic number icosahedral structures are stable
at 0 K, the lowest energy structures of the non-magic number clusters may
not be on the icosahedral growth pattern. They have also claimed that magic
number structures deform into some disordered structures upon annealing at
300 K. Since, we are going to discuss the dynamical properties and phase tran-
sitions of some of the Pt clusters in later chapters, we postpone this discussion
to them. Finally, Apra and Fortunelli [62] have studied the Pt;3 clusters by
starting from crystal geometries, i.e. the positions that the atoms assume in
the clusters considered as sections of the bulk platinum fcc lattice, and by im-
posing cuboctahedral symmetry. For the cuboctahedral structure, they found

6.9 eV of binding energy per atom and 2.67 A of nearest neighbor distance.

Pti5 — Ptyg: In the lowest energy structure of the 15-atom Pt cluster
there are two hexagonal bipyramids, which share one of their atoms in the
polar region. These two hexagonal planes are rotated with respect to each
other like the rotated pentagonal rings in the icosahedral form of the Pti3.
Therefore it is not on the icosahedral growth. This hexagonal bipyramid is
another building block of higher sizes of the Pt clusters, as we see in the
minimum energy structures of Ptig— Ptqg, Ptog and Pty;. As the size increases
from N=15 to 18, the atoms accumulate in the same polar region. They form
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dimer, trimer, and tetramer, respectively.

Pti19g — Pty1: When the size of N=19 is arrived, the backbone is changed
back to the pentagonal bipyramid, and it’s structure is a double icosahedron.
The central pentagonal bipyramid is shared by the icosahedral forms. The
Pty has an additional atom in its equatorial plane compared to the structure
of the Pti9. This additional atom forms a disordered equatorial hexagonal
bipyramid as shown in Fig. III.1. In Pty one of the pentagonal rings near the
polar regions is converted into a hexagonal bipyramid ring.

The binding energy per atom of the lowest energy geometries of the Pty —
Pty clusters are plotted as a function of size (), in Fig. IT1.2(a). After a rapid
initial increase, the lowest energy per atom converges hyperbolically towards
the bulk value (E,.,=5.77 €V) [26] for fcc Pt. An important feature of this
graph is the small peak at N = 13, corresponding to a region of enhanced

stability. Such regions are more evident when the first

Dy(N) = Ey(N) — E/(N — 1), (I1L.1)

and the second

Dy(N) = 2E(N) — Ey(N — 1) — E/(N + 1), (111.2)

differences in the binding energies are plotted against N as seen in Fig. I11.2(b).
The second difference in binding energy (D,) is generally correlated with ex-
perimental mass spectral intensities. Fig. I11.2(b) indicates that there are pro-
nounced peaks in Dy(N) at N=4,6 and 13. The common feature of the least
energy structures of these sizes is that they all construct a complete sphere
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where there is no atom at the center for the sizes of N = 4 and 6. However,
there exist an atom at the center for the size of N = 13. The average bond
lengths (R,) of the lowest energy structures exhibit a similar behavior to the
binding energies. They also converge hyperbolically towards the bulk value

(2.78 A) [64] for fcc Pt.

II1.3 Isomers and Simple Growth Paths

The number of stable isomers versus cluster size graph has been plotted in
Fig. [1I.3(a). The number of isomers increases exponentially as the cluster size
increases, because of the high dimensionality of the configuration space. The
energy spectrum width (ESW /atom) versus cluster size graph has been plotted
in Fig. II1.3(b). Initially, it increases rapidly, as the cluster size increases
(N < 10). The width of the energy spectrum reaches to the saturation level at
N = 10. After that the ESW/atom values are oscillating around 0.2 eV. This
width is the highest at N = 15, 0.23 eV /atom, and the smallest at the size of
N =21, 0.16 eV/atom, (for N > 8). The smaller value for N = 21 is might be
due to the number of independent initial conditions which is not sufficiently
large. For the size range of N > 20 one should use much larger set of initial
conditions for better sampling of the much larger isomer-phase-space.

We have shown all locally stable structures of the Pts — Pty clusters other
than the global minima in Fig. II1.4. We denote the lowest energy structure of
a size as N (1) since it is the first isomer, the second isomer is denoted by N(2),
and so on. The 2" — 6" locally stable structures of the Pt;o— Pt;5, and Pty —
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Pty clusters are given in Figs. II1.5 and II1.6, respectively. As an exception,
we display the 7" and 54" isomers of the Ptg, and Ptg, respectively in
Fig. I11.6 since they have the highest probability of sampling. It can be seen
from the isomer geometries given in Fig. I11.1, and Figs. I11.4 - II1.6 that any
structure of a given size can be related to one of the locally stable geometries
of the previous size. This relation can occur in two different ways: 1- Either,
it is possible to construct the structure of N(I) from a structure of N-1(I")
by just adding a new atom to cap one of the faces of existing geometry (e.g.,
N=6(2) from N=5(1), and N=7(2) from N=6(1)). This type of construction
nearly preserves the previous interatomic bonds (simple growth path). But,
sometimes a few of the bonds can be broken and the previous structure can
be disturbed without losing its identity (e.g., N=10(4) from N=9(3) or from
N=9(4)). 2- Or, instead of going to the top of a face, the new atom is inserted
into the ring of the previous structure (e.g., from N=5(1) to N=6(1), and from

N=6(1) to N=7(1)). Thus, a new building block is constructed.

Sometimes a structure may have a relation to more than one structures of
the previous size. For instance, Ptg(17) can be built from both Pts(7) and
Ptg(8). Using the relations described above, we developed a tree diagram in
Fig. II1.7 showing how the locally stable structures grow. In the diagram the
straight lines present the relations of type one, whereas the dotted lines indi-
cate the relations of type two. Since we present the geometries of all isomers
of the Ptg — Pty clusters in this article, this diagram is complete for this size
range. All relations of 17 different locally stable structures of the Pty have
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been shown in the diagram. But for the remaining parts, we have placed
only many of those geometries that we have given in Fig. II1.5, and Fig. II1.6.
They may have some other relations than the ones shown in the figure. Nev-
ertheless, the diagram shows that there are some simple growth paths such
as Pts(1)-Ptg(2)-Pt(3)-Pts(5)-Ptg(13), or Ptg(1)-Pt7(2)-Pts(3), or Ptr(1)-
Ptg(2)-Ptg(1)-Pt1o(1)-Pt12(1)- Pty3(1)-Pt14(1)-Pty5(2)-Pt16(5) in which each
structure is related to the previous structure by type one. Simple growth paths
can be considered in the formation of Pt clusters under the experimental con-
ditions (near room temperature). For instance, when a Pt5(1) cluster meets a
free Pt atom at room temperature, we expect that they form the structure of
the Ptg(2) first. Because of the large potential energy difference between the
Pt5(1) and the Ptg(2), the Ptg(2) melts as it forms. Due to the cooling process

it loses its internal kinetic energy, and eventually it ”falls” into the basin of
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Table II1.2: Total energies (eV) for all isomers of Pts — Ptg and for the first 8
isomers of Ptg — Pty

N N1) N@) N@B) N@) NGB N6 N7 N(@®)

6 -22.435 -21.788

7 -27.219 -26.811 -26.249 -26.198

8 -31.888 -31.532 31.189 -31.097 -30.717 -30.652 -30.563 -30.476
9 -36.709 -36.574 -36.178 -36.171 -36.137 -36.130 -35.908 -35.845
10 -41.646 -41.248 -41.208 -41.182 -41.180 -41.141 -41.017 -40.998
11 -46.462 -46.162 -46.097 -46.093 -45.949 -45.896 -45.883 -45.846
12 -51.609 -51.080 -50.972 -50.942 -50.909 -50.909 -50.855 -50.760
13 -57.583 -55.968 -55.906 -55.868 -55.825 -55.815 -55.795 -55.793
14 -61.732 -61.617 -61.444 -61.272 -60.924 -60.863 -60.810 -60.790
15 -66.951 -66.785 -66.401 -66.362 -66.073 -66.061 -65.951 -65.908
16 -71.861 -71.827 -71.807 -71.755 -71.690 -71.439 -71.397 -71.303
17 -76.830 -76.824 -76.787 -76.775 -76.770 -76.724 -76.641 -76.537
18 -81.696 -81.686 -81.683 -81.658 -81.647 -81.635 -81.582 -81.569
19 -86.922 -86.527 -86.503 -86.503 -86.493 -86.482 -86.461 -86.424
20 -91.729 -91.723 -91.640 -91.473 -91.440 -91.381 -91.319 -91.286
21 -96.829 -96.642 -96.629 -96.610 -96.609 -96.600 -96.594 -96.528

attraction of the Ptg(1). If both locally stable structures of the Ptg clusters
near room temperatures interchange one to another, then they may both exist
under the experimental condition. Similar processes may occur in the forma-
tion of the locally stable structures of the other sizes under the experimental
conditions. The total energies calculated for all isomers of the Ptg — Ptg and
for the first 10 isomers of the Pty — Pt9; are given in Table II1.2. The differ-
ences between the total binding energies of any successive sizes are at least on
the order of eVs. This quantity decreases to deVs for the successive isomers
of a given size, if their backbones are different. For instance, the energy differ-
ence between Ptg(1) and Ptg(2) is 0.647 eV, or it is 0.562 eV between Pt(2)
and Pt7(3). An exception of this is that the energy difference between Pty3(1)
and Pty3(2) is 1.615 eV, which is very high because of the highly symmetric
structure of Pty3(1). If the backbones of the successive isomers are the same,
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their energy difference is even on the order of ceVs. For example, the energy

gap between Pt;(3) and Pt7(4) is only 0.051 eV.

