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THE PROPERTIES OF NANOSTRUCTURED
BINARY METAL ALLOYS

SUMMARY

In this Thesis, a new semi-empirical and many-body type model potential for Cu-Ni
alloys was developed using embedded atom method (EAM) formalism based on a
modified charge density profile with an improved optimization technique. In the
process, the charge density profile for pure Cu and Ni elements was modified by
incorporating the 4s charge density contribution within the optimization. The adaptive
particle swarm optimization (APSO) method was utilized to search the parameter space
of the EAM functions. The technique was further optimized by implementing MPI
based parallel algorithms. The potential was furnished by fitting to experimental and
first-principle data for Cu, Ni, and Cu-Ni binary compounds, such as lattice constants,
cohesive energies, bulk modulus, elastic constants, diatomic bond lengths, and bond
energies. The generated potentials were then tested through computing a variety
of properties of pure elements and the alloy of Cu, Ni: the melting points, alloy
mixing enthalpy, vibrational thermodynamical functions, equilibrium lattice structures,
vacancy formation, stacking and interstitial formation energies, and various diffusion
barriers on the (100) and (111) surfaces of Cu and Ni.

In general, modifications on the charge density profile of pure Cu and Ni resulted in
the phonon dispersion curves for pure Cu, Ni and Cu-Ni alloys of 25%, 50%, and
75% Ni concentrations in a good agreement with experimental and ab-initio findings.
The calculations on vacancy formation, stacking and interstitial fault energies led to
results that are in good agreement with the experimental and ab-initio data. These
promising results are a good measure for the reliability of the potential when the system
is under deformation. The calculations of vibrational thermodynamical properties
within the harmonic approximation of lattice dynamics also produced results that
are in good agreement with the available experimental data. The thermodynamical
functions of specific heat capacity, free energy, and entropy were determined for
various concentrations of Cu-Ni alloys. Although for most properties of the alloy
systems, the electronic contributions are expected to be the driving element, for the
current case the dominant contribution to the thermodynamical properties was found
to be governed by the phonons of the system. The result for the vibrational properties
further indicated that Cu bonds get stronger with increasing Ni concentration in the
Cu-Ni alloys, that is usually attributed to the change in energy introduced by the sd
hybridization in such systems.

The potentials were further tested for the growth mechanisms of Ni, Cu nanostructures
on the Cu(111) surface both using molecular dynamic (MD) simulations and total
energy calculations. The main outcome of the simulations was that Cu atoms could
easily incorporate into the upper layers of Ni nano-clusters with mono and double

xxiii



layers on the substrate. The migration of Cu atoms to the upper layers of Ni islands
were found to be influenced by the number of layers in Ni islands: there was a
remarkable increase in Cu migration to above layers of double-layer Ni islands when
compared to single-layer Ni islands. As the diffusion mechanisms are important factors
in determining the growth characteristics on surfaces and have critical role in the
kinetics of the surface structures, the energy barriers were also calculated using nudged
elastic band method (NEB) for various diffusion mechanisms on Cu(111) surface. The
critical mechanism determining whether the island would be a pure Ni surrounded
by Cu atoms or Cu-Ni mixed island was found to be the dimer formation over the
Ni monolayer islands. The results also showed that nanostructures can have both
mixed and segregated phases for Cu-Ni islands on the surface and the heights of
these structures can differ by the type of formation. These findings can help one to
understand the experimental observations on the growth of single or double layer Ni
islands on Cu(111) surface.
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NANOYAPILI IKiLI METAL ALASIMLARIN OZELLIKLERI

OZET

Bu Tez calismasinda, Gomiilii Atom Yontemi (GAY) kullanilarak Cu-Ni alagimlari
icin yiik yogunlugu tanimlamalar1 yeniden diizenlenmis ve bu tanim kullanilarak yar1
deneysel ¢cok cisimli model potansiyeller iiretilmistir. Cu ve Ni saf elementleri icin
ylik yogunlugu tanimi, 3d valans elektron yogunluguna 4s elektron yogunlugunun
katkis1 eklenerek saglanmistir. Potansiyel fonksiyon parametrelerinin ayarlanmasi icin
uyumlu pargacik siiriisii optimizasyon (APSO) yonteminden yararlanilmig, yontemin
hesaplama siiresinin kisaltilmasi icin ise MPI tabanl paralel dagitik algoritmalar
kullanilmistir. Ayrica, APSO yonteminde yerel minimum durumlarindan kaginilmasini
saglayan ’Elit Ogrenme’ siireci paralel programlama algoritmalar1 yardimiyla hem
dagitik mimaride gelistirilmis hem de birden fazla sayida alinarak yakinsama hizinin
arttirllmasi saglanmistir. Potansiyel fonksiyonlarinin hem saf Cu ve Ni, hem de Cu-Ni
alagimlar icin egri ayarlanarak belirlenmesinde Orgii sabiti, hacim modiilii, elastik
sabitler, bogluk olusturma enerjisi, ikili bag uzunlugu ve enerjisi gibi deneysel ve
ilk-ilke degerleri kullanilmustir. Uretilen potansiyellerin smnanmasi icin ise saf Cu,
Ni ve cesitli Cu-Ni alagimlarinin 6zellikleri hesaplanmigtir. Bu Ozellikler; erime
sicakliklar, alasim olusturma entalpisi, titresim termodinamik fonksiyonlari, denge
durumu Orgii yapilari, alasim bosluk olusturma enerjisi, istifleme hatas1 ve catlak
olusma enerjileri ile (100) ve (111) ylizeylerinde Cu ve Ni ekatomlari i¢in hesaplanan
bir ¢cok difiizyon engel degerleridir.

Uretilen potansiyelin yiik yogunluguna getirdigi diizeltme, hesaplanan saf Cu, Ni
ve alagim Cu-Ni Ozelliklerinin deney ve ilk-ilke sonuclariyla daha tutarli olmasini
saglamistir. Hesaplamalardaki en c¢arpici iyilesme saf Cu, Ni ve %25, %50 ve %75
Ni katkili Cu-Ni alagimlari icin hesaplanan fonon dispersiyon egrilerindedir. Uretilen
Cu-Ni GAY potansiyelinin alagimlar icin hem boyuna titresim frekanslarindaki
ayrismayl dogru betimledigi, hem de tiim titresim frekans egrilerinin karakterini
ilk-ilke sonuglariyla tutarli trettigi goriilmistiir. Hesaplanan bogsluk olusturma
enerjileri, istif hatas1 ve catlak olusturma enerji degerlerinin ise yine deney ve ilk-ilke
sonuclariyla oldukca tutarli oldugu goriiliir. Bu sonuclar, deformasyona ugratilan
bir malzemenin modelenebilmesi icin gelistirilen Cu-Ni potansiyelinin giivenilir
oldugunun bir gostergesidir. Cu ve Ni i¢in (100) ve (111) yiizeylerinde yine Cu ve
Ni ekatom difiizyon engel enerjilerinin deneylerle ve daha once gelistirilen etkilesim
potansiyelleriyle tutarli oldugu bulunmustur. Enerji engel degerlerinin tutarliligi,
potansiyelin yiizey uygulamalar: i¢in elverisli oldugunu gosterir. Ayrica, sicakliga
bagl hicbir 6zelligin egri ayarlamada kullanilmadig: diisiiniiliirse, erime sicaklig1 ve
yiiksek sicakliklarda karigim entalpi degerlerinin deney sonuglariyla tutarli olmasi,
iiretilen potansiyelin yiiksek sicaklik uygulamalarinda da bagarili olacagini belirtir.
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Potansiyelin bir uygulamasi olarak Cu-Ni alagimlari i¢in titresimsel termodinamik
fonksiyonlarmin nasil degistigi hesaplanmustir. Orgii dinamiginin harmonik
yaklagikliginda yapilan hesaplamalarin var olan deney sonuglariyla uyumlu oldugu
bulunmustur. Cu-Ni alagimlarinin tiim konsantrasyonlari i¢in titresimsel 1s1 kapasitesi,
serbest enerji ve entropi degerleri belirlenmistir. Termodinamik fonksiyonlara en
biiyiik katkinin fononlar tarafindan gerceklestigi belirlenmesine ragmen Cu-Ni alagim-
lar1 icin elektronik durumlardan da katki geldigi ve bu katkinin diisiik sicakliklarda
belirleyici oldugu sonucuna varilmistir. Fonon durum yogunlugu ve termodinamik
fonksiyonlarin sonuglari, Cu-Ni alagimlarinda Ni oraninin arttirtlmasiyla Cu baglarinin

kuvvetlendigini gosterir.

Her ne kadar 1s1 kapasitesi hesaplamalari, titresim durumlarinin katkisinin belirleyici
oldugunu acik bir sekilde gosterse de elektronik katkilarin eklenmesiyle Ni zengin
Cu-Ni alagimlarinda deneylerle daha tutarli sonucglara ulagilmigtir. Bu durum, Ni
katkisinin Cu-Ni alagimlarinda elektronik durumu degistirdigini ve termodinamik
ozelliklere diisiik de olsa katki saglandigini gosterir. Is1 kapasitesi hesaplamalari,
diisiik sicakliklarda anharmonik etkinin daha az olduguna, yiliksek sicakliklarda
ise Ni icin etkinin daha fazla olduguna isaret eder. Cu-Ni alagimlar1 tiim Ni
konsantrasyonlar1 i¢in Cu ve Ni’in ayirt edilemedigi ylizey merkezli kiibik bir kati
karisimi olusturur. Karisim yapilanma entropisi her konsantrasyon i¢in pozitiftir
ve alasim olusturma entropisine daha ¢ok katki sagladigindan Cu-Ni alasimlar
karigim olusturma egilimindedirler. Bununla birlikte hesaplanan alasim olusturma
entropi degerleri ise tiim konsantrasyonlar i¢in negatif sonug iiretir. Bu durum faz
diyagraminda Cu-Ni’in ayristigi bir alan olusumuna katki saglar. Bu iki sonug
deneylerle tutarlidir: Cu-Ni diisiik sicakliklarda farkli bolgeler olusturacak sekilde
ayrisirlar ve yiiksek sicakliklarda tek bir fazda karisim olustururlar. Bir diger
onemli sonug ise yapilan hesaplamalarda %75 Ni konsantrasyonu civarinda fonon
durum yogunluklarinin diizenli ve diizensiz alagimlarda farkli oldugudur. Bu bulgu
Warren—Cowley kisa erimli diizen hesaplamalariyla tutarlidir. Ayrismis ve diizenli
Cu-Ni yapilar i¢in hesaplanan durum yogunluklari, diizensiz yapidakinden az farkla
da olsa degisir. Bu sonug, kisa erimli diizenin %75 konsantrasyon civarinda
olusabilecegine isaret edebilir.

Bununla birlikte, gelistirilen potansiyelin stnanmasina yonelik olarak Cu(111) yiizeyi
tizerinde Cu ve Ni nanoyapilarinin olusum dogasi arastirilmistir. Yapilan calismada
toplam enerji hesaplamalar1 ve molekiiler dinamik benzetimlerden yararlanilmigtir.
Model benzetimlerinin sonuclari, Cu atomlarinin hem tek hem de cift katmanh Ni
nanoyapilarinin iist katmanlarina kolaylikla gecebildigini gostermistir. Cu atomlarinin
Ni adalarmin iist katmanlarina gerceklestirdikleri hareketin Ni adalarindaki tabaka
sayisi ile degistigi gozlenmistir. Cift katmanli Ni adalarinin {ist katmanlarina olan Cu
hareketinin, tek katmanli N1 adalarina olandan 7.5 kat daha hizli oldugu hesaplanmustir.
Biiyiimenin dogasinin anlagilabilmesi ve ylizey yapilarinin olusumundaki kritik
stireglerin belirlenebilmesi icin ¢esitli difiizyon engellerinin enerji degerleri diirtiilii
elastik bant yontemiyle hesaplanmistir. Engel enerji degerleri incelendiginde, ada
olusumundaki kritik siirecin Ni adasi {izerinde ikili obek olusumu oldu gu saptanmaistir.
Bu siire¢, adalarin Cu atomlariyla ¢evrilmis saf Ni adalar1 m1 yoksa Cu-Ni karisim
adalar1 seklinde mi olusacagini belirlemede 6nemli bir etkendir. Hesaplama sonuglari,
Cu(111) tizerinde olusan nanoyapilarin hem Cu ve Ni karisimli alagim adalar1 hem
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de Cu ve Ni bolgelerine ayrilmis alasim adalar1 olduklarini ve bu adalarin yiizeyden
farkl yiiksekliklerde olustugunu gostermistir. Diger yandan Ni adalarinin baglangicta
nasil ¢ift katmanli olugabildigini anlayabilmek i¢in, Cu(111) yiizeyine Ni atom ekleme
benzetimleri yapilmustir. 10ns~! ve daha yavas atom gonderilen yiizeylerde deneylerle
ortiisen altigen yapilarin olustugu bulunmustur. Deneylerde ayrica birden fazla ve
cesitli biiytikliiklerde altigen nanoyapilar olustugundan, adalarin nasil biiyliyebildikleri
yine benzetimler yoluyla arastirilmistir. Bu benzetimlerde, Ni atomlarimin yiizeye
esit veya esit olmayan zaman adimlariyla gonderilmesinin ada yapisina olan etkisi
incelenmistir.  Benzetim sonuglari, yilizeye esit olmayan siirelerde Ni atomlari
gondermenin ¢esitli biiyiikliikteki adalarin olusmasina katki sagladigi yoniindedir.
Elde edilen bu sonuglar ile deneylerde gézlenen Cu(111) yiizeyi iizerindeki tek ve ¢ift
katmanl1 Ni adalarinin olusum dogasi agiklanabilmisgtir.
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1. INTRODUCTION

There has been a growing interest in developing reliable interaction potentials as they
provide an attractive alternative to Quantum Mechanical approaches for atomic-scale
simulations of materials that are crucial in understanding material structure evolution
under various thermodynamic conditions. Although Quantum Mechanical calculations
are based on the first-principle and do not involve parametrization and thus provide the
most accurate results, these approaches are confined to the problems which require
relatively small computational cells (at most 100 atoms or less) and are limited by
the computational power. On the other hand, simulations for realistic problems
such as systems with extended defects, phase diagrams and epitaxial growth of
materials require relatively large enough computational cells and time up to length- and
time-scales comparable to those accessible in experiments. To this end, high quality
potentials might be a real choice to tackle down the problems on computational side

and thus to study static and dynamic properties of much larger systems.

There are various techniques for developing many-body types potentials:
Finnis-Sinclair Model (FSM) [1-3], the tight-binding approach (TBA) [4], the
effective-medium theory (EMT) [5], the force-matching method (FMM) [6] and
the embedded-atom method (EAM) [7-9]. In all these models the formalism is
based on the parametrization of the total energy of the system, and thereby fitting to
various properties or energetics of the interested elements or alloys such as lattice
constant, melting temperature, elastic constants, etc. Since the accuracy of these
potentials is mostly dictated by the fitting procedure for the parameter set and the
choice of fitted values, generation of EAM potentials for alloys is sometimes hindered
by lack of experimental data such as crystallographic structures, precise energetic
values, and elastic constants. In such cases, the conventional way to overcome this
drawback is to generate the data using highly accurate first-principle calculations

within density-functional theory (DFT) [10] formalism.



In this Thesis, the highly optimized semi-empirical potentials were developed for bulk
Cu-Ni alloys based on an approach furnished by the embedded atom method [7, 8]
with improved optimization techniques. The parametrization involved an extensive set
of density functional calculations as well as experimental bulk properties. Although
there are several Cu-Ni alloy EAM potentials, they are mostly generated through
an optimization procedure based on a fitting to the properties of pure elements of
the alloy rather than to the properties of the alloy itself. In the formalism of the
very first EAM potentials— developed for 6 fcc metals of Ag, Cu, Ni, Au, Pt, Pd
and their alloys [8], for example, Cu-Ni alloy potentials were generated through a
global fitting process that optimizes the alloy properties not only for Cu-Ni alloy but
also for alloys of Cu and Ni with the other four elements. Since the procedure was
based on a simultaneous optimization of the potentials for six metals and their alloys
instead of optimization of the binary alloy alone, the potentials may have some issues
in reproducing the experimental results. In another study Foiles [9] also developed
an alloy Cu-Ni potential where the fitting included only Cu, Ni pure element and
Cu-Ni alloy properties. Although the potential successfully reproduces some surface
alloy properties such as segregation, surface energies and also some bulk properties
like mixing enthalpy and short-range ordering, there is still a need for betterment to
correctly describe the phonon dispersions for metals with unfilled d-bands [11,12]. In
addition, Zhou et al. [13] have reported an alloy potential database using elemental
potentials, including Cu and Ni. In their formalism, an analytical expression [14] was
used in developing pair interaction for alloys that include only the element functions
with no parametrization and fitting to alloy properties. Such an approach might be quiet
reasonable in developing a general purpose alloy potential which may naturally pose
some challenges to correct observations of alloy properties. In this Thesis, thus the aim
was to develop an accurate and highly optimized Cu-Ni alloy potential which produces
reliable predictions for structural properties, energetics, phonons and thermodynamic

functions of the alloy.



2. METHODS

In this chapter, the techniques used in this thesis to develop a reliable interaction
potential for Cu-Ni alloys were presented in separate sections. In this context, the
parallel implementation of Adaptive Particle Swarm Optimization(APSO) and the
optimized charge density for the Embedded Atom Method (EAM) were the main focus
of this Thesis.

2.1 Time Independent Schrodinger Equation in Born-Oppenheimer Approxima-

tion

In the most general form, the Time Independent Schrédinger Equation (TISE), that
yields the electronic structure of a system constructed with electrons and nuclei, can

be written as following:

HY =E¥Y 2.1)

where E is the electronic energy, W is the wave function, and H is the Hamiltonian

operator defined with
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Here, R denotes the nuclear coordinates, M; is the mass of the nuclei and Z; is the
atomic mass of the nuclei, and 7 represents the coordinate of the electrons and m, is the
mass of the electron. The analytical solution to the above eigen-value problem exists
only for hydrogen-like atoms. Likewise, the exact numerical solutions are limited

to atoms or very small molecules. Full quantum mechanical formalism to solve the
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Eqn. 2.2 is almost infeasible [15]. The most important issue is the two-body nature
of the Coulomb interaction that makes the Schrodinger Equation inseparable. This
problem can be tackle down using Born-Oppenheimer Approximation (BOA) [16].
The approximation is based on the relative motions of electrons with respect to the
nuclei: since the motions of the electrons in a system are much faster than the heavier
ions (Mj >> m, ), the nuclei can be considered as static particle within the time scale
of the electronic motion. This suggestion is also known as adiabatic approximation

and in this formalism, TISE can be split into the ionic and the electronic parts.