I11.4 Probabilities

Probability of sampling different basins of attractions has been calculated by
dividing the number of clusters in the basins by the total number of initial
configurations. We have given these probabilities for all isomers of the Pts— Pty
and the first 9 isomers of the Pty — Pty in Table I11.3. All probabilities given
in Table II1.3 have been obtained by quenching the high temperature (about
2600 K) initial configurations. The total energies of these samples effect the
probability of getting the various isomers, in principle. In order to analyze
this effect, we have performed some calculations on the sampling probabilities
of the Ptgy clusters with different total energies, i.e., at different temperatures.
The probabilities of forming the various isomers of the Ptg clusters obtained
by quenching 1900 K, 2600 K, 3000 K, 3500 K, and 4000 Ks have been given in
Table I11.4.  Except for the case of 1900 K, the same number (17) of isomers
has been obtained. Thus, 2600 K is high enough to sample the total number
of locally stable structures. As the total energies of the clusters increase, the
sampling probabilities of the first two isomers are decreasing, whereas those of
the isomers with higher energies increase. This situation might be explained
as the following: In our calculations, we prepared 10,000 initial configurations
by recording their coordinates at each 500 steps of the MD trajectory. When
the internal kinetic energies of the particles are relatively small, they cannot
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Table II1.3: Probabilities of all isomers of Ptg — Ptg and the first 9 isomers of
Ptg — Ptgl

N N(1) N(2) N(3) N@) N(5) N(6) N(7) N(8 N(9
6 0.568* 0.432
7 0.423 0.445* 0.111 0.022
8 0.552¢ 0.375 0.018 0.036 0.007 0.008 0.003 0.000
9 0.357* 0.164 0.153 0.117 0.081 0.010 0.033 0.031 0.025
10 0.244* 0.055 0.049 0.182 0.164 0.049 0.059 0.011 0.068
11 0.252* 0.224 0.069 0.047 0.033 0.104 0.060 0.026 0.048
12 0.188* 0.159 0.011 0.006 0.033 0.057 0.095 0.056 0.034
13 0.821* 0.055 0.005 0.012 0.008 0.014 0.000 0.008 0.002
14 0.092 0.532* 0.005 0.052 0.021 0.004 0.018 0.009 0.005
15 0.673* 0.115 0.032 0.004 0.002 0.022 0.007 0.009 0.003
16  0.166 0.027 0.217 0.268* 0.097 0.013 0.006 0.001 0.008
17 0.024 0.283* 0.029 0.076 0.014 0.009 0.050 0.090 0.008
18 0.016 0.025 0.015 0.097 0.008 0.011 0.157* 0.038 0.041
19> 0.023 0.008 0.010 0.001 0.013 0.007 0.039 0.009 0.019
20 0.016 0.117¢ 0.006 0.024 0.003 0.004 0.001 0.002 0.004
21 0.230* 0.018 0.001 0.046 0.083 0.016 0.013 0.001 0.005
“The most probable isomer
50.040 is the highest probability belonging to the 54th isomer

Table I11.4: The probabilities of sampling the isomers of Pty clusters obtained
by quenching 1900 K, 2600 K, 3000 K, 3500 K, and 4000 K initial configurations

Isomer number 1900 K 2600 K 3000 K 3500 K 4000 K
N(1) 0.496 0.367 0.329 0.299 0.278

N(2) 0.207 0.164 0.143 0.108  0.101
N(3) 0104 0153 0181  0.199  0.201
N(4) 0.062 0.117 0131  0.144  0.153
N(5) 0.066  0.081  0.073 0.071  0.076
N(6) 0.008 0010 0.012 0014 0.013
N(7) 0.019 0033 0033 0.048  0.047
N(8) 0017 0031  0.037 0.036  0.042
N(9) 0.010  0.025 0.028 0.034  0.036
N(10) 0.009 0020 0018 0.022  0.024
N(11) 0.002  0.004 0.006 0.006  0.009
N(12) 0.002  0.002 0.003 0.003
N(13) 0.001  0.002 0.004  0.006
N(14) 0.002  0.003  0.006  0.007
N(15) 0.000  0.002  0.002  0.002
N(16) 0.001  0.001  0.003  0.003
N(17) 0.000  0.000 0.001  0.001
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go far away in a limited number of time steps (500) in the phase space from
the starting point. Since the most stable isomers, in general, occupy larger
potential ”"wells” in the phase space, sampling at relatively lower temperatures
will favor these lowest energy structures. On the other hand, the clusters
with higher internal kinetic energies can travel longer distances in a given time
in the phase space. Therefore, a larger number of the initial configurations
can escape from the lowest energy potential "wells” at higher temperatures.
Thus, energetically higher basins of attractions in PES are visited more at
higher temperatures compared to the cases of the samplings at relatively lower
temperatures. Nevertheless, the quantitative changes in probabilities from
2600 K to 4000 K are not big enough to change the trend of the probability
distribution. Namely, even at 4000 K, the lowest energy structure is still the
most probable one, the probabilities still decrease as the energies of the isomers
increase, and the order of the isomers with respect to their probabilities do not
change drastically. These results also indicate that higher potential ”wells”, in
general, occupy smaller volumes in the phase space. Therefore, the data given
in Table II[.3 might be used to investigate the trend of the isomer sampling
probability distributions of small Pt clusters. Here, it should also be mentioned
that for the larger clusters (N > 20), temperatures higher than 2600 K might

be required in order to sample all stable isomers.

The probability distributions of the Pts — Pti3, and Pty4 — Pty clusters
obtained by quenching 2600 K clusters are given in Figs. II1.8 and III.9, re-
spectively.  The probability of getting a specific isomer of a given size highly
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depends on the energy of the isomer. A common characteristic of all distri-
butions is that, as the total energies of the isomers increase, the probabilities
decrease. One can fit the most of the probabilities in a distribution of a given

size using the form

b
EF+c

P(E) = aexp( ) (I11.3)

where, a > 0: the dimensionless constant, b > 0: scaling factor in units of
eV, 0 < ¢ < |Ey| (Ej is the energy of the energetically highest isomer), and
E < 0 is the internal energy of a quenched isomer [65, 66] (see the probabil-
ity distribution graphs of Pty and Pty in Fig. I11.8). Thus, for many cluster
sizes, the most stable structure is the most probable one. However, there are
some exceptions, e.g., Pt7(2), Pt14(2), Ptig(4), Pt17(2), Pt1s(7), Pt19(54), and
Ptyo(2) which are more probable than their least energy structures. Similarly,
some isomers have higher probabilities than their less energetic neighbors. For
example, the probability of the Pt1o(4) is higher than the probabilities of the
Pt19(2) and Pt10(3). This means that the energy is not the only control pa-
rameter. The secondary parameters affecting the probabilities are the simple
growth path, the number of accessibility from the structure of the previous
size, the backbone and the symmetry of the cluster. The probability of forma-
tion of Pt7(2) can be given as an example of the effect of the simple growth
path. Although the total energy of Pt7(1) is less than that of Pt;(2), sampling
probability of the Pt;(2) is higher than that of the Pt;(1). This is due to
the fact that Pt;(2) is connected to their common parent Ptg(1) by type 1,
whereas Pt7(1) is connected by type 2. Namely, Pt7(2) is on the simple growth
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path Ptg(1)-Pt7(2), but Pt;(1) is not. A similar thing occurs at size N=17.
Since Pti7(2) is on the simple growth path i.e., Pti(1)-Pti7(2), its sampling
probability is higher than that of Pt17(1). It should be noted that the effect of
being on a simple growth path may not overcome always the effect of energy
as seen on the example of Pt5(1)-Ptg(2). Although Pts(2) is on the simple
growth path, the sampling probability of the Ptg(1) is higher than that of the

Ptg(2), since the energy difference is large between them (0.65 eV).

The effect of the number of accessibility from the structure of the previous
size can be seen in the sampling probability differences of the Ptg(3) and the
Ptg(4). Although the total energy of the Ptg(3) is lower than that of the
Ptg(4), and both of them are connected to a common parent Pt;(2) by type 1,
the probability of formation of the Ptg(4) is twice of that of the Ptg(3). This
can be explained by the fact that the structure of the Ptg(3) can be obtained
from the structure of the Pt7(2) in a single way: by adding the last atom to cap
the symmetric face of the Pt;(2) with respect to the center of the tetragonal
bipyramid (see Fig. II1.4). On the other hand, structure of the Ptg(4) can be
obtained from the structure of Pt;(2) in three ways: by capping one of the
appropriate three faces of the tetragonal bipyramid. A similar situation can

be found in the sampling probabilities of the Pt14(1) and the Pt14(2) clusters.

Effect of the backbone on the sampling probability is visible for the Ptq(6)
and the Pty(7) isomers. Generally, as the total energy of the locally stable
structures increases, the backbones of the structures change from the hexag-
onal, pentagonal, tetragonal to trigonal bipyramids. Sometimes this order is
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broken as in the case of the pass from the Pty(6) to the Ptog(7). The backbone
of the Pty(6) is a tetragonal bipyramid but that of the Ptg(7)-Pty(10) are
pentagonal bipyramids. Thus, the sampling probability of the Pty(7)-Pty(10)
are higher than that of the Pty(6). The backbones are also responsible for the
energy bands and energy gaps in many of the probability distribution graphs.
There are some energy bands in which a number of energetically close iso-
mers with smoothly decreasing probabilities are present, and there are some
energy gaps in which there are no isomers. Generally, after an energy gap the
probability drops drastically as in the case of the Pto(3-6) and the Pto(7-11)
isomers. This is due to the fact that their backbones are different, and also

probability of sampling is a function of the isomer’s energy (Eq. I11.3).

Finally, the effect of the symmetry is best seen in the size of N=13. The
probability distribution graph of the Ptq3 differs from the others, noticeably.
In this size, the probability of the lowest energy structure is much higher
than those of the other isomers because of the perfect spherical symmetry of
the icosahedron. On the other hand, however, the probability distribution
of the Pty shows that there are many other isomers having approximately
equal probabilities to that of the Pt19(1) (one may have to use much larger
sampling size of the initial conditions for larger sizes in order to have converged

probabilities).

We denote the highest probable isomers in Fig. I11.7 by an asterisk. It is not
SU.I'pI'iSiIlg that many of them (Ptg(1)-Pt10(1)—Pt11(].)—Ptlg(1)—Pt13(1)-Pt14(2))
are on the same simple growth path. On the other hand, the structures such
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as Pty(6), Pt19(3), Ptig(1), Ptis(2), Pt17(1), and Ptyo(1), which are connected
to their parents by type 2, have relatively low probabilities with respect to the
probabilities of their neighbors.

It should be noted that probabilities of formation given here belong to the
structures which are stable at 0 K. Many of these geometries may not be stable
at room temperatures, i.e., potential wells may be very shallow. Therefore, to
find the most probable structure in the experimental conditions, one should
check the stability of these structures at room temperatures. The temperature
could also be a factor that would influence the path from one cluster to the
other. The stability of the structures as a function of temperature and the
influence of temperature on the growth paths can be discussed in detail in the

future works.
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CHAPTER 1V

Pty — Ptss CLUSTERS

IV.1 Computational Details

The search of the global minima of the larger sizes (N > 22) has been done
in two phases. In the first phase, initially 500 independent configurations
prepared along high-energy trajectories (about 2600 K) have been quenched
to obtain a first candidate for the global minimum structure for each size
of the clusters (in this size range we limit the number of independent initial
conditions to 500 since further steps of the search are highly computationally
demanding). After that, internal kinetic energies of these first candidates of the
global minima have been increased in a stepwise manner and their short-time
average internal kinetic energies (STKE) are monitored as a function of time
at different total energies. Any transition from one of the basins of attraction
to another one affects the internal kinetic energy. Therefore, any phase change
can be detected as an abrupt change in STKE as shown in Fig. IV.1. When
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the total energy is high enough to pass over the barrier between the basins,
clusters change their basins of attraction. If there is a lower energetic locally
stable structure near the current basin of attraction of the cluster, that lower
energetic basin of attraction biases the motion of the atoms in the phase space
towards itself. Thus, whenever a jump to a higher STKE is observed, this new
energetically lower isomer is considered as the second candidate for the global
minimum structure and it is quenched and then heated gradually again. By
repeating these quenching, heating, and monitoring processes we have searched
a descending sequence of local minima for each size. The STKE of Pts; clusters
for the first, second candidates and that of the global minimum structure are
given in Fig. IV.1(a), (b) and (c), respectively. In Fig. IV.1(a) and (b) there
are jumps indicating the changes of the current basins of attraction to the
neighboring lower energetic basins of attraction. However, the STKE of the
global minimum structure of Pts; cluster given in Fig. IV.1(c) never climbs
over its initial kinetic energy during the same amount of observation time.
Instead, it starts to visit the neighboring higher energetic basins of attraction.
The method of the successive quenching and reheating MD phases described
here is used before for Pd clusters by Karabacak et al. [67] and for Cu clusters

by Ozcelik and Giivenc [68].

A descending sequence of local minima terminates at a distinguished po-
tential well from which no further descent is possible. This bottom structure
is the lowest-energy structure of that ”funnel”. However, there may be more
than one "funnel” in a potential energy surface (PES) [69]. Namely, the de-
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scending sequences of local minima started from different initial configurations
can terminate at different bottom structures. Different ”funnels” are related
to different structural morphologies. If the correct ”funnel” is missed in the
preparation of the 500 initial configurations, the real global minima may not
be catched by the described procedure. Since as it is phrased by Wales and
Doye [40] that ”The most obvious short-cut would be to start not from initial
random configurations but from seeds with either decahedral, icosahedral or
fce morphologies”, in order to investigate the other possible ”funnels” which
may posses the global minimum structure, we performed the second phase of
our calculations in which two things have been done: 1. We have compared
our results with the Monte Carlo minimization (or basin-hopping algorithm)
study carried out using Sutten-Chen (SC) potentials by Doye and Wales [53].
We found that their 37-, 38-, 42-, 44-, and 50-atom structures have lower po-
tential energies than our initial results. Therefore, we repeat the first phase
of our calculations for these sizes by starting from the structures reported in
Ref. [53]. Another study of Pt, Pd and Pt — Pd bimetallic clusters, with up
to 56 atoms, performed by Johnston and co-workers [55] can also be consid-
ered for the comparison. Johnston and co-workers have reported the global
minima for the mentioned clusters using the many-body Gupta potential in
their genetic algorithm calculations. Since the most of their structures are
very similar to those found by Doye and Wales, we have been contented with
the first comparison. 2. Whenever the morphology of the global minimum

structure of a size N is different from the morphology of the neighboring sizes,
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N — 1 and/or N + 1, we have examined structure of the size N in the form
of neighboring size morphology. By this second consideration we have found
lower energetic structures for 51-, 53-, and 54-atom clusters. Finally, we have
applied the same heating, monitoring and quenching procedure to these new
8 structures (N=37, 38, 42, 44, 50, 51, 53, and 54) once more. In only STKE
of the 44-atom structure we observed a small jump at about 650 K. After
quenching this new lower energetic structure, we obtained the final putative

global minimum structure of this size.

Most of the failures in the investigation of the global minima in the first
phase of our calculations are due to the topographies of the potential energy
surfaces (PES) which are likely to have multiple ”funnels” in these 8 sizes [70]
and due to computationally limited search time. To emphasize how difficult to
find the lowest energy structure in certain sizes, we perform the following extra
calculations: We have added the L-BFGS conjugate gradient routine [71] to our
MD program. Starting from a random initial configuration, we let the 38-atom
Pt cluster take 10 million time steps in the phase space at about 2700 K. After
each MD step, the L-BFGS subroutine is performed to relax the cluster into the
nearest local minima, by minimizing the cluster potential energy as a function
of the cluster coordinates. In some cases the conjugate gradient subroutine
could not perform the minimization process due to the errors in the numerical
derivatives. Within the 8,596,259 successful minimization 127,510 different
local minima were found. During the whole trip the basin of attraction of the
lowest energy structure (truncated octahedron) was visited only 1012 times.
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Therefore, if we had chosen randomly 10,000 (nearly equal to 10 million / 1012)
sets of configurations among 10 million sets produced in the MD trajectory
and if we had used them as our initial configurations in the first phase of our
calculations, only one of them would have ended up with the global minimum
structure, on average. We discuss the morphologies of the global minima in
the next section. After all of these considerations, still we cannot be sure that
we obtained the real global minima, which is the case for any other global
optimization method too. Nevertheless, the structures presented here can be
considered, at least, as good starting points for further investigations and

illuminate the growth path of the clusters.

IV.2 Global Minima

We have reported the total energies (E), energies per particle (£/N), the point
groups (PQG), the structural assignments (SA), the average bond lengths (Rj)
and the differences between the maximum and minimum bond lengths (Dg)
of all the global minima in Table IV.1. The point groups of the structures
are determined with the help of a program taken from OPTIM program [72].
Symmetry elements are diagnosed when rotation and reflection operators pro-
duce the same geometry correct to 0.01 in each Cartesian coordinates. We
have also indicated the global minima in Table IV.1 if they are common with
SC Pt clusters reported in Ref. [53]. The energies and the second finite differ-
ences in energies (DyF) are plotted in Fig.IV.2(a) and (b), respectively. For
the sake of completeness we have included the energies of the sizes N=2-21
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Table IV.1: Results for global minima of Pty — Ptsg clusters

Na E¢? E/N¢ PGT SAc¢ R, 7 Dp¥

22 -102.088 -4.640 (4 face-sharing icosahedral 2.642  0.520
23 -107.231 -4.662 (Y face-sharing icosahedral » 2.650 0.572
24 -112.161 -4.673 C, face-sharing icosahedral » 2.630 0.325
25  -117.011 -4.680 (5 face-sharing icosahedral 2.664 0.606
26 -122.241 -4.702 4 face-sharing icosahedral 2.659 0.633
27 -127.459 -4.721 face-sharing icosahedral 2.662 0.591
28  -132.707 -4.740 C face-sharing icosahedral 2.645 0.613
29  -137.741 -4.750 (Y face-sharing icosahedral » 2.645 0.466
30 -143.039 -4.770 Cj, face-sharing icosahedral * 2.650 0.370
31 -147.999 -4.774 (5 face-sharing icosahedral ~ 2.679 0.540
32 -153.179 -4.787 D,y  face-sharing icosahedral 2.660 0.516
33 -158.230 -4.795 () face-sharing icosahedral 2.659 0.514
34  -163.357 -4.801 () face-sharing icosahedral 2.654 0.578
35 -168.730 -4.821 Ds face-sharing icosahedral ~ 2.668 0.529
36 -173.924 -4.831 (Y, face-sharing icosahedral * 2.647 0.357

37 -179.068 -4.840 Cly, decahedral ” 2.677 0.343
38  -184.483 -4.855 O truncated octahedron " 2.679 0.180
39  -189.486 -4.859 (| centred icosahedral 2.660 0.481
40  -194.816 -4.870 D, face-sharing icosahedral 2.670 0.439
41 -199.675 -4.870 (4 centred icosahedral 2.661 0.552
42 -204.886 -4.878 () centred icosahedral " 2.689 0.504
43 -210.185 -4.888 () centred icosahedral 2.661 0.537
44  -215.526 -4.898 (] centred icosahedral 2.671 0.597
45 -220.694 -4.904 C, centred icosahedral " 2.657 0.490
46 -225.965 -4.912 (| centred icosahedral 2.672 0.529
47  -231.146 -4918 centred icosahedral 2.674 0.615
48 -236.397 -4.925 () centred icosahedral " 2.672 0.607
49  -241.724 -4.933 (] centred icosahedral 2.670 0.551

50 -246.830 -4.937 Dsgy, truncated octahedral " 2.689 0.196
51 -251.890 -4.939 (), uncentred icosahedral 2.663 0.212
52 -257.678 -4.955 (Y, uncentred icosahedral 2.665 0.233
53 -263.386 -4.970 Cs, uncentred icosahedral 2.667 0.238
54  -269.011 -4.982 I, uncentred icosahedron 2.670 0.202
55 -273.454 -4.972 I, centred icosahedron 2.686 0.183
56 -278.389 -4.971 (| uncentred icosahedral 2.671 0.501

“Size

Energy (eV)

“Energy per particle

1Point group

¢Structural assignment

! Average bond length (A)

9Difference between max. and min. bond lengths (A)
"Common with Sutton-Chen structures given in Ref. [53]
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into these two graphs. Following Northby et al. [73] and Lee and Stein [74],

the function,

Ey = aN +bN?? + N3 1 d, (IV.1)

is fitted to the energies given in Table IV.1, and it is subtracted from the
energies of the clusters in order to emphasize the size dependence. In this
polynomial function, a describes the volume, b surface, ¢ edge, and d the
vertex contributions to the energy. Dy F is generally correlated with the magic
numbers observed in mass spectra. Clusters are particularly abundant at magic

number sizes in mass spectra since they are the most stable ones [75].