The Hamiltonian of the electronic system in this approximation is defined by

Ze? 1 e?
! —t3 ) 5= (2.3)
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Here, first term is the kinetic energy of electrons, second term represent the interactions

H, = " v?
S TN

of electrons with the external potential of ions located at the sites R;, and the last term

is the interaction of electrons with each other.

2.2 Density Functional Theory (DFT)

The density functional theory (DFT) is a powerful method to solve the Schrodinger
Equation for non-interacting electrons of quantum many-body problem. DFT has
become the primary tool in condensed matter physics to solve the electronic structure
of widespread systems from bulk structures down to the finite structures such as
clusters or molecules. Theoretical foundation is based on the two important theorems
and an ansatz established by Hohenberg and Kohn [17] and Kohn and Sham [10],

respectively.

2.2.1 Hohenberg-Kohn theorems

The Hohenberg-Kohn (HK) theorems applies to a system of interacting particles of

electrons and nuclei in an external potential v, (¥), where the Hamiltonian is given by

H I V7 + (7)) + 1 ¢ 24
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For such systems with interacting particles of electrons, the two fundamental theorems

are [17]:

Theorem I: For any given system of interacting electrons in an external potential
vext (F), the potential v,y (F) can be determined by a unique functional of the

electronic density of ground state ng(¥), apart from a trivial additive constant.

Theorem II: Independent of v, (¥), there exist a universal functional of density,

F[n(7)], such that the energy of the interacting particle system can be written as

Enk[n] = Fuxln] + / Veu (F)n(F)dT 2.5)

and the exact ground state energy of the system is the global minimum of the
functional Epk[n] where the density n(7) that minimizes the functional is the exact

ground state density nq(7).

These two theorems can be simplified into a general corollary as follows: once the
ground state density no(7) of the given system is known, the functional Eyg|n] is
sufficient in determining all the properties of the system completely, except a constant
shift in the energy. Although theorems provide mathematical basis for the solution of
full many-body Schrédinger Equation, they do not give any method on how to solve the
quantum many-body problem generally other than the original definition of many-body

wavefunctions in HK proofs [17]. To accomplish that Kohn-Sham propose an ansatz.

2.2.2 Kohn-Sham equations

In Kohn-Sham ansatz, the quantum many-body problem is replaced by an independent
particle problem by taking the ground state density of interacting system equal to the
ground state density of a reference auxiliary non-interacting system. Since the exact
kinetic energy of an interacting system can not be equal to that of the non-interacting
system, a missing energy is added to define the correlation contributions. In
the assumption of Kohn-Sham [10], the ground state energy of the electrons in

non-interacting system is given by

Enk [n] =Tgr [n] + Eyc [n] + EHartree [I’l] + /Vext (?)n(?)d?v (2.6)
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where Tg[n] is the kinetic energy of non-interacting electrons in auxiliary reference
system, Ey[n] is the energy of exchange and correlation contributions, and Eggree [n]
is the energy of the classical electrostatic interaction for the electron density n(7) with

itself and given by

1 n(F)n(@) _
EHartree[n] = 5//%611’017/ 2.7

Since the energy of the full interacting system in an external potential is given in terms

of HK functional Fyg, the exchange and correlation term, E,., can be defined by

Exc = Fuk [l’l] —Tr [l’l] — Enartree [l’l] (2.8)

As seen in the Eqn. 2.8, the exchange and correlation energy is a functional of density
n(7) for a true interacting many-body system in contrast to the non-interacting system
where the electron-electron interactions are replaced by Hartree energy. Therefore, if
the exact universal functional form of exchange-correlation energy, Ey., is at hand
the many-body interacting particles problem can be solved by using Kohn-Sham
formulation. In fact the exact form of E,. is rather complex and unknown. Therefore
one can only solve the existing problem with some approximations that will be
discussed in the next sections. The solution of the Kohn-Sham auxiliary system for

the ground state can be calculated using variational principle [18]

(STR [I’l]
on(7)

where u is the chemical potential of non-interacting system which should coincide

+vks(F) = u (2.9)

with the chemical potential of interacting system [15]. In Eqn. 2.9, the reference

potential, vgs(7), of the auxiliary system is given by

VKS(?) = Vext(?)‘i‘VHartree‘i‘ch
. n(@) _, OS8Ey|n
= Veu(F)+ / ‘?(_?),|dr'+ 5;(0}%]. (2.10)
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Figure 2.1: Schematic representation of Khon-Sham Ansatz [15].
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Using the variational principle to a fictitious auxiliary system of non-interacting
electrons in an external potential vgg(¥), the ground state density of the interacting

electron system, ng(7), can be obtained by solving the following equation:

1
[—EVZ +vKS(?)] Yi(7) = eipi(7). (2.11)

Here the ground state has one electron in each of the N orbitals W; with the lowest
eigenvalues ¢;. The density of the auxiliary system then can be calculated over all

orbitals:

N
n(F) =y v (F)wi(). (212)

l
The Equations 2.9, 2.10, and 2.11 are known as Kohn-Sham equations [10] and have
to be solved self-consistently with such a ground state density that will construct

vks functional (See Fig. 2.1). Note that these equations are independent of any

exchange-correlation functional approximation to the ground state density.



2.2.3 The approximation to exchange-correlation energy

If the exchange-correlation functional, E,.[n] defined in Eqn. 2.7 were known, then
exact ground state energy and density of the many-body electron problem could be
obtained by the solving the Kohn-Sham equations for independent-particles. The most
commonly used approaches to the exchange-correlation functional in DFT are the local

density approximation (LDA) and the generalized gradient approximation (GGA).

2.2.3.1 Local density approximation

The simplest and most widespread approximation is the local density approximation
which considers that the electron energy at each point in the system is the same
as that of a uniform electron gas of the same density. In this approach, the

exchange-correlation functional, E.[n], can be defined as

ELPA[p] = / elom (n(7))n(7)dr, (2.13)

XC

where /9" (n) is the exchange correlation energy per particle of a uniform electron gas

of a density n. The exchange correlation potential is then given by

a1 OB om o0& (n
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&xc can be split into exchange and correlation potentials, €y, = &(n) + €:.(n). The
exchange contribution can be evaluated analytically [18], while the correlation part has
been obtained by parameterizing the results of Monte Carlo simulations [19-21]. LDA
is successful for many system, especially those where the electronic density is quite
uniform such as bulk metals, molecules, semiconductor and ionic crystal. LDA yields
a good accuracy in reproducing experimental structural and vibrational properties of
strongly bound systems. However, there is a number of features that the LDA is
known to fail to reproduce. For instance, it usually overestimates bonding energies

and under-estimates bond lengths [15].



2.23.2 Generalized gradient approximation

An improvement to LDA is made through consideration of the gradient of the electron

density. This is called the generalized gradient approximation (GGA),

EGn) = [ e594(a(7), 1Vn(7) ()7 215)

which depends also on the norm of the local density gradient, |Vn(¥)|. For the gradient
correction to the exchange and correlation part of the energy ESCA[n], there have
been several parametrization schemes such as Perdew and Wang (PW91) [22], Perdew,
Burke, and Enzerhof (PBE) [23]. In comparison with LDA, GGA tends to improve the

total energies, atomization energies, energy barriers, and structural differences [15].

2.3 Embedded Atom Method (EAM)

Based on Density Functional Theory, described in the previous section 2.2, the
interactions between the atoms in a system can be defined as a unique functional of the
charge density of each atom in the crystal [10]. Hence, in such a crystal view, one can
even further assume each atom as a defect in a lattice embedded into the electron charge
density of the neighboring atoms [24] described by local density approximation [10].

Thus, one can write the energy of an ion at lattice site i for a given system as

Ei= Fi|p,] (2.16)

where .#; is a nonlinear functional of the charge density p; at lattice site i in a crystal.
Furthermore, one can simply extract the charge density for a system by any suitable
ab-initio approximation, the functional .% will still be far beyond to be defined by a
simple analytical expression without further approximations. One such example is a
jellium like uniform density approximation where the charge density around an atom
changes slightly. With uniform density approximation and an analytical form of charge
density function for each atom, .# can be reduced to a plain function F(p). Another
important factor in correctly describing the interactions in a system is the ion-ion

interactions as these long-range interactions prevent the local effects to be dominant in



the system. Thus, a realistic description of energy of an ion in a system requires both

the short- and long-range interactions.

In the embedded-atom method [7,8] the energy of an ion in a system is given by

1
E;=Fz(pi)+ 5 Y ¢zz.(rij) (2.17)
i i Z;Ej \Tij
7]

and the total energy of the system can be calculated by taking the sum over all atoms:

Epr = EE (2.18)
l

The equation defining the energy of the ion has two parts: first part, F(p;), is the
many-body function defining the energy needed to embed an ion i into the background
electron charge density at its specific site. Here, p; is the host charge density which is
taken to be superposition of electron densities of all ions of the Zth type within the

cutoff radius, r.,; , of the ion i and given by

pi = EPZ,-( ij)- (2.19)
i7jéj

The second part, ¢zz,(rij), is the pair interaction between i and j ions separated by
rij distance. The choice of p and ¢ functions highlights the type of EAM formalism.
Among the various implementations, the three functional descriptions are the most
commonly used: 1) all the EAM functions, p, ¢ and F, are defined with analytical
expressions [25],2) ¢ and one of the p and F are defined with an analytical expression
and the other (p and F) is approximated with a spline [26,27], and 3) all of p, ¢ and
F functions are defined in splines [28]. In all cases, the functions are parametrized and

smoothly cutoff at a r.,, distance by fitting to the values in a database constructed with

experimental or the ab-initio results .

The following function is utilized to implement the cutoff for potential functions:

cu " (dh
hsmooth(r) = h(r> _h(rcut) + (%) |:1 - <é) } <5) - (2.20)
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where m = 20 as in Ref. [29]. Here, Eqn. 2.20 keeps the potential function and its first
derivatives continuous, and thus provides the potential to generate values without any

non-physical basis at cutoff.

The fitting procedure of EAM functions, introduced by Foiles et al [8] involves the

following universal equation of state (EOS) [30].

E(x) = —Eop (1 +x(a))e @ (2.21)

where

x(a) = (a/ag — 1) (Eeon/990B) ~'/? (2.22)

and the parameters ag, o, B and E_,;, are the lattice constants, atomic volume, bulk
modulus, and cohesive energy, respectively, for the equilibrium fcc crystal at OK. The
crystal energies for different lattice constants calculated with EOS are in most cases

directly used on the left hand side of Eqn. 2.17.

The fitting database in EAM is usually constructed with the experimental values for
the energetic and structural constants of the elements and alloys. In absence of
experimental results, the database is completed using ab-initio calculations. Mostly,
the database includes cohesive and minimum energies of several crystal structures,
lattice constants, bulk modulus, elastic constants, vacancy formation energies, adatom
or vacancy migration energies, phonon frequencies, stacking fault and interstitial
energies, surface energies and diatomic bond length and energy. Searching an optimum
set for the parameters is itself relatively time consuming process. Approximating the
EAM functions with splines, instead of an analytical expression, requires even a more
complex optimization technique as the splines need an optimum number of knots for
the fitting process. If the fitting process is carried out by not an optimal number of
knots, then the EAM functions may have an oscillating characteristics, and thus may
not correctly describe the other properties that are not involved in the database. The
desired solution to the problem is to define an analytical expression for each EAM
function with a physical background. Therefore, aside from the fitting procedure, the

testing of the functions is essential to maintain a reliable potential that produces results
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in agreement with the experiments and ab-initio calculations. Such tests should include
energetics and structural properties that are not used in the database like phonon
dispersion curves, surface and stacking fault energies, barriers for various diffusions
mechanisms in the bulk/on the surfaces, and thermodynamical properties at elevated

temperatures.

For generating an alloy potential in EAM, there are two approaches: First is to
simultaneously fit the potential to the properties and energies of the alloy and its pure
elements. However, the method generally fails in accurately reproducing the desired
elemental and the alloy properties [29]. The second and more accurate approach [29]
is to optimize the pure element potential functions first and then use them in alloy
potential generation without changing the fitted properties of the pure element part in
the potential. Therefore for a binary system of AB, first, the potential functions for pure
A and B element, ¢a4, pa, F4 and ¢pp, pp, Fp are fitted to determine the parameters
of functions and r., for each element using Eqns. 2.17, 2.19, 2.20, 2.21, and 2.22
with Z; = Z;. In the second part involving generation of alloy potential, only is the
pair potential, ¢p, to be fitted to the properties of alloys. For that, the pair potentials
are constructed using the two types of transformations on the pure element potential

functions: shifting by

F)(p) = Fz(p)+Gzp (2.23a)
b77(r) = ¢z2(r) —2Gzpz(r) (2.23b)
and scaling by
05 (r) = Szpz(r) (2.24a)
F(p) = Fz(p/Sz), (2.24b)

where Z stands for one of A or B element and S4, S, G4, and Gp are the fitting
parameters. Eqns. 2.23a, 2.23b, 2.24a and 2.24b ensure that the pure element energies

do not change under the transformations while the alloy energy does, and thus helps
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increasing the quality of the alloy potential in the fitting. It is also important to note
that the transformations are used in the order in which scaling is applied after shifting.
Since scaling the charge density of p is sufficient for one of the element against the
other one, the parameter S4 is generally chosen to be 1 in the alloy fitting. Similar to
the approach in the pure element potential fitting, the parameters of pair function ¢4p
and the scaling and shifting parameters are fitted to the experimental or ab-initio results
for lattice constants, cohesive energies, bulk modulus, elastic constants of considered
A-B alloys, and also can be fitted to the bonding lengths and energies of A and B atoms

in various structures.

2.4 The Calculation of Structural Constants and Energies in EAM

For the calculation of structural constants and energies of a system in the formalism of
EAM, one should first, write the force in terms of EAM functions by taking derivatives

of Eqn. 2.17 with respect to 7;;

, JE; T OE: T,  OE Ty
Fi=—VEi(rij) =~~~ L (2.25)
orfirij - dryrij - 9rgrij
which yields
i
- — 14
F'=7 [(Péizj("ij) +Fz,(pi)pz,(rij) +Fz/,-(Pi)P§[(ri.i)] r—j (2.26)
ij

iti
Here r;’} is the component of separation between atom i and the neighboring atom
j along the direction m where m is the one of the Cartesian coordinates; x, y, z.
JF7" represents the force acting on the atom i in the same direction m. To find the
equilibrium configuration of the system, the atomic positions are optimized such that
the force on each atom is zero. Using this equilibrated structure, one can easily
calculate the minimum energy of the system or the energy of a configuration such

as stacking fault, interstitial site, surface.

In EAM method, the mechanical stress tensor for an individual atom ¢ can be defined

by
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— 1 1 / ! (= / rlr;lrln] 2.27
0 i "

where m, and n are the tensor elements and can be one of 1, 2, or 3 representing x, y,

and z directions, respectively.

The elastic constants of an equilibrium crystal can be calculated by applying an
infinitesimal homogeneous strain Ar;; to the crystal. Using generalized Hooke’s law
for linear deformations, the stress tensor definition can also be written in the following

form [31]

0™ = CppiaAr (2.28)

where C,,,,; is the elasticity tensor. Second derivative of the crystal energy in Eqn.

2.18 leads to elastic constant tensor C,,,,; for the crystal:

C . 07(Emr/Qo> - 1
mnkl = (9}”””(91”‘1 _anQ

> (M F PN+ F (pLLl | 229)

1

where Q is the atomic volume, n;, is the number of basis defining the conventional

unit cell of the structure and

1 7.2, (rij) \ rirtirirt;

M = gz, (rij) — ———— | L (2.30)

l 21‘;1 [( i (rij)?

pé(’ﬁ'j) ppn ok ol
Nmnkl — pé/(r ) o J oy , (2.31)

l z;j [( Yy (rij)?
rinyt
L = ;pé,(rij) — (232)
iZj 1
Here, the fourth-order elastic tensor C,,;,x; has the following symmetries:

Conkt = Comit = Crnik = Crmik (2-33)

Therefore, the only independent elements in the tensor are reduced to 21 elements from

81. Using Voigt’s notation [32], elastic tensor can be written as Cg, where « and f3
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have values from 1 to 6 and define xx, yy, zz, yz, xz, and xy, respectively. The elements
can be further reduced using the symmetries defining the crystal. In a cubic lattice, the
symmetries impose that the stress contribution in any given direction is the same as
the other directions such as C1; = Cy; = C33. Using the symmetry definitions and the
similarities, one can reduce the independent elements to Cy1, C;2, and C44. This kind
of reduction can also be utilized for a hexagonal lattice for which Cy3, C33, and Cgg

elements are to be independent in addition to the tensor elements of cubic lattice.

The bulk modulus of a material can be calculated using the equation of state for an fcc

lattice given by Eqns. 2.21 and 2.22:

9E; 15 9%E

= . 2.34
IQo* 9 dr; 259

Both using Eqn. 2.34 and Y, 0™" = 0 (the hydrostatic stress condition for an
equilibrium crystal) the bulk modulus can be expressed in terms of potential functions

as following

1 |1 _ _
B=5a: |2 > ") +F () Y, p"(rij)(rij)* +F(p) < > p'(ﬁ.;’)"ij)] :
JJ# JJ# S
(2.35)
In EAM formalism vacancy formation energy is defined as follows
vac E ¢ + 2 p p] (p)] + Erelax- (2.36)

Here the sum is over the atoms in the vicinity of the vacancy site. The first
term represents the decrease in pair potentials of the neighboring atoms around the
vacant site, whereas the second term is the change in the embedding energies of the
neighboring atoms introduced by existence of vacancy. E,.;, is the relaxation energy
of the neighboring atoms in the absence of an atom in a lattice site. For metals, this
energy is relatively small [33] and is around 0.01 eV [7] which is in the error bars
of vacancy energy in the optimization procedure, and thus is usually ignored in the

expression.
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2.5 Phonon Dispersions

In lattice dynamics, one needs to solve the equations of motion for ions in the unit cell:

azRic o F’ o dEor
—Lice— 77" >
at IR;.