The core, the surface and the triangulated polyhedral surface structures of
Ptyy — Ptsg global minima are illustrated in Fig.IV.3 and those of Ptyy — Ptsg
global minima are in Fig.IV.4.  We call an atom in a cluster as a core-atom if
its coordination number (C'N), which is the number of nearest neighbors within
a cutoff radius 1.2 7., is greater than or equal to 10. The 7, (2.78 A) is the
nearest neighbor distance in the perfect crystal. The atoms with 5 <CN< 9
are called as surface atoms and the atoms with CN = 3 — 4 are called as
capping atoms. Definitions of the core and surface atoms given here are slightly
different from those of Lee and co-workers [76]. They named the atoms with
CN = 10 as surface atoms. The C'N analysis of all the global minima is given
in Table IV.2. In the Fig.IV.3 and Fig.IV.4, the bonds between the core and
surface atoms are not presented to make the figures clearer. Furthermore, all
the surface and the triangulated polyhedral structures are presented from the
same points of view, whereas the figures of the structures which show explicitly
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the cores are rotated as a whole with respect to the remaining two figures by
arbitrary angles to get the best view of the core part. From Fig.IV.2(a) it
can be seen that the most stable structures occur at sizes 13 and 54. The
13-atom structure is a complete Mackay icosahedron [77] as we reported in
our first paper [78], whereas the 54-atom structure is a Mackay icosahedron
without a central atom. The icosahedral morphology without central atoms
in the global minima of Pt clusters starts at the size of 51 and continues up
to the size of 56 except the 55-atom structure which is a centred icosahedron.
Since the icosahedral morphologies with and without a central atom have their
own ”funnels”, we found only the 52- and 56-atom global minima at the end
of the first phase of our calculations. Initially, the 51-, 53-, and 54-atom
putative global minima had been found as some structures belonging to the
centred icosahedral morphology. For instance, the 54-atom structure was a
complete H5-atom icosahedron with missing one of the surface atoms among
the ones having the least coordination number. After examining the uncentred
icosahedral ”funnel” | we have found the global minima of these 3 sizes (N=51,
53 and 54). The energy difference between the 54-atom uncentred icosahedron
and the b4-atom centred icosahedron with missing one surface atom is more
than 1 eV. Although a central atom in an icosahedron has 12 C'N, which is
greater than the C'N of any surface or capping atom, the uncentred 54-atom
icosahedron has lower energy than the 54-atom icosahedron with a central
atom. This is because of the fact that the central atom pushes the other

atoms outwards and the spherical shells expand. The radius of the inner shell
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Table IV.2: Coordination number analysis of Pty — Ptsg clusters

Coordination number

Size

12 13 14

9 10 11

0
0
0
1
1
0

8
2
3
2
6
)

7
0 13 5
0 12 6
1 14 5
0 12 3
0 13 4
0 13 4

22
23

24
25
26
27
28
29
30
31

7

12
2 12 6
0 12 9
0 12 6

0

0
0
3
4
0
0

6
6
6

0 12 12 O 0
2 10 8
1

32

8

33
34

35

2
120 0
9

13 10 4

b}

0

0 12 6
0 16 6
2 18 2
0 24 0
0 15 7
0 12 8

0

36

10 0 0 O

0

37
38
39
40

8

3
0
0
0
2

10 0 O
14 0 0
10 2 0
14 0 0
120 0

12

6

5

17
2 18 1
0 18 6
0 15 8
2 14 6
0 16 6
0 14 7
0 18 5
0 17 4
0 24 6
0 12 9
0 11 8
0 11 5

41

42

43

44
45

2

4
1
1
1
3

15 0 2
14 2 0

17 1 0

46

47

15 0 2
18 0 1
0

48

49

3

8

50
ol

8 0 3 9
21 0 2

25 0 1

10
11

92

0

93
o4
95
56

12
0

30 0 0

0 12 0
0 12 0
0 15 7

13

30 0 0

7

21 2 0
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of the 55-atom complete icosahedron is 2.6095 A. The distance between the
central atom and the surface atoms having 6 and 8 CN are 4.4653 A and
5.1126 A, respectively. However, the corresponding distances in the 54-atom
uncentred icosahedron are 2.5207 A, 4.4317 A, and 5.0578 A, which are all
smaller. Another comparison can be made between the average bond lengths
of the 54-atom structures having no central atom and missing one surface
atom. The average bond length of the 54-atom global minimum structure
(the uncentred icosahedron) is 0.015 A less than that of the 54-atom centred

icosahedron missing a surface atom.

Global minima of all the clusters from 51-atom to 54-atom have the same
structure in their cores, i.e., a 12-atom uncentred icosahedron. The 12-atom
uncentred icosahedron is stable at low temperatures but its energy is not lower
than the global minimum structure of the 12-atom centred icosahedral cluster
that we reported before [78]. The 12-atom uncentred icosahedron of gold clus-
ter is reported as the global minimum structure by Wilson and Johnston [79]
in their MD simulated annealing study carried out using an empirical Murrell-
Mottram many-body potential function. Our uncentred icosahedral global
minima of 51-, 52-, 53-, and 54-atom clusters are stable up to about 645 K,
803 K, 788 K, and 995 K, respectively. The energy of the uncentred icosahe-
dral isomer of the 55-atom cluster, which has 6 atoms instead of 5 in one of
the smaller rings on either pole of the uncentred icosahedron, is about 0.1 eV
higher than that of the global minimum structure (55-atom centred icosahe-

dron). The core of the global minimum structure of the 56-atom cluster is an
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uncentred 12-atom icosahedron with a missing atom from the surface of the

core.

From Fig.IV.2(a) it can be seen that the 54-atom uncentred icosahedron is
more stable than the 55-atom centred icosahedron because its relative energy
with respect to the reference energy FEj is much lower than that of the 55-atom
structure. Similarly, Fig.IV.2(b) shows that intensity of the 54-atom clusters
in a mass spectrum should be much higher than that of the 55-atom clusters.
However, one should note that the experimental conditions range from rapid
cooling (mostly kinetic control) to long periods of heat treatment (mostly ther-
modynamic control) [80]. Since the global minima of the most of the smaller
clusters have centred icosahedral morphology, as the Pt atoms aggregate in the
laboratory conditions to form higher sizes, the structures having a central atom
would be observed initially. It could take a relatively long time for a central
atom to escape to the surface of the structure even if it has enough energy.
Therefore, under kinetically controlled conditions, one would expect to find
that the 55-atom centered icosahedron is more favorable in the mass spectra.
On the other hand, if the experiments are mostly thermodynamic control in
nature the global minimum structures should be observed, therefore, we would
expect to find similar results to the ones that we report here in such condi-
tions. Unfortunately we cannot find any experimental study on the structures
or mass spectra of bare Pt clusters in the size regime considered here except
the one performed by Andersson and Rosen [81]. They have reported the mass
spectra of both bare Pt clusters and of the Pt clusters with adsorbed hydrogen
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(deuterium) and oxygen molecules with clusters in the size range between 7-
and 30-atoms. However, they haven’t observed any size effect in their mass
spectra of the bare Pt clusters (in the size range of 10-16) which does not cor-
relate well not only with our Dy E given in Fig.IV.2(b) but also corresponding
second difference in binding energy calculations of both Doye and Wales [53]
and of Johnston and co-workers [55]. There are some experimental studies on
the structures of Ni clusters by Riley and co-workers [82, 83, 84, 85]. Using
nitrogen probe molecules, they have reported the global minimum structures
of the 38- and 55-atom Ni clusters as truncated octahedron [84] and centred
icosahedron [85], respectively, which are similar to our results for the corre-
sponding Pt clusters. We could not find any experimental evidence for the
54-atom uncentred icosahedral structure of the metal clusters among the ex-
isting experimental studies, therefore, we believe that it should be taken into
consideration and studied under proper conditions. We are also aware of the
fact that at present it is often not possible to determine the structures of

clusters unambiguously in the gas phase or in a molecular beam [6].

There are some shallow minima in the energy plot Fig.IV.2(a) at N=15,
19, 23, 28, 30, 38, and 40. We have reported before [78] the 15- and 19-atom
global minima as a hexagonal bipyramid and a double icosahedron, respec-
tively. The 23- and 30-atom global minima are common with SC gold and
platinum clusters. The 23-atom structure resembles the 23-atom SC silver
and rhodium global minimum [53]. All of the 22-, 23- and 24-atom global min-

ima have two atoms in their cores. These structures can be classified as two
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distorted phase-sharing icosahedra. All of the clusters between the sizes N=25
and N=30 have three atoms in their cores. These structures may be called
as three distorted phase-sharing icosahedra. The 30-atom structure is made
up of three interpenetrating D3, units. Global minima of from the 31- to 36-
atom clusters also consist of several distorted icosahedra. The 37- and 38-atom
structures are borrowed from Ref. [53]. The first is a distorted decahedron and
the second one is a truncated octahedron. The 37-atom structure is the only
structure belonging to the decahedral morphology in our calculations. The 40-
atom structure may be related to the 38-atom icosahedral structure given in
Ref. [86]. We have found the same 38-atom icosahedral structure at the end of
the first phase of our calculations. However, the 38-atom truncated octahedron
has 0.1832 eV lower in energy than the 38-atom icosahedral structure. Since
this energy difference is small for N=38, (it is almost a degenerate state), the

dip and the peak in Fig.IV.2 for this size are not well pronounced.

The 39-, and from the 41- to 49-atom clusters contain a pentagonal bipyra-
mids in their cores. They are all related to each others and have centred
icosahedral morphology. The 50-atom global minimum is the "twinned trun-
cated octahedron” (the initial coordinates were taken from The Cambridge
Cluster Database [87] mentioned in Doye and Wales’ study [53]). In our initial
calculations, we have found an icosahedral structure for this size. The energy
difference between the lowest energy structures of icosahedral and octahedral
”funnels” of the 50-atom clusters is about 0.03116 eV, which is even smaller
than the corresponding quantity of those of the above mentioned 38-atom clus-
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ters. Therefore, in Fig.IV.2 there is no structure for the size of N=50. Between
the two perfect spherical symmetries at the sizes N=13 and N=54, the energy
difference between different morphologies of a given size is small. Thus, in
Fig.IV.2(a-b) these sizes are oscillating around the reference lines without any
pronounced dips or peaks.

The Pt clusters described by Voter-Chen version of the EAM potential
and SC potential have common global minima at 11 sizes (N=23, 24, 29,
30, 36, 37, 38, 42, 45, 48 and 50). However, the EAM potential energies of
these structures are significantly smaller than the SC potential energies for all
of these sizes. For instance, the SC potential energy of the 23-atom global
minimum structure is 118.814 eV, whereas the EAM potential energy of the
same structure is 107.231 eV. The energy difference between the two models
increases as the size increases, and it reaches up to 19.595 eV at N=>50. Both of
Voter-Chen and SC potentials are spherically symmetric and both of them have
many-body parts. The main difference between them is the fact that the Voter
and Chen version of the EAM potential is derived by fitting simultaneously
to the properties of the diatomic molecule and the bulk platinum, however
the parameters of the SC potential are derived by fitting to those of only the
bulk platinum. Therefore, we expect that the Voter and Chen’s model is more
suitable for the small clusters. This may also be one of the reasons to explain

different results of the global minima reported in this paper and in the Ref. [53].
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CHAPTER V

MELTING BEHAVIOR OF THE CLUSTERS

V.1 Computational Details

In order to investigate the temperature dependent behavior of the Pty clusters
(N=12-14, 54-56), we have calculated the time average of the root-mean-square
(RMS) bond-length fluctuations and that of the coordination number (C'N)
of individual atoms over a time interval of 5 ns at different temperatures (5
ns correspond to 5 million MD steps in the phase-space of the clusters since a
single time step is of 1071° s). Before starting to calculate the time average of
these physical quantities, the clusters are equilibrated first (for 5 million time
steps) in the MD at each total energy. Starting from very low temperatures
(less than 10 K), we have increased the total energies of the clusters by 0.1 %
of the total energy in a stepwise manner and recorded the time averages of the
physical quantities at 161 different temperatures (up to 2500 K). The cluster
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temperature, T'(K), is calculated by

T(K) = ﬁ (vV.1)

where E} is the total kinetic energy, the 3N — 6 is the internal degrees of
freedom of the cluster, and £ is the Boltzmann constant. The time averaged

atomic RMS bond-length fluctuations are calculated from the equation

1 (<rd>— <ry>H)Y2

51':
]\/v—ljg:;’éz < Ty >

(V.2)

where r;; is the distance between the atoms ¢ and j, and <> denotes the
time average over a single run (5 ns). Heat capacities per atom, C,, of all the
clusters have also been calculated. The C,, per atom [88] is obtained from the

equation

C,=k[N - N(1- )< Bi><E'>] (V.3)

3N —6
Although the equation above is formulated for canonical ensemble, it can be
seen in the Ref. [89] that the difference in the canonical and microcanoni-
cal specific heats is only moderate even for 7-atom cluster, and it practically

vanishes for 55-atom and, even more so, for 147-atom cluster.

V.2 Results

Previous theoretical studies show that melting temperatures of small clusters
are strongly related to their sizes, structures and two-stage melting takes place
for the clusters at certain sizes [90]. Lee and co-workers [91, 92] presented

an atom-resolved analysis of surface melting in Niy clusters (N = 12 — 14)
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modelled by the tight binding method by using the standard Monte Carlo sim-
ulation technique. We have presented RMS bond-length fluctuations, average
C' Ns of each atoms and heat capacity curves of 12-, 13- and 14-atom Pt clus-
ters in Fig.V.1, Fig.V.2, Fig.V.3 and those of 54-, 55- and 56-atom clusters in

Fig.V.4, Fig.V.5, and Fig.V.6 respectively.

The global minimum structure of the Ptq5 cluster, which is an icosahedron
with a vacancy on the surface, has three topologically distinct sites with 5, 6
and 11 C'Ns, initially. As seen in the middle plot of Fig.V.1, all atoms in this
structure preserve their C'Ns up to nearly 850 K. Similarly, RMS fluctuations
in bond-length (top plot in Fig.V.1) change linearly up to this temperature.
Thus, the cluster simply expands without losing its structural identity up to
850 K. Above 850 K, atoms are able to interchange their positions in the
cluster, therefore their C'Ns start to change. As the temperature increases
further, the icosahedral structure starts to deform. For instance, there is no
stable central atom with C' N=11 any more after 1000 K. The continuous po-
sitional interchanges between the atoms of the cluster and then the structural
deformation result in a rapid increase in RMS bond-length fluctuations of the
atoms (see the top plot in Fig.V.1). This rapid increase in RMS bond-length
fluctuations of the atoms is continuous between 850 K and 1400 K for Pty
cluster. During this melting stage the RMS bond-length fluctuations of the
individual atoms do not overlap unlike the solid-like (0 K - 850 K) and liquid-
like (above 1400 K) phases. In the heat capacity curve of the Pty5 cluster there
is a peak at about 1650 K (this peak begins to rise rapidly above 1300 K),
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Figure V.1: Heating process of Pt cluster
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which we prefer to define as ”fully” liquid phase of the cluster. After 1300 K
temperature (in the liquid phase) all atoms in the cluster have approximately
the same C'N, and gradual thermal expansion of the cluster is observed.

The melting process of the Pt,3 icosahedron is similar to that of 12-atom clus-
ter. The phase changes start at about 1450 K (see top and middle plots in
Fig.V.2) and the cluster is in the liquid phase above 1800 K, where the peak
in the heat capacity curve begins to rise rapidly (see bottom of Fig.V.2). The
melting behavior of the 14-atom icosahedron with an adatom on the surface
is different from the previous two clusters. In all of the plots in Fig.V.3 it can
be seen that the Pty cluster undergoes two-stage melting. The adatom of the
Pty4 cluster having C'N 3 starts to hop on the surface of the icosahedron at
about 300 K. Up to this temperature the C'N of some of the surface atoms are
6, while that of some other surface atoms is 7. When the temperature reaches
500 K, the adatom accommodates itself among the 12 surface atoms (into the
shell). Therefore, after this temperature we do not observe any atom with C'N
of 3. Between the temperatures of 500 K and 1200 K while all the 13 surface
atoms (formerly 12 of them were surface atoms and 1 was an adatom) moves
on the surface of the icosahedron, the central atom, which has a C'N of 12,
does not lose its central position. The first interchange between the central
atom and any of the surface atoms occurs at about 1200 K. As the internal
energy increases, this interchange becomes more frequent. Above 1500 K the
cluster loses its shell structure (there is no atom with a C N=12 any more) and

the cluster "melts”. At higher temperatures the C'N values merge gradually
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to 6. In the top plot of Fig.V.3 there are two stages of rapid increase in RMS
bond-length fluctuations of individual atoms. Similarly, there are two peaks
in the heat capacity curve. The slope of the first peak increases above 250 K
which coincides with the premelting, and the second peak rises rapidly above
1500 K which represents the actual melting of the cluster. Gradual thermal
expansion of the cluster continues after this temperature, and the specific heat

has a second peak at 2400 K.

The global minimum structure of the Pts4 cluster, which is the uncentred
icosahedron (see Fig.IV.4), consist of two spherical shells. The number of the
nearest neighbors (CN) of all inner shell atoms is 11, whereas some of the
atoms on the outer shell have 6, some of them have 8 nearest neighbors. As
seen in the middle plot of Fig.V.4, all atoms in this structure preserve their
C'Ns up to nearly 950 K. Similarly, RMS fluctuations in bond-length (top
plot in Fig.V.4) change linearly up to this temperature. Thus, the cluster is
in the solid phase and simply expands without losing its structural identity
up to 950 K. Above 950 K, atoms are able to interchange their positions in
the cluster, therefore their C'Ns start to change. Between 950 K and 1050
K, C'Ns of some atoms are greater than 11 which indicates that the common
center of the inner and the outer shells is occupied by one of these atoms. As
the temperature increases further, the icosahedral structure starts to deform.
For instance after 1050 K, there is neither an atom with C N=11 nor C N=6.
The continuous positional interchanges between the atoms of the cluster and
then the structural deformation result in a rapid increase in RMS bond-length
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fluctuations of the atoms (see the top plot in Fig.V.4). This rapid increase
in RMS bond-length fluctuations occurs at different but near temperatures
between 950 K and 1100 K for each atom of the Pts4 cluster. Accordingly, the
heat capacity curve of the Pts4 cluster fluctuates between these temperatures
and reaches a peak value at about 1050 K. The heat capacity curve starts
to change linearly after 1100 K again, which we prefer to define as ”fully”
liquid phase of the cluster. Thus, the fluctuation in the heat capacity curve of
the cluster between 950 K and 1100 K is due to the fact that the maximum
contribution of each atom in a cluster to the heat capacity curve occurs at
different temperatures unlike the atoms of the bulk. After 1100 K temperature,
the cluster is in the liquid phase and expands gradually. At about 1500 K,
all C'Ns are between 7 and 8. As the temperature increases further, the C N

values of all of the atoms in the cluster are merging towards 7.

The global minimum structure of the 55-atom Pt cluster is the centered
icosahedron. The single atom in the center of the icosahedron produces the
differences in the melting behavior between the Pts5 and the Ptsy clusters,
which can be seen in Fig.V.5. First of all, the melting process starts at about
800 K for the Pts5 cluster (see the middle plot in Fig.V.5), which is less than
950 K of Pts4 cluster. Secondly, the contributions of the surface and core
atoms of the Pts55 cluster to the melting process are more separable than those
of the Ptsy cluster (see the top plots in Fig.V.4 and Fig.V.5) since the central
atom of the Pts; cluster makes the remaining 12 core atoms stronger. The
two groups of atoms seen in the top plot of Fig.V.5 (the RMS bond-length
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fluctuations of the first group increase rapidly at about 850 K, where as those
of the second group increase rapidly at about 950 K) correspond to the surface
and the core atoms of the structure. In the heat capacity curve of the Ptz
cluster, the nonlinear part is wider (between 800 K and 1150 K). After 1150
K, the Pts5 cluster is in "fully” liquid face. Therefore, the surface melting
of the centred 55-atom icosahedron starts earlier than the uncentred 54-atom
icosahedron, but the centred 55-atom icosahedron melts totally at a slightly

higher temperature than the uncentred 54-atom icosahedron.

The lowest energy structure of the 56-atom Pt cluster belongs to the un-
centred icosahedral morphology (see Fig.IV.4). The main difference of the
melting behavior of the Ptsq cluster from those of the previous two clusters
can be seen in the middle plot of Fig.V.6. In the mentioned plot it can easily
be noticed that the surface atoms of the Ptsq cluster start to interchange their
positions at about 400 K as well as the core atoms. In between 400 K and
700K, a surface atom can change its position with another surface atom or a
core atom can change its position with another core atom but, a positional
interchange between a core and a surface atom never occurs. The first such
interchange is observed above 700 K and it continuous up to 1100 K. Above
1100 K, the icosahedral symmetry is already lost. The top and the bottom
plots of Fig.V.6 can be interpreted accordingly. The RMS bond-length fluc-
tuations of all atoms in the Ptsq cluster increase slightly together up to 400
K. The positional interchanges among the surface and among the core atoms
result in different RMS bond-length fluctuations between 400 K and 700 K.
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When the atoms can move in the cluster longer distances, rapid increase in
the RMS bond-length fluctuations is observed (between 700 K and 1100 K).
The nonlinear part of the heat capacity curve of the Ptsg cluster between these
temperatures is due to the above mentioned motions of the atoms. After 1100
K, the heat capacity curve of the 56-atom Pt cluster is again linear, which
indicates that the cluster is totally in the liquid phase. In all of the mentioned
six sizes, the liquid state has higher specific heat values than those of the solid

form.
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CHAPTER VI

Pt;; CLUSTER

V1.1 Computational Details

It is an extremely difficult task to find out the global minimum energy structure
of a large cluster such as the one having 75 atoms, since the number of minima
increases with the size exponentially. Some recent calculations on higher sizes
metallic clusters can be found, for instance, in the references [93, 94]. We
have searched the global minimum energy structure for this size as follow:
First, a non-rotating and non-translating Pt;5 cluster is prepared and then
heated over 2600 K which is close to the fragmentation energy (at this internal
energy, atoms are highly mobile). Therefore, a simulation run over 6 million
steps with a step-size of 2 fs is found to be sufficient to search a phase space
point which has the largest kinetic energy. After obtaining this phase space
point possessing the largest kinetic energy at the mentioned constant total
energy, it is quenched using several T'QQ runs such that during the first 10,000
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(1) (2)

(3) (7)

Figure VI.1: The 1%, 274 374 and 7*" locally stable structures of the Ptrs
cluster

TQ steps internal kinetic energy is removed frequently, whereas in the later
stages energy is set to zero less frequently until the entire kinetic energy is
removed. The first stage of the minimization keeps the cluster in the vicinity
of the selected phase space point. At the end we have obtained the global
minimum energy structure of the Ptz; cluster which is a Marks decahedron [95]
(see the left picture of the top panel in Fig.VI.1). The same structure has
been reported by Doye and Wales [53] as the lowest energy structure of 75-
atom platinum and gold clusters in their study where they have employed
the Sutton-Chen potential and obtained the energy of the global minimum
structure as -405.23 eV. However, our corresponding energy is -379.74 eV.
The difference in the energies is due to the fact that the parameters of the
Sutton-Chen potential have been obtained by fitting to only the properties of
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bulk platinum. They have reported that Marks decahedron is a highly stable
symmetric form compared to the other sizes of the Pty clusters (N < 80) using
the first and second energy differences of the clusters. The Marks decahedron
is also reported by Baletto et al. [96] as the global minimum energy structure

of 75-atom silver clusters in their MD simulations.