(2.37)

i

Here I?ic is the equilibrium position of atom i in the unit cell ¢ and F;c is the total force
acting on the atom in the system with a potential energy E;,;. For a dynamic crystal,
where all atoms vibrate around their respective equilibrium positions, the position

vector of an ion is time-dependent:

Fio(t) = Rie + 10 (1), (2.38)

where 1#j.(t) is the displacement of atom i from its equilibrium position of R in the
unit cell. If the displacements of the atoms are small in comparison with the lattice
spacing ag, then the potential energy E;,; of the system can be expanded around the

equilibrium state:

— &Etof — 2E10t — -
Etor (ri ) Etot ic + E O Uic + E i, MszjC (2.39)
Uic

Under equilibrium conditions where the total force on the system is zero, the second
term vanishes. For small displacements, the potential energy of the perturbed system
is relatively close to the equilibrium energy. Thus, the second-order term in Eqn. 2.39
is to be the dominant contribution to the lattice dynamics when the higher-order terms
are neglected. Under such approximation, the form of the energy turns into that of a

series of harmonic oscillators and this approach is called harmonic approximation.

In harmonic approximation of the lattice dynamics, the solution of Eqn. 2.37 has a

traveling wave form:

e = M2 Ui ()@ ric) (2.40)
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where G is the wave vector, w is the angular frequency, and Uj. is the amplitude of the
wave. With substitution of u;. in Eqn. 2.37, the equation of motion takes the following

form

WU @)+ S 2 X /2q>;?;"exp (ig- (ric —rjer)) U, = 0. (2.41)

C

As the distance between the two atoms in the system is given by

Fie = ap + (4jc — u;c’ ) 242)

where ric — 1o = ri;, the second derivative involved in the term (I)f'}" can be expressed

in terms of relative distances

?Ee 0*Epo

— = ——. 2.43)
(?Ml'cé’ujc/ &ric&rjc/

The phonon frequencies then can be calculated by diagonalizing the dynamical matrix

1
Dyn,ij = W 2 CI)m”exp (lq (ric — rjc/)) . (2.44)

Here, ;" is the force constant and given by

/

o — OB Odmfii(ry) o (r”)_‘pZiZj(r"j) rijti;
ij artary, rij Zizg Y rij | (rij)?

0z, (rij) | it

_ F Bi PN. pi) 2 J U

7(Pi) [ z,7ij) rij | (rij)?

_ p7,(rij) ] riiri;

— Fz,(p)) {Pé’i(rij)— — | 5

: rij rij)

m n

flr’j mrJ
+ F7(Pj)pz (m)Q,;j— 7.(P1)p7, (1)) O] -

m n

.k}" ik

+ F7 (Pr)pz,(rin)pz, (r i) —" (2.45)
ik, j Tik? jk

(2.46)

where
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n / r?j
Q; = ;st("sﬁ—, (2.47)
SEJ Tsj

fii = $zz;(rij) +E5,(00)p7,(rij) + F7,(p))pZ,(rij), (2.48)

and E;, is sum over all ionic energy in Eqn. 2.17. M;, M; are the masses of atoms
labeled i, j in the reference unit cell ¢ and the sum in Eqn. 2.44 is over all the

neighboring ¢’ unit cells.

2.6 Molecular Dynamic Simulations (MD)

Molecular Dynamic Simulation (MD) is an iterative method based on classical
mechanics that gives the time evolution of a system of atoms in a time interval dictated
by the interaction potential. In MD, the time evolution of a system is provided by
solving Newton’s equation of motion for each individual atom in an isolated system
consisting N atoms with constant volume (V) and constant total energy (E). Such an
isolated system in statistical mechanics is known as microcanonical ensemble (NVE).
In NVE, the position update of an atom i is calculated from the force on the atom, F;,
which is the first derivative of the total energy with respect to atomic position:

Fi(t) = mi(t) = ——-— (2.49)

where;ri is the acceleration of atom i with mass m, and U is the interatomic potential
describing the interactions between the atoms in the system. The positions of the atoms
are then evaluated by numerically taking simultaneous integration of the equation of
motion of each atom and for each time step, the new configuration of the system is
obtained through an iterative solution of the Eqn. 2.49. In T=0K simulations where
atoms have been set with initial-zero velocities, the total energy of the system is
simply equal to the potential energy of the system. However, for elevated temperature
simulations where atoms have non-zero initial velocities specific to the assigned
temperature, total energy involves kinetic energy contribution as well. In such systems,

the kinetic energy of each atom at every integration step can be calculated by
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Ef(r) = %’“(f’}(r))z - POr, (2.50)

where 7(¢) and p(t) are the position and the momentum of the atom 7, respectively. In
a system, as the motions of atoms are not independent of each other, the equations of
motion for the atoms are coupled. Therefore, one needs to count on numerical methods
to solve theses coupled differential equations. In this study, the integration algorithm
performed in MD simulations is based on the Verlet finite difference method [34]. In
the method, using Taylor series expansion the atomic positions 7(r + 2At), 7(t + At),

7(t — At), and 7(r — 2At) can be given in the following forms,

F(t+2At) = 7(1)+2?(1)At—|—?(t)(2m)2+ 7 (1)(2A1)3 N

21 3!
o) = o OG0 TOR)

F(i—Af) = ?(;)—?(z)mj(t);m)z_?(I);'Am...

F(t—2At) = ?(r)—2?(t)At+?(t)<22!At>2—.?.(I)SN)?,... (2.51)

By reorganizing the above set of equations, one obtains the following expression for

the velocity:

127(t) At = 8[F(t + Ar) —7(t — Ar)] — [F(t +2Ar) —7(t — 2A1)]| + O(At*)-  (2.52)
Using the Eqn. 2.51, the velocity of an atom becomes

_ F(t+A)2)+F(t—At)2) N At

(1) = 5 E[F(t—At) —Ft+ A +0(AY)  (2.53)

and the position associated with the atom is then calculated as follows

AF(t) — F(t — Ar)
6m

r(t+At) = r(t) 4+ i(t) At + Ar?. (2.54)

At thermodynamic equilibrium, the total energy of the system in the phase space is
given by
19



E =Ex(p") +U (") = constant. (2.55)

In the NVE simulations, since the kinetic energy as well as the potential energy
oscillate around the equilibrium condition of the system, the kinetic energy of the

system is the average of the oscillations within a time interval;

) 1 to+t N 3
(Eg) = lim — Ex(p")dt = =NkpT. (2.56)

t—o f fo 2

where ¢ is the integration time step, ¢ is the initial time, N is the total number of atoms,
kp 1s the Boltzman constant, and 7 is absolute temperature. The key step in performing
realistic MD simulations is to choose an appropriate time-step (At), as the accuracy
of the above numerical derivations are dictated by the time-step. In general, smaller
time-steps close to machine precisions leads to senseless results and unnecessary cost
to computations. On the other hand, large time-steps may lead to inconsistent evolution
of the systems where the motion of atoms is rather fast compared to the change in the
total energy. In this study, the simulation time unit is taken in the order of picoseconds
and the time-step of 1 femtosecond is found to be sufficient to produce consistent

modeling of the material characteristics.

In this Thesis, the other studied statistical ensemble is the canonical ensemble, where
the number of atoms N, the volume V, and the temperature T in the system are held
constant (NVT). In NVT simulations, the atoms in the system are initially started with
a random velocity and then the system is thermalized with a thermal reservoir. The
evaluation of the system at a temperature 7' can also be performed by keeping the total
energy constant (NVE simulation). For all MD simulations performed in this thesis,

the temperature is maintained fixed through a Nose-Hoover thermostat [35,36].

2.7 Nudged Elastic Band Method (NEB)

While an atom or a group of atoms moves from one stable configuration to another, its
reaction path always has the lowest energy in the process. This path is known as the
minimum energy path (MEP) and is used to define a reaction coordinate for transitions

from one configuration to another as in diffusion processes in solids. The highest
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Figure 2.2: Illustration of the NEB method: (a) The images are generated along the
blue line interpolation between initial state, Ry, and final state, Ry. The
NEB method apply FiN EB force during the optimization to relax the images

on to the true MEP. (b) The force components along the reaction path:

FNEB is the nudged elastic band force, F;- is the perpendicular force of F;

due to the V(R) potential, Fl.SH shows the spring force parallel to tangent

7; [38,39].
potential energy obtained along the MEP is the saddle point energy which is also the
activation energy barrier for the transition state. Among all the other methods [37], the
nudged elastic band (NEB) technique has proven to be quite accurate and efficient in
determining the minimum energy path, and thus the activation energy barriers for the
diffusion processes once the initial and final states of the process are known [38,39].
The method generates the chain of states or in other words the images of the system
for the intermediate states in the configurational space. In the method, each state (or
image) corresponds to a specific atomic configuration of the system in between the
initial state and the final state. The minimum energy path is then identified by carrying

out a simultaneous optimization procedure throughout all these intermediate images.

In the method, the set of N 4+ 1 images, indicated by [ﬁo,ﬁl,ﬁz, ....,ﬁN], generates
an elastic band with the spring constant kg (See Fig. 2.2) . While the end-points,
Ro and Ry, are kept fixed at given initial and final states, the remaining intermediate
images are adjusted by the optimization algorithm. The minimization of the elastic

band is carried out by projecting the perpendicular component of the spring force and
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the parallel component of the true force F; in all images. The effective force on the

image i is then given by

FNEB — FilL +I:~i5\| . (2.57)

Since 7; is the unit tangent along the path at each image, the perpendicular component

of true force then is to be evaluated as

ﬁf‘ = —6‘/(}3,‘) + §V(ﬁ1) T, (2.58)

where %V(ﬁi) is the gradient of the energy with respect to the atomic coordinates in
each image of the system. The spring forces between the images of system, on the

other hand, is formed by

—»S — - - - A
ol :ks(’RiH —Ri| - |Ri—Ri_ D% (2.59)

where the same spring constant, kg, is used for all the springs acting on neighboring
images. The projection, here, including the perpendicular component of true force and
the parallel component of the spring force is referred as nudging. This nudging action
is applied by the NEB force FVEB, during the optimization procedure until the initial
chain of states is fall on to the MEP passing through the saddle point with minimum

energy (See Fig. 2.2(a)).

2.8 Real Space Green’s Function Method for Vibrational Local Density of States

Investigating vibrational or electronic states of a solid involve calculations of the
eigenvalue problem, Hu = Eu, or equivalently the Green’s functions corresponding
to the Hamiltonian, H. In the case of vibrational density of states of a solid, one
may directly diagonalize the dynamical matrix portraying the interactions between the
atoms in N layers of slab instead of finding the Green’s function corresponding to
the Hamiltonian. This approach is called the slab method and is the most commonly
used technique to obtain the frequency spectrum for a solid with or without surface in

k-space. In many cases the calculations are easily be carried out for systems with high
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symmetries such as bulk systems with no defects. On the other hand, for systems with
reduced symmetries which require large computational cells, slab method calculations
become costly. If ones interest lies in calculating vibrational spectrum for a local region
of interest in real space, then one has to obtain the Green’s function corresponding
to the Hamiltonian. However, for large systems, systems with atoms of the order of
thousands, obtaining the Green’s function is a formidable task, as the interaction matrix
H is order of 3Nx3N, where N is the number of atoms in the system and the Green’s
function associated with it is defined as G = (zf — H)~'. The continued fraction
method proposed by Haydock [40] is the pioneering recursive method to circumvent
such problems for complex systems requiring big interaction matrix H. Although
the continued fraction method is a local approach in real space, it is not an efficient
technique to follow, as the Green’s function corresponding to predefined locality is
written in a continued fraction form and one has to enforce a truncation for the level
of coefficients of the continued fraction which in turn leads to the inaccuracies in the

calculations.

Another local approach in real space is the real space Green’s function (RSGF) method
[41] . In this method one can focus on any local region according to ones need and
analyse the effect of the rest of the system on that particular region. Also there is no
need for the system to be periodic and it is, thus, particularly suitable for studying local
vibrational density of states in complex systems with defects, disorder, and reduced
symmetry. The only prerequisite is that the interatomic potential between the atoms in
the system be of finite range, as it is then possible to write the force constant matrix
in a block-tridiagonal form in which the sub-matrices along the diagonal represent
interactions between atoms within a chosen local region and the sub-matrices in the
"off-diagonal’ corresponds to interactions between neighboring localities. Thus, the
method allows one to work with much smaller matrices, whose dimensions are defined
by the subsystems, rather than the interaction matrices for entire system. Since an
infinite/semi-infinite system is converted quite naturally into an infinite/semi-infinite
set of local regions, there is no a priori truncation on the system size, as would be the
case for matrix diagonalization methods based on k-space. The RSGF method also

has an advantage over the continued fraction method as it does not involve truncation
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schemes to determine the recursion coefficients, rather a more general and simpler

recursive scheme is applied.

Using the resolvent matrix method [42] in RSGF, the force constant matrix of a system

can be given by block-tridiagonal form as following

o | Vi h; Vi j+1 (2.60)
Vitl,j—1  Hit1  Vitlj+l

where the sub-matrix /; involves the interactions of the atoms within the local region,
and v; ;11 is the one between the local region and the neighboring regions. Then, the
Green’s functions associated with the H matrix is given by the resolvent operator,
G(z) = (zI — H)™!, for the eigenstates where z = w? +ie, ¢ being the width of
Lorentzian representing the delta function at w?, and I is a unit matrix of the same
size as that of H. The diagonal(ii) and off-diagonal(ii’) elements of Green’s functions
leading the formal solution of the problem are obtained by Dy, Wu, and Spratlin [42]

as

Gii(z) = [(2li —hi) — Vi.,i+1A,'++1Vi+l,i
Vi1 A vier]
Gir(2) = Givigmi A -+ visr pAy, (i S ), (2.61)

Af(a) = [(edi—hi) —vigs1 AL viz,]

In addition, the relation between the diagonal elements of the Green’s function matrix

Gii and Giil,i:tl defined by

Gii = A + AT v i1Gir, i £ 1vie g AT (2.62)

Here, Eqns. 2.61 and Eqn. 2.62 reduce the calculation of Green’s function to a series
of inversions and multiplications of matrices that determine the interactions of atoms

in the local region. Using the equations recursively, the Green’s functions can be
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calculated in an accuracy of a desired tolerance. Once the Green’s function of the
local region of interest is calculated, then the normalized vibrational density of states

(DOS) is obtained through

Ni(w) =2wg;(w?) (2.63)

where w is the vibrational frequency and the function g;(w?) satisfies the equation

gi(w?) = —3]\1,'” lim {Im[Tr(Gii(0* +ie))]} (2.64)

Here, Gj; is the Green’s function sub-matrix associated with locality i and N; is the

number of atoms in this locality.

2.9 Adaptive Particle Swarm Optimization (APSO)

The adaptive particle swarm optimization (APSO) is an improved version of the
particle swarm optimization method (PSO) [43] developed by Kennedy et al. in 1995.
In PSO, the minimum of a given function or function set is searched in a procedure
that mimics the behavior of the swarm such as groups of flocks or fishes. Like other
evolution based algorithms such as genetic algorithm, PSO binds individuals to a
community. The functions that determine the behavior of the individuals have to be
evaluated numerous times repeatedly. Each individual is taken as a parameter set of
the desired function to be minimized and dedicated to a particle in the solution space
whose dimensions are constrained with the number of parameters. The basic idea of
PSO algorithms is to evolve each particle towards the optimum of the parameter space
using two contributions; 1) their best fitted parameters in the past, pBest and 2) the

best fitted particle in the swarm, gBest given by the iterative algorithm:

Vld = wv?—FC]R(]i <pB€Stl~d —xld> +02R621 <gB€Sl‘l-d> )

W= (2.65)

where xfi and vld are the position and the velocity components in d dimension (d =

1,2,3,...,D) of the ith particle, respectively. Moreover in Eqn. 2.65, w, is the
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weighting factor for the previous velocities, ¢; and ¢, are the factors of cognitive
and social parts of the equation, and R; and R, are the random numbers between
[0,1] in each step of generation. The optimization is carried out with typically

hundreds of particles each treated as a parameter set where X; = [xl1 ,xiz,xf’, . ,xf’] is

the position vector and V; = [v},v?,v?, e, vf] is the velocity vector that is initialized

randomly in the D dimension parameter space. The previous best position of a particle
and the globally the best particle are respectively the self and the social learning
parts of the individuals in a society. Here, what PSO algorithm does is to simply
provide the learning mechanism for each individual in the swarm. In the early PSO
implementations, the learning parameters c1, ¢, and the weighting factor w are taken
as fixed numbers through all the steps of the optimization. Determining the weights of
the two learning contributions are generally hard to get a better fitting of the functions
and the parameters generally change according to the type of the problem that is to be
solved [44]. Therefore, the fixed evolution rates and the simplicity of PSO hinders the

swarm to escape from local minimum in small number of generation steps.

To circumvent the drawbacks of PSO algorithm, adaptive particle swarm optimization
(APSO) technique is introduced by Zhan et al. in 2009 [45]. In APSO method, the
early convergence to false minimum is avoided through the use of fuzzy logic circuits
and adaptive evolution algorithms. The adaptive weighting factor, ¢ and ¢, evolution
rates are determined by the evolutionary states estimation (ESE) procedure and the
evolution factor, f. In each step, the ESE stage is evaluated before the position and
velocity vectors are calculated. In this stage, the state of the swarm is constructed
on four different scenarios: Sy, exploration, S», exploitation, S3, convergence and Sy,
jump-out. The states are calculated by taking the average distances of particles in the

swarm using Euclidian metric

1 N D . . 2
di=— ]Zl k; (=) (2.66)
J#

where D and N are the number of dimensions in the parameter space and the number
of particles in the swarm, respectively. The evolutionary factor, on the other hand, is

determined by using
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Figure 2.3: The compared distances for g and P; particles to the others in (a)
exploration, (b) exploitation, convergence, and (c) jump-out states, where
g is the globally the best particle in the swarm with Py, P, ..., Ps [45].