V1.2 Isomers and Isomer Spectrum

In order to investigate the correlations between the total energy of the cluster
and the isomer number and between that and the ESW of the isomers, we
have made 80 different MD runs at 80 different total energies (from the lowest
energy up to the fragmentation energy). The total energy is increased by
approximately 0.3% in each run, and the last phase space values of one run have
been used as an input for the next run. Furthermore, after each 50 MD steps
in a trajectory, the phase space points have been quenched by the L-BFGS
conjugate-gradient routine to find the stable isomeric forms of the Pt;5 cluster.
The total length of each run is nearly 3.6 million steps which is equivalent to
approximately 7 ns. Therefore, in each run 70,990 minimization attempts have
been performed, however in some of these attempts the minimization could not
be achieved because of the numerical errors in the derivatives. From the all
of the runs (80 x 7 ns) we have obtained 1,007,811 different isomers. In Table
VI.1, the quenched energies of the first 14 isomers are listed. In Fig.VI.1, we
present the triangulated polyhedral structures of some of these isomers. The
number in the parentheses denotes the isomer number, i.e., (1) is the global
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Table VI.1: Energies of the first 14 isomers of the Pt;5 cluster at T=0 K

Isomer Number Energy (eV)

1 -379.741
2 -379.154
3 -379.122
4 -379.120
5 -379.080
6 -378.982
7 -378.965
3 -378.960
9 -378.958
10 -378.946
11 -378.946
12 -378.936
13 -378.933
14 -378.858

minimum energy structure, and so on.

It can be seen in Table VI.1 that the energy differences between the suc-
cessive isomers are very small, except the spacing between the first and the
second isomers, (the global minimum energy structure is somewhat separated
form the others). The isomers presented in Fig.VI.1 have different structural
morphologies. The Pt75(1) and the Pt;5(2) structures have decahedral symme-
tries, whereas the Pt75(3) is a face-centered cubic (fcc) closed-packed structure
and the Pt75(7) belongs to the icosahedral morphology. All of the three main
types of the ordered packing, i.e., decahedral, face-centered cubic and icosa-
hedral, seen in the smaller clusters found in this study too. Although there
are small energy differences between the minima of these structures (different
structural morphologies), high potential energy barriers separate them.

In Fig. V1.2 we present temperature dependencies of the isomer number (N;)
and the corresponding ESW. As seen in the figure, the isomers’ ESW is zero
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Figure VI1.2: Correlations between isomer-energy-spectrum and isomer number
with temperature

up to 850 K since no other isomers were obtained in the simulations up to this
temperature. This means that potential well of the global minimum is quite
deep, i.e., Marks decahedron is highly stable, and preserves its symmetric solid-
like form. Above 850 K the second and higher energy isomers are ”visited”,
therefore the ESW is increasing rapidly as temperature increases. After 1000
K, the ESW is a monotonically increasing function of temperature up to the
fragmentation temperature (2750 K). As expected, the N; is equal to 1 up
to 850 K, and increasing rapidly above this temperature. The /N, is reaching
to a threshold value of approximately 30,000 isomers which are obtained in a
single trajectory near 1900 K. The rate of increase in the N; is higher than
the rate of increase in the ESW since most of the isomers are closely spaced
in energy. Since the cluster is fully melted at about 1900 K and the most of
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the isomers are accessible around this internal energy, within the 7 ns run,
similar numbers of V; are ”visited” around this temperature. The decrease of
N; above 1900 K can be explained as the following: When the cluster is fully
melted, it starts to spend more time (in a given observation time) ”over” some
number of high-lying local minima which are too shallow. Those shallow wells
are causing errors in numerical derivatives. Therefore some of the observation
time is lost, and as a result, less number of isomers is obtained. Secondly, the
starting phase space of each trajectory affects N;. Since the end phase space
values of one run are used as an input for the next run the cluster may not
"visit” many basins of attractions which have been ”visited” in the previous
run. However, in any case a threshold value would be reached for a limited

observation time.

The isomer number (N;) as a function of the isomer energy (F) discussed
in detail for the first time in this paper (see Fig.VI.3) up to our knowledge.
From this curve, one can extract the rate of change of N; with F as dV;/dE.
As seen from Fig.V1.3, the N; has two asymptotic values or dE/dN; has two
singularities. These two asymptotic regions correspond to two different phys-
ical states. One of the asymptotic values is approaching to the value of 1
which corresponds to the global minimum energy structure, and the second
one towards the highest energy isomer (close to the fragmentation stage) is
approaching to the total number of isomers, 1,007,811. The rate of change to-
wards the asymptotic regions, i.e., above -373 eV and below -378 eV energies,
is so small that there are a few isomers per unit energy interval. On the other
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hand, the energies in between -378 eV and -373 eV, the rate (slope) is high
and nearly constant, (has stretched S-like shape). Within 5 eV energy range
we have obtained over 1,000,000 isomers (see Fig.V1.3). The total ESW of all
of 1,007,811 isomers is 10.76 eV. Thus, the majority of the isomers are con-
centrated within a half of the total ESW, and towards the asymptotic regions
isomers are energetically more separated.

The isomer finding probability, P;(7T), is defined as P;(T)) = N;(T')/Nio,

h isomer visited and N,,; denotes

where N;(T) denotes the number of times i’
the total number of attempts (Ny;=70,990). The probability distribution as
a function of temperature is investigated. Since the cluster is in the global
minimum energy structure up to 850 K, the probability is one for the 1%

isomer in the temperature interval from 0 K to 850 K. Near 854 K, P, = 0.998
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and P,=0.014. Just above 854K, P1=0.393, whereas P,=0.037, and P;=0.062.
However, above 900 K, P; becomes rapidly smaller since tens of thousands of
isomers are accessible at those energies, and our observation time is constant
(7 ns). Near 1500 K and up, P, becomes even zero (never has a chance to
visit again the global minimum). Therefore, one can easily conclude that the
probability of finding a specific isomer highly depends on the initial conditions
of the trajectory. The starting configuration and the total energy of the cluster
as well as the observation time are the factors that determine the probability.
Nevertheless, since the global minimum structure of the Pt;5 cluster (Marks
decahedron) remains in its symmetric form up to 850 K, it may be detected

using the chemical probe experimental technique [83] .

VI.3 Phase Changes and Melting

The phase change dynamics of the Pt7; cluster are monitored by observing
the changes in the short-time averaged kinetic energies (temperature) of the
cluster. In order to test the level of ”stability” of the 1% isomer, we have heated
the cluster in a stepwise manner starting from T=0 K. In Fig.V1.4 short-time
averaged temperatures, < T'(K) >s, related to this observation are plotted as
a function of time intervals; for each time intervals one short-time average is
calculated, and one time interval is 250 time steps.

The average is taken to reduce the fluctuations in the kinetic energy due to
the vibrational motions of the atoms about their equilibrium positions. Since
these oscillations are hindered, changes in the averaged kinetic energies due
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to the phase changes become visible. As seen from Fig.VI1.4, the first phase
change from the 1st isomer to the 2nd one takes place at -362.72 eV of total
energy which corresponds to approximately 865 K. Thus, the upper limit of the

274 jsomers is about 379.74-

potential energy barrier between the 1! and the
362.72=17.02 eV. In the run which has slightly higher total energy (-362.15
eV), within the 7 ns observation time, cluster visits frequently many other
potential wells (not shown). Above 900 K, there are many other potential

wells which are accessible. Therefore, after moving out of the 1% isomer’s

potential well the cluster hardly visits again the lowest energy phase.

The RMS values of 75 atoms are shown for each temperature in Fig.VIL.5.
As seen, no pre-melting is observed in the temperature interval of 0 - 850 K.
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Figure VI.5: Time averaged atomic RMS bond-length fluctuations as a func-
tion of temperature

The pre-melting phenomenon is discussed in detail in the previous chapter. All
atoms remain in tack with small oscillations around the equilibrium positions
up to 850 K. Only normal thermal expansion of the cluster has been observed.
The sudden jumps in the fluctuations of all the atoms near 865 K indicate that
all atoms move collectively to change the structure from the 1% isomeric form
to the 27¢ one. Three atoms near 865 K have relatively less RMS fluctuations
then the others as seen in Fig.VI.5. At the next total energy, this number is
reduced to two. After that there is only one atom which has quite lower RMS
value compared to the others. This atom remains different in fluctuations than
the others from 900 K to 1150 K. Above 1150 K differences in fluctuations are
getting smaller with increasing temperature. The physical locations of the
atoms affect their fluctuations. Above 900 K atoms in the cluster have better

chance to move from a stiff form to a more relaxed structure. Thus, only one
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Figure VI.6: Time averaged potential energies of all of the atoms as a function
of temperature

of the atoms is more localized in side the cluster between 900 K and 1150
K, therefore it has a substantially lower value among the fluctuations. At
higher temperatures differences between the RMS fluctuations of the atoms
are much smaller, which indicate that the cluster is fully in liquid-like state.
The time averaged fluctuations merge into nearly the same value after 1500
K. The cluster’s melting temperature is estimated to be about 900 K, if we

assume that melting begins at the mid-point of the RMS values.

In Fig.VL.6, time averaged atomic potential energies of all the atoms are
presented as a function of T'(K). It can be seen in this figure that there are 10
different topological sites in the cluster up to 850 K. Due to the thermal ex-
pansion, averaged potential energies are increasing, and there are no exchanges
between the atoms at those locations in between 0 K and 850 K. The highest
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Figure VI.7: Time averaged coordination numbers as a function of temperature

potential energy particles are the surface atoms (top several rows), and the
lowest several energy rows belong to the inner atoms. At and above 865 K
atoms are exchanging their locations (structured potential energy lines are not
seen), as inner atoms are moving outward, the surface atoms are moving in-
wards. As the temperature increases further, time averaged potential energies

of all the atoms merge towards a single value in the fully liquid-like state.

The C'Ns of all atoms are averaged over the each entire 7 ns runs, and
they are presented in Fig.VI.7. This figure also shows well-defined six different
binding sites of the atoms up to 850 K. The atoms with CN < 10 are consid-
ered as the surface atoms, whereas the others are called as inner atoms. The
six open symbols other than filled circles are used in Fig.VI.7 to show how
and where those atoms move between the sites (one type of open symbols is
used for one binding site). As seen, at and above melting temperature inner
and surface atoms are exchanging their places. With increasing temperature
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Figure VI.8: Caloric curve of the Pty

these exchanges become more rapid and differences between the C'N's become
smaller. Near fragmentation temperature all C'Ns are merging to a value of
7. The melting of the Pt75 cluster is also displayed by the caloric curve in

Fig. VLS.

The change in the slope of the curve at about 865 K indicates the beginning
of the phase change from the solid-like to the liquid-like forms. This temper-
ature is in good agreement with the predictions of the time averaged atomic
RMSs, atomic potentials, and the C'N calculations. Another tool to study the
phase changes is the calculation of the specific heat (C,) of the cluster as a

function of temperature (see Fig.V1.9).

The specific-heat values for the solid form are increasing gradually with the
temperature. The peak near 900 K also shows the phase transition. After the
transition, the specific-heat values are decreasing gradually. However, as seen,
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the liquid state has higher specific heat values than those of the solid form.
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CHAPTER VII

CONCLUSIONS

In this study, using the constant-energy molecular dynamics simulation, ther-
mal and conjugate-gradient minimization techniques, the global minima and
the other locally stable structures, energetics, growth patterns, finding proba-
bilities and the melting behavior of free platinum clusters in the size range of
N=2-56 and N=T75 are investigated by employing the Voter and Chen version

of an embedded-atom model.

The results for Pty — Pty; clusters show that many of the lowest energy
structures correspond to the icosahedral growth, which are also global minima
for Lennard-Jones or Morse potentials. However, some of the global minima
(e.g. N=15,16,17,18,20, and 21) do not obey the icosahedral growth pattern.
All locally stable structures of the Pty clusters (N=>5-21) have either one or
more of the trigonal, tetragonal, pentagonal, or hexagonal bipyramids as their
backbones. It is found that, in general, isomers sampling probability distribu-
tions fall exponentially as the total energies of the isomers increase. However,

85



the energy dependence of the probabilities is not simple. The simple growth
path, the number of accessibility from the structure of the previous size, the
backbone and the symmetry of the cluster also affect the sampling probability
of a specific isomer. The lowest energy structures are not the most probable
isomers for some of the sizes (e.g., N=7,14,16-19, and 20) at very low temper-
atures. The total energy of the initial configurations affects the probability of
sampling the basins of attractions. However, the trend (exponential decay) of
the sampling probability distribution remains unchanged. The stability of the
structures as a function of temperature and the influence of temperature on

the growth paths can be discussed in detail in the future works.

For the size range of N=22-56, we have found out that all the global min-
ima have one of the octahedral, decahedral, centred or uncentred icosahedral
morphologies. Although the 38-atom global minimum structure is a truncated
octahedron, 50-atom structure is a "twined truncated octahedron” and 37-
atom structure is a distorted decahedron, the smaller sizes of all the other
global minima have centred icosahedral and the larger ones have uncentred
icosahedral morphologies. The 54-atom uncentred icosahedron is found to be

more stable than 55-atom centred icosahedron.

When the melting behavior of the clusters is concerned, as the temperature
increases, the 12- and 13-atom Pt clusters exhibit one-stage melting, while the
14-atom cluster with an adatom on the icosahedral surface undergoes two-stage
melting. When these clusters are totally melted all of the atoms in the clusters
have approximately the same C'N=6. The melting processes are generally
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started by the positional interchanges among the atoms having similar C'Ns.
The surface melting of the centred 55-atom icosahedron starts earlier than
the uncentred 54-atom icosahedron, but the centred 55-atom icosahedron fully
melts at slightly higher temperature than the uncentred 54-atom icosahedron.
The melting process of the 56-atom Pt cluster starts earliest, however its total
melting occurs latest (transition state is much wider). When these clusters
are in liquid-like state, all of the atoms in the clusters have approximately the
same C'N which is in this case equal to 7. In all cases, the melting phenomenon
takes place over a finite temperature range (the phase transition does not take
place at a given specific temperature) and the liquid state has higher specific

heat values than those of the solid form.

The global minimum energy structure of the Pt;5 cluster has the symmetry
of the Marks decahedron and it is stable up to nearly 850 K. The energy
difference between the highest and the lowest energetic isomers of the Ptrs
cluster is more than 10 eV. Although it is difficult to determine the exact total
number of isomers, it is shown in this study that a very big portion of the
isomers are concentrated within a half of the total ESW. Towards the lowest

and the highest energetic structures, isomers are energetically more separated.

Many of the results represented in our present study are in good agreement
with those of other researchers. However, there are also some disagreements
in the locally stable structures or in the energies of the clusters. The differ-
ences appear due to two reasons: First, the potentials used depend on different
type of methods employed to describe atomic interactions, e.g. the EAM is
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like effective medium type, whereas Sutton-Chen potential depends on tight-
binding theory. Second, the computational procedures are different. Different
minimization techniques with different initial constraints may produce differ-
ent results. The low energy minima found in this study can represent good
starting points for sophisticated, electronic structure (i.e. density functional
theory) calculations. Since all empirical potentials have some uncertainties, it
is necessary to compare the results obtained with different potentials. There-
fore extensive study is necessary and important to have a good comparison
of the potentials. As a result our present work creates such opportunity for
the Pt clusters described by Voter and Chen version of the EAM in the size
range of N=2-56 and N=75. In addition, the present study shows that in-
vestigating the numbers, and the structures of the stable isomers can provide
a deeper understanding of the clusters’ growth paths, the energy spectrum
widths, energy bands and gaps formed by the isomers. It also shows that an
atom-resolved analysis method including physical quantities such as the root-
mean-square bond-length fluctuation and coordination number for individual
atoms as functions of temperature may provide a better understanding of the

melting behavior of the clusters.

88



1]

[9]

REFERENCES

J. Jellinek and Z.B. Giiveng, Z. Phys. D 26, 110 (1993); J. Jellinek and Z.B.
Giiveng, in The Synergy Between Dynamics and Reactivity at Clusters and
Surfaces, L.J. Farrugia, Ed. Kluwer, Dordrecht, 1995, p.217.

H. Haberland (Ed.), Clusters of atoms and molecules, Springer, Berlin,
1994; and references therein.

G. Schmid (Ed.), Clusters and colloids, VCH, Weinheim, 1994; and refer-
ences therein.

T.P. Martin (Ed.), Large clusters of atoms and molecules, Kluwer, Dor-
drecht, 1996; and references therein.

J. Jellinek (Ed.), Theory of atomic and molecular clusters, Springer, Berlin,
1999; and references therein.

Roy L. Johnston, Atomic and molecular clusters, Taylor and Francis, Lon-
don, 2002; and references therein.

J.P.K. Doye, Ph.D. Thesis, Department of Chemistry, University of Cam-
bridge (1996).

N.T. Wilson, Ph.D. Thesis, School of Chemistry, University of Birmingham
(2000).

J. Westergren, Ph.D. Thesis, Department of Experimental Physics,
Chalmers University of Technology and Géteborg University (2001).

[10] D.E. Powers, S.G. Hansen, M.E. Geusic, A.C. Puiu, J.B. Hopkins, T.G.

Dietz, M.A. Duncan, P.R.R. Langridge-Smith, and R.E. Smalley, J. Chem.
Phys. 86, 2556 (1982).

[11] D.E. Powers, S.G.Hansen, M.E. Geusic, D.L. Michalopoulos, and R.E.

Smalley, J.Chem. Phys. 78, 2866 (1933).

[12] M.D. Morse, G.P. Hansen, P.R.R. Langridge-Smith, L.-S. Zheng, M.E.

Geusic, D.L. Michalopoulos, R.E. Smalley, J. Chem. Phys. 80, 5400 (1984).

[13] P.J. Brucat, L.-S. Zheng, C.L. Pettiette, S.Yang, and R.E. Smalley, J.

Chem. Phys. 84, 3078 (1986).

89



[14] J.L. Gole, J.H. English, and V.E. Bondybey, J. Chem. Phys. 86, 2560
(1982).

[15] D.R. Preuss, S.A. Pace, and J.L. Gole, J. Chem. Phys. 71, 3553 (1979).

[16] V.E. Bondybey, G.P. Schwartz, and J.H. English, J. Chem. Phys. 78, 11
(1983).

[17] E.A. Rohlfing and J.J. Valentini, J. Chem. Phys. 84, 6560 (1986).

[18] A.D. Sappey, J.E. Harrington, and J.C. Weisshaar, J. Chem. Phys. 88,
5243 (1988).

[19] D.G. Leopold, J. Ho, and W.C. Lineberger, J. Chem. Phys. 86, 1715
(1987).

[20] O. Cheshnovsky, P.J. Brucat, S. Yang, C.L. Pettiette, M.J. Craycraft,
and R.E. Smalley, in Physics and Chemistry of Small Clusters, edited by
P. Jena, B.K. Rao, and S.N. Khanna Plenum, New York, (1987), NATO
ASI Series B: Physics, Vol. 158,p.1.

[21] L. D. Marks, Rep. Prog. Phys. 57, 603 (1994).

[22] G. Schmid, V. Maihack, F. Lantermann and S. Peschel, J. Chem. Soc.,
Dalton Trans. 589 (1996).

[23] G. M. Francis, I. M. Goldby, L. Kuipers, B. von Issendorf and R. E.
Palmer, J. Chem. Soc., Dalton Trans. 665 (1996).

[24] R.P. Feynman, Talk at the annual meeting of the American Physical So-
ciety at the California Institute of Technology (Caltech), December 29"
(1959).

[25] W. Eberhardt, Surf. Sci., 500, 242 (2002).

[26] A.F. Voter, Los Alamos Unclassified Technical Report #LA-UR 93-3901
(1993).