0 0.2 0.4 0.6 0.8 1
Evolutionary Factor f

Figure 2.4: S| exploration, S, exploitation, S3 convergence and S4 jump-out state
membership for evolutionary factor [45].

dg - dmin

dmax - dmin

f= (2.67)

where d, is the average distance of all particles to the best particle, d,i, and dpqy are
the minimum and the maximum distances of particles to each particle in the swarm

(See Fig. 2.3).

The membership of the swarm is initialed with Sy, (exploration) state, evolved with
the sequence S| — S> — §3 — S4 — S1 — ..., and determined by fuzzy classification
of evolutionary factor f. The membership for each f value is classified in the fuzzy
logic scheme (See Fig. 2.4). The membership is determined by "singleton" method
that chooses the function with the highest value for f factor. For example, if a swarm
is in § state and the calculated f is 0.45, then the following state will be S;. However,
in case where the swarm is in Sy state then with the same factor the state will change to
S1 in the fuzzy logic scheme. With the determination of the states, APSO modifies
c1 and ¢, values adaptively using ESE procedure in states shown in Fig. 2.5. In
exploration state, since the initial swarm is not settled near the best value of the
parameter space and each particle is not well fitted yet, the self learning rate c; is

increased and social learning rate c; is decreased to provide a search for the nearby
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Figure 2.5: The swarm distribution in various evolutionary states of an optimiza-
tion for two dimensional problem. (a)Exploration, (b)Exploitation,
(c)Convergence, (d)Jump-out.

minimum. In exploitation state, the evolutionary factor is the indicator of how much

the swarm tends to move towards a minimum determined by the best particle in the

swarm. To provide a better search procedure, c; is increased and c; is decreased
slightly. Such a change in the rates will provide a slow search towards the minimum
so far. In the case of convergence state, both c¢; and ¢, rates are increased slightly.

The increase in the social learning rate will first supply a positive bias towards the best

fitted particle but increasing the values further will do an opposite action on the ¢ and

¢y parameters; the values of ¢; and ¢, will be decreased. The convergence procedure
includes an additional searching algorithm called elitist learning stage (ELS). In ELS,
one of the dimension P¢ of the best particle gBest in the swarm is randomly selected

and perturbed using a Gaussian function by

Pl =pl 4 (X,fiax —X,fim> -Gaussian(u, o) (2.68)
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Figure 2.6: The flow chart of (a) main APSO algorithm, (b) Evolutionary state
estimation, (c) Elitist learning [45].

where X4 and X,ﬁm are the search boundaries [X¢. X< 1 of d dimension and the

min’“*max
Gaussian distribution with a u = 0 mean and with an adaptive standard deviation o

given by

8

O = Omax — (Omax - O'min) 5 (2°69)

In Egqn. 2.69, 0, = 0.1 and Oy = 1.0 with g and G are the generation step and
the total number of generations, respectively. ELS is applied in convergence state
until a better fitting position is achieved, where gBest particle value is substituted
with the best value found by the procedure. In such a case, the swarm will produce a
higher evolutionary factor for which the algorithm tends to switch to jump-out state.
In jump-out , c; is increased and c; is decreased so that the swarm follows the new
best fitted particle and escape from the local minimum. With the relatively high social
bias, each particle forgets their previous best fits and the exploration state is initialized
again. In the optimization procedure, the above evolutionary state cycle is carried out

until the total generation number is reached.
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In all generation steps of the APSO algorithm, the following constrains are
implemented: ¢ and ¢, values are kept in range of [1.5 —2.5] and the sum of ¢

and ¢, values are enforced to stay within the range [3.0 —4.0] by using

4.0¢;
= —— i1, (2.70)
c1+¢p

On the other hand, c; and ¢, values are increased or decreased with the following rule

lci(g+1)—ci(g)| <06, i=1.2 (2.71)

where 9 is a random acceleration rate in the range of [0.05,0.1]. In exploitation and
convergence states c; and c; are slightly increased/decreased by 0.56 values. The

overall flow chart for the APSO algorithm is presented in Fig. 2.6.
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3. CALCULATIONS ON Cu NANOWIRES

In this Thesis, the preliminary total energy and structure calculations were performed
on several Cu nanowires using the existing EAM potential before developing our own
many-body type model potential for Cu-Ni alloys and then performing total energy and

MD calculations on these binary alloy systems.

3.1 Atomic Relaxations on Cu Nanowires

For structures with a high surface-to-volume ratio like nanowires the key question
concerning the equilibrium configuration of the crystal is closely related to the
rearrangement of electronic and ionic structure induced by loss of symmetry. For
nanowires, this effect is expected to be dramatic in radial direction and thus different
characteristics in individual atomic relaxations are more likely. In a related study,
Ma and Xu investigated the atomic relaxations on Cu nanowires with <100> axial
orientation and defined the multilayer relaxations on these systems [46,47]. However,
the local atomic environments for atoms at both surface skin and cross-sectional area
of a nanowire are rather different. This effect is even more pronounced on the nanowire
with smaller cross-sectional area. Hence, during the energy minimization procedure
each atom is expected to relax accordingly, thus to show varying characteristics. The
question then arises regarding whether one can really define multilayer relaxations
for nanowires. Thus, the goal in this part of the Thesis is to explore any size effect
on atomic relaxations and the energetics of Cu nanowires. For that a comparative
investigation on Cu nanowires with the axial direction of <100> and <110> were

carried out.

3.2 Computational Details

The model systems for examining the size effect on atomistic processes and

relaxations, the <100> and <110> axially oriented copper nanowires are constructed

31



Figure 3.1: Cross-sectional (on the left) and perspective view (on the right) of the
<100> axially oriented nanowire with 7x7 number of atoms along the
diagonals. The darker and lighter yellow spheres show the atoms in A and
B type stacking of Cu(100) crystal. For the N(100) x (100) type nanowires,
the distance between the atoms along the diagonal is nn (nearest neighbor
distance).

Figure 3.2: Cross-sectional (on the left) and perspective view (on the right) of the
<110> axially oriented nanowire with 7x7 number of atoms along the
diagonals. The darker and lighter yellow spheres show the atoms in A and
B type stacking of Cu(110) crystal. For the N(110)x(111) type nanowires,
the distances between the atoms along the short and long diagonals are nn
(nearest neighbor distance) and ag lattice constant, respectively.
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by top-down process, which involves extraction of the nanowire from a slab with the
associated surface orientation. The nanowires with a <100> surface skin orientations
are fabricated by cutting the (100) slab through the (100) walls of a square. A
similar procedure is conducted for <110> axial oriented nanowires by cutting the
(110) oriented slab through the (111) walls of a diamond. Here, a compact notation is
introduced to easily visualize the structure of both rectangular and diamond nanowires
with the same four surface skin orientations and the same number of atoms along both
diagonals of the cross-sectional area. This notation is similar to that proposed by Lang
et al for visualizing the stepped surfaces [48]. In this notation the nanowire structure
is given by in general form of N(hyk,l,) X (hsksls), where (hgk,l,) and (hgksls) are the
Miller indices for the cross-sectional plane (or for the axial direction) and surface skin
orientations, respectively and N represents the number of atoms along the diagonals,
n X n, of the cross-sectional area of the nanowire. Here, the investigated nanowires are
ranging from 3 x3 to 19 x 19 number of atoms along the diagonals of the cross-sectional

plane.

In this Thesis, the y and z axes are taken to lie in the cross-sectional plane and x
being along the axial direction of the nanowire, as shown in figure 3.1 and 3.2. For
atomic relaxation calculations, the atoms at the cross-sectional plane of the wire are
labeled A1, A2, A3 and B1,B2, B3, representing the atoms, with different coordination
numbers, of A and B type stacking of Cu(100) and Cu(110) crystal. Each supercell
representing the nanowire with <100> and <11 1> surface skin orientations contains 24
layers of atoms along the axial direction. The cross-sectional plane dimensions of Ny
and N, are the number of atoms along the y and z directions and defined by the number
of atoms along the diagonals, N. Periodic boundary condition is applied along the
x-direction to simulate an infinitely long nanowire, while no such constraint is imposed
along the y and z directions. In this work, the interactions between the atoms are
describe within the system using many-body type model potentials obtained from the
embedded atom method (EAM) [8,49] that are already tested and proven to be reliable
for examining the energetics, structure and dynamics of low-coordinated surfaces and
nano-structured materials [S0-55]. Once the model systems are constructed in their

bulk terminated geometries, the standard conjugate gradient [56] method is used to
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minimize the total energy of the system and thus to relax the atoms in their 0K
equilibrium configuration, and to determine the atomic relaxations and the total energy

for the final stable state.

3.3 Results & Discussions

The influence of varying cross-sectional area of N(100) x (100) type nanowire on
atomic relaxations are examined by investigating the structural relaxations of the
same type of nanowires with the cross-sectional area ranging from 5x5 to 15x15
number of atoms along the diagonals. The individual relaxations of each atom at the
cross-sectional plane of 5x5 and 15x 15 are shown in figure 3.3. Relaxation of each
atom of nanowires shows similar characteristics to those of the surface atoms on vicinal
surfaces [51,57,58]: the atom with the lowest coordination number relaxes the most.
As seen in figure 3.3, the atom A1 is the least-coordinated atom (5) and relaxes towards
the remainder of the wire the most so that it increases its effective coordination number.
Note that atoms in the cross-sectional plane have different local atomic environment;
the coordination number for atoms Al, A2, A3,B1,B2,and B3 are 5,12, 8, 8, 8, and
12, respectively. As a consequence of varying coordinations, the force fields in the
region of these atoms are expected to be nonuniform and thus resulting in relaxation
patterns that are not uniform in both magnitude and direction. For example, the relative
displacements of the atoms Al, A2, and B1 on 5x5 type nanowire - from their bulk
terminated positions - are 0.22,0.07, and 0.06, respectively, and are oriented in various
directions whereas on 15X 15 the corresponding displacements are 0.02 ,0.005 (almost
zero), and 0.006 (almost zero) (see figure 3.3), indicating that the effect of the lower

coordination on atomic relaxations diminishes as the cross-sectional area increases.

In a related computational study, Ma and Xu have investigated the multilayer
relaxations on the same type of copper, silver, iridium, and nickel nanowires and
found an increase in the outmost interlayer relaxation of copper nanowires as the
cross-sectional area decreases [46,47]. They conduct the calculations using the
interatomic potentials obtained from the modified embedded atom method (MEAM).
These potentials are empirical extensions of the original EAM potentials that include

the angular bonding through the angular dependence of atomic electron density. For
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Figure 3.3: The atomic relaxations, with respect to bulk terminated positions, at the
cross-sectional plane of (a) 5(100)x(100) and (b) 15(100)x(100) type
nanowires. (b) shows atomic displacements only on the left corner of the
15x15 nanowire. The displacements are magnified by a factor 4.5 in both
(a) and (b). Here C represents the atom at the center of cross-sectional
plane. The labeled atoms of A and B represent the atoms of A and B type
stacking of Cu(100) crystal. Note that the magnitudes of the relaxations of
atoms around the edges of nanowire diminish as the cross-sectional area
increases.

Cu, the angular forces are not likely to be as significant as they are in silicon. Hence,

both MEAM and EAM potentials are expected to exhibit similar characteristics on the

multilayer relaxations of copper systems, albeit of differing in numerical values. In
fact, for Cu(100) both potentials predict an inward relaxation for the first interlayer
separation and damping characteristic in the interlayer relaxations away from the
surface into the bulk [7,8,46,47,59]. Here, however, the question is raised if one can

really define the multilayer relaxations for nanowires. The multilayer relaxations for a

system with a surface are defined as percentage-wise changes in the distances between

the two consecutive layers (towards the bulk) with respect to the corresponding

interlayer separations in the bulk and given by

[2i,i+1— dbp)

d; i1 =100 A

; 3.1

where z; ;1 is the distance between the ith and (i + 1)th layer in the relaxed structure
and d, is the interlayer separation in the bulk and it is 1.8075 for the Cu(100) planes.
When a bulk system is cut along a direction to create a system with a surface of desired

orientation, atoms of each layer relax collectively to the new equilibrium positions
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which minimize the energy of the system. Since each atom of the same layer has the
same local atomic environment and the same symmetry along the directions parallel
to the surface plane, the whole layer is expected to relax to the new equilibrium
position in the normal direction to the surface, unless the surface is reconstructed.
However, as already discussed in previous paragraph, the case for nanowires is rather
different. When a nanowire is constructed by cutting a slab, the symmetry along the
radial direction is broken. That leads to varying local atomic environments and thus
to individual relaxation patterns for the atoms of the cross-sectional plane, as shown
in figure 3.3. For the rectangular nanowires, one of the rectangular surface skin forms
the first layer, the next atomic plane parallel to the first one is the second layer, and
so forth. For the first layer atoms of Al, B1, and A3 on the 5x5 type nanowires
(see figure 3.3(a)), the vertical relaxations (relaxations in z-direction) are not uniform
in magnitude and are found to be 0.15A 0.04A and 0.02A respectively, whereas for
15x 15 type nanowires the corresponding relaxations are 0.01A 0.006A and 0.003A
indicating that for nanowires with smaller cross-sectional area the finite size effect
on atomic relaxations are dramatic and leads to varying inward relaxations of the
atoms forming the outmost layer, with a pronounced relaxation of the corner atoms.
Thus, defining the z-position of the first layer (z;) of the nanowires (in particular with
smaller cross-sectional area) in the relaxed system as defined for infinitely extending
flat surfaces, in which case the relaxation of all surface atoms are expected to be
the same both in magnitude and direction, is not conceivable. However, for relaxed
nanowires one may define an average z-position of the outmost layer. In that case, the
z-position of the top layer of the nanowires with smaller cross-sectional area would be
dictated mostly by the corner atoms and that might cause the reported increase in the

inward relaxation for d ».

The stability of the wires is yet another crucial aspect when dealing with axially
deformed nanowires. To explore the structural stabilies of the wires total energy
calculations were employed for both <100> and <110> axial oriented nanowires under
the axial strain. Deformation were imposed through a linearly varying displacement
profile between the layers along the axial direction. In each increment, the separation

between the consecutive layers in the wires is increased or decreased by %1. The
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Figure 3.4: The relative energy profiles of various elongation steps for (a) <100> and
(b) <110> oriented nanowires with respect to bulk cohesive energy. The
bulk energy profile is shown for comparison.
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Figure 3.5: The cross-sectional area of <100> nanowire under (a) %36 and (b) %37
contraction.
average energy per atom in the bulk is subtracted from that per atom in each nanowire
and the regarding differences were plotted in Fig. 3.4. The defect formation
and reconstruction in a structure under the deformations generally lead to unstable
configurations, that are easily identified with a sharp change in the total energies. Such
a change in the energy for the wires were found below -0.37 strain values. For 13x13
and 19x19 nanowires, high compressive strain is further found to lead to dislocations
in the wires (See Fig. 3.5). There is also a minimum energy state for the wires of <100>
axial orientation with smaller cross-sectional area at about %30 contraction (See Fig.
3.4a). Interestingly, for the wires with <110> axial orientation, the energy profile does

not lead to such a metastable phase (See Fig. 3.4b).
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In short, the energetics and atomic relaxations on the <100> and <110> axially oriented
copper nanowires are examined and the effect of varying cross-sectional area and
varying layer distance along axial direction are considered. From an investigation
of atomic relaxations on <100> rectangular nanowires, it is found that each atom
at the cross-sectional plane shows varying relaxation patterns and thus find it rather
problematic to define multilayer relaxations on nanowires especially with smaller
cross-sectional area. Since local relaxations very often manifest themselves in novel
characteristics like modifications in local force fields and localized modes [50], an
investigation of local vibrational properties of specific atoms, like corner atoms, on
these nanowires would be very interesting to see the influence of broken symmetry
on the local phonon spectra. On the other hand, investigation of the stability of the
nanowires under axial deformation results in existence of a metastable state for the
wires with <100> axial orientation and smaller cross-sectional area with respect to the

11x 11 whereas no such a state is observed for the <110> axial oriented nanowires.
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4. CHARGE CORRECTED EAM POTENTIAL FOR Cu-Ni ALLOYS

The development of highly optimized semi-empirical potentials for bulk Cu-Ni alloys
based on the embedded atom method [7,8] is the main focus of this Thesis. Although
there has been several Cu-Ni alloy EAM potentials, they are mostly generated through
an optimization procedure based on a fitting to the properties of pure elements of
the alloy rather than to the properties of the alloy itself. In the formalism of the
very first EAM potentials— developed for 6 fcc metals of Ag, Cu, Ni, Au, Pt, Pd
and their alloys [8], for example, the Cu-Ni alloy potentials are generated through a
global fitting process that optimizes the alloy properties not only for Cu-Ni alloy but
also for alloys of Cu and Ni with the other four elements. Since the procedure is
based on a simultaneous optimization of the potentials for six metals and their alloys
instead of optimization of the binary alloy alone, the potentials may have some issues

in reproducing the experimental results.

In another study Foiles [9] also developed an alloy Cu-Ni potential where the
formalism included only Cu, Ni pure element and Cu-Ni alloy properties. Although the
potential successfully reproduces some surface alloy properties such as segregation and
surface energies and also some bulk properties like mixing enthalpy and short-range
ordering, there is still a need for betterment to correctly describe the phonon

dispersions for metals with unfilled d-bands [12].

Zhou et al. [13] have also reported an alloy potential database using elemental
potentials, including Cu and Ni. In their formalism, an analytical expression [14] is
used in developing pair interaction for alloys that include, only the element functions
with no parametrization and fitting to alloy properties. Such an approach might be
quiet reasonable in developing a general purpose alloy potential which may naturally

pose some challenges to correct observations of alloy properties.
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The goal in this Thesis is, thus, to develop an accurate and highly optimized Cu-Ni
alloy potential which produces reliable predictions for structural properties, energetics,

phonons of the alloy.

4.1 The Theoretical and Computational Details of Cu-Ni EAM Potential

4.1.1 Parametrization of alloy potential

In this Thesis, the parametrization of the pair potential, charge density and embedding
functions of the EAM potential are carried out by following the scheme presented
in Ref. [60]. The charge distribution, on the other hand, is defined using an
optimized charge for both 3d and 4s bands extracted from the Slater-type orbitals
with effective nuclear charge approximation. The radial probability distribution of
electrons in Slater-type orbitals [61] are given with hydrogen-like wave functions in

polar coordinates r by

R(r) =" e  (@/m) 4.1)

where n* is the effective quantum number in the field of effective nuclear charge Z*,
the effective charge Z — s of the actual charge Z screened by s charge. Clementi et
al. [62,63] derived the screening constants for each orbital from ab initio calculations,
using the Slater-type orbital approximation. The radial probability of a single electron
in 3d and 4s orbitals for Cu and Ni, resulting from the optimized effective charges, are
presented in Fig. 4.1a. As clearly seen in the figure, contrary to the 3d bands, 4s bands
are relatively far from the ion. The total charge densities of 3d and 4s orbitals obtained
from Self Consistent Field (SCF) calculations [63] are also plotted in Fig. 4.1b. Here,
the optimized linear orbital charge distributions of Cu and Ni are presented for the
electronic configurations, 3d 10451 and 3d84s2, respectively. The main difference in
the charge densities for Cu and Ni is that, 4s band density is slightly higher for Ni
atom compared to Cu atom. However, no such major difference can be noticed in 3d

bands.
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Figure 4.1: The electron charge distributions for Cu and Ni. (a) The probability
distributions for 3d and 4s Slater-type orbitals for effective nuclear
charges, (b) The total charge distribution for 3d and 4s from SCF
calculations of Clementi et al. [62,63]

Within the current EAM formalism, the charge distribution, Pz; 1s modified so that

similar effects in radial distribution of the electron densities for Cu and Ni can be

represented. It is taken to be spherically symmetric as in the former EAM formalisms

and has the following form:

) —t h 20 2 6 7[3)1‘ 29 72ﬁr —%[u“)(r—RB)]
pz,(r) =tanh(20) {1 (¢ P +2% )+M(1)R3e .

~0.1060Cz e} [ R0 )] | 52 g 3uD Ry
In the present EAM formalism, the contributions from both 3d and 4s orbital of
effective nuclear charge [61] (See Fig. 4.1a) represented by gaussians in the additional
3 terms that provide a more pronounced 4s orbital. If there is no any additional
charge in the range of 4s band for the metal under investigation, the optimization
will cancel out the first two gaussians and the last gaussian function will be shifted
in the main part of the charge. Such 4s contribution were usually neglected in previous
implementations of EAM by using two common approaches: 1) a general charge is

described for all elements [7], 2) a spline is defined without a physical background
[28].

In the optimizations, the parameters 0(2), u(z), and R4 in Eqn. 4.2 were taken to be

fixed and C ; were chosen to be
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whereas f3, o, u), Rg were fitting parameters. Tangent hyperbolic functions were
utilized to preserve the 3d orbital shape in r = [0 — 1] range. The pair interaction, on

the other hand, were taken to be Morse type potential

¢ (}’) =Dy |1— eaM(riRM)] ? —Dy. 4.4

Here Dy, ay, and Ry, were the fitting parameters. Morse type pair potentials were
proven to characterise the long-range interactions for both Cu [27], Ni [60] pure
element and also for Ni-Al alloy [29] very well. On the other hand, the embedding
energy function F(p) is defined through cubic splines and directly calculated with the
EOS (See Section 2.3).

4.1.2 Ab-initio calculations

In this Thesis, for the first-principles calculations, the structure and total energies of
the systems were calculated in the plane-wave basis approach in generalized gradient
approximation (GGA) within the Kohn-Sham formalism of the density functional
theory (DFT) [10] using Quantum Espresso [64] package program. For a further
detailed description of DFT method see Section 2.2. Perdew-Burke-Ernzerhof (PBE)
parametrization [23] of spin density approximation was specified in electron exchange
and correlation. Vanderbilt ultrasoft pseudopotentials [65] were chosen to represent
core electron states of atoms in the system. The potentials were developed by Dal
Corso et al. [66] with the scalar relativistic calculations including nonlinear core
corrections and supplied with Quantum Espresso package. Spin-polarization effects
was only considered for Ni and Cu-Ni alloy structures. For pure Cu systems,
spin-restrict calculations were carried out. The spin-polarization was contributed
by choosing an initial magnetic moment on Ni ions and let the system converge in
self-consistent calculations. Series of calculations were exercised to obtain a cutoff

energy and proper selection of k-points in the geometry optimizations for total energy
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conversions. The cutoff energy was determined as E.,=50Ry and k-points were

selected using 12 X 12 x 12 Monkhorst and Pack [67] grid.

In DFT calculations, regardless of the technique used in the exchange and
correlation function, the local density approximation(LDA) or the generalized gradient
approximation(GGA), both the calculated energies and lattice constants for the desired
structures are generally underestimated or overestimated [66]. Furthermore, since
DFT does not involve any direct-fitting to produce the desired experimental values
as in the case of model interatomic potentials, the results generally deviate from the
experimental values. A well-adapted technique [6,28], that provides an avenue for a
meaningful comparison between the experimental results and DFT calculations, is to
shift the equilibrium structure energies (£), calculated with the ab-initio method, to a
reference Ey energy, where Ej is the energy of the equilibrium structure for the element
measured from the experiments [6,28]. Here in this study, the reference energy for the
elemental potentials was chosen to be the cohesive energy of the pure Cu and Ni atom

in fcc structures. Therefore, the energies from the ab-initio calculations are compared

by

E(a0> ~ Ey— Eo —I—E(d()) 4.5)

where, ag and dj are the lattice constants for the equilibrium structure measured from
the experiment and calculated with ab-initio method, respectively. Since the lattice
constants calculated with ab-initio can also deviate from the experimental results, a
more accurate comparison should be qualified by scaling the lattice constant dj of the
structure calculated with DFT method to the reference value from the experiment [28].
To accomplish this, a scaling factor y is introduced with the respective ratio of dg/ag

for each reference structure and the comparison is furnished by

E(a()) ~ Ey— EO —}-E(}/a()). 4.6)

We also adopted the same approach for the alloy energies and extended it to yield the

following form:
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Table 4.1: Experimental lattice constants for Cu-Ni alloys and unit cell dimensions
for the representative crystal structures for ab-initio calculations. The
experimental values for each desired concentration were the interpolated
values of the experimental concentrations taken from Ref. [68], [69].

Alloy Exp. ag Rep. Crystal a b c
Cuy5Nips 3.587 L1, 3.6302 3.6302 3.6302
Cuy5Nips 3.587 L13 3.6469 3.6469 3.5896
Cus0Nisg 3.566 L1y 3.5594 3.5594 3.6483
Cus0Nisg 3.566 L1, 3.5848 3.5848 3.5848
Cuy5Ni7ys 3.545 L1, 3.5510 3.5510 3.5510
CuysNiys 3.545 L13 3.5292 3.5292 3.5935

Ecu-ni(a) ~ Ecy—ni(yna) — (1 —n) [Ecy — Ecu| — n[Eni — Eni] 4.7)

where Ec, and Ey; are the experimental cohesive energies for Cu and Ni respectively
and v, is determined by the experimental lattice constants given in Table 4.1 for each
alloy with a specific Ni concentration of n. The experimental lattice constants for
25%, 50% and 75% Ni alloys were determined by taking a linear interpolation to the
available 3.578 A, 3.564 A, and 3.529 A lattice constant results for 37%, 51.5% and

93.5% Ni concentrations, respectively [68].

Following the above scheme, ab-initio calculations for the reference structure, fcc, of
pure Cu and Ni elements were carried out. The predicted equilibrium lattice constant
of 3.521A for Ni is in excellent agreement with experimental value of 3.52A whereas
the calculated lattice constant of 3.677A for Cu deviates from the experimental value
of 3.615A by %1.73A . However, the results for cohesive energies exhibit different
trends: an overestimate of %7 for Ni and an underestimate of %1 for Cu (the respective
calculated and experimental values are 4.83 eV and 4.45 eV for Ni and 3.50 eV
and 3.54 eV for Cu). For Cu-Ni alloys, determination of the structures were rather
complex, since the experimental measurements indicate that the Cu-Ni alloys have
continuous solid-solution fcc structure in all concentrations of Ni [70]. For alloys with
disordered phase, an approach would be to carry out ab-initio calculations and adopt an
average ordered crystal structure over randomly chosen ordered crystals [71]. Another
approach would be to proceed with an ordered crystal phase as an approximation to

the disordered phase, only if the selected phase is a structure close to the average
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ordered crystal with the lattice constants that do not change in all directions of the
unit-cell. One should note that the possibility for each type of atom to settle on an
available lattice site in a continuous single phase solid-solution be almost equal in this
assumption. Here, the second approach was adopted : extensive ab-initio calculations
were performed for the ordered fcc phases of Cu-Ni alloys. To identify the stable
structures of the alloys, three types of Cu concentration was portrayed: 1) 75% Cu
and 25% Ni solid-solutions, 2) 50% Cu and 50% Ni solid-mixture, and 3) 25% Cu
and 75% Ni random-solution. The crystal structures for the respective compounds
were determined through total energy calculations using ab-initio technique. Although
Cu-Ni is known to have a continuous disordered fcc structure, for our purpose of
accomplishing predictive power for the structure and the energetics of the alloy,
ordered fcc phases of L1g, L1y, L1;, and L13 were utilized to represent local orders
in a continuous fcc structure. In order to avoid the magnetization effects of Ni at high
concentrations [72], no more than 50% Ni were utilized in the process of fitting the
model potentials. In ab-initio calculations, the unit cells describing the crystals and the
symmetries contain typically 32 atoms for the regarded fcc crystals and solid-solutions.
The lattice constants for each alloy with a different Ni percentage were calculated using
L1y, L1, L1;, and L15 crystal structures and tabulated in Table 4.1. While the lattice
constant for L1; and L1, structures are the same in each direction, the unit cell vectors
for L1g and L13 deviate more than 2%. Since L1 and L1, tend to have more stable fcc
structures and 1% lower minimum energies than L1y and L13 in ab-initio calculations,
the lattice constants and energies for Cu-Ni alloys were taken to be those corresponding

to the former crystal structures.

4.2 Optimization and Fitting Procedure of Cu-Ni Potentials

In this study an efficient global searching method, adaptive particle swarm
optimization (APSO) [45] (See Section 2.9) was adopted to search the parameter
space for EAM potentials. Using our developed parallel version of APSO method,
the optimization was carried out with 800 particles each treated as a parameter set that
was initialized randomly in the parameter space. In the method, the swarm was avoided

to fall in false minimums through an inner random search algorithm "Elitist Learning"
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based on the fuzzy logic circuits and the jumping-out processes. Developing EAM
potentials using optimization methods is rather knotty as the analytical expressions
do not always produce accurate derivations of the energies for all parameters that
hinders or fails the optimization and results in bogus data. To avoid such a failure,
an inner protocol was implemented in the optimization that controls the parameter
sets by returning highest error when such numerical error is encountered. This may
allow one to span a wide range of parameter space. A modified MPI based parallel
version of APSO was also constructed to implement timely efficient algorithm as these
optimization techniques usually requires high computational times. The parallelization
of the algorithm was constructed not only on the distribution of particles of the swarm
to the processes but also on the distribution of increased total number of specialized
elitist learning procedures to each process. The details of the implementation of the

APSO is given in Section 2.9.

Using the developed parallel APSO code, in the first phase, pure Cu and Ni EAM
potential function parameters were fitted by minimizing the weighted mean squared
deviations of selected Cu and Ni properties from the experimental values or ab-initio
calculation results. The fitting of the potential is a nonuniform optimization and the
error is defined with a least-squares function D of error between the results of EAM

potential and the results of experiment or ab-initio calculations. Here, D is defined as
D = Dao +DEC + Dvx +DED + DRD + D¢ (4.8)
and each term in the sum is given by

Epav — Epxp)?
DM:wH(EAM EXP)

4.9)
Elz‘: XP

where Dy, can be the lattice constant (ag), cohesive energy (E¢), phonon frequency
at the zone boundary (vy), diatomic energy (Ep) and bond length (Rp), and elastic
constants (C). In the optimization procedure, the errors from the experimental values
were weighted with low or heigh w,, for a better fitting to the desired properties of
the elements and the alloy (See Table 4.3). The minimizations were carried out inside

the broadest parameter range of the physical boundaries of the potential functions in all
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initial runs of the optimization code. Whenever a suitable parameter set was converged
within the tolerance of 1071”0 between each optimization iterations after 1000 steps,
the optimization was reinitialized within the narrow boundaries near the minimum
parameter set. In general, the second cycle increases the speed of convergence to the
minimum parameter set. The optimizations for each Cu and Ni elements and for Cu-Ni
alloy were repeated more than 10 times and the parameter sets were selected from the

parameter database.

The set of fitted parameters for pure Cu and Ni was presented in Table 4.2. The element
properties that were calculated with this parameter sets were tabulated in Table 4.3. In
the second phase, the Cu-Ni alloy EAM potential parameters were fitted using the pure
elemental functions and alloy potential transformations. The fitted alloy parameters
were tabulated in Table 4.2 and the properties of alloy that were calculated and used in

fitting were given in Table 4 .4.

The fitting database for pure Cu and Ni part includes equilibrium lattice constant,
cohesive energy, bulk modulus, elastic constants, the vacancy formation and migration
energy for face-centered cubic (fcc) structure with the phonon frequencies of fcc
Brillouin zone-boundary at the point of X in (00g) direction and diatomic bond energy
and length. In the second phase, using pure element functions and alloy potential
transformations described in Section 2.3, the Cu-Ni alloy EAM potential parameters
were fitted. In the fitting database, this time, the equilibrium lattice constants, cohesive
energies, bulk modulus and elastic constants of L1 and L1, Cu-Ni alloy structure were
used. In Table 4.2, the fitted alloy parameters were also tabulated and the properties of

alloy that were calculated and used in fitting were given in Table 4 4.

4.3 The Results and Discussions for Cu-Ni EAM Potential

The Cu-Ni alloy EAM potential developed in this Thesis involves three fitting functions
(¢(r), p(r), and F(p)) and two transformations (scaling and shifting) with total of
22 adjustable parameters that were listed in Table4.2. Figure 4.2 shows the resulting
functions for the pair interaction, the charge density and the embedding energy. Note
that the effective charge density for Ni differs from that for Cu in that it posses a

shoulder between the ranges of 1.8A and 4.4A from the atom, reflecting importance

47



Table 4.2: Optimized and fitted parameters for pure Cu, Ni elements and Cu-Ni alloy.

Parameter Cu Ni Cu-Ni
Dy 2.04175 221365 1.93942
ay 2.09230 221271 222280
Ry 1.30694 1.29030 1.32926
Feut 6.28795 6.39433 6.33084

B 3.46031 3.48630 -
o 0.03014 0.23447 -
u 0.93108 0.90905 -

R4 2.39580 1.88793 -

S 1.0 0.54043 -

G -2.30876 0.69228 -
o 0.0 04 -
u® - 10.0 -

Rp - 1.0 -

of the contributions from 4s band valance electrons as mentioned in Section 4.1.1.
Let us remind that in EAM formalism, the energy of an ion is determined using the
charge densities at its own site due to all host atoms and thus even minute variances
in charge densities are expected to show significant impact on the energy of the ion.
The curves for pair interactions of pure elements and the alloy show more or less
similar characteristics with a single minimum that is shifted for one pair potential to
the other. The potentials developed in the thesis have quiet long range with a cutoff
radius of 6.288A, 6.394A and 6.331A for Cu, Ni, and Cu-Ni alloy, respectively.
The atoms within these cutoff ranges of developed alloy potential have up to the 5th
coordination shell and one should note that even small forces coming from atoms in
these coordination shells contribute significantly to the elastic constants and phonon

dispersion curves.

The reliability and the performance of an alloy interaction potential requires an
accurate prediction of the associated experimental and ab-initio values for the
properties of both pure elements of the alloy and the alloy itself. Therefore, Cu-Ni alloy
potential was tested for various properties including energies and constants for several
crystal structures, phonon dispersions, mixing energies, melting points, energetics of

diffusion mechanisms and structural properties with/without deformation.
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Figure 4.2: Cu-Ni EAM potential functions: (a) pair interaction function, (b) electron
charge density function, and (c) embedding energy function.
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4.3.1 The structural and total energy calculations

For testing the pure part of Cu-Ni alloy EAM potential, the lattice properties, lattice
defects, surface energies, and phonon dispersions for fcc crystal structure and the
lattice constant and cohesive energies for various crystal structures were investigated
using the formalism described in Section 2.4 and 2.5. In Table 4.3, the calculated
values of elastic constants, vacancy formation and migration energies, diatomic bond
length, diatomic bond energy and phonon frequencies for both Cu and Ni pure element
potentials, together with available experimental and calculated ab-initio data were
presented. Note that, since the lattice constant, cohesive energy and bulk modulus
of fcc structure were directly used in the optimization procedure within the formalism
of EOS, EAM potentials reproduce these properties with a very high consistency (See
Table4.3). As seen in the table, the predictive power of the current pure Cu and Ni

potential is better compared to the other EAM potentials.

In Table 4.4, the calculated properties for Cu-Ni alloys with several structural
formations were presented with the available experimental values and calculated
ab-initio data. The agreement for vacancy formation energies of Cu and Ni in Cu-Ni
alloys and diatomic properties are encouraging for a correct representation of Cu-Ni
alloy properties as these properties were not included in the fitting procedure. Surely,
correct prediction of elastic constants are crucial for properly describing the material
when it is under deformation. Another vital aspect of a deformed system is the lattice
defect energies and calculations for structural defect energies such as stacking faults
and interstitial sites are critical to further test the potential. The interlayer fault energies
of (111) stable and non-stable stacking faults, twining fault were determined using
total energy calculations on the supercell shown in Fig. 4.3. The periodic boundary
conditions were applied in all directions while no such constraint was imposed in the
z- direction. The system with two surface (See Fig. 4.3b) was fully optimized to find
the corresponding minimum energy configuration using standard conjugate gradient

method.

To calculate the stable (SF) and unstable (US) stacking faults, the atoms at the half of
the supercell above a <111> layer were incrementally shifted in a block with respect

to the other half of the crystal in <112> direction until the next prefect fec stacking site
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Table 4.3: Lattice constants, cohesive energies, bulk modulus, elastic constants,
diatomic bond lengths and bond energies, vacancy formation energies and
phonons at X, L, and K for Cu and Ni predicted by the current EAM
potential, together with the available experimental data and other EAM
potentials. © Fitted with low weight. * Fitted with high weight.