[27] K. Balasubramanian, J. Chem. Phys. 87, 6573 (1987).

[28] J.E. Jones and A.E. Ingham, Proc. R. Soc. A 107, 636 (1925).
[29] P.M. Morse, Phys. Rev. 34, 57 (1929).

[30] B.M. Axilrod and E. Teller, J. Chem. Phys. 11, 299 (1943).
[31] J.N. Murrell and R.E. Mottram, Mol. Phys. 69, 571 (1990).
[32] M.W. Finnis and J.E. Sinclair, Philos. Mag. A 50, 45 (1984).
[33] A. P. Sutton, and J. Chen, Philos. Mag. Lett. 61, 139 (1990).
[34] F. Cleri and V. Rosato, Phys. Rev. B 48, 22 (1993).

90



[35] M.S. Daw, and M.I. Baskes, Phys. Rev. B 29, 6443 (1984).
[36] Z.B. Giiveng, and J. Jellinek, Z. Phys. D 26, 304 (1993).

[37] Z.B. Giiveng, J. Jellinek, and A.F. Voter, Physics and Chemistry of Fi-
nite Systems: From Clusters to Crystals, Vol.1, p.411, Kluwer Academic
Publishers, Dordecht (1992).

[38] M. Boyukata, Z.B. Giiveng, S. Ozcelik, P. Durmusg, J. Jellinek, Int. J.
Quantum Chem. 84, 208 (2001).

[39] M.P. Allen and D.J. Tildesley, Computer Simulation of Liquids, Oxford
Science Publications, (1987).

[40] D.J. Wales and J.P.K. Doye, J. Phys. Chem. A, 101, 5111 (1997).
[41] D.M. Deaven and K.M. Ho, Phys. Rev. Lett. 75, 288 (1995).

[42] D.M. Deaven, N. Tit, J.R. Morris, and K.M. Ho, Chem. Phys. Lett. 256,
195 (1996).

[43] F.R. Manby, R.L. Johnston, and C. Roberts, MATCH 38, 11 (1998).

[44] C. Roberts, R.L. Johnston, and N.T. Wilson, Theor. Chem. Acc. 104, 123
(2000).

[45] S. Taylor, G. W. Lemire, Y. M. Hamrick, Z. Fu, and M. D. Morse, J.
Chem. Phys. 89, 5517 (1988).

[46] K. Jansson, R. Scullman, J. Mol. Spectrosc. 61, 299 (1976).

[47] S.K. Gupta, B.M. Nappi, and K.A. Gingerich, Inorg. Chem. 20, 966
(1981).

[48] A. Sachdev, R.I. Masel, and J.B. Adams, J. Catal. 136, 320 (1992).
[49] J.E. Sinclair, and R. Fletcher, J. Phys.C 7, 864 (1974).

[50] J. Garcia-Rodeja, C. Rey, L.J. Galleo, and J.A. Alonso, Phys. Rev. B 49,
8495 (1994).

[51] L. Yang, and A. E. DePristo, J. Chem. Phys. 100, 725 (1994).

[52] M.S. Stave, D.E. Sanders, T.J. Raeker, and A. E. Depristo, J. Chem.
Phys. 93, 4413 (1990).

[53] J. P. K. Doye, and D. J. Wales, New J. Chem. 733 (1998).
[54] Z. Li, and H. A. Scheraga, Proc. Natl. Acad. Sci. USA. 84, 6611 (1987).

[55] C. MAssen, T.V. Mortimer-Jones and Roy L. Johnston, J. Chem. Soc.,
Dalton Trans. 23, 4375 (2002).

91



[56] D.E. Ellis, J. Guo, H.P. Cheng, and J.J. Low, Adv. Quantum Chem. 22,
125 (1991).

[57] D. Dai, and K. Balasubramanian, J. Chem. Phys. 103, 648 (1995).

[58] S.H. Yang, D.A. Drabold, J.B. Adams, P. Ordejon, and K. Glassford, J.
Phys.: Condens. Matter 9, L.39 (1997).

[59] J. Harris, Phys. Rev. B 31, 1770 (1987).
[60] A. Fortunelli, J. Molecular Structure (Theochem), 493, 223 (1999).

[61] Amsterdam Density Functional (ADF), Revision 2.3.0, Theoretical Chem-
istry, Vrije Universiteit, Amsterdam (1997).

[62] E. Apra, and A. Fortunelli, J. Molecular Structure (Theochem), 501-502,
251 (2000).

[63] D.E. Bernholt, E. Apra, H.A. Friichtl, M.F. Guest, R.J. Harrison, R.A.
Kendall, R.A. Kutteh, X. Long, J.B. Fann, R.J. Littlefield, J. Nieplocha,
Int. J. Quantum Chem. Quantum Chem. Symp. 29, 475 (1995).

[64] C. Kittel, Introduction to solid state physics (seventh edition), John Wiley
and Sons, USA, (1996).

[65] Z.B. Giiveng, D. Giiveng, J. Jellinek, Math. Comp. App., 4, 75 (1999).
[66] M. Karabacak, S. Ozcelik, and Z. B. Giiveng, Surf. Sci., 507, 634 (2002).
[67] M.Karabacak, S. Ozcelik and Z.B. Giivenc, Surf. Sci., 532-535, 306 (2003).
[68] S. Ozcelik and Z.B. Giivenc, Surf. Sci., 532-535, 312 (2003).

[69] R.H. Leary, J. Glob. Opt., 18, 367 (2000).

[70] J.P.K. Doye, M.A. Miller and D.J. Wales, J. Chem. Phys. 111, 8417
(1999).

[71] R.H. Byrd, P. Lu, J. Nocedal and C. Zhu SIAM J. Scientific Computing
16, 1190 (1995).

[72] http://www-wales.ch.cam.ac.uk/software.html.

[73] J.A. Northby, J. Xie, D.L. Freeman,J.D. Doll, Z. Phys. D 12, 69 (1989).
[74] J.W. Lee, G.D. Stein, J. Phys. Chem. 91, 2450 (1987).

[75] K. Clemenger, Phys. Rev. B 32, 1359 (1985).

[76] Y.J. Lee, E.K. Lee and S. Kim, Pyhs. Rev. Lett., 86, 999 (2001).

[77] A.L. Mackay, Acta Crystallogr., 15, 916 (1962).

92



[78] A. Sebetci and Z.B. Giiveng, Surf. Sci., 525, 66 (2003).

[79] N.T. Wilson, and R.L. Johnston, Eur. Phys. J. D, 12, 161 (2000).
[80] J. Uppenbrink and D.J. Wales, J. Chem. Pyhs., 96, 8520 (1992).
[81] M. Andersson and A. Rosen, J. Chem. Pyhs., 117, 7501 (2002).

[82] EK. Parks, L. Zhu, J. Ho, and S.J. Riley, J. Chem. Pyhs., 100, 7206
(1994).

[83] E.K. Parks, G.C. Nieman, K.P. Kerns, and S.J. Riley, J. Chem. Pyhs.,
108, 3731 (1998).

[84] E.K. Parks, and S.J. Riley, Z. Pyhs. D, 33, 59 (1995).

[85] E.K. Parks, B.J. Winter, T.D. Klots, and S.J. Riley, J. Chem. Pyhs., 94,
1882 (1991).

[86] N.T. Wilson, and R.L. Johnston, Phys. Chem. Chem. Phys., 4, 4168
(2002).

[87] http://brian.ch.cam.ac.uk/CCD.html.

[88] E.M. Pearson, T. Halicioglu and W.A. Tiller, Phys. Rev. A 32, 3030
(1985).

[89] J. Jellinek and A. Goldberg, J. Chem. Phys. 113, 2570 (2000).
[90] H.P. Chang and R.S.Berry, Phys. Rev. A, 45, 7969 (1992).

[91] Y.J. Lee, J.Y. Maeng, E.K. Lee, B. Kim, S. Kim, K.K. Han, J. Comput.
Chem., 21, 380, (2000).

[92] Y.J. Lee, E.XK. Lee, S. Kim, R.M. Nieminen, Phys. Rev. Lett. 86, 999,
(2001).

(93] Y. Chushak, and L.S. Bartell, Eur. Phys. J. D 16, 43 (2001).

[94] F. Baletto, R. Ferrando, A. Fortunelli, F. Montalenti, and C. Mottet, J.
Chem. Phys. 116, 3856 (2002).

[95] L.D. Marks, Philop. Mag. A 49, 81 (1984).

[96] F. Baletto, C. Mottet and R. Ferrando, Phys. Rev. Lett. 84, 5544 (2000).

93



VITA

He was born in Ermenek (Karaman) on January 27, 1972. He has received
his bachelor’s degree in Teaching Physics and master’s degree in Physics from
Bogazici University in February 1994 and April 1999, respectively. He has
married in 1997. Just after completing the master’s program he has been
accepted as a Ph.D. student at the Physics Department of Middle East Tech-
nical University in the same year. He works as an instructor at the Computer

Engineering Department of Cankaya University since September 2000.

94



PUBLICATIONS
The work contained in this thesis has been published or submitted to the

publication in the following papers:

1. Energetics and structures of small clusters: Pty, N =2 — 21, A. Sebetci

and Z.B. Giiveng, Surf. Sci., 525, 66 (2003).

2. Global minima for free Pty clusters (N = 22—56): a molecular dynamics

study, A. Sebetci and Z.B. Giiveng, J. Phys. B, submitted.

3. Molecular dynamics simulation of the melting behavior of 12-; 13-, 14-
atom icosahedral platinum clusters, A. Sebetci and Z.B. Giiveng, Surf.

Sci., submitted.

4. Melting behavior of icosahedral 54-, 55-, 56-atom platinum clusters, A.

Sebetci, Z.B. Giiveng and H. Kokten, Appl. Surf. Sci., submitted.

5. Molecular dynamics simulation of Pt75 cluster: isomer spectrum and

melting, Z.B. Giiveng and A. Sebetci, Eur. Phys. J. D, submitted.

95



Some of the results obtained during this study have been presented in the

following conferences:

1. NATO-ASI, 09-20 September 2002, Varna, Bulgaria: Computer Simula-

tion of Surfaces and Interfaces.

2. 09-10 April 2003, Mansfield College, Oxford, UK: Modelling of Materi-

als: Atomistic and Ab Initio Approaches.

3. ECOSS 22, 07-12 September 2003, Prague, Czech Republic: 22" Euro-

pean Conference on Surface Science.

4. MSSC2003, 07-12 September 2003, Torino, Italy: International School of
Advanced Study of the University of Torino: Ab initio modeling in Solid

State Chemistry.

5. APHYS-2003, 14-18 October 2003, Badajoz, Spain: First International

Meeting on Applied Physics.

96