Cu Ni
Property Exper. Present M.[2"1 FBD 8] Exper. Present M. (281 vC [281 FBD [8]
ap (A) 36151731 3615 3615 3615 352731 352 352 352 352
Eon (eV) 354141 354 354 354 445U 445 445 445 -445
B(10''Pa) 1.383[1 1383 1383 138 1811 181 181 181 1.804*
Cip (10 Pay* 17001731 1701 1.699 167 247151 2470 247 244 233
Cip (10'" Pay* 12251731 1225 1226 124 147151 1480 148 149 154
Cas (10" Pa)* 07581731 0758 0762 076 125031 1255 125 126 128
Ep (eV)T 20261 202 -193 -2.06871 219 1.94 1601
-2.05 178 -2.1191761
Rp (A)f 2201 209 218 2.1550761 221 2.23 1601
2.21951781 2.20177]
E] (eV)* 127791 1281 1272 128" 16089 1581 160 156 1.63
1.28 811
E™ (eV) 06581 066 0689 072 10482 083 129 098 1.08
0.71 811 1.30 [801
Trterr (K) 13571831 1278 1325841280351 1728831 1646
v (X) (THz)* 738186 738 782 762° 855871 859 871 1003 995
vr(X) (THz)" 5.16B8% 515 520 507° 627871 624 638 668 6.76
vi(L) (THz) 744186 738 778 756" 888171 884 853 1004 9.84
vr(L) (THz) 341861 309 332 3.17° 42487 405 431 437 432
vi(K) (THz) 590186 585 622 6.10° 73087 68 698 808 8.00
vr,(K) (THz) 460189 465 465 454> 578871 570 568 604 6.08
v, (K) (THz) 6701891 676  7.17 702> 793871 784 804 923 9.8

2 fitted to different experimental values, see Ref. [7].

b calculated with the EAM potential in Ref. [8].
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Table 4.4: Lattice constants, cohesive energies, bulk modulus, elastic constants,
vacancy formation energies and diatomic bond lengths and bond energies
for Cu-Ni alloys predicted by the current EAM potential compared with the
available experimental and ab-initio data. 1 Fitted with low weight. x Fitted
with high weight.

Representative Crystal

Structure / Diatomic Alloy Experiment Present
Formation Property or ab-initio® EAM
CuNiLl, ag (A)* 3.566 681 3.576
E.on (V)T -3.99° -3.974

B (10'! pa)* 1.618 [88] 1.615

Ci1 (10! Pa)* 2.049 [88] 2.079

Ci2 (10! Pa)* 1.402 1881 1.383

Cas (10! Pa)* 0.991 1881 1.031

El (Cu) (V) 1.36° 125

El (Ni) (eV) 1.61° 1.77

CusNiLl, ap (A)* 3.587 1681 3.609
E on (V)T -3.694° -3.749

B (10'! pa)* 1.467 [88] 1.544

Ci1 (10! Pa)* 1.869 (881 1.873

Ci2 (10'! Pa)* 1.311 1881 1.276

Cas (101 Pa)* 0.878 (881 0.855

El (Cu) (eV) 1.31° 130

E (Ni) (eV) 1.59° 1.82

CuNi L1, ao (A) 3.566 1681 3.591
Ecopn (€V) -3.95° -3.969

CusNi L13 ao (A) 3.587 1681 3.603
Ecopn (€V) -3.700° -3.751

Cu-Ni Diatom Ep (eV) -2.05177] -1.92
Rp (A) 2.23 1891 2.23
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was found. In each increment, the system was fully relaxed in <111> direction and the
total energy of the system was calculated. To calculate the energy of the layer fault, the
energy difference with respect to the unperturbed configuration was divided to the area
of the layer. The energies along the path was presented in the Fig. 4.4 and the stable
stacking fault configuration was given in Fig. 4.3c. The stable stacking fault energy
is the minimum energy difference at the hexagonal-closed pack stacking site of the
shifting. The shifted layers are shown with yellow and red atoms above unperturbed
layers represented by orange and blue atoms. The stacking fault layers are the layers
of red and blue atoms (See Fig. 4.3c). Similar calculations were also carried out for
twining fault energy of (111) stacking. To obtain a twining structure, first the layers
above the 8th layer from the bottom were shifted towards <112> and then the layers
above the 10th layer shifted back to the correct fcc stacking sites that leads to the two
twining layers in between the blue and red layers (See Fig. 4.3d). The energy of the
twining fault was then calculated by fully relaxing the supercell and taking the energy
differences between the fault structure and the relaxed unperturbed fcc super cell with
(111) surfaces on each side. The surface energies ys for all flat surfaces of an fcc
crystal (100), (110), and (111) were also calculated using total energy optimization.
First, the computational slabs with two surfaces were let to relax to their equilibrium
configurations. This time the energy minimization was carried out to relax all atoms
in all three cartesian directions without any constrain. The surface energies is then
obtained by dividing the energy difference, between the bulk structure and the surface
slab, by the two surface areas. The surface energies for Cu and Ni solid phases at
925K and 1060K were calculated through constant number of atoms, pressure and

temperature (NPT) simulations for 1 nanosecond.

The other structural defects such as the interstitial site defects of (100) dumbbell,
tetrahedra and octahedra sites on an fcc crystal were studied using a supercell with
20x20x20 atoms (See Fig. 4.4a). Periodic boundary conditions were applied in all
cartesian coordinated and cells were relaxed to their minimum energy configurations
using conjugate gradient method. In Fig. 4.4b-d, the dumbbell (D f..), tetrahedra
(T,) and octahedra (O;,) defect structures were presented and varying colors indicate

varying cohesive energy of each atom in the crystal. A dumbbell defect is a dimer
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Figure 4.3: The atomic configurations for (a) the non-defect structure of fcc bulk

crystal from top view of (111) orientation, (b) side view of the defect free
structure, (c) (111) stacking fault structure in between the layers of blue

and red atoms, (d) the two (111) twining fault structure in between the

layers of blue and red atoms.
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Figure 4.4: The atomic configurations for (a) the defect free structure of fcc bulk
crystal from top view of (001) orientation, (b) dumbbell (red atoms)
structure, (c) (111) stacking fault structure in between the layers of blue
and red atoms, (d) the two (111) twining fault structure in between the
layers of blue and red atoms. The colors represent the cohesive energies
in between the minimum -3.54eV (blue) and maximum -2.89¢eV (red).

settled on a lattice site along (100) direction, whereas an octahedra defect is on a
4-fold site in between the neighboring fcc unitcells. A tetrahedra defect site is, on
the other hand, located in between the nearest neighbor atoms which are the basis of
an fcc unitcell. As seen from the varying colors in the figures 4.4(b-d) the interstitial
defects generally perturbate the lattice crystal up to the third nearest neighbor from the

defect atom(s). The formation energies E ¢ of the defects were calculated using

Ef:Edefect_ [(N+1)/N]E0, 4.10)

where, N and E( are the total number of atoms and the total energy of the pure
equilibrium crystal, and Eg.r.; is the total energy of the same reference structure
with the defect atom in the desired position. In Table4.5, the calculated stacking fault
and interstitial defect energies were presented together with the experimental/ab-initio
values and predictions of other EAM potentials. The agreement between predictions
of the current Cu-Ni potential and the experimental data are promising. Note also that

although the present Cu-Ni EAM potential predicts the stable and non-stable stacking
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Table 4.5: Energies (mJ /m?) for surface formation, planar defects and energies (eV)
of interstitials for Cu, Ni elements calculated by the current EAM potentials
compared with available experimental data.

Cu Ni

Defect Experiment Present M.[*”l  Experiment Present M.[?81 Voter (0]

or TB EAM or ab-initio EAM
YsF 45 1901 45 444 125001 129 125 58
Yus 1624 162 158 269 192] 281 366 225
vr 24 1011 23 222 43111 67 63 30
ys(100) (Relaxed OK)  2149¢ 1978 1345 3551 1878 1754
ys(110) (Relaxed 0K)  2335¢ 2099 1475 3422 2049 1977
ys(111) (Relaxed OK)  1889¢ 1860 1239 3311 1629 1621
Average ¥s (Rel.0K) 21244 1979 1353 3427 1852 1784
Average ys (925K) 1790% 1513
Average ys (1060K) 2280% 3316
El (0})(eV) 2.8-421821 3123 3,063 4893 586 4091
El(T))(eV) 3.7-3.89 1931 3374 4427
E/(D rec)(€V) 2.51° 2962 3.063 407°40811 3746 491 464

4 For average orientation, see Ref. [94] and [91].
b Tight-Binding (TB) calculation, see Ref. [95].
¢ DFT calculation, see Ref. [96] and [95].
d Tight-Binding (TB) calculation, see Ref. [27].
faults, and the twin faults in consistent with available experimental and other EAM

potential data, it overestimates the surface energies of the pure elements of Cu and Ni.

In simulations under pressure or strain the equilibrium lattice structure will eventually
take a form of non-equilibrium phases such as hexagonal closed pack (hcp),
body-centered cubic (bcc), simple cubic (sc), and diamond cubic (dc) structures. The
developed Cu and Ni pure element potentials and Cu-Ni alloy potential were also tested
for the structural constants of several lattices and the results were presented in Table
4.6. The predicted structural constants of both the pure element and the alloy lattice
structures are in good agreement with the experimental values and the results of other

EAM type potentials.

Additionally, the alloy mixing enthalpies were calculated for both solid phases at 0K
and 973K to compare with experimental curves at regarding temperatures. A series of
molecular dynamic (MD) simulations were preformed to compute enthalpy of Cu-Ni

alloys with various Ni concentration at different temperatures. For each specific Ni
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Table 4.6: Energies per atom (m.J /m?) for several selected crystal structures of Cu, Ni
calculated by the current EAM potentials and compared with ab-initio data.

Cu Ni
ab-initio EAM ab-initio EAM
Structure ao Econ ao Econ ao Econ ao Econ
fce 3.615 -3540 3.615 -3.540 3.520 -4450 3.520 -4.450
hcp 2557% 3528 2560° -3.532 2487° -4420 24929 _4429
bcce 2873 -3496 2899 -3509 2800 -4300 2.780 -4.374
SC 2395 2996 2373 -3093 2334 -3440 2333 -3.905
dc 5348 -2293 5289 -2411 5095 -2510 5221 -3.163
4 c/a=1.633
b c/a=1.640
¢ c/a=1.637
d ¢/a=1.630

concentration, several Cu-Ni alloy super cells were formed by utilizing Cu and Ni
atoms randomly in their bulk terminated positions so that an accurate statistics can be
carried out. The supercell representing the systems were constructed with about 5000
atoms and was carefully designed to circumvent the size effects in the simulations.
For each test, the atoms in the supercell first optimized to their minimum energy
configurations and then heated to the desired temperature by using constant number
of atoms, pressure and temperature (NPT) ensemble for 500 ps. The average enthalpy

and total energies for each Ni concentration of n were used in

Hcu-ni = Hroral (Cu,Ni) — (1 —n) [Hc,| — n [Hy;] (4.11)

to calculate the alloy mixing enthalpy. The present calculated results for alloy mixing
energy are in good agreement with experimental data (See Fig. 4.5). Comparing
with the other EAM potentials, the current alloy potential has a better prediction
competency in producing the alloy mixing energy. Experimental results generally
shows a pick around 60% Ni in mixing Cu-Ni alloy. This slightly shifted mixing
enthalpy character towards high Ni concentrations is considered originating from the
fulfillment of the 3d orbital electron holes of Ni with the extra electron of Cu from 4s

bands [97].
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Figure 4.5: Mixing enthalpy for Cu-Ni alloy in various concentrations of Ni calculated
with the current EAM potential. The experimental values from Ref. [97],
[98] and the values of other EAM type potentials from Ref. [8], [9], and
[99] are shown for comparison.

4.3.2 Phonon dispersions for Cu, Ni and Cu-Ni alloys

To further test the developed potentials, phonon dispersion curves for Cu and Ni pure
elements and Cu-Ni alloy were also calculated with dynamical matrix approach (See
Section 2.5 for details.) using both the developed potential and the ab-initio method.
The ab-initio calculations were carried out by using GGA approximation with 10 ~!4Ry
tolerance by taking 16 x 16 x 16 k-point grid first, and second using 4 x 4 x 4 q-point

grid to gather the force constants of the dynamical matrix.

As seen in Fig. 4.6 the phonon dispersion curves of fcc Cu and Ni crystals, calculated
using the fitted EAM potentials, are in very good agreement with both experimental
and ab-inito results. Note also that only the phonon frequencies at zone-boundary point
X were included in the fitting, the frequencies at the other k-points were predicted by
the potentials. The present Ni potential slightly underestimates the phonons close to

W point for frequencies lower than 6 THz.

Since no experimental data for phonon dispersion curves of any binary Cu-Ni alloy

are available, the phonon spectrum was calculated using DFT based ab-initio methods
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for a chosen ordered crystal phase of Cu-Ni alloy. Note that it is not the intend here to
determine any crystal phase of Cu-Ni alloy. Thus the force constant matrix was formed
corresponding to the chosen compound structure of Cu-Ni alloy instead of forming an
average force constant matrix by carrying out several ab-initio calculations for various
Ni concentrations in Cu-Ni alloys which is the traditional way for determining any
existing crystal phase of an alloy [71]. The main objective here is to test the accuracy
of the new model Cu-Ni alloy potential by comparing the predicted optical modes for

such a model alloy crystal structure with that obtained from DFT calculations.

The present DFT results led to two suitable model representation for Cu-Ni alloys,
L1; and L1,, that were discussed in previous sections. Due to the simplicity of the unit
cell, L1; model alloy crystal was chosen for CusgNisq alloy and L1, for CuysNiys and
Cu75Nips. L1 can be represented by an fcc unit cell with two base atoms, one base
for Cu and one for Ni, along [111] direction separated by 7[111]. On the other hand,
L1, can be represented by an fcc alloy that one type of atom sit at corner sites and
the others occupy face centers. Figure 4.7 shows the phonon dispersion calculations
for both ab-initio and the current Cu-Ni alloy EAM potential. It is worthwhile to note
that although the developed alloy potentials do not involve any direct fitting to the
alloy phonon frequencies, the agreement between EAM and ab-initio results for both
acoustic and optic modes is quite satisfactory. Furthermore, while EAM predicts optic
modes slightly higher for frequencies over 7 THz, the splitting in the optic modes
at X and M k points and in between were successfully predicted by the optimized
alloy potential. The separation of these frequencies is a clear evidence for a strong
dependence to the force constants between Cu-Ni atoms. As the force constants are
the second derivatives of the total energy of the system closely related to the elastic
constants, such a correct reproduction of the interaction is a clear indication of the

quality of the current Cu-Ni alloy potential.

4.3.3 The energy barriers of various diffusion mechanisms for Cu, Ni adatoms on

Cu or Ni surfaces

To further test the newly developed potential for the kinetics of materials constructed

with Cu and Ni, the energy barriers for various self-surface diffusion mechanisms
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Figure 4.6: Phonon dispersion curves (a) for Cu and (b) for Ni: solid line stands for the

values obtained from current EAM, dashed line from ab-initio method and
hollow circles from the experiment at 80K for Cu [86], 296K for Ni [87].
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Table 4.7: Diffusion energy barriers (eV) for Cu and Ni adatoms on various Cu and Ni
surfaces calculated with the Cu-Ni alloy EAM potential and compared with
available experimental, ab-initio, or model potential data in Ref. [100].

Present
Mechanism Experiment ab-initio Model Pot. EAM
Hopping
Cu/Cu(111) 0.03-0.06 0.05 0.029-0.044 0.040
Ni/Ni(111) 0.22-0.33 0.16 0.036-0.07 0.031
Cu/Ni(111) - - 0.05 0.025
Ni/Cu(111) - - 0.045 0.025
Cu/Cu(100) 0.48 0.50 0.44-0.70 0.493
Ni/Ni(100) 0.60-0.63 - 0.63-0.70 0.608
Cu/Ni(100) 0.35 - 0.407-0.62 0428
Ni/Cu(100) - - 0.439-0.64 0.528
Exchange
Cu/Cu(111) - 1.455 1.12-1.42 1.361
Ni/Ni(111) - 20 1.633-2.15 1.375
Cu/Ni(111) - - - 1.579
Ni/Cu(111) - - - 1.266
Cu/Cu(100) - - 0.18-0.85 0.634
Ni/Ni(100) 0.59 - 0.47-1.307 0.787
Cu/Ni(100) - - 1.23 1.043
Ni/Cu(100) - - 0.57 0.439

were calculated on the Cu and Ni surfaces with (100) and (111) orientations, using the
Nudged Elastic Band [38,39] method based on the optimized Cu-Ni alloy potential.
For each adatom diffusion mechanism, the two types of diffusion process were
examined: hopping and exchange. In Table 4.7, the calculated activation energy
barriers for several Cu and Ni single atom diffusion mechanisms on the (100) and
on (111) surfaces are tabulated. The available experimental, ab-initio and model
potential results were also included in the table to provide a basis for comparison.
A quick glance to the table shows that the predictions from our potential are in perfect
agreement with the experimental and ab-initio data except for the barriers for Ni

adatom diffusion on Ni(111) surface.
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5. VIBRATIONAL THERMODYNAMICS OF Cu-Ni ALLOYS

There has been a growing interest in understanding the vibrational thermodynamical
properties of the intermetallic alloys with disordered solid solution phase as these
properties can sometimes differentiate the chemical order-disorder transitions in the
alloys [101-103]. One of the thermodynamical properties that is found to be important
in determining the phases of the alloys is the vibrational entropy. Experiments in binary
intermetallic alloys [104] show that in many cases the ordering in the alloys decreases
the vibrational entropy and disordering does vice versa, since ordering between unlike
atoms tend to have stronger bonds. However, V-Fe alloy was observed to be exception

as the ordering in the alloy increase the entropy of the system [101].

One of the intermetallic alloys that exhibit continuous random solid solution at elevated
temperatures and immiscible at low temperatures is Cu-Ni. The compound has been
the focus of several theoretical [105] and experimental [106] studies. Although these
studies were in general devoted to determining the change in the thermodynamical
properties, magnetic contributions [106], and phase segregation [105] in Cu-Ni alloys,
they do not investigate how the lattice dynamics affect mixing or unmixing of Cu
and Ni elements. Cu-Ni alloys were investigated with both disorder and order
phases in fcc structures to determine the effect of temperature dependent vibrational
thermodynamical properties. Since transition metals tend to change electronic density
of states (DOS) [107,108] in alloys, the electronic contributions to the thermodynamic

properties of Cu-Ni were also considered.

5.1 The Theoretical and Computational Details

In thermodynamics, the free energy of a system is described by F = E — TS, where
E is the internal energy, S is the entropy and 7 is the temperature of the system. In a
crystal, the free energy from lattice dynamics is expected to be the leading component

for the most temperature regime [109].
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In harmonic approximation, once the standard partition function is defined, the
thermodynamic functions for the vibrational free energy F);, the vibrational entropy

Syip, and the lattice heat capacity at constant volume C,, are given by [50],

Wrmax . hw
Fvib:3kBT/ In |2sinh N(w)dw, (5.1)

0 2kBT

Omax [ hw hw hw
Svin = 3k th —In |2sinh N(w)d 5.2
vib B/O {ZkBTCO <2kBT) ”{ S <2kBT>H (@)do,  (52)
2

. Wmax h 1

Clib — 3k / ( @ ) N(w)dw, (53)
0 2ksT ) ginn2 (%)

where kg is the Boltzmann constant, N(w) is the normalized total vibrational density
of states (VDOS) of the harmonic crystal. In this Thesis, the VDOS of the system was
determined using the real-space Green’s function (RSGF) [41] technique (See Section
2.8). The vibrational thermodynamic properties of Cu-Ni alloys were calculated within
the harmonic approximation of lattice dynamics using the developed potential that was
tested accurately reproducing the phonons of both pure Cu, Ni and Cu-Ni alloy fcc
structures. To have a comparable investigation, these functions were also calculated
using the other available alloy EAM potentials (see Chapter 4). The calculations of the

VDOS were carried out for both disordered and ordered phases of Cu-Ni fcc alloys.

To represent the disordered crystals for each Ni concentration of Cu-Ni alloys,
the supercells were first constructed by randomly distributing Ni atoms in a bulk
terminated Cu slab and then optimized to the corresponding minimum energy
configurations. On the other hand, for ordered crystals, L1¢ and L1; binary structures
were chosen to represent 50% Cu-Ni alloys whereas L1, and L13 were picked
to construct 25% and 75% concentrations, respectively (See Section 4.1.2). For
examining the segregation of Cu and Ni atoms in the Cu-Ni alloy, a model system
of Cuys5Niss was constructed by filling 1/4 of the crystal with Cu along (100) layers

surrounded by Ni atoms in a periodic structure.

Although the vibrational contributions to the thermodynamical functions are
significant in a crystal, the anharmonic and electronic contributions can sometimes
be the governing effect. For example, in the case of alloys the electronic effects may

play an important role in formation of the crystal structure since mixing of elements
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can change electronic nature of the structure [108]. Therefore, the change in the free

energy to form a binary alloy can be given as following [102]

AF = AEy+T (ASconf + ASyip + ASeiec +ASy) (5.4)

where S.,,r is the configurational entropy, S,;, is the vibrational entropy, S is the
electronic contributions to the entropy, and Sy4 is the contributions from anharmonic
effects. In an ideal mixture of an alloy, the change of the configurational entropy is

given by [110]

AS™> . — —kg [xInx+ (1 —x)In(1 —x)] (5.5)

conf —

where x (0 < x < 1) is the concentration of the mixing element. Since the entropy
change in Eqn. 5.5 is always positive, mixing unlike atoms increase the entropy of the
system compared to unmixing or ordering. On the other hand, the electronic entropy

is given by

ASutee = ks [ n(e) [f(e)inf(e) + (1 = f())in(1~ f(e)]de  (56)

where n(e) is the density of electronic states for energy state, &, and f(g) is the

Fermi-Dirac distribution given by [102]

e—ﬁ(E—S[:)

f(e) (5.7)

- 1+ e*ﬁ(E*SF)

where f = 1/kgT and &f is the Fermi energy. In Eqn. 5.6, the formalism is similar
to the ideal mixing entropy, since electrons can occupy or not occupy each & with
the probability given by the Fermi-Dirac distribution in Eqn. 5.7. To determine
the electronic structure and DOS of Cu-Ni alloys, ab-initio calculations were carried
out for 25%, 50% and 75% Ni concentrations for ordered binary alloys described in

Section 4.1.2.
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Figure 5.1: VDOS for (a) Cu and Ni (inset) (b) Cu-Ni alloys calculated with the
current EAM potential. The experimental curves for pure Cu and Ni from
Ref. [111] and [112] are shown for comparison.

5.2 The Vibrational Density of States of Cu-Ni Alloys

Our calculated results for normalized vibrational density of states for pure Cu and Ni
are in good agreement with the experimental data presented in Fig. 5.1a. Although
major pick at high frequency of pure Ni was accurately reproduced, the peak at around
6.8 THz for pure Cu was found to be slightly lower than the experimental data. To
examine the change of phonon states in the Cu-Ni alloys with respect to pure Cu
and Ni, the VDOS of various concentrations of Ni were calculated for random solid
solutions and presented in Fig. 5.1b. The VDOS for pure Cu and Ni were also
presented for comparison. For Cu-Ni alloys, the major low and high frequency peaks
shift towards high frequencies as the Ni concentration increases. In an experimental
study on specific heat capacity of Cu-Ni alloys, Loram et al. [106] proposed a scaling
factor f to estimate the VDOS of the alloy using pure Cu VDOS as the reference. In
this Thesis, using VDOS of the alloys with varying Ni concentration and the VDOS
of pure Cu, the real scaling factors were calculated and presented in Table 5.1 together

FEAM values were

with the proposed scaling factors in the experiment. The calculated
3-3.5% smaller than fE~P assumptions for 36%-48% Ni concentrations. It is also clear
from the table that proposing scaling factors to estimate the VDOS of an alloy using a

respective pure-element VDOS might be misleading.

To determine the partial VDOS for Cu and Ni elements in the alloys, the projected

phonon states on every atom were averaged over individual element type. Although
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Figure 5.2: The calculated partial VDOS for (a) Cu and (b) Ni in the alloy.

increasing Ni concentration in Cu-Ni alloy enhances the stiffening in VDOS for both
Cu and Ni, the stiffening of Cu atoms is more pronounced than Ni atoms at all
concentrations in the binary alloys (See Fig. 5.2). It is also interesting to note that
the partial phonon DOS of Cu in Ni-rich concentrations of above 80%, the DOS at
the high frequency longitudinal modes is more than the Ni DOS for bulk longitudinal
modes. It is also worth to note that although Cu and Ni lattice constants, atomic radii
differ only by 3% and atomic masses vary by 8%, the overall stiffening of Cu DOS
at CujgNigg is more than 18% with respect to pure Cu. Such result indicates that
Ni impurity in Cu crystal substantially changes the force constants between Cu-Cu
atoms and Cu-Ni atoms in the solid solution. A similar local stiffening characteristic
between Au-Au and Au-Fe bonds had recently been observed for Au-Fe alloys [101].
In the same study, the electronic structure was also calculated by ab-initio methods
and the stiffening in partial phonon DOS of Au was attributed to the charge transfer to
the nearly free band of s electrons, and stronger s-d hybridization with increasing Fe

concentration.

To analyze the VDOS change in ordering and unmixing, the vibrational DOS of order
phases for 25%, 50%, and 75% Ni concentration were calculated. The resulting VDOS
for each ordered and segregated systems were presented in Fig. 5.3 together with the
disordered Cu-Ni crystal results. Although the change in VDOS curves for 25% and
50% Ni ordered alloys was small, those of ordered 75% Ni alloys differ considerably.
As seen in Fig. 5.3, the ordering tends to increase the contributions of transverse

DOS with the additional peaks and generally decreases DOS for longitudinal modes.
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Figure 5.3: The vibrational DOS for ordered (a) Cuy5Nips, (b) CusoNisg, and (c)

Cuy5Niys alloys calculated with the current EAM potential together with
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Table 5.1: The VDOS shifting factor f for Cu-Ni alloy with respect to the pure Cu
phonon spectrum.

Xyi(%) Proposed Scaling Present EAM fEp — fEAM
Factor [106]
25 1.080 1.0417 3.55%
36 1.108 1.0795 2.57%
41 1.118 1.0883 297%
48 1.133 1.1029 2.66%
50.5 1.138 1.1058 322%
53 1.143 1.1087 3.43%
70 1.179 1.1262 5.28%
100 1.240 1.1874 5.26%

In contrast to ordered alloy DOS, states for longitudinal modes increase moderately
in the segregated solid solution while almost no change happens in transverse DOS.
A similar behaviour was reported by Alam et al. [113] for Fe-Cr alloys via analysis
of short-range ordering where the change in transverse mode DOS was found to lie
on ordering or segregation in the alloy. For the ordered structure of Fe-Cr, the low
frequency DOS of transverse mode increases and the high frequency DOS decreases,

for segregated phases, on the other hand, the DOS changes slightly in the opposite way.

5.3 Heat Capacity of Cu-Ni Alloys

The vibrational heat capacity at constant volume for pure Cu and Ni elements was
presented in Fig. 5.4a, together with the estimated electronic contributions, calculated

by [12]

Ceee(T) = %zn(gF)kgT, (5.8)
and experimental curves [114]. As seen in the figure, the characteristics of specific
heat for both elements were substantially governed by the lattice vibrations until 150K
above which both electronic and anharmonic effects become noticeable. Furthermore,
both the electronic and anharmonic effects were more pronounced for Ni than Cu. For
Ni, on the other hand, magnetic effects are expected to be important for temperatures

above 500K.
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Figure 5.4: The vibrational heat capacity calculated with the current EAM potential
(a) for pure Cu and Ni (inset) (b) for various Cu-Ni alloys in addition to the
excess vibrational heat capacity calculated with the current EAM potential
(c) for various Cu-Ni alloys (d) when the electronic contributions were
accounted. The experimental values for pure elements from Ref. [114]
and for Cu-Ni alloys from Ref. [106] are shown for comparison.

In Fig. 5.4b, the heat capacity for Cu-Ni alloys with various concentrations was plotted

and the experimental curves were also presented [106]. Note that the experimental

curves were measured at constant pressure, Cp, and involve both anharmonic and
electronic effects. The results for higher temperatures could not be compared as the
experimental values were available only for the temperature range between 0-200K.

It is clear from the figure that for the disordered alloys of all concentrations, the

vibrational contribution completely determines the nature of the specific heat that is

consistent with the observation for pure Cu and Ni.

In Fig. 5.4c, the excess vibrational specific heat per temperature, C, /T, for several
Ni concentrations in comparison with the experimental results of excess C/T was

plotted. Here, the excess thermodynamic quantities of the alloy were determined with
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respect to the heat capacity of pure Cu. As seen in the figure, the characteristics of Cy
around OK were mostly governed by the other contributions rather than phonons. With
increasing temperatures the curve was largely controlled by the lattice vibrations. Even
the position of the peak around 55K was determined by the phonons. As temperature
increases to 200K, probably, the electronic or magnetic effects pull the curve towards
the O value of Cy or above. Although the agreement on the excess Cu-Ni heat capacity
curves of EAM calculations and experimental values was overall satisfactory for 25%
and 36% Ni concentrations in 60K-100K range, the deviation from the experimental

values were more pronounced for 53% and 100% concentrations.

Further calculations were performed to see the effect of electronic states, excess
specific heat using Eqn. 5.8 and the results were presented in Fig. 5.4d. There is a
clear betterment in the agreement between the experimental and the calculated heat

capacity once the electronic contribution was added.

5.4 Free Energy and Entropy Calculations for Cu-Ni Alloys

To further analyze the thermodynamics of Cu-Ni, vibrational free energy and entropy
were also calculated with the developed EAM potential. Using Eqn. 5.1, the
vibrational free energies for various Cu-Ni compounds were calculated and plotted in
Fig. 5.5a. The concentration weighted excess free energies for Cu-Ni alloys were also
presented in Fig. 5.5b. The free energies of Cu-Ni alloys increased with increasing Ni
concentration in the solid solution which is expected as addition of Ni atoms in Cu-Ni
alloy stiffens the bonds of Cu-Cu and Cu-Ni. The concentration weighted excess free

energies of various Cu-Ni alloys were calculated by

AFyp = F)y, — (1 —x)FGf —xFJ, (5.9)

Vv

where x is the Ni concentration in the alloy and presented in Fig. 5.5. As seen in
the figure, for all temperatures the excess free energy exhibited a maximum at about
46% Ni concentration and the excess free energy of the compound increased with

increasing temperature. When compared to the mixing enthalpy (See Fig. 5.5¢), the
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vibrational excess free energy is rather small which shows that governing contribution

to the excess energy is coming from the electrostatic interactions in the Cu-Ni alloys.

In this Thesis, the vibrational entropy of the disordered and the ordered Cu-Ni alloys
for various Ni concentrations was also calculated. The results for the partial entropy
of Cu and Ni in the alloys and the total entropy of Cu-Ni compounds for each Ni
concentrations were presented in Fig. 5.5d and Fig.5.5e, respectively. As seen in the
figures, increasing Ni concentration in the alloy decreases the partial entropy for both
elements which may be traced back to the observed stiffening in the respective VDOS
for Cu and Ni. The calculated entropy values of 3.97 and 3.42 kp/Atom at 300K are
in consistent with the experimental results of 3.90 and 3.40 kp/Atom for Cu and Ni,
respectively [104,115]. Although there is more or less a linear dependence for Cu
in all concentrations, for Ni the slope of the partial entropy changes slightly and then

followed by a sharp change at 75% Ni concentration.

The partial entropies of Cu and Ni in the ordered crystal and the total entropy of the
alloy in the ordered phase were also calculated, using Eqn.5.2. The difference between
the partial entropy of the Cu in the ordered and disordered crystal of Cuys5Ni7s is
observed to be larger, with 0.04 kg/Atom, but its end contribution to the change in
the total entropy of the alloy is just 0.01 kg/Atom. Such decrease in the entropy is too
low for a phase transition in the alloy since experimental results for Ni-Al, Cu-Au, and
Ni-Pt alloys [102,104,110] show that the change in the entropy needs to be in the order
0f 0.07-0.2 kg /Atom for a phase transition to occur. Although ordering tends to change
the entropy significantly in alloys [104], the current simulations for Cu-Ni alloys do
not show similar characteristics. This may indicate that transition of disordered phase,

ordered phases can locally be occurred and easily dissolved in the solid solution.

To investigate the disordered phase of Cu-Ni one should calculate the mixing entropy:

ASyip (xni) = (1 —xni) S5 (xi) -+ xniShig, (i), (5.10)

where xy; is the Ni concentration in the alloy and AS! ., is given by

AS i (xni) = Sy (xni) — Ship- (5.11)
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Figure 5.5: (a) The vibrational free energy for
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Cu-Ni alloys, (b) the concentration
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total vibrational entropy for various Cu-Ni alloys and ordered phases
calculated with the current EAM potential.
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Here, S, is the vibrational entropy of pure element r. To compare the results
with configurational entropy S, for ideal solution and the experimental results, the
concentration weighted vibrational entropy of Cu-Ni is presented in Fig. 5.6a and
Fig. 5.6b, respectively. As seen in figure, the results are in good agreement with
the experiments at 300K with negative values in all the concentration range. While
vibrational entropy curve generally gives the trend of mixing entropy at 300K, the
minimum about 35-40% can be predicted to be around 43%. For Cu-Ni alloys, while
vibrational contribution is important at low temperatures, it is predicted to be less
dominant at elevated temperatures. Although an increase in temperature decreases
mixing entropy by 0.1 J mol~! K~ it is not sufficient to match the calculated mixing

entropy curve with the experimental one at high temperatures.

To see if the effect of the electronic contribution to the mixing entropy is significant,
further calculation was performed using Eqn. 5.6 for Cu-Ni alloys with 25, 50 and 75%
Ni concentrations and the results were presented in Fig. 5.6b. The vibrational entropy
has an order of magnitude higher contribution than the electronic one. However, the
concentration weighted mixing entropy for higher temperatures above 300K exhibited
distinct results for electronic contributions. At 700K, the results were in comparable
with the vibrational contributions with negative mixing values and above 700K the
electronic contributions were slightly more pronounced than vibrational contributions.
Notice that the total contribution of electronic and vibrational entropy was almost
coincide with the experimental values at 1000K. However, as seen in Fig. 5.6 these
values were significantly small compared to configurational entropy. Keep in mind
that mixing is always favored in fcc by configurational entropy. Therefore, Cu-Ni
alloys have always tend to construct a disordered solid solution in all concentrations.
However, the vibrational and electronic entropy favor unmixing with negative values
[101] and contribute to the miscibility gap of Cu-Ni phase diagram [105]. At elevated
temperatures electronic entropy contributions to the unmixing were more pronounced.
The electronic contribution to unmixing is a well-known fact in Cu-Ni alloys and
experimental and theoretical results show that the magnetic effects are also important

in the determination of the miscibility gap [105].
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Figure 5.6: The vibrational excess entropy compared (a) to the partial and
configurational entropies and (b) to the experimental results from Ref. [98]
at 298K and Ref. [97] at 1000K.
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6. THE GROWTH OF Ni AND Cu-Ni NANOSTRUCTURES ON Cu(111)
SURFACE

In this Chapter of the Thesis, it was aimed to perform Molecular Dynamic simulations
to further test the alloy potential for the pure Ni and Cu-Ni island growth on the
Cu(111) surface upon Ni deposition and then to determine the kinetic nature of the
growth by calculating energy barriers for various diffusion processes using NEB

method.

6.1 The Evolution of Ni and Cu Add/Vacancy Islands on Cu(111)

The molecular dynamic simulations were build on the two experimental observations
[116]: 1) the motions of the islands on Cu(111) surface and 2) the growth of
nanostructures with deposition of Ni adatoms. Monolayer and vacancy Cu islands were
constructed side-by-side with mono or double layer Ni islands on top of a substrate as
presented in Figs. 6.1a, 6.2a, 6.3a, and 6.4a. The supercells representing the systems
on Cu(111) surface were constructed with a slab of 24 layers where each layer contains
768 atoms corresponding to approximately 72x61A2 surface area which is big enough
to minimize the boundary and end effects on the system. An infinitely extended surface
was constructed by imposing periodic boundary conditions only along the directions
parallel to the surface of the slab. To provide the experimental conditions of vacuum
chamber, the temperature of the system was raised to the desired temperature with an
incremental steps of 50K through NVT simulations after equilibrating the slab at OK.
Each NVT simulation of 100 picosecond (ps) was followed by an NPT simulation of
100 ps at O atm. After thermalization, the systems were allowed to evolve to their final
configurations using constant energy (NVE) simulations. Although the experiments
were carried out at room temperature, the simulations were run at 700K so that growth
characteristics in the simulations could be observed in a reasonable time scale. The
evolution of the islands were recorded until 250 ps after the formation of a stable

island in the simulations. In the first scenario where both of Cu and Ni adatom islands
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had a height of monolayer, Cu atoms from the adatom island migrated to the upper
layers of Ni island and covered the whole Ni layer in 1300 nanoseconds (See Fig.
6.1). In the simulations, Cu atoms of the island first migrated to a second nearest
neighbor separation of Ni island and built a bridge between the two islands at about
450ns. Once the first contact with Ni island was established, Cu atoms surrounded Ni
island. Within about 200 ns simulation time, the Cu atoms in the periphery of the Ni
island started jump attempts to upper layers of Ni. The average attempt frequency was
calculated to be 23.5ns~! before a dimer formation occurred at 728ns (See Fig.6.1i).
On the average, a single Cu atom that jumped to the upper layer of Ni island before any
dimer formation, stayed on the Ni island about 5 ns. Interestingly, after the formation
of second chain around Ni periphery by the migrating Cu atoms, the average attempt
frequency was raised up to 5 ns~! , which was about 5 times higher than the overall
attempt frequency in the whole 1.6 microsecond simulation time. With growing Cu
chains around the periphery of Ni island, Cu atoms could stay up to 10 ns on the
top of Ni island, which was the twice the average time for a single atom motion on
the Ni island. As shown in Fig.6.1i, after two jump attempts of Cu atoms with 5ns ~!
frequency, a dimer formation was observed. Although the attempt frequency decreased
after formation of a dimer, every jumping Cu atom eventually merged into the cluster
and stayed there until the Ni island was completely covered. Further simulations were
carried out for islands separated by 2, 4, and 6 nearest-neighbor (nn) to observe if a
threshold separation for the merge of the heterogeneous islands existed. The results
showed that for 2 and 4 nn separations, Cu islands could cover the Ni islands, while
no such covering happens for the separations over 6nn even for the simulations over
500ns (See Fig.6.2). This threshold of 1.5nm length seems to be reasonable as the
smallest separation of the islands without any contact in the experimental work can be

estimated to be within 1-3 nanometers (See Fig.1 both in Ref. [116] and Ref. [117]).

The second scenario included a double layer Ni island near a mono layer Cu island.
The dynamics of the process was as following: Cu atoms directly migrated to the
upper layers skipping the decoration of periphery of bottom layer and covered the
first layer within 175ns time (See Fig.6.3). Although in both scenarios, Ni islands did

not move and change the shape on the surface within the simulations time of 1.6us
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(e) 400 ns T (f) 450 ns (g) 500 ns " (h) 600 ns

(i 728 ns (i) 80 n | | (k) 900 ns | (1) 1000 ns

(m) 1100 ns (n) 1200 ns (0)1300 ns (p) 1690 ns

Figure 6.1: The snapshots of the evolution for monolayer Ni (blue) and Cu (yellow)
islands on Cu(111) surface (1st layer: orange, 2nd layer: red). (a) Initial
configuration, (b)-(p) the snapshots of the system at the end of every
100ns, except (f), (i) and (p) where the first one shows the formation of
the bridge at 450ns, the second one shows dimer formation at 728ns and
the last one shows the final configuration at 1690ns.

a) Initial b) 840ns

Figure 6.2: (a) The initial and (b) the final configuration after 840ns simulation of
monolayer Ni (blue) and Cu (yellow) islands with 6nn separation on
Cu(111) surface (1st layer: orange, 2nd layer: red).
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(b) 25 ns
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(e) 100 ns (f) 125 ns (8) 150 ns " (h) 175 ns

Figure 6.3: (a) The initial and (b-h) configurations after each 25ns simulations of
double-layer Ni (bottom:blue, top:white) and Cu (yellow) islands on
Cu(111) surface (1st layer: orange, 2nd layer: red).

(See Figs.6.1 and 6.4), the nature of migration of Cu island as a whole could show

different characteristics depending on the nearby Ni island formation. In addition, the

coverage of Ni islands by Cu atoms increased about 7.5 times when the Ni island had

double layers. Interestingly, Ni atoms, together with the migrating Cu atoms, were

also observed to jump to the upper layer (See blue atoms at the top layers in Fig. 6.1

and 6.3).

The other MD simulations involved Cu vacancy islands near mono and double layer
Ni islands. The snapshots of these processes were shown in Fig.6.4 and 6.5. The
migration of Cu atoms at the periphery of the vacancy islands to the very close
proximity of the Ni island happened for both cases whereas Cu atoms could cover
the top of the first layer when the Ni island had two layers. It seems that existence of
second layer in Ni island helps Cu atoms directly migrate to the top of the first layer
before surrounding the periphery of the island. Although Cu atoms had some jumping
attempts to the top of the single-layer Ni island, complete coverage of the island did not
occur even for a simulation of 1000ns (See Fig. 6.5). In the presence of single-layer
Ni island, the jump attempt frequency for the Cu atoms of the mono-layer vacancy

island was calculated to be 63ns~!, that was less than half of the attempt frequency
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(b) 100 ns (c) 200 ns

(d) 300 ns (e) 400 ns (f) 500 ns
Figure 6.4: The (a) initial configuration and (b-f) configurations after each 100ns
simulation steps of double-layer Ni (bottom: blue, top: white) and vacancy
Cu islands on Cu(111) surface (1st layer: orange, 2nd layer: red).

of Cu atoms of single-layer island. Such a low jump rate might be due to the low

concentration of Cu atoms around the Ni island.

In the recent scanning tunneling microscopy (STM) experiments, it was observed that
in addition to the pure Ni islands, Cu-Ni islands were also assembled upon under one
monolayer Ni deposition on Cu(111) surface [116-118]. The main outcome from the
experiments were that Cu atoms from the Cu(111) surface decorate the upper layers of
Ni islands. The resulting configurations of coarsening simulations were generally well
agrees with these experiments, where Cu decorations to the upper layers of Ni islands
were observed. Simulations showed that whenever there were enough Cu atoms free to
move in the close vicinity of Ni islands (about 4nn), Cu atoms could decorate or cover
the islands. The final configurations of Ni and Cu-Ni islands were also similar to the
islands observed in the experiments. The composition and the growth of the islands
are very often correlated with the strong magnetic moment of the Ni nano-structures
on Cu(111) [118]. However, the current simulations can not point any such magnetic
dependency as the developed interatomic potential does not include spin effects to
the charge density. Under 0.3 ML deposition the effect of the magnetic moment is
measured to be quite low [118], suggesting a non-magnetic nature in the very first

stages of the growth. Interestingly, the experimental results for the formation of Ni
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(c) 400 ns

(b) 200 ns

(d) 600 ns (e) 800 ns (f) 1000 ns

Figure 6.5: (a) The initial and (b-f) the configurations after each 200ns simulation
steps of monolayer Ni (blue) and Cu vacancy islands on Cu(111) surface
(1st layer: orange, 2nd layer: red).

islands above 0.3 ML deposition rates still are in very good agreement with current MD

simulations. These findings show that Ni islands on Cu(111) under 1 ML deposition

have not a strong dependence on the magnetization.

6.2 Sub-Monolayer Ni Deposition on Cu(111)

Simulations for Ni deposition on Cu(111) surface was carried out using the Cu(111)
slab shown in Fig. 6.1. The supercell was first optimized to its minimum energy
configuration. Then the temperature was increased up to 300K. During deposition the
system was held at this temperature using constant-temperature (NVT) simulations.
Two deposition regimes were considered: a uniform deposition with fixed time
intervals and a nonuniform deposition with random time intervals. For uniform regime,
five different deposition rates were considered; 0.5, 1, 2, 5, and 10 nanoseconds. In
the simulations, 85 Ni atoms ( 0.1 ML) were deposed on the Cu surface. Ni islands
generally grow in 3-dimension for the deposition rates of 5ns or faster. On the other
hand, for 10ns and slower deposition rates, Ni islands tend to grow 2-dimension in a

more hexagonal shape monolayer island structures.

For nonuniform regime, the depositions were carried out in random intervals between

2ns and 5ns. More than one Ni islands were formed with 2-dimensional characteristics

82



b) 5ns Uniform

a) 500ps Uniform

d) 2-5ns Nonuniform

¢) 10ns Uniform

Figure 6.6: The snapshots of the final configurations of Ni atoms (top: green, middle:

white, bottom: blue) on Cu(111) surface (1stlayer: orange, 2nd layer: red)

for (a) 500ps uniform, (b) 5ns uniform, (c) 10ns uniform and (d) 2-5ns

nonuniform Ni deposition simulations.

that were similar to the characteristics of islands formed in 5Sns uniform deposition

rate.

Islands on Cu(111)

d Cu-Ni

ies of Ni an

6.3 The Structural Propert

the height of the pin along a profile both on pure Ni and

b

In the STM experiments

Cu-Ni islands were also measured to investigate the geometric characteristics of the

Cu-Ni mixing [116-120]. The first layers of islands were measured to be unexpectedly

low about 1.3A height for monolayer islands constructed with pure Ni or Cu-Ni alloy.

the height of 1 ML Ni island covering Cu(111) surface was found to be

In contrast,

, the experimental results

studies [116—120]. Moreover

he experimental

Aint

around 2.1

o

o

showed that the bilayer island heights differed quite a lot about 0.7A with 3.3A and

4.0A for pure Ni and Cu

Ni alloy islands, respectively.

two types of Ni and Cu-Ni islands

b

of the layers

To have an estimate on the heights

were constructed (see Fig.6.7a). Here, the island sizes were chosen to mimic the

Both Ni and Cu-Ni islands were first optimized to the minimum
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Figure 6.7: The average heights for the predefined profile on (a) double-layer Cu-Ni
islands (inset shows top view of the supercell where blue and yellow atoms
represent Ni and Cu, respectively) and (b) monolayer Ni island.

energy configurations and then the systems were heated up to 300K with two-step

process: a 200ps NVT followed by a 200ps NPT simulation. As STM experiments

were carried out at temperatures SK-40K, the supercells at 300K were cooled down to

40K with additional 200ps NVT simulations. The positions of the highest atoms in a

predefined profile in the final configurations were averaged over an additional 100ps

NVT simulations and the resulting height profile was presented in Fig.6.7b.

As seen in the figure, the average height of the double layer island is in good agreement
with the experimental results. In MD simulations, the height of the monolayer islands
was found to be lower than the height of a single-layer Ni island on Cu surface which
was consistent with the results in the experiments. Furthermore, the second layer
heights of Cu-Ni islands were also found to have different heights (See Fig. 6.7b)
in agreement with the experiments. The main reason for such low monolayer heights
and different second layer heights were that Ni islands relaxed downward more than

Cu ones on Cu(111) surface.

6.4 The Kinetics of Ni, Cu Adatoms on Cu(111)

To understand the nature of Cu decoration in the Ni islands on Cu(111), the energy
barriers for the possible diffusion mechanisms in the simulation were investigated
using nudged-elastic band (NEB) [38, 39] method. A brief list of the energy

barriers for the possible diffusion mechanisms were given in Table 6.1. Here, two
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types of diffusion mechanisms were considered for the adatom diffusions: hopping
and exchange. For the downward processes for monolayer islands, the exchange
mechanism had rather smaller energy barriers in contrast to hopping in all conditions
for both Cu and Ni adatoms, which was an expected result. However adding a second
layer to the islands, the energy barrier for the exchange processes were doubled for Ni
islands and increased 4 times for Cu islands. Therefore, by increasing the layer in the
steps, the adatom diffusion from the step of the island turned out to be a formidable
task. Another interesting result was that the energy barriers for upward diffusions were
decreased for both Cu and Ni adatoms at Cu step, but it was more pronounced for Cu
atoms at the vicinity of Ni step, where Cu migration to the upper layers of Ni islands
was generally biased by this process. The energy barrier for Cu adatom diffusion with
exchange mechanism to the upper Ni layer was almost comparable with the downward
energy barrier of Cu and Ni adatoms. Therefore, one can conclude that the jump up
probability of Cu adatoms at the vicinity of the step edge increase when the island has

a second layer nearby.

On the other hand, the dimer formation energy for Cu atoms is quiet small compared
to the hopping energy on Cu(l11) surface, the dimer formation is expected to
immediately take place when the two Cu atoms are in close proximity with each
other on the surface. Since the energy barriers do not change for trimer formation,
an adatom can easily participate to the cluster formation. Therefore, the process of Cu
cluster formation on Ni monolayer islands can be explained with these mechanisms.
Whenever Cu atoms can overcome the energy barrier 0.33 eV of upward exchange,
there will be a chance for a dimer formation. Once there is a dimer formation on the
island every jumping Cu atoms towards the dimer are expected to participate within
and stay attached to the cluster. Increasing the size of the cluster on the upper layer of
island relatively decreases the energy barriers for upward diffusion processes. Since
the energy barriers for the mechanisms in opposite direction are increased by couple
of times, the upward process turns to be a one way process. Therefore, the critical
mechanism determining whether the island would be a pure Ni surrounded by Cu
atoms or Cu-Ni mixed island is found to be the dimer formation over the Ni monolayer

islands.
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Table 6.1: The energy barriers for various diffusion mechanisms of Ni and Cu on
Cu(111). Abbreviations: St: step, ML: monolayer, DL: doublelayer, M:
monomer, H: hopping, E: exchange. +X represents X chains of Cu or Ni
atoms at the step, A/ represents adatom on the surface or island layer where
A can be one of Cu or Ni. The values in brackets ( ) are up barriers for
hopping and exchange diffusion mechanisms and detachment barriers from
dimer and trimer.

Dif. Mech. Ni/Ni-layer Ni/Cu-layer Cu/Cu-layer Cu/Ni-layer
M. ML St. H. 0.57(1.40) 0.54(1.68) 0.48(1.39) 0.56(1.21)
M. ML St. E. 0.33(0.88) 0.16(1.28) 0.14(0.91) 0.32(0.60)
M. ML St+1 0.33(0.99) 0.02(1.10) 0.07(0.76) 0.33(0.72)
E.

M. ML St+2 0.38(1.23) 0.17(0.95) 0.16(0.66) 0.33(0.87)
E.

M. DL St. E. 0.89(0.69) 0.70(0.88) 0.69(0.72) 0.99(0.50)
M. DL St+1 0.79(0.74) - - 0.79(0.60)
E.

Dimer 0.01(0.38) 0.14(0.14) 0.01(0.38) 0.03(0.33)
Cu-Ni Dimer 0.02(0.36) 0.001(0.42) - 0.02(0.36)
Cu-Cu Trimer - 0.10(0.14) 0.01(0.28) -
Ni-Ni Trimer - 0.08(0.13) 0.003(0.27) -
Cu-Ni Trimer - 0.003(0.27) 0.02(0.26) -
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7. CONCLUSION

In this Thesis, a new and highly optimized Cu-Ni model potential within the formalism
of EAM was developed. The optimization of the potential was designed to involve both
experimental and ab-initio data not only for the pure elements of Cu and Ni but also for
the Cu-Ni alloy. To control the parameters for a better fitting, selected properties of the
elements and the alloy were treated with different weight. The potential reproduced
both fitted and predicted properties with a reasonable precision, including elastic
constants, phonon frequencies, melting points, alloy mixing enthalpy, lattice-defect
energies and energies of alternate structures, and energetics on the flat surfaces of
Cu and Ni. Given that the potential provided reliable results for surface energetics and
energy barriers of various diffusion mechanisms, the current alloy potential is expected
to correctly describe the characteristics of Ni growth on Cu surfaces or vice versa. The
fact that no temperature dependent properties were included in the fitting database
and yet the potential predicts the melting temperatures and alloy mixing enthalpy in
good agreement with experiment affirms the transferability of the potential for higher

temperature applications.

To further analyze the higher temperature capabilities of the current Cu-Ni potential,
the thermodynamical properties of disordered and ordered Cu-Ni alloys were
investigated. The entropy change between disordered and ordered crystals was found
to be almost negligible. Although the configurational entropy favors the mixing and
contributes to the solid solution phase, the negative mixing entropy of the phonons and
electronic states for Cu-Ni alloys favors unmixing and contributes to the miscibility
gap. The dominant contribution to Cu-Ni thermodynamic properties were calculated
to be vibrational whereas the concentration weighted mixing entropy showed a strong
dependence on electronic states. The partial phonon DOS for Cu stiffens with

increasing Ni concentration of Cu-Ni alloys.
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Furthermore, the energetics of the nanostructures and the growth mechanisms were
investigated both using MD simulations and total energy calculations to understand
the nature of the growth for Ni and Cu on Cu(111) surface. The simulation cells were
constructed to involve mono and double layer Ni islands with Cu adatom and vacancy
islands. From the simulations it was found that Cu atoms could migrate to Ni islands
and decorate and even cover the upper layers of Ni islands. The formation of the islands
was found to be governed by the nature of the decoration process. For the double-layer
Ni islands, the migration of Cu atoms to the upper layers were predicted to be 7.5 times
faster than those Cu atoms around monolayer Ni islands. The low concentrations of
Cu atoms near the Ni islands led to decorations of only the first layers. The energy
barriers were also calculated using NEB method for various diffusion mechanisms
on Cu(111) surface. Since the calculated energy barrier for forming a dimer was
found to be considerably low compared to all other investigated mechanisms, dimer
formation was predicted to be the critical mechanism for the formation of Cu-Ni
islands. While for monolayer Ni islands, the second layers were formed as a mixture
of Cu and Ni elements, for double layer Ni islands, the upper layers were built with
a segregated structure where Ni atoms were surrounded by Cu atoms. From the
deposition simulations it was found that Ni islands tend to grow in hexagonal shape
when the deposition rates were grater than 10ns~!' which was in good agreement
with the results of under IML Ni deposition experiments where the nanostructures

on Cu(111) surface generally have hexagonal like shapes with monolayer heights.
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